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Acoustic effects during 
photosynthesis of aquatic plants 
enable new research opportunities
Helmut G. Kratochvil & Michael Pollirer

Measurements of photosynthetic processes in hydrophytes mostly involve photosynthometers, which 
capture the escaping gas for subsequent analysis The most common method to detect changes in the 
rate of photosynthetic processes is to count the series of escaping gas bubbles. The emerging bubbles 
are either simply counted or they are recorded using light barriers, which is very difficult because of 
their small size and often varying ascent rate. The gas bubbles generated during photosynthesis by 
aquatic plants produce distinctive sound pulses when leaving the plants. These acoustic side effects 
enable completely new and highly accurate measurements. The frequency and reaction time changes 
of the pulses caused by external influences are therefore accurately detectable. The precise time 
measurements enable registering and evaluating the curves as reactions to changes in physical or 
chemical environmental conditions. We show that such acoustic analyses open completely new research 
opportunities for plant physiology.

In photosynthesis of submerse water plants Oxygen emission occurs in form of bubbles which are released from 
the stomata or small openings caused by injuries. Usually the oxygen discharge is in form of regular bubble series. 
By the observation that at the moment of escape the oxygen bubble emits a short single sound pulse the develop-
ment of a new measuring method was enabled which offers completely new research options. So far the bubbles 
have only been counted with the stopwatch. With standard acoustic equipment for recording an analysis the time 
intervals from bubble to bubble can be measured accurately. Thereby the sound pulse series of extremely small 
bubbles can be registered. Changes in speed of oxygen emission (resp. sound pulse frequency) as consequences of 
changes in physical (e.g. light intensity, light quality, temperature) and chemical (e.g. environmental pollutants) 
conditions could be measured and registered with highest precision over a long distance and presented in form 
of diagrams.

Acoustic methods in plant physiology are used to study the water balance of trees1–6. This approach exploits 
the effect that, during changes in moisture content, the wood expands and contracts. This yields stretching 
sounds, which can be simply recorded with accelerometers or special microphones. Drying and water absorp-
tion in the vessels of woody plants also create cavitation noise in the ultrasonic range. These are used for studies 
on water balance. Similar ultrasonic noises occur during freezing and thawing of plants2,7–15. In marine plants, 
photosynthetic activity can be registered by measuring the sound attenuation caused by the rising bubbles as a 
whole16,17. More modern methods use, similar to medical examinations of blood vessels, the Doppler-Effect to 
measure the size and velocity of gas bubbles in the vessels of plants18–26.

The findings in the present study date back to observations over a period of nearly 40 years. They were made 
during studies of sound production in aquatic animals. Such research on underwater sounds inevitably detects 
noises associated with photosynthesis by aquatic plants. On sunny days in weedy areas of standing waters, other 
environmental sounds such as wind noise, sound signals of water insects and fish are often drowned out by the 
sound of gas bubbles of assimilating plants. The enormous number of oxygen bubbles creates a uniform sound 
image that resembles meat being cooked in a frying pan. In most macrophytes, the oxygen bubbles typically 
emerge in series from the stomata. The discharge frequency of pulses is very often regular, opening the possibil-
ity to determine pulse-frequencies and changes of pulse-frequencies by counting the bubbles manually or with 
photocells. The Canadian waterweed (Elodea canadensis) has been the most popular test object: parts of the plant 
are placed with the stem upwards in the test tube and the gas bubbles emerging from stem openings are counted.
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Nonetheless, these counting methods are cumbersome, uncertain and inaccurate. Exact curves at changes in 
photosynthesis intensity cannot be determined because it is not possible to determine the time intervals from 
pulse to pulse: only the number of pulses within larger time intervals can be recorded. Our many years of work 
with aquatic organisms as well as through the use of video recordings showed that the typical sound pulses dur-
ing photosynthesis are not caused by the passage of the bubbles through the water surface, but upon emergence 
from the stomata. The same effects occur when air bubbles emerge from damaged plant tissue. This provides the 
opportunity to establish the exact time of bubble emission.

This phenomenon proved to be the basis for exact acoustic measurements, opening entirely new possibilities 
for plant physiology.

Results
The type of bubble formation can be divided into three categories:

1.	 Irregular bubble emission: the time sequence of bubbles reveals no regularity. This typically involves larg-
er-than-average bubbles.

2.	 Regular bubbles emission: the bubbles appear in a regular sequence (at equal intervals). This emission type 
may occur over a short period (a few seconds), but usually lasts much longer (up to about half an hour). In 
most cases the average interval time between pulses is in the range of 1–2 msec (Fig. 1).

3.	 Bubble emission in regular waves: the time intervals of the bubbles change periodically in the form of a 
pulse-frequency modulation. The periodicity of the frequency changes (the distance between the frequen-
cy maxima or the frequency minima) of the waves is equally accurate as the regular series. The temporal 
sequence of intervals in the modulated impulse series can either be sinusoidal or take on the form of short, 
regular series with intervening pauses.

Sound parameters.  Pulse length ranges from 1–3 msec, predominantly somewhat above 1 msec. The band-
width of the time interval between pulses is very large. The smallest values may be in the range of pulse-length 
width when the bubbles escape from the plant in immediate succession. The largest time intervals are in the range 
of a few seconds. The spectrum of the very short pulses usually extends beyond the audio range (20 Hz–20 kHz), 
in the most pulses far into the ultrasonic range. The main energy (the place with the highest-level frequency com-
ponents) of one part of the sound pulses lies in the ultrasonic range. (Figure 1) Pulse trains occasionally occur: 
their spectra lie exclusively in the ultrasonic range. The sound pressure levels of the regular series of pulses change 
only minimally. A reduced repetition rate, however, can lead to a simultaneous reduction in pulse strength. In 
some cases, periodic changes in level can occur at a regular pulse repetition frequency.

Figure 2 shows that, after a short reaction time, the rate of bubble formation in Elodea after turning off the 
light is reduced to 0, approximating an exponential curve. The curve after turning on the light is similar. Switching 
the light on and off of repeats this process.

At high temperatures, other, unusual sounds occur. These apparently reflect the passage of fine gas bubbles 
through vessels of different cross section. They are not related to gas bubbles exiting from the stomata because 
they also occur if no bubble series are visible. These are usually high, harmoniously structured sounds with 
strong, continuous frequency changes. The physiological causes of this noise remain unknown. Possibly these are 
cavitation noises caused by intern gas flows.

Discussion
The studies were mainly done with Elodea canadensis, which is the preferred species for experiments on photo-
synthesis and bubble emissions because of its robustness. Clearly, hydrophytes exhibit species-specific differences 
in their reactions to external conditions such as brightness, temperature and water chemistry. The mechanics 

Figure 1.  Elodea canadensis – Typical series of sound pulses originating from gas bubbles exiting a stoma. 
(a) sonagram, ordinate – frequency, abscissa – time. The frequency bands can be identified by the darker grays. 
(b) time-function of the same sequence, ordinate – sound pressure level, abscissa – time.
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of bubble discharge, however, is the same. As opposed to the cumbersome and inaccurate traditional counting 
methods, the acoustic method measures the time intervals very accurately. This opens up completely new pos-
sibilities for studying the metabolic processes in photosynthesis. This includes measurements of response time 
after switching the light on and off (Fig. 2) as a function of environmental factors such as light intensity (Fig. 3), 
light spectrum, temperature, nutrient levels and nutrient composition, atmospheric pressure, effect of interfering 
chemicals, CO2 content. Particularly promising is the accurate recording of pulse frequencies and their changes 
in response to changes of the above-mentioned factors. The curve characteristics can be compared to draw con-
clusions about the nature of the metabolic processes. Particularly good research opportunities arise with regard 
to the effects of environmental toxins on the metabolism of aquatic plants. The precise time measurements would 
also enable measuring the responses to low toxic dosages. Since the frequency spectrum between the pulse-series 

Figure 2.  Elodea canadensis – Example of the applicability of acoustic methods for plant physiology. 
Ordinate – pulse repetition frequency, abscissa – time. The light was turned off at 0 and, after a latency period of 
about 2 s, the photosynthetic activity decreased, approximating a negative exponential curve.

Figure 3.  Elodea canadensis – Pulse rate in relation to light intensity at 28 °C. Ordinate – pulse rate, abscissa 
– light intensity.
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varies highly, it is possible to measure the test series when different sound-pulse trains occur in a larger plant 
sample. The individual impulse series can be clearly differentiated based on the intensities and frequencies spectra 
in the sonagrams. The sound analysis programs enable filtering out the background noise of lower quality record-
ings. They also allow selectively amplifying the desired sound impulse series under certain conditions. Finally, 
these programs can be used to cut out easily recognizable frequency components from the pulse series and to ana-
lyse the time parameters in greater detail. This provides the opportunity to develop computer programs that can 
measure the time parameters automatically, statistically analyse them and display them in the form of diagrams. 
A computer program for automatic time measurements is currently on work in cooperation with the “Institut für 
Schallforschung der Österreichischen Akademie der Wissenschaften”.

In any event, the method of acoustically measuring changes in oxygen delivery is to provide it with other 
measurement methods, e.g. Fluorometry.

Methods
First, acoustic recordings were made in the herbaceous zone of stagnant or slow-flowing water on sunny days. 
Then, the exiting and rising behaviour of oxygen bubbles were studied on Elodea canadensis in aquariums. For 
comparison some other hydrophytes (Cryptocorine, Vallisneria, Myriophyllum) were also tested.

On-and-off experiments – The light was turned on and off at regular intervals (10 min, 15 min) to detect the 
reaction time (time between switching on and the first sound pulse) and the time course of the “start-up” and 
decay of photosynthesis. The changes in the photosynthetic rate as a function of temperature and light intensity 
were also measured. In addition, video recordings were made, which demonstrate that the sound formation of 
bubbles takes place when they exit from the plant. For this purpose, small samples of Elodea canadensis were 
placed near a hydrophone in a spacious (50 L) aquarium and illuminated with full-spectrum lamps and spot-
lights. Thermostats and heating elements were used to change or hold constant the temperature as required. 
In the experiments on the temperature dependence of photosynthesis, the water temperature was continuously 
increased by the heat evolved by the illumination (Fig. 4).

Light intensity was kept constant or varied by changing the distance between light and plant. The hydrophone 
was a Brüel & Kjaer 8105 combined with a preamplifier Brüel & Kjaer 2084. The recorder was a Marantz PMD660 
Professional. The sound analyses and time measurements were done using the programmes Adobe Audition 1.5, 
Adobe Audition 3.0 and the programme STX tools (Austrian Science System Noll u. Deutsch, Österreichische 
Akademie der Wissenschaften). For photometry, a lux meter Goerz MX4 was used, for temperature control a 
digital thermometer (HANNA HI 147–00) with an accuracy of +​−​0.2 °C.

References
1.	 Jones, H. G., Higgs, K. H. & Bergamini, A. The use of ultrasonic detectors of water stress determination in fruit trees. Ann. Sci. For. 

46, 338–341 (1989).
2.	 Kikuta, S. B. Ultrasound acoustic emissions from bark samples differing in anatomical characteristics. Phyton Ann., 43/1, 161–178 

(2003).
3.	 Mayr, S. Durstige Pflanzen senden Signale. Trockenstress produziert Ultraschall. Biologie unserer Zeit 6, 401–408 (2010).
4.	 Ritman, K. T. & Milburn, J. A. Monitoring of ultrasonic and audible emissions from plants with or without vessels. J. Exp. Bot. 42/1, 

123–130 (1991).
5.	 Rosner, S., Konnerth, J., Plank, B., Salaberger, D. & Hansmann, C. Radial shrinkage and ultrasound acoustic emissions of fresh 

versus pre-dried Norway spruce sapwood. Trees 24/5, 931–940 (2010).
6.	 Steppe, K., Zeugin, F. & Zweifel, R. Low decibel ultrasonic acoustic emissions are temperature-induced and probably have no biotic 

origin. New Phyt. 183, 928–931 (2009).
7.	 Mayr., S. & Sperry, J. S. Freeze-thaw induced embolism in Pinus contorta centrifuge experiments validate the „thaw-expansion 

hypothesis“ but conflict with ultrasonic emission data. New Phyt. 185, 1016–1024 (2010).
8.	 Mayr, M. & Rosner, S. Cavitation in dehydrating xylem of Picea abies: energy properties of ultrasonic emissions reflect tracheid 

dimensions. Tree Physiol. 31, 59–67 (2011).

Figure 4.  Measuring method – The sample is placed in an aquarium under controlled temperature and 
light conditions. The acoustic registration of the pulses does not require positioning the test plant at a certain 
point. When several pulse series occur, a distinction can be made based on the different acoustic frequency 
bands. Hy – hydrophone, Pa – preamplifier, Rec – recorder, E – electrode for the diversion of inductive 
interferences, Li – light.



www.nature.com/scientificreports/

5Scientific Reports | 7:44526 | DOI: 10.1038/srep44526

9.	 Milburn, J. A. Cavitation in Ricinus by acoustic detection: Induction in exised leaves by various factors. Planta (Berl.) 110, 253–265 
(1972).

10.	 Milburn, J. A. Cavitation studies on whole Ricinus plants by acoustic detection. Planta (Berl.) 112, 333–342 (1973).
11.	 Neppiras, E. A. Acoustic cavitation. Physics Report 61, 159–251 (1980).
12.	 Nolf, M., Beikircher, B., Rosner, S., Nolf, A. & Mayr, S. Xylem cavitation resistance can be estimated based on time-dependent rate 

of acoustic emissions. New Phytologist 208, 625–632 (2015).
13.	 Rosner, S., Klein, A., Wimmer, R. & Karlsson, B. Extraction of features from ultrasonic emissions: a tool to assesss the hydraulic 

vulnerabilty of Norway spruce trunkwood? New Phytologist 171/1, 105–116 (2006).
14.	 Tyree, M. T. & Sperry, J. S. Vulnerability of xylem to cavitation and embolism. Ann. Rev. Plant. Phys. Mol. Bio. 40, 19–38 (1989).
15.	 Zweifel, R. & Zeugin, F. Ultrasonic acoustic emission in drought-stressed trees – more than signals from cavitation? New Phytol. 4, 

1070–1079 (2008).
16.	 Hermand, J. P., Nascetti, P. & Cinelli, F. Inversion of acoustic waveguide propagation features to measure oxygen synthesis by 

Posidonia oceanica. OCEANS98 Conference, 28.Sept-1. Oct. 98, Nice, IEEE. OCEANS 98 Conf. Proc. 2, 919–926 (1998).
17.	 Hermand, J. P. Photosynthesis of seegrasses observed in situ from acoustic measurements. OCEANS 04 Conference, 9.-12. Nov. 04, 

Kobe, IEEE. MTTS/IEEE Techno-Ocean 04, 1 (2004).
18.	 Jong de, N., Cornet, R. & Lancée, C. T. Higher harmonics of gas filled microspheres. Part one. Ultrasonics 32/6, 447–453 (1994).
19.	 Miller, D. L. Ultrasonic detection of resonant cavitation bubbles in a flow tube by their second-harmonic emissions. Ultrasonics 19, 

217–227 (1981).
20.	 Nishi, R. Y. Ultrasonic detection of bubbles with doppler flow trancducers. Ultrasonics 10, 173–179 (1972).
21.	 Audus, L. J. A simple class apparatus for the quantitative determination of the oxygen evolution in the photosynthesis of Elodea 

canadensis. Ann. Bot. 4, 819–823 (1940).
22.	 Budge, E. A. A new form of bubble counter for measurement of gas evolution. School Sci. Rev. 4, 139 (1931).
23.	 Gagong, W. F. New normal appliances for use in plant physiology. Bot. Gaz. 43/4, 274–279 (1907).
24.	 Landmesser, B. The effect of calcite precipitation on the measurement of primary production. Arch. Hydrobiol. 123/2, 207–218 

(1991).
25.	 Tsi-Tung, L. The immediate effect of change of light on the rate of photosynthesis. Ann. Bot. 43/171, 587–601 (1929).
26.	 Wilmott, A. J. Experimental researches on vegetable assimilation and respiration. XIV - Assimilation by submerged plants in dilute 

solutions of bicarbonates and of acids. An improved bubble-counting technique. Proc. Royal Soc. London. Series B, 304–327 (1921).

Acknowledgements
We thank H. Nopp for providing the water plants as well as for valuable advice on matters of photosynthesis. We 
also thank Mr. D. Tholen for advice and information on chlorophyll fluorometry.

Author Contributions
H.G.K. contributed the idea and the concept, evaluated the data and wrote the manuscript; M.P. controlled the 
experimental procedures and collected the data.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Kratochvil, H. G. and Pollirer, M. Acoustic effects during photosynthesis of aquatic 
plants enable new research opportunities. Sci. Rep. 7, 44526; doi: 10.1038/srep44526 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Acoustic effects during photosynthesis of aquatic plants enable new research opportunities

	Results

	Sound parameters. 

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Elodea canadensis – Typical series of sound pulses originating from gas bubbles exiting a stoma.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Elodea canadensis – Example of the applicability of acoustic methods for plant physiology.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Elodea canadensis – Pulse rate in relation to light intensity at 28 °C.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Measuring method – The sample is placed in an aquarium under controlled temperature and light conditions.



 
    
       
          application/pdf
          
             
                Acoustic effects during photosynthesis of aquatic plants enable new research opportunities
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44526
            
         
          
             
                Helmut G. Kratochvil
                Michael Pollirer
            
         
          doi:10.1038/srep44526
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44526
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44526
            
         
      
       
          
          
          
             
                doi:10.1038/srep44526
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44526
            
         
          
          
      
       
       
          True
      
   




