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During the last semester, I performed cultivation experiments in two experimental systems, one for 
measurement of the hydrostatic pressure effects, and the other for the turbulent hydrodynamic effects on 
biomass and chemical composition of macroalgae. In addition, I was involved in writing and submitting three 
manuscripts, which summarize the experimental results and conclusions done in the past years. All manuscripts 
were accepted for publication. For the next months, I plan to continue performing experiments, which will test 
the effect of mechanical stimulation (hydrostatic pressure, shear stress, turbulence) on macroalgae growth rate 
and chemical composition.  
 
Research activity: 
1.Publications: 
1.1 Ingle, K.N., Traugott, H., Golberg, A. "Considerations required for the extension of large-scale, marine 

macroalgal cultivation in India."  Botanica Marina published online in January 2020.  
1.2 Zollman, M., Traugott, H., Chemodanov, A., Liberzon, A., Golberg, A. "Assessment of deep-water 

nutrient supply for an offshore Ulva sp. cultivation project in the Eastern Mediterranean Sea." BioEnergy 
Research published online in August 2019.  
- According to the reviewer's request, we have added new statistical analyses on the data (multiple 

regression analysis and Spearman test). 
1.3 Traugott, H., Zollman, M., Cohen, H., Chemodanov, A., Liberzon, A., Golberg, A. "Aeration and nitrogen 

modulate growth rate and chemical composition of green macroalgae Ulva sp. cultured in a 
photobioreactor." Accepted to Algal research.   

 
2.Description of experimental work: 
2.1 "Aeration and nitrogen modulate growth rate and chemical composition of green macroalgae Ulva 
sp. cultured in a photobioreactor." According to the reviewer's request, I performed two additional cultivation 
experiments (1 month each), and measurements of daily growth rate, starch, ash, and protein.  
The cultivation experiments explored the effect of fluid and algae motion, created by bottom aeration and 
nitrogen concentration on Ulva sp. growth rate and chemical composition (protein, starch, and ash content).  

 
Figure 1. Starch content in dry weight (DW) of Ulva sp. grown with (a) 58 µM (N = 8), (b) 430 µM (N = 4) of nitrate 
added per week for three different flow rates [L min-1]. 

In our study, increasing the airflow from 0.5 L min-1 to 2 L min-1, increased by up to 36% the daily growth rate 
and the starch content up to 75% (Figure 1), of the Ulva sp. biomass, depending on the fertilization 



concentration. Protein content increased, and starch decreased with increasing fertilization concentrations. 
Following the empirical evidence of the combined effect of nitrogen concentration and hydrodynamics we can 
expect that for increased starch production a cultivation method comprised of two phases could be beneficial: a 
nitrogen-rich initial phase that leads to higher biomass growth rates, followed by a nitrogen-limited phase with 
increased aeration for the carbohydrate/starch accumulation. 
 
2.2 Effect of hydrostatic pressure on growth rate and chemical composition of macroalgae. Hydrostatic 
pressure can influence development, photosynthesis, and the metabolic reaction of macroalgae. Therefore, it is 
essential to have a deeper insight into those impacts and to utilize them to aid the design of more efficient, 
precise photobioreactors and intensified cultivation methods for off-shore (and on-shore) macroalgae.  
 

 
Figure 2. Hydrostatic pressure experimental setup. 

Figure 3. (a) Normalized starch content [%], (b) Normalized relative growth rate (RGR) to different pressures.   
 
Three additional cultivation experiments were done in the experimental system. Algae were cultivated for two 
weeks under constant light, temperature, and fertilization conditions in ten transparent bottles under four 
different pressures: 0,0.5,2 and 5 atm (two bottles for each pressure), two additional bottles served as control 

(Ulva grown in open bottles open, atmospheric pressure).  The Relative Growth Rate ( 	
	

 ), 

starch and protein content were measured for each pressure and normalized to the control. Figure 3 presents the 
preliminary results of (a) the normalized starch and (b) RGR as a function of the pressure. The results show a 
significant effect of pressure on the starch content. The starch content is significantly higher under no pressure, 
but do not change significantly under1,2 and 5 atm. There is no significant influence of the pressure on the RGR 
and protein content.   
For future work, we plan to perform more cultivation experiments under constant and time-varying pressures 
and to perform RNA extraction and sequencing. These results combined with previous theoretical work, (about 
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the potential benefits of mixing macroalgae from the surface of the sea to the depth and back1) and experimental 
work (about the use of pulsating light2) done in our lab, can contribute significantly to the idea of growing algae 
in the depth of the sea and therefore to increasing the biomass yield per unit area.  
 
2.3 The influence of turbulent hydrodynamic conditions on biomass and chemical composition of 
macroalgae (from the Ulva sp.). This study focuses on the effect of turbulent hydrodynamic conditions on the 
metabolism of Ulva sp. macro-algae. Previous works have shown that the hydrodynamic conditions are a 
fundamental factor, influencing directly and indirectly on macroalgae growth rate and chemical composition3. 
Water motion can apply mechanical forces on the algae, which can serve as mechanical stimulation to metabolic 
reactions. Therefore, knowledge about the effect of the turbulent hydrodynamic conditions (as average velocity, 
fluctuations, intensity and length scales) is critical for designers of algae production systems for maximizing 
the growth of the algae, optimizing its quality, and minimizing the negative environmental effects and the cost 
of the process4.  

Figure 4. (a) Ulva tissues with small bright particles attached to them, (b) 3D positions of Ulva surface as it was tracked 
by the 3D-PTV algorithm under the grid. (c) Histogram of mean curvature parameter of Ulva tissues under five frequencies 
of the grid.  

An oscillating grid apparatus was adjusted for macroalgae cultivation. The turbulence under the oscillating grid 
depends on various parameters (as the stroke length, the frequency of oscillations, the mesh size, and the grid 
solidity). Changing these parameters allows examining algae movement and growth rate under different 
turbulent intensity levels and length scales. The movement of Ulva tissue was tracked to assess the mechanical- 
stimuli resulting in the algae movement (folding, stretching, etc.). Eighteen small bright particles (9 from each 
side) were attached to a known size of Ulva tissue (Figure 4a). The particles were photographed on four cameras, 
and their trajectories during movement were tracked using the 3D-PTV method (Particle Tracking Velocimetry). 
An algorithm was written to combine the nine trajectories into a 3D motion of the algae surface under the grid 
(Figure 4b). Several parameters were defined to assess the mechanical stress working on the tissue and compare 
them between different hydrodynamic conditions (5 different frequencies of the grid- Figure 4c). In addition, 
2-week cultivation experiments were performed for 10 Ulva tissues (in the same size as in the tracking) under 
the same hydrodynamic conditions.     
Future work will be focused on performing more cultivation experiments under different turbulent intensity 
levels. Growth rate, protein, and carbohydrate content will be measured, and the results will be correlated with 
the hydrodynamic conditions and mechanical stress.  

(a)  (b)

(c)

F =2.9 Hz 
F =3.9 Hz 
F =4.9 Hz 
F =5.3 Hz 
F =5.9 Hz 



Bibliography 
1. Golberg, A. & Liberzon, A. Modeling of smart mixing regimes to improve marine biorefinery 

productivity and energy efficiency. Algal Res. 11, 28–32 (2015). 
2. Habiby, O., Nahor, O., Israel, A., Liberzon, A. & Golberg, A. Exergy efficiency of light conversion 

into biomass in the macroalga Ulva sp. (Chlorophyta) cultivated under the pulsed light in a 
photobioreactor. Biotechnol. Bioeng. (2018). doi:10.1002/bit.26588 

3. Hurd, C. L. Water motion, marine macroalgal physiology, and production. J. Phycol. 36, 453–472 
(2000). 

4. Marshall, J. S. & Sala, K. A stochastic Lagrangian approach for simulating the effect of turbulent 
mixing on algae growth rate in a photobioreactor. Chem. Eng. Sci. 66, 384–392 (2011). 

 


