
 

 

 University of Groningen

North Sea seaweeds: DIP and DIN uptake kinetics and management strategies
Lubsch, Alexander

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Lubsch, A. (2019). North Sea seaweeds: DIP and DIN uptake kinetics and management strategies. [Thesis
fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/2c418038-4f82-4972-8708-5bc776e10a27


 

98 
 

Chapter 5 

Texture analysis of Laminaria digitata (Phaeophyceae) thallus 

reveals toughness gradient along lamina 
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5.1 Abstract 

Texture analysis is a method to test physical properties of a material by compression and 

tension. Growing interest in commercialisation of seaweeds for human food products vindicates 

research into physical properties of seaweed tissue. These are important parameters for selection 

and survival of stationary organisms, exposed to steady turbulent flow and its varying drag-forces, 

and not least tactile properties affect the perception and acceptance of consumers. Here we present 

the first standardised data on physical properties in the brown seaweed Laminaria digitata, known 

to be prevalent on exposed coastlines around the northern Atlantic Ocean. Morphological features 

of a healthy L. digitata thallus (lamina) seem effectively pronounced to its physical distress from 
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hydrodynamic forces. Reciprocal responses to compression and tension along the lamina and an 

age gradient indicate a twined structural alignment to optimise constituent tissue toughness and 

flexibility. A positive toughness gradient of 75 % from young to old tissue by means of tensile 

strength was found. Based on our results, a short morphological, ecological and physiological 

interpretation of the heterogeneity of a L. digitata lamina is given. 

 

5.2 Introduction 

Texture analysis is a method to test physical properties of a material by compression and 

tension. These parameters allow to calculate multiple properties such as resilience, hardness, 

breaking-point, firmness, spread-ability, and others, depending on the physical state of the 

materials, ranging from fluid to solid. Texture analysis has been commonly used in the food 

industry since the early 1960’s to evaluate and standardize tactile properties of food products 

(Szczesniak 1963), as its haptic information affects the perception and acceptance of consumers 

enormously, in addition to visual evaluation (e.g. Szczesniak & Kleyn 1963, Peck & Childers 2003). 

Tests on typical conventional food ranges from processed pastry like biscuits to raw fruits like 

watermelons. Edible seaweeds are on the verve to enter the market for human food in the western 

hemisphere, and the general demand of seaweed products have been increasing globally during the 

last decade hence stimulating the efforts towards (mass) cultivation next to wild harvests (e.g. 

Neori 2008, Bixler & Porse 2011, Holdt & Kraan 2011, Kraan 2013).   

Only limited standardised data about physical properties as strength and resilience 

(elasticity) of tissue in seaweeds has been attained, which is an important parameter for the 

selection and survival of these stationary organisms, exposed to steady turbulent flow and its 

varying drag forces during their development. Water velocities can be as high as 14 m·s-1 and can 

cause massive hydrodynamic forces on intertidal and shallow subtidal marine plants like seaweed 

(e.g. Koehl 1984, Denny 1994). This is an aspect of great ecological, morphological and 
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physiological interest, but also very relevant in marine plant cultivation. The hydrodynamic 

environment influences the morphology and eco-biomechanics in seaweed and hydrodynamic 

drag can be related to the occurrence of diffusion boundary layers (DBL), hence drag has an impact 

on the acquisition of essential resources (Hurd 2000).  

A small number of studies investigated the tensile strength of different seaweed in situ with 

pull-tests applied horizontally to the substratum using a spring scale until dislodgment of the algae 

(Carrington 1990, Hawes & Smith 1995, Bell 1999). Dislodge of seaweed can be associated to its 

survival and distribution (Norton 1991, Denny 1995) and knowledge about physical properties can 

help to understand how population dynamics and community organization could develop with 

increasing weather extremes (Berg & Ellers 2010, Young et al. 2011, Coumou & Rahmsdorf 2012). 

Stipe-extension and stipe-strength examinations were done to determine break forces (Holbrook 

et al. 1991, Utter & Denny 1996, Smith & Bayliss-Smith 1998, Duggins et al. 2001). Breakage does 

not necessarily occur at the stipe during storms (Carrington 1990, Shaughnessy et al. 1996, Milligan 

& DeWreede 2000) and thallus morphology has been suggested to be the central element to 

mitigate break forces (Denny 1995, Boller & Carrington 2006). Thallus damage, e.g. caused by 

herbivores, can lead to (extended) rupture and loss of distal tissue to the damage (Koehl & 

Wainwright 1977, Santelices et al. 1980, Munoz & Santelices 1989). Herbivore-like damage is 

commonly measured as punctuation (compression) of the tissue, either with a gravitational 

penetrometer or an industrial texture analyser. The physiological resistance to compression is 

referred to (tissue-)toughness and is examined in only few ecological studies on changes in 

phenotypic plasticity of seaweed as a response to biotic and abiotic stress (e.g. Lowell et al. 1991, 

Pratt & Johnson 2002, Toth & Pavia 2007, Molis et al. 2015). Likewise, knowledge on 

morphological and physical properties can be important to select and adjust adequate pre-

treatment to reduce size of raw material prior bio-refining processes (Zhu & Pan 2010). Yet 

information on morphology and physical properties as strength and toughness of seaweed appear 

fragmented and dispersed (Thomsen & Wernberg 2005).  
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In this study we present a standardised texture analysis of tissue strength and toughness 

along the central lamina of the thallus of cultivated Laminaria digitata for the first time. Breaking 

points by means of tensile and compression forces, as well as total elongation and thickness of the 

tissue are evaluated and discussed in an ecological, physiological and morphological context. 

 

5.3 Material and methods 

Experimental set-up 

A cohort of one year old Laminaria digitata were obtained from cultivation tanks at the 

NIOZ seaweed centre (www.nioz.nl/seaweedcentre) in April 2015 and were kept in a cool box 

(15 L), filled with ambient seawater (14 °C, salinity 29.3), during analysis in the laboratory. 

Individuals ranged from 36 to 68 cm in length, based on measurements of the central lamina of 

the thallus from stipe to tip, and showed no physical damage, nor epiphytes. Tissue samples were 

punched out, using a polyethylene vial (Ø = 11 mm) for round stamps to test the load needed to 

pierce through the tissue, the ultimate piercing load (UPL). A custom built (120 x 20 mm), double-

winged press block with a narrow centre of 3 mm (Figure 5-1) was used for stamps to test pulling 

forces necessary for tissue rupture, hence the ultimate tensile strength (UTS) of the tissue. All 

stamps were taken from the central lamina in repetitive pattern along an age gradient from stipe 

to tip (Figure 5-2). Young tissue develops from the meristem located at the basis near the stipe in 

L. digitata, consequently leaving the oldest tissue at the tip (apex). Three or four sets of samples 

for UPL and UTS measurements were punched out, limited by the lamina’s length (Figure 5-2), 

and their relative distance from the stipe was determined for each individual (n=11). Tissue 

thickness around the (narrow) centre of the stamp was measured with a digital vernier calliper 

(accuracy ± 0.1 mm) in duplicates and averaged for data treatment. 
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Figure 5-1. (A) Sketch of press block to stamp tissue samples for UTS analysis in diagonal 

view. (B) Schematics in top view including metric dimensions (mm) of the stamp. 

Figure 5-2. Sketch of a seaweed including stamp pattern of lamina tissue for UPL and UTS 

analysis along the central axis and age gradient. Young tissue develops from the meristem, 

consequently the oldest tissue is found at the apical tip. 



 

103 
 

Analysis of UTS and UPL by means of tension and compression were conducted with a 

texture analyser (CT3, Brookfield Engineering, USA; kindly provided by the Department of 

Aquatic Biotechnology and Bioproduct Engineering, Faculty Mathematics and Natural Sciences, 

University of Groningen), equipped with a 1000 g load cell. Custom built clamps (Figure 5-3) and 

mounts (Figure 5-4) to hold the sample in place during measurements were built at the NIOZ 

workshop. All customized items attached to the analyser were weighed and a corresponding pre-

programmed ‘trigger load’ (2 g) was chosen (Brookfield TexturePro CT software package, 

firmware version 2.1). The test speed in both approaches, tension and compression, was set to a 

constant velocity of 0.2 mm s-1.  

 

 

Figure 5-3. (A) Sketch of set up to analyse UTS. The tissue sample is fixated between top and 

bottom clamp (attached to the texture analyser). The clamps have rounded edges to avoid 

damage and a layer of sandpaper prevents the sample from slipping during UTS analysis. (B) 

Front view and metric dimensions (mm) of the set up with clamps. (C) Top view and metric 

dimensions (mm) of a clamp (round edges not illustrated). 



 

104 
 

 

UTS examination required the double-winged tissue sample to be evenly fixated with each 

end to a top and a bottom clamp (Figure 5-3 A-C), which were rigidly attached to the beams of 

the texture analyser. One clamp basically consisted of two solid aluminium plates (25 x 25 x 7 mm) 

facing each other (Figure 5-3 B, C). Rounded edges (90°) and a layer of sandpaper (P100) on the 

inner sides of the plates prevented the fixated wet sample from unwanted influence by the plates’ 

outskirts and slipping when subjected to tension forces, and ensured an accurate reconstruction 

of UTS with the narrow centre of the sample as the pre-determined breaking zone (Figure 5-3 A).  

For UPL analysis a round tissue sample was placed between two solid PVC blocks (44 x 

44 x 20 mm) with a guiding shaft (Ø = 1.2 mm) for a punctuation needle (Ø = 1.1 mm) in the 

centre (Fig. 5-4 A-C). Two holding pins on the bottom block (and their counter form sunk in the 

top block) guaranteed an exact alignment of the superimposed guiding shafts of each block and 

hence a ‘barrier-free’ slide for the stainless steel punctuation needle with a plain tip. To minimise 

friction in the shaft, the needle was firmly coated with a lubricant (Vaseline).  

Figure 5-4. (A) Sketch of set up to analyse UPL. The tissue sample is fixated between top and 

bottom block. A shaft (Ø 1.2 mm) guides a punctuation needle through both blocks, which 

are held in alignment by pins on the bottom and their negatives in the top block. The 

punctuation needle is attached to the texture analyzer. (B) Side view and metric dimensions 

(mm) of the punctuation needle. (C) Side view and metric dimensions (mm) of top and bottom 

block (guiding shaft is not illustrated). 
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Data treatment 

Typical graphs of UTS and UPL measurements of L. digitata are illustrated in Figure 5-5 

(A, B). During UTS examination the sample is exposed to a linearly increasing pulling force (t1) 

until it snaps (t2). The UTS represents the maximum applied force (load) before the tissue snaps 

(Figure 5-5 A) and obtained data was normalized to tissue thickness, respectively the cross section 

of the narrow breaking point:  

UTS = Fm × w-1 × d-1,            

with Fm = recorded load (g), w = width of the sample at breaking point (3 mm, compare Figure 5-

3 B) and d = thickness of the sample (mm). Before the UTS was reached the tissue sample 

stretched linearly to pulling forces (Figure 5-5 A) and a relative tissue elongation (Ɛt) was calculated:  

Ɛt = Lt × (t2 - t1)
-1 × vtx

-1,           

with Lt = Length of the tested area (70 mm, compare Figure 5-3 B), t1 = starting time of applied 

force, t2 = time of tissue rupture, and vtx = test velocity of texture analyser (0.2 mm·s-1). 

UPL analysis showed two breaking points (Figure 5-5 B). The breaking point at t2 

represents the maximum applied load before the external side of the cell wall collapses (UPL), and 

t3 depicts the internal disruption of the cell wall on the opposite side. Measured UPL was 

normalized to surface area (mm2), while internally initiated breaking of the cell wall was neglected: 

UPL = Fm × (π × r2)-1,            

with Fm = recorded load (g) and r = radius of the plain tip of the punctuation needle (0.55 mm, 

compare Figure 5-4 B). 
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Statistics 

All data was tested for normality applying the Kolmogorov-Smirnoff test (KS test) for 

cumulative probability distribution. Single factor analysis of variances was performed to test 

significant variances of tissue thickness, Ɛt and UTS, as well as UPL between all individuals and 

within each lamina in relative distances from the stipe. Statistical comparison of two 

interdependent datasets within individuals was conducted with a paired T-test. Significance level 

in all analysis was ≤ 0.05. 

 

Figure 5-5. Typical graph of tension (A) and compression (B) measurements during texture 

analysis of L. digitata samples. (A) The breaking point indicates the rupture of the sample, 

referred to the ultimate tensile strength (UTS) of the tissue. (B) Breaking point 1 indicates 

the rupture of the external cell wall by punctuation needle, the ultimate piercing load (UPL). 

Breaking point 2 represents the internally initiated rupture of the cell wall on the opposite 

side. 
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5.4 Results 

The lamina showed no significant variations in thickness between individuals (group), but 

a highly significant difference in thickness within the lamina (Table 5-1).  

 

 

Table 5-1. Analysis of variance of thickness, elongation (Ɛt), ultimate tensile strength (UTS) 

and ultimate piercing load (UPL) between individuals (group) and within the lamina. 
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Tissue thickness correlated negatively to its distance from the stipe (R=-0.968), respectively 

to age, and decreased from young tissue with a thickness of 0.45±0.07 mm towards the tip with a 

thickness of 0.26±0.03 mm by 40 % (Figure 5-6). Tissue thickness showed a positive correlation 

(R=0.698) to tissue elongation (Ɛ), observed during texture analysis and exposure to pulling forces.  

Mean Ɛ of all tested tissue samples before rupture was 7.54±1.45 mm, resulting in a relative 

elongation (Ɛt) of 11±2 %. No significant difference in Ɛt between individuals and within the 

lamina was found (Table 5-1, 5-2). No significant difference in ultimate tensile strength (UTS) 

along the lamina in relative distance from the stipe between individuals, but highly significant 

variances within the lamina (Table 5-1) and a positive correlation (R=0.701) to the relative distance 

from the stipe, respectively age of tissue, was observed. Young tissue, 12.5±3.6 % of the lamina 

length from the stipe, showed a mean UTS of 246±36 g·mm-2 and was significantly weaker than 

tissue located 37.5±7.3 % from the stipe with a mean UTS of 389±52 g·mm-2 (Table 5-2). 

Maximum pulling forces necessary for tissue rupture were measured approximately at two thirds 

(62.5±6.6 %) of the lamina length from the stipe with a mean load of 429±76 g·mm-2, 74.5 % 

stronger than mean UTS of young tissue (Figure 5-7).  

Figure 5-6. Tissue thickness (mm) and total elongation (mm) of tested L. digitata samples in 

relative distance from the stipe ± SD (n=11; *n=7). 
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Like UTS, UPL showed no significant variance between individuals and highly significant 

differences within lamina (Table 5-1). In contrast to UTS, no correlation (R=-0.188) between UPL 

and a relative distance from the stipe were found. Young tissue at 12.5 ± 3.6% of the lamina length 

from the stipe had a mean UPL of 327±71 g·mm-2 and was significantly weaker than tissue found 

after one third, 37.5±7.3 %, of the lamina’s length (Table 5-2) with a mean UPL of 432±80 g·mm-

2, the measured maximum UPL of the lamina. A continuous and significant decrease of UPL after 

the first third of the lamina’s length towards the tip (Table 5-2) with 292±39 g·mm-2 resulted in an 

UPL gradient of 32.3 % throughout the lamina’s length (Figure 5-7). 

 

 

 

 

 

Figure 5-7. UTS and UPL (g·mm-2 ± SD) of the central lamina of L. digitata in relative 

distance from the stipe ± SD (n=11; *n=7).  
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Trades between UTS and UPL alternate between the basal and apical third of the lamina, 

while the central part shows maximum UTS and UPL. UPL was significantly higher than UTS in 

young tissue (p<0.001), UTS was significantly higher than UPL in old tissue (p<0.001), while 

maximum UPL did not show a significant difference (p=0.467) to maximum UTS. In the young 

third of the lamina UPL was 23.2 % stronger than corresponding UTS and within the apical third 

UTS was 23.3 % stronger than analogous UPL (Figure 5-7). 

 

5.5 Discussion 

This study offers a standardised method to examine for example effects of hydrodynamic 

forces on seaweed individuals and provides an example of the heterogeneity of a L. digitata thallus 

(lamina). Based on our measurements we give a short morphological, ecological and physiological 

interpretation of tissue toughness to its fundamental physical modulation as adaptation to survive 

in a wave exposed habitat. In addition, design options for seaweed support structures for 

cultivation purposes are discussed. 

Table 5-2. P-values (paired T-test) of differences (significance p = 0.05) in thickness, 

elongation (Ɛt), ultimate tensile strength (UTS) and ultimate piercing load (UPL) within 

the central lamina in relative distance from the stipe (in %). 
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Morphology  

In the intertidal and subtidal zone, the seaweed habitat, water currents change their 

direction frequently and seaweed toughness and flexibility are key factors for them to endure 

mechanical stress caused by hydrodynamic forces. Drag forces are a function of the area of a 

seaweed (Carrington 1990), consequently drag will change as the seaweed grows over time (Denny 

et al. 1985, Denny 1988). 

Different strategies are used by different seaweeds to effectively reduce impact of kinetic 

energy (EK) on the load-bearing stipe and holdfast to prevent breakage or detachment from the 

substrate. A hydrodynamic streamlining, with narrower and flatter blades, as well as higher rates 

of cell elongation have been reported for Laminaria saccharina, when subjected to constant 

longitudinal drag compared to individuals grown without stress (Gerard 1987). A similar 

morphological characteristic is represented by a decrease of tissue thickness of a L. digitata lamina 

along an age gradient from newly formed, young tissue near the meristem to old tissue at the apex 

(Figure 5-6). The relative tissue elongation (Ɛ) of 11±2 % showed no significant variations 

throughout the lamina (Table 5-1) and the decrease of thickness can be asserted to cell elongation, 

as they age, rather than an abrasion of outer cell layers climaxing towards the apex. An elongation 

results in a reduction of relative (residual) biomass towards the apex of the lamina. A reduction of 

biomass reduces the movement acceleration of the lamina in opposite direction by transferring 

kinetic energy (EK) along the lamina to an increasing residual mass, which helps to mitigate impact 

of EK on critical attachment areas of stipe and holdfast. 

Adjustments to morphology and mechanical properties in seaweed include modification 

of the microstructural composition of the cells, including incorporation of cellulose, the structure 

of alginate blocks, or the packing density of cells (Koehl 1986, LaBarbera 1985, Mackie & Preston 

1974). As alignment, structure, composition and density of cells influence the mechanical 

properties and their feedback to tensile and compressive forces, these aspects can be asserted to 
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the alternating dominance of UTS (highest in apex) and UPL (highest in meristem) throughout 

the lamina along an age gradient (Figure 5-7). UTS and UPL alternated within the same range, and 

minimum and maximum values were not significantly different from another, with UPL 23 % 

tougher than UTS in young tissue and 23 % stronger UTS than UPL in old tissue. 

Generally, most cells undergo a rapid cell expansion after they grow out of the meristem 

and before they differentiate into mature cells. During cell expansion and elongation, support 

tissue becomes obligate to counter hydrodynamic forces, while support for vertical growth is 

provided by buoyancy of the tissue in the surrounding water. As cells mature, UTS and UPL 

increase (Figure 5-7). This could be attributed to the incorporation of support tissue like cellulose, 

which forms into microfibrils with high tensile strength. The reciprocal dominances of UPL and 

UTS within the lamina could be based on the rearrangement of the microstructural composition 

and alignment to maximise traits between toughness and flexibility, leading to a high UTS. A 

microstructural alignment to increase UTS becomes distinct in the apical third of the lamina, where 

UTS nearly doubled and reached maximum values, while UPL continued to decrease until it 

attained initial values of young tissue (Figure 5-7). A significant decline of UTS around the apex 

(Table 5-2) can be explained by the lag of necessity to support distal portions of tissue. Similar 

principles of a twined alignment can be found in e.g. historical manufacturing processes of ropes 

and in modern nanotechnology. For example, Liu et al. (2009) pointed out that tensile strength of 

nanotube yarns depended not only on the diameter, but also on the twisting angle of the yarn. It 

must be mentioned that a growing organism has to provide this alignment during growth and likely 

by cell to cell communication, while manufactured products, like a rope, are completed with a 

‘twist and lock’ after the basic construct has been finished and length is determined. A 

rearrangement of microstructural composition and alignment follows over time, as no significant 

variations in UPL and UTS in relative distance from the stipe between individuals with different 

lamina length were observed (Table 5-1).  
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Ecology 

Seaweed morphology also serves as a mechanical defence against herbivores (Mauricio 

1998) and tissue toughness is the first physical barrier to overcome. UPL is referred to the force 

mandible-bearing mesograzer (amphipods, isopods) have to apply in order to “bite” and feed on 

pieces of seaweed tissue. According to the optimal defense theory (ODT; after Rhoades 1979) 

seaweed parts with a great ecological value to the plant are protected more intensively than other 

parts, and many seaweeds may combine several types of defenses without paying considerable 

trade-offs (Koricheva et al. 2004). The meristem represents tissue of great ecological value and the 

texture of young tissue, near the meristem, in L. digitata appears to be morphologically protected 

according to the ODT. A 40 % greater thickness of young tissue, near the meristem, within the 

basal third of the lamina, compared to the apical third (Figure 5-6) impedes initial access for 

mesograzer to young tissue. The decreasing thickness within the basal third of lamina comes with 

a 32 % increase of tissue toughness, as measured in UPL, and would increase grazing efforts. 

Morphological modifications and chemical defences in seaweeds in respond to biotic and abiotic 

mediated stress and the ecological effects have been well documented for some seaweeds (e.g. 

Agrawal 2001, Toth & Pavia 2007, Utsumi 2011, Molis et al. 2015). For example, tissue toughness 

in Fucus vesiculosus adjusted plastically to the prevailing level of wave exposure, which in turn 

affected the phenotypic plasticity of the radula of the grazing flat periwinkle, Littorina obtusata 

(Molis et al. 2015). The accessibility for small grazers to seaweed in wave-swept, rocky coastlines 

with high water velocities is restricted to periods of weak hydrodynamic impact and it can be 

assumed that morphological features of a healthy L. digitata lamina are pronounced to its physical 

distress from hydrodynamic forces. On the other hand, seaweeds become more and more popular 

as a food source for humans in Europe, the “new grazers”. Our standardized method offers 

opportunities to quantify tissue toughness in different parts of seaweeds enabling selection of the 

most favourable parts to be consumed.  
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Physiology 

As seaweed morphology can be affected by hydrodynamics, the morphology affects the 

hydrodynamics around the seaweed, which influences physiological processes like nutrient uptake. 

Seaweed can actively engineer its own microhabitat through morphological features like 

hydrodynamic streamlining, hyaline hairs, small corrugations and edge undulations, that affect the 

water velocities above the surface of the seaweed, create turbulences and have an influence on the 

thickness of the diffusive boundary layer (DBL). Thereby it can help to facilitate resource (nutrient) 

supply (Hurd et al. 1993, Hurd 2000, Hurd & Pilditch 2011). Flexible, smooth seaweeds transfer 

EK into harmonic motions of the lamina, which are perpetuated by water turbulences created by a 

current flow over the lamina, generating an opposed drag and slowing down the relative water 

movement above the seaweed surface (Koehl 1986, Hurd & Stevens 1997), hence affecting the 

DBL. An optimal nutrient availability and general resource exchange can be achieved by decreasing 

diffusion distances through the DBL (Wheeler 1980), or increasing concentration gradients within 

the DBL (Hurd & Pilditch 2011). These aspects are not only important for the physiology of 

seaweeds, it is also very relevant for the design of seaweed supporting structures. In a seaweed 

cultivation set-up, optimisation should be achieved in ensuring optimal nutrient availability, also 

in large cultivation farms in combination with structural support elements. When, for example, 

seaweed is cultivated for carbohydrates, a flexible cultivation set-up should allow for multiple 

hydrodynamic forcing on a flexible seaweed, in order for the seaweed to invest in structural 

elements of the cell wall. 

More knowledge on the phenotypic plasticity and physical trade interaction, also on cellular 

level, is inevitable not only to understand and develop tools to modify mechanical properties for 

cultivation purposes, but also to understand morphological, ecological and physiological responses 

of seaweed and seaweed communities to changing environmental terms. The presented approach 
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also allows for standardised methods of inferring the effects on nutrient availability and varying 

hydrodynamic forces on seaweed individuals. 
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