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Chapter 8 

Synthesis 

Fundamental scientific curiosity to understand the processes that determine, for example, 

the success and competitiveness of native North Sea seaweed species in relation to nutrient 

availability is essential to explore possibilities for finding the balance between preserving marine 

ecosystem services and unlocking its potential for sustainable food, feed and fuel production. 

There is a growing interest in seaweeds in Western Europe and efforts are being made to establish 

a viable mariculture, as the commercial exploitation of seaweeds for food, feed, energy, and 

chemical compounds is outlined (Dhargalkar & Pereira 2005, Thangaraju 2008, Holdt & Kraan 

2011, Milledge et al. 2014, Fernand et al. 2016, Porse & Rudolph 2017). Efforts to investigate the 

economic feasibility of seaweed production in Europe have been implemented (Reith et al. 2005, 

Taelman et al. 2015, van der Molen et al. 2018). Although a bio-based economy is promoted and 

under development, often aspects of sustainability and resource availability are addressed only to 

a limited extent (Staffas et al. 2013). In order to understand the physiology, and most notably the 

nutrient kinetics of seaweeds and their successful implementation into a sustainable bio-based 

economy, it is necessary to understand basic concepts, such as the response to nutrient additions, 

nutrient uptake, nutrient uptake ratios, and storage capacity (i.e. nutrient management) in relation 

to resource availability. This all is interesting from a pure fundamental scientific point of view, 

urging scientific inquiries into seaweed physiology and ecology. What conditions are favourable, 

and which are disadvantageous to seaweed species? What are the similarities/differences among 

species? How long can species grow/survive under limitation conditions, etc.? Although 

fundamental scientific questions were always governing my research, the results clearly have 

implications for mariculture (Chapter 7). The results can contribute to a sustainable seaweed 

production, evaluate the bio-filtration/bioremediation potential, and at the same time gain a better 
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understanding of the ecophysiology in relation to resource availability. An innovative concept of 

colorimetric analysis of seaweed fronds related to the nutritional value (and indirectly to nutrient 

availability/history) was successfully tested on the example of U. lactuca (Chapter 3) and results 

were implemented into an easy-to-use application (www.eyeonwater.org/ulva), freely accessible 

for everyone with a smartphone. Another novelty is the introduction of a standardized method to 

infer to physical properties by compression and tension of seaweed, using an industrial texture 

analyser, demonstrated on the example of L. digitata thalli (Chapter 5). These are important 

parameters for selection and survival of stationary organisms, exposed to steady turbulent flow 

and its varying drag-forces, and also to determine tactile properties of seaweeds, which for example 

affect the perception and acceptance of consumers. The general findings and innovative aspects 

of this thesis are given in the following sections. In addition, conclusions from this thesis are drawn 

and a future outlook on research on seaweed is proposed. 

8.1 General findings 

In this thesis, research covered a wide range of eco-physiological experiments on seaweeds 

and many fundamental aspects related to ecological conditions and economic interests were 

addressed. Hatchery and cultivation of the 4 seaweed species gave a great insight into seaweed 

physiology in general, and in particular into the DIP and DIN uptake kinetics, as well as nutrient 

management strategies of U. lactuca, S. latissima, L. digitata, and P. palmata. All this led to a unique 

set of data and greatly increased my experience on seaweed research. In particular: Chapter 2 - 

planning, preparing and managing experiments, designing and building custom applications, for 

example light cabinets and custom-made extensions for rotating tables. Chapter 3 - applying optical 

measurements on seaweeds, including fluorescence, spectral and colorimetric measurements 

techniques. Chapter 5 - designing and developing fixation clamps for the texture analysis of 

seaweed samples and working with an industrial texture analyser. Chapter 6 - establishing 

standardized protocols for post-experimental treatment of seaweeds, for example the 
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homogenisation of different seaweed samples for further analysis of total dissolvable protein- and 

total dissolvable carbohydrate concentration.  

Common to all my experimental work during my PhD project was the “pulse-and-chase” 

set-up, which was used for all 4 species, rendering equal conditions and thus results for the species 

can be compared. In essence, seaweed individuals were starved in nutrient depleted seawater to 

bring all individuals in the same physiological status, after which they were exposed to a constant 

(range of) concentration of one limiting nutrient, while the other essential resources were supplied 

in non-limiting concentrations. In practice this was done by replacing/refreshing the seawater 

medium in each experimental treatment on a daily basis. Low nutrient concentrations in the 

seawater medium were depleted per day, while supplement of high concentrations had nutrients 

remaining after 24 hours. The quantity of nutrients remaining after 24 hours changed and showed 

clear, coherent patterns with basically increasing concentrations being left over in the seawater 

medium over time (compare Figure 1-5). The difference between daily supplied and nutrients 

remaining in the seawater after 24 hours was referred to uptake by the seaweed. The combination 

of non-limiting (high) nutrient concentration and a range of limiting (low) nutrient concentrations 

gave insights into physiological responses related to nutrient availability and more importantly, 

enabled an accurate calculation of uptake kinetics. These are labour intense experiments, requiring 

large quantities of well-defined seawater medium, and represent an optimal and essential method 

to perform these scientific inquiries into seaweed physiology (in the laboratory).  

In Chapter 2, 4, and 6 the nutrient uptake dynamics of U. lactuca, S. latissima, L. digitata, and 

P. palmata were quantified in ‘pulse-and-chase’ experiments over extended time periods. All 

seaweed species showed a biphasic response in nutrient uptake rates; surge uptake (VS), as a 

response to nutrient-starvation in the initial phase of the experiment, followed by a maintenance 

uptake (VM), after internal nutrient pools had been filled. Most striking by comparison was the 

linear regression in uptake rates from VS to VM, when internal nutrient pools had been filled. This 
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was, also in relation to available nutrient concentrations in the seawater medium, followed by a 

relatively constant VM in the green seaweed U. lactuca (Chapter 2) and the brown seaweeds S. 

latissima and L. digitata (Chapter 4). In contrast, the red seaweed P. palmata showed an oscillating 

VM in a weekly pattern (Chapter 6). Palmaria palmata also showed the highest uptake rates of all 4 

seaweeds for DIP and DIN under VS and VM, although paired with the lowest growth rates. At 

first sight, the highly competitive nutrient uptake rates seem dominating over uptake rates of the 

other 3 seaweeds, but a more detailed view into the uptake strategy revealed a rhythmic uptake in 

a weekly pattern, which allows seaweeds with lower uptake rates (i.e. L. digitata) to compete for 

nutrients. Moreover, a strong dependency on DIP availability for elevated DIN uptake in P. palmata 

limits the competitiveness of high uptake rates to times of the abundance of both nutrients.  

In contrast to the K-strategy of P. palmata in relation to nutrients, U. lactuca showed a typical 

r-strategy with a comparable VS for DIN, higher growth rate, and smaller ISC. The ‘strategic intent’ 

of r-strategy is to flood/invade/dominate in numbers a habitat with progeny so that, regardless of 

predation or mortality, at least some of the progeny will survive to reproduce. Ulva lactuca has the 

ability to reproduce rapidly with little energy investments and thrives during summer months when 

light conditions are favourable. Under high nutrient concentration conditions or eutrophe 

conditions this can lead to the forming of ‘green tides’, as increasingly is observed in coastal zones 

of areas with dense industry and/or intense agriculture (Teichberg et al. 2008, 2010). The data on 

uptake kinetics in U. lactuca with relatively low VS and very low VM for DIP and high uptake rates 

for DIN, support the conclusion that N is the main element driving Ulva blooms. The 

opportunistic strategy by U. lactuca is also reflected by the (limited) ISC, by the low concentration 

of total dissolvable protein and high concentration of total dissolvable carbohydrate concentration, 

and by their fast turn-over rates in frond colour, which can change significantly within a day 

(Chapter 3). In contrast, the high ISC in the perennial seaweeds S. latissima, L. digitata and P. palmata 

allows these K-strategists to endure long periods under DIN and DIP limiting conditions, typically 

in the summer months, and live close to the carrying capacity of their habitat. 
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Similar to U. lactuca and P. palmata, a high VS for DIN was also found in S. latissima. VS is 

not necessarily high (a multi-fold of VM) in each species, as nutrient uptake rates in L. digitata 

displayed.  The perennials S. latissima and L. digitata, are both considered winter species and live in 

the same underwater zonation. In Britain and Ireland, bedrock that was subjected to moderate to 

strong tidal water movements was characterized by dense L. digitata populations, while similar 

shores that were not tide-swept were generally characterized by mixed S. latissima and L. digitata or 

just S. latissima (Connor et al. 2003). This fits well to the eco-physiological data presented in this 

thesis, and suggests a niche separation of L. digitata from S. latissima in relation to hydrodynamics. 

The texture analysis of L. digitata (Chapter 5) showed that fronds were perfectly adapted to 

mechanical stress in terms of tensile and compression forces, similar to hydrodynamic forces 

experienced in a wave-swept habitat.  

Another result noteworthy during the experimental work was that young sporophytes of 

S. latissima did not survive high DIP concentrations for an extended period of time (3 weeks), 

unlike the perennials L. digitata (Chapter 4) and P. palmata (Chapter 6). This intolerance to high 

DIP concentrations would inhibit S. latissima to colonize areas during eutrophe conditions. 

Although nutrient concentrations, as high as concentrations supplied in the experiments are very 

unlikely to occur in nature, this information can play a role in the settlement of young S. latissima 

sporophytes.  An overview on the results on VS, VM, uptake- ratios and strategy, ISC for DIN and 

DIP, and growth rates for U. lactuca, S. latissima, L. digitata and P. palmata can be found in the 

following table: 
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Table 8-1. Overview of results on uptake management (surge uptake VS, maintenance uptake 

VM, uptake ratios, internal storage capacity ISC, favourable nominal nutrient concentration 

for cultivation, and growth) for dissolved inorganic nitrate (DIN) and dissolved inorganic 

phosphate (DIP) in Ulva lactuca (Chlorophyta), Saccharina latissima, Laminaria digitata 

(Phaeophyta), and Palmaria palmata (Rhodophyta), conducted in ‘pulse-and-chase’ 

experiments under controlled conditions for light (light/dark: 16/8 h; U. lactuca: 80 µmol 

photons m-2·s-1, S. latissima, L. digitata: 18 µmol photons m-2·s-1, P. palmata: 60 µmol photons 

m-2·s-1), temperature (12±1 °C) and hydrodynamics over several weeks. The ISC was 

evaluated after the response in fluorescence signal (Fv/Fm) in relation to duration of DIN and 

DIP depletion/limitation conditions. 
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Resource availability is key for the survival, growth and reproduction of species in any 

given environment and hence drives the outcome of biological interactions, shaping final 

community composition (Chapin III et al. 2000). A high VS shows the ability of a seaweed to 

rapidly take up nutrients when the concentration in the seawater is high, but is not indicating the 

affinity for nutrients at low concentrations, which can make an accurate evaluation of interspecific 

competition for nutrients difficult. Often KM (Michaelis-Menten constant) is used to compare an 

organisms (here: seaweed) ability to take up nutrients at low concentrations, determined by plotting 

the nutrient uptake rate (V) versus the nutrient concentration (M). The resulting curve is described 

by the Michaelis-Menten equation:  

V = Vmax (M × KM
-1 + M),  

with Vmax as the maximal uptake rate, M as the nutrient concentration, and KM as the nutrient 

concentration where V = Vmax/2. It was stated that KM is dependent on Vmax and it is more accurate 

to use α (the initial slope of the V versus M hyperbole) to compare uptake affinities of two or more 

species at low nutrient concentration (Harrison et al. 1989, Ritchie & Prvan 1996). In my 

experiments on uptake kinetics, the sampling interval of 24 h did not allow a detailed insight into 

uptake affinities, but on longer term allowed reliable quantification of VS, VM, and ISC, hence 

nutrient management strategies. 

8.2 Innovative aspects / highlights of the thesis 

I report in my thesis on several new scientific findings regarding the ecophysiology of N 

and P dynamics in 4 species of native North Sea seaweed species. Albeit not revolutionary new, 

my ‘pulse-and-chase’ approach applied under fully controlled laboratory conditions over several 

weeks (Chapter 2, 4 & 6) turned out to be a very successful and unique tool in my experimental 

work. This method is labour, seawater and time consuming, but resulted in detailed and reliable 

insights into the eco-physiology and nutrient management strategies of U. lactuca, S. latissma, L. 

digitata and P. palmata. Certainly in combination with constant measurements of the fluorescence 
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signal Fv/Fm. At the same time it contributed to economically important and practical aspects for 

a bio-based economy. Next to the contributions to the ecophysiology of North Sea seaweed 

species, I describe two innovations. The first innovation is the spectral and colorimetric analysis 

of U. lactuca and the implementation of the results into a freely available smartphone application 

‘EyeOnUlva’ to evaluate the nutritional value of this green seaweed, found globally (Chapter 3). 

The second innovation is the texture analysis on seaweed individuals, which allows for 

standardised methods of inferring the effects on nutrient availability, varying hydrodynamic forces, 

and seaweed-herbivore interactions on phenotypic plasticity and particular traits (Chapter 5). Both 

innovations developed out of experience and curiosity on the subjects. 

8.3 Conclusions 

Seaweeds offer interesting options for fundamental research and applications. It is crucial 

to conduct eco-physiological laboratory studies, as it gives insight in the functioning of seaweeds. 

This insight is needed before a scale-up can be done to larger (outdoor) facilities, such as tank 

cultivation and mariculture operations in an ecological and economic responsible manner. In this 

thesis, uptake dynamics, uptake strategy, growth, and insights into cellular biochemistry and 

elemental stochiometry in 4 ecological important and economic interesting seaweed species native 

to the North Sea, were assessed in relation to DIN and DIP availability under fully controlled 

laboratory conditions. . Nutrient uptake dynamics were investigated through analyses of removal 

of dissolved nutrients. Growth was followed by combining non-destructive measurements during 

the experiment, with destructive harvests (for determination of the cellular composition) at the 

end of the experiments. Photosynthetic efficiency (Fv/Fm) was measured using PAM fluorometry. 

Total dissolvable protein and carbohydrate composition was measured using standard assays. In a 

separate chapter, results were presented in a comprehensive way, akin to a “manual for nutrient 

uptake kinetics in seaweed cultivation” (Chapter 7). Each of the 4 seaweed species has different 

adaptations to (changing) environmental conditions, also shown by their nutrient uptake 
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management and strategies (Table 8-1), which in turn can be used in mariculture. Although 

interactions of environmental factors as nutrients, light, temperature and hydrodynamics 

(addressed in Chapter 5) were not included, the high nutrient requirements not only show the 

ecological importance of seaweeds in terms of the ecosystem services they provide, but also in 

nutrient cycling, especially for N and P, which results in seaweed biomass being produced. Biomass 

that can be used by other organisms for nursery, shelter or food, and biomass that can be used as 

fertilizer or refined for other utilization by humans. Furthermore, the data presented in this thesis 

allows to manipulate and project production in seaweed cultivation and for bioremediation 

purposes, as well as it enables a comprehensive insight into ecological effects of nutrient limitations 

and shifts in limitations.  

Supporting tools to assess and interpret the eco-physiological status were proposed and 

developed. A new avenue to conduct standardized method to determine tactile properties in 

seaweed, using a texture analyzer, was proposed. This enables comparable measurements on 

responses to abiotic and biotic stress on seaweeds, and allows species selection related to 

hydrodynamics in mariculture and adjust adequate pre-treatment in biorefinery. Another aspect is 

the development of the smartphone application ‘EyeOnUlva’, which is a good example on 

combining fundamental research of different disciplines, as biology and physics, leading to a new 

and timely application tool for environmental monitoring, also suitable for the general public.  

8.4 Research outlook 

Seaweed research in Europe is at its infancy and many aspects about the ecophysiology 

and biochemistry in seaweed in remain unknown. Aside from the 4 seaweed species that were the 

main players during the research for this thesis, there are plenty of other ecological important and 

economical promising North Atlantic seaweed species, for example Saccorhiza polyschides (Lightfoot) 

Batters, Alaria esculenta (Linnaeus) Greville, Undaria pinnatifida (Harvey) Suringar, and Laminaria 

hyperbora (Gunnerus) Foslie (Werner & Kraan 2004). Another interesting species to study in an 
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ecological and economical context is Sargassum muticum (Yendo) Fensholt, which firmly established 

itself (as an invasive species) in the North Sea (Kraan 2008), but it remains unclear exactly how 

this translates to changes in community composition and finally ecosystem functioning. 

Follow-up studies could address the combined effects of nutrient availability (DIN, DIP), 

relevant physicochemical (e.g. light, temperature) and hydrodynamic conditions (e.g. turbulence) 

on growth and composition in seaweeds, leading to greater insight in seaweed organic matter 

dynamics and optimal production. As seaweeds have different morphologies, differences in 

nutrient uptake are suggested under similar hydrodynamics forcing (Gerard 1987, Kawamata 

2001), with the highest uptake rates occurring under conditions of the highest currents and 

turbulence (Morris et al. 2008, for seagrasses). Apart from affecting nutrient uptake by reducing 

boundary effects, hydrodynamic forcing may also be expected to impose a direct effect on 

morphology and/or cellular composition (La Nafie et al. 2012 for seagrasses, Molis et al. 2015). In 

this context, the texture analysis as introduced in Chapter 5 can be applied, for example in a study 

aiming to shed light on niche separation of different seaweeds. In this thesis, it was shown that S. 

latissima was the superior competitor for N and P (Chapter 4), but the ultimate outcome of 

competition will not only be determined by availability of nutrients. In the same chapter it was 

clear that young sporophytes of S. latissima did not survive high DIP concentrations. Similarly, 

(differences in) toughness, indicative of resistance to hydrodynamic stress, can contribute to the 

ultimate outcome of competition.  

Environmental conditions will not only determine growth, but through the effects on 

composition, for example induction of anti-herbivory substances, or anti-viral compounds (Holdt 

& Kraan 2011) it may also affect loss factors. Loss factors, as grazing, viral lysis and erosion are 

hardly taken into account (certainly not in relation to varying environmental conditions) although 

essential for a proper ecological understanding and sustainable production. Herbivory is known to 

take place in seaweeds and can be a substantial loss factor: fish, sea urchins and mesograzers 
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(amphipods, copepods, polychaetes) have been described to feed on seaweeds (Carpenter 1986). 

The exact nature of herbivory, and the relation with environmental variables however is hardly 

ever quantified. Mesocosm studies would allow to conduct (choice-) feeding experiments with 

different seaweed species and/or seaweed parts (stipe, frond, etc.) to test feeding preferences of 

(meso-)grazers related to food availability/composition. At the same time, effects on texture and 

composition of seaweeds to biotic stress can be investigated to get further insights into community 

interactions, defence strategies and biochemistry. For example, it was shown that 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). It can be envisioned that this ecological “race of arms” can also be adopted to 

microscopic interactions, such as viral infections, which could be investigated by techniques of 

flow-cytometry and virus detection methods, for example enzyme-linked immunosorbant assay 

(ELISA) and real-time polymerase chain reaction (PCR).    

Viral infection has been observed for seaweeds, even with remarkable cross infection 

between genera (Kapp 1998). The severity of infection symptoms show a broad range; while some 

infected plants undergo severe morphological changes or become completely unable to produce 

spores, others have only mild expression of symptoms. The epidemic dieback of the kelp Ecklonia 

radiata has been associated with the presence of viruses (Easton et al. 1997), and viral infected 

Saccharina sp. showed spiral growth and dwarfism.  

The research on seaweeds is mostly unchartered territory and there many remaining 

research opportunities to “dive” into. 
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