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Summary 

Seaweeds are found throughout the world’s oceans and seas. Seaweeds serve many 

important functions in ecosystems. As so-called ecosystem engineers, they can influence the 

availability of resources by influencing sedimentation and erosion. Seaweeds also provide a food 

source for primary consumers and at the same time offer protection from predators and can serve 

as a nursery for many animal species, thus increase diversity and significantly contribute to the 

structural complexity of an ecosystem. Furthermore, seaweeds play a considerable role in the 

world’s carbon cycle, approximately 6 % of the global net primary production is realised by 

seaweeds, although they only inhabit 0.1 % of the seafloor. Unlike terrestrial crops, seaweeds do 

not require agricultural land for cultivation and many species grow in saltwater or brackish water, 

avoiding competition for land and precious freshwater. In addition seaweeds take up dissolved 

nutrients from the sea and do not need pesticides to protect their biomass. All these characteristics 

make that seaweeds play an important role in marine ecosystem services, for example in 

bioremediation and as the ultimate barrier to capture precious nutrients, like phosphate, before it 

is dilute into the deep sea. 

Not surprising, there is a growing interest in seaweed cultivation in Western Europe 

(including in The Netherlands), as seaweeds are an attractive marine source of biomass for 

cultivation. The North Sea, located on the European continental shelf, belongs to one of the 

world’s most productive marine areas. The overall nutrient budget of the North Sea ecosystem is 

influenced both by oceanic inflow from the north-east Atlantic Ocean, riverine and atmospheric 

input. Spatial differences in nutrient concentrations exist in coastal areas, largely affected by the 

run-off waters of several rivers, including Rhine, Meuse, and Thames. These run-off waters often 

contain considerable amounts of inorganic phosphorus (P) and nitrogen (N) from anthropogenic 

land-based activities. Besides natural fluctuations, the anthropogenic discharge of nutrients can 
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generate concentration gradients and limitations, which are often observed along coastal zones of 

the North Sea, often causing eutrophication.  

Nutrient limitation and shifts in limitation from one element/compound to another can 

significantly affect the internal composition, physiology and growth of seaweeds. Each seaweed 

species has its own growth characteristics, internal composition and bottlenecks related to nutrient 

availability. Some species thrive on large amounts of nitrogen and can handle low concentration 

of phosphorus, while others require larger quantities of phosphorus, and can cope with relatively 

low nitrogen concentration. Therefore, fundamental knowledge on nutrient uptake kinetics and 

nutrient management strategies of different seaweed species is essential, for both ecological, as 

well as economic aspects. This knowledge can shed light on questions, like what conditions are 

favourable and which are disadvantageous to seaweed species? What are the 

similarities/differences among species? How long can species grow under limitation conditions, 

etc.?  

In this thesis, 4 ecologically and economically important seaweed species native to the 

North Sea were investigated: the opportunistic green seaweed Ulva lactuca (Chlorophyceae), the 

perennial brown seaweeds Saccharina latissima and Laminaria digitata (Phaeophycea), and the 

perennial red seaweed Palmaria palmata (Rhodophyceae). A full factorial design was used to 

determine uptake kinetics (surge uptake VS, maintenance uptake VM, and uptake ratios) of 

dissolved inorganic phosphate (DIP) and dissolved inorganic nitrate (DIN), as well as internal 

storage capacity (ISC) of DIP and DIN under laboratory conditions, and all were standardized to 

surface area as seaweeds take up nutrients throughout their surface. All seaweeds tested showed a 

biphasic response in nutrient uptake rates: VS as a response to nutrient-starvation and VM after 

internal nutrient pools had been filled. A high VS for both nutrients was exhibited by U. lactuca 

(DIN: 12.5±5.2 µmol·cm-2·d-1, DIP: 0.66±0.12 µmol·cm-2·d-1), S. latissima (DIN: 11.3±0.6 

µmol·cm-2·d-1, DIP: 0.80±0.03 µmol·cm-2·d-1), and P. palmata (DIN: 15.6±4.3 µmol·cm-2·d-1, DIP: 
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1.57±0.29 µmol·cm-2·d-1), while L. digitata showed significantly lower surge uptake rates (DIN: 

3.9±0.1 µmol·cm-2·d-1, DIP: 0.38±0.03 µmol·cm-2·d-1). VM for DIP and DIN was significantly 

lower than VS for both nutrients in all species tested: U. lactuca (DIN: 2.3±0.9 µmol·cm-2·d-1, DIP: 

0.07±0.04 µmol·cm-2·d-1), S. latissima (DIN: 3.9±0.7 µmol·cm-2·d-1, DIP: 0.30±0.09 µmol·cm-2·d-

1), L. digitata (DIN: 1.8±0.4 µmol·cm-2·d-1, DIP: 0.22±0.01 µmol·cm-2·d-1), and P. palmata (DIN: 

5.6±2.1 µmol·cm-2·d-1, DIP: 0.57±0.22 µmol·cm-2·d-1). The quantification of the ISC for DIN and 

DIP enables to estimate the time, during which N and P reserves can be used, before nutrient 

limitations cause significant forfeit to growth and losses of yield. A large ISC was quantified for 

perennial seaweeds P. palmata (DIN: 222 µmol·cm-2, DIP: 22 µmol·cm-2), S. latissima (DIN: 49 

µmol·cm-2, DIP: 14 µmol·cm-2), and L. digitata (DIN: 80 µmol·cm-2, DIP: 10 µmol·cm-2). The ISC 

for both nutrients in the opportunistic U. lactuca (DIN: 23±7 µmol·cm-2, DIP: 0.7±0.1 µmol·cm-

2) was significantly smaller than ISC in the perennial seaweeds. In addition to the quantification of 

uptake kinetics and ISC of DIN and DIP, the uptake strategies or long term performance to 

environment and/or competition for (limited) nutrient resources of the 4 seaweeds were 

described. For example, a rhythmic DIN and DIP uptake in weekly intervals in P. palmata, in 

contrast to a linear uptake under VM in L. digitata provides evidence for a niche separation in 

relation to nutrient availability. Moreover, DIP availability limited access to DIN in P. palmata, 

which consequently was mirrored by the total dissolvable protein- and carbohydrate concentration, 

thus the nutritional value of the seaweed. Total dissolvable protein content ranged from 10.2±2.5 

% to 24.6±8.0 % dry weight, depending on DIP availability. Similarly, total dissolvable 

carbohydrate content ranged from 22.1±3.6 % to 54.3±12.3 % dry weight.  

In U. lactuca, colour differences of fronds appeared to be related to the nutritional value, 

respectively total dissolvable protein concentration. This led to a novel study, which examined the 

possibility to deploy spectro-radiometry and colorimetric techniques to evaluate the total 

dissolvable protein concentration from frond colour of this green seaweed. Based on the concept 

of colorimetric techniques, we developed the smartphone application ‘EyeOnUlva’ for IOS and 
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Android systems, which records the frond colour and provides an inexpensive, reliable, safe and 

easy-to-use method to give a fast evaluation on the total dissolvable protein concentration in U. 

lactuca. The ‘EyeOnUlva’ application not only represents a useful and timely tool to the aquaculture 

industry to assess the nutritional value of their seaweed crop and determine its feeding quality in a 

cost-effective way, but is also applicable in environmental surveys, including citizen science 

programs.  

Another novel approach, which allows for standardised methods of texture analysis to 

infer to effects of nutrient availability and varying hydrodynamic forces on seaweed was introduced 

on the example of L. digitata. Texture analysis is a method to test the physical properties of a 

material by tension and compression. The trade-off in tissue responses to tensile and compression 

forces in L. digitata along the lamina, linked to an age gradient, indicates a twined structure aligned 

to optimise the toughness and flexibility of constituent tissue. Tensile strength increased from 

young to old tissue along a positive toughness gradient of 75 %. Morphological features of a 

healthy L. digitata frond seem modified to withstand physical forces from hydrodynamics in its 

wave-swept habitat. These tactile properties also affect consumer perception and acceptance. This 

accounts not only for marine herbivores that graze on seaweeds, but also for humans in Europe, 

the “new grazer” as seaweeds become more popular as an alternative food source. The 

ecophysiological data on U. lactuca, S. latissima, L. digitata, and P. palmata, as well as the innovative 

aspects related to seaweed research that are introduced in this thesis, showed that each of the 4 

seaweed species has developed adaptations to (changing) environmental conditions, also shown 

by their different nutrient uptake management and diverse strategies. Although the interactions of 

environmental factors as nutrients, light, temperature and hydrodynamics were not included, the 

data presented enables a comprehensive insight into ecological effects of nutrient limitations and 

shifts in limitation, as well as shows the ecological importance of seaweeds in terms of ecosystem 

services they provide in matter cycling, especially for N and P. Furthermore, the data also allows 

to manipulate and project production in seaweed cultivation and for bioremediation purposes. 
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