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Abstract
Applications ofseaweeds require the supply of uniform biomass, yet performance of Ulva is generally characterised by a wide 
variation across study sites and seasons, as well as among species or strains. This study aimed to determine the variation 
in growth, biochemical composition and nutrient uptake of five Ulva strains collected in the Eastern Scheldt estuary (the 
Netherlands) and cultivated under standardised outdoor conditions from July to November. Surprisingly, only two strains 
performed well (maximum 291 ± 95 and 570 ± 122 kg FW  ha−1  day−1 for VEE and YER strain), one strain showed slow 
growth (maximum 155 ± 91 kg FW  ha−1  day−1 for SCH strain), and the last two strains (JAC and KOM) did not grow at all. 
Chemical composition was only determined for the well-performing strains. For most of the parameters, strong seasonality 
was observed; growth, crude fat (0.4–1.3%), ash (16–25%) and starch (3–11%) decreased, whereas fibres (37–45%) and 
proteins (7–22% crude; 6–18% true) increased. To evaluate the bio-remediation potential, nutrient uptake of YER, VEE and 
SCH strains was determined from in- and outflowing water (453–2027 µmol DIN; 4–101 µmol  PO4 kg FW  h−1). Highest 
rates were observed for the SCH strain which was not in accordance with growth nor composition, suggesting that nutrients 
were not (all) directed towards vegetative growth. This study demonstrates a large variation in performance between different 
Ulva strains collected in relatively close proximity and thereby highlights the importance to test a variety of local seaweed 
strains prior to commercial farming.
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Introduction

The cosmopolitan green seaweed Ulva (Chlorophyta), 
also known as sea lettuce, has been proposed as a model 
species for land-based aquaculture due to its high biomass 

productivity (Msuya and Neori 2008; Robertson-Andersson 
et al. 2008; Bruhn et al. 2011; Nikolaisen et al. 2011; Praeger 
et al. 2019; Revilla-Lovano et al. 2021). Ulva also shows 
potential for the production of high value compounds, such 
as, e.g. ulvans. These functional biopolymers are among 
others used for medical applications (Lahaye and Robic 
2007; Chiellini and Morelli 2011). It has been shown that 
Ulva may serve as a bioenergy crop and a source for the 
production of bioplastics (Bruhn et al. 2011; Helmes et al. 
2018; Qarri and Israel 2020; Dave et al. 2021). Furthermore, 
Ulva spp. are used in land-based tank or pond systems for 
bio-remediation of dissolved waste from animal aquaculture 
(Shpigel et  al. 1993; Bolton et  al. 2009), and they are 
proposed as biofilters in eutrophic (nutrient rich) marine 
ecosystems (Cohen and Neori 1991; Areco et al. 2021).

Independent of the application, a key requirement for 
the production of seaweeds on a commercial scale is to 
ensure a continuous supply of uniform biomass, since high 
variation in productivity and biochemical composition poses 
difficulties for the processing industry (Hafting et al. 2012). 
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However, a glance into literature shows a wide variation in 
the reported values for biomass production from land-based 
cultivated Ulva spp. in temperate/northern conditions, with 
specific growth rates ranging from 1.6 to 18.7%  day−1 (Cohen 
and Neori 1991; Robertson-Andersson et al. 2008; Bruhn 
et al. 2011) or − 31 to 679 kg DW  ha−1  day−1 (Bruhn et al 
2011; Debusk et al. 1986; Groenendijk et al 2016). Similarly, 
considerable differences exist in the biochemical composition 
of Ulva spp. For instance, reported crude protein and lipid 
concentration varies between 10–43% and 0.3–2.7% of the 
dry weight, respectively (Shpigel et al. 1999; Schuenhoff 
et al. 2003; Marsham et al. 2007; Robertson-Andersson 
et al. 2008; Silva et al. 2015). Furthermore, the reported 
nutrient uptake rates by Ulva show a broad range (reviewed 
by Nederlof et  al. submitted). These high variations in 
biochemical composition and nutrient uptake capacity 
depend on the experimental conditions (Cohen and Neori 
1991; Msuya and Neori 2008; Martínez et al. 2012), season 
(Marinho-Soriano et al. 2006; Martínez et al. 2012; Marinho 
et al. 2015; Manns et al. 2017; Dave et al. 2021) or site-
specific conditions such as nutrient or light supply (Lamare 
and Wing 2001). Furthermore, the biochemical method 
used to determine, for instance, ‘protein level’ might in fact 
measure other components containing nitrogen resulting in 
an overestimation when compared to methods that analyse 
‘true protein level’ based on amino acid analysis. At last, 
the high variation presented can be a result of different Ulva 
species used within the experiments, but also specific Ulva 
strains can show differences in growth and content, implying 
a intraspecific variation in terms of nutrient uptake and 
consequently in ecosystem interactions (Lawton et al. 2013; 
Fort et al. 2019).

The aim of this study was to identify variations in bio-
mass production and biochemical composition of Ulva sp. 
collected at five sites within an estuary (Eastern Scheldt, 
Netherlands). The Ulva sp. collected at the different sites are 
here referred to as ‘strains’. All strains were cultivated in a 
land-based tank system under standardised conditions, and 
biomass production was monitored over a 5-month period 
from July to November 2017. The biochemical composi-
tion of the two most productive strains was studied over a 
period of 3 months. Furthermore, nutrient uptake of different 
strains was compared in order to identify the most suitable 
strains for bio-remediation and biofilter purposes.

Material and methods

Collection of Ulva

Five different Ulva spp. strains were collected in the East-
ern Scheldt estuary (North Sea, Netherlands) in May 2017: 

Yerseke (YER), Schelphoek (SCH), Jacobahaven (JAC), 
Kamperland (KAM) and Veerse Meer (VEE). An overview 
of the sampling sites is given in Fig. 1. Approximately 0.5 
to 1 kg of fresh seaweed material was collected at each 
location.

Ulva cultivation

The collected seaweed material was transferred to PVC cul-
tivations tanks (one tank per strain, 400 L, 90 × 110 cm sur-
face area) at the facilities of Wageningen Marine Research 
in Yerseke and reared to a biomass of 1.25 kg. Then, 250 g 
of fresh algal material was transferred to each cultivation 
tank (N = 5 per strain). Replicates of the different strains 
were distributed randomly among the tanks. Four tanks 
without seaweeds served as a control for measuring envi-
ronmental parameters. All tanks were placed outdoor and 
were connected through a flow-through system with a con-
tinuous supply of sea water from a 10–15-m deep entry 
point in the Eastern Scheldt. The sea water was distrib-
uted via four higher situated header tanks using tubes (Ø 
15 mm), and no nutrients were added. Water exchange in 
the tanks was kept constant at approximately 117 L  h−1. 
An aeration system consisting of PVC tubes was estab-
lished at the bottom of each tank to maintain vertical water 
movement. Water flux was checked daily and adjusted if 
necessary, in order to maintain an equal nutrient flux in all 
tanks. Nets were placed at the outflow of each tank to keep 
the algal material in the tanks. The tanks were cleaned 
every 2 weeks.

Fig. 1  Sampling sites of Ulva spp. in the Eastern Scheldt (North Sea): 
Yerseke (YER), Schelphoek (SCH), Jacobahaven (JAC), Kamperland 
(KAM) and Veerse Meer (VEE)
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Environmental parameters

Temperature (°C) and irradiance (lux) were monitored in the 
four control tanks without seaweeds by data loggers (HOBO, 
Onset Computer Corporation, US) with continuous meas-
urements in 15-min intervals. Lux values were converted to 
µmol photons  m−2  s−1 using the conversion factor of 0.0185 
for sunlight conditions (Moheimani et al 2013). For each 
parameter, daily average values were calculated.

Biomass

Biomass production of the Ulva strains was determined 
biweekly over a 5-month period from July to November. 
The entire seaweed material of each tank was collected and 
centrifuged at 2800 rpm until the effluent of water from the 
outlet stopped. Fresh weight (FW) was determined imme-
diately after centrifugation. All instruments were cleaned 
thoroughly between sampling the different strains in order to 
minimise the risk of cross-contamination of genetic material. 
After weighing, 250 g were restocked in the tanks, whereas 
the rest of the biomass was harvested. The dry weight (DW) 
was determined for subsamples of each strain by drying the 
material in an oven at 70 °C for 24 h.

Ulva growth is presented as productivity (kg FW 
 ha−1  day−1) and was calculated using Formula 1, with Wt 
being the biomass after t days (kg), Wre-stocked being the 
restocking weight (kg), A being the tank surface area (ha) 
and Δt being the temporal difference between measurements 
in days (d):

The specific growth rate (SGR) was determined using 
Formula 2, with Wt1 and Wt2 being the fresh weight at time 
point 1 and 2, respectively, and Δt being the temporal differ-
ence between measurements in days:

Biochemical composition

Biochemical composition of Ulva strains was determined 
throughout the growing season at three time points, in 
August, September and October. Since only the strains YER 
and VEE were growing well during these months, the analy-
sis was restricted to these two strains.

After drying, the seaweed samples were homogenised 
by grinding to a powder using a ball mill. Subsamples 
for C and N content (N = 5 per treatment and sampling 

Productivity
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A
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A
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date) were analysed according to the DUMAS principle 
using an isotope-ratio mass spectrometry (IRMS) element 
analyser. Nutritional composition, such as (crude) protein, 
fat, starch and amino acids, was analysed using standard 
analytical methods (N = 2 pooled samples per treatment 
and sampling date). Crude fat (by acid hydrolysation, 
ANAL-10497), ash (heating at 550 °C and using gravim-
etry, ANAL-10028 Q), starch (amyloglucosidase, AGS, 
method, ANAL-10030 Q), sugars (mono- and disaccha-
rides and reducing sugars conform to the methods NEN 
3571 and EU152/2009) and dietary fibres (in accordance 
to AOAC 991.43, ANAL-10436 Q) were all analysed 
using standard and validated analysis methods.

For amino acid analysis, 150 mg of powdered sample 
was added to 500 mL of 70 mM phosphate buffer (pH 7.0), 
containing 1 mM dithiothreitol (DTT). Three microliter of 
2 mM norleucine was added to the extract as an internal 
standard. The sample was mixed for 3 min, and 2.5 mL of 
MCW (methanol, chloroform and water; 12/3/5, v/v/v) was 
added. The sample was mixed again, and 500 mL of distilled 
deionised water was added. After centrifugation at 3000 × g 
for 25 min, the water phase was transferred to a new glass 
tube. A volume of 2.3 mL of water was added to the pellet 
and homogenised for 3 min. After centrifugation at 3000 × g 
for 25 min, the water phase was added to the previous tube. 
The same procedure was repeated once more. All water 
phases were combined and centrifuged at 3000 × g for 25 min 
to give a clear solution. The water solution was transferred 
to a new tube and freeze-dried overnight. The freeze-dried 
material was dissolved in 1 mL of water and centrifuged at 
12,000 × g for 30 min to remove insoluble substances, and 
the extracted sample was transferred to a 1.5 mL tube. For 
the hydrolysis of total amino acids, 200 mL of the phosphate 
buffer extracted sample was transferred to a new tube, and 
5 mL 0.2 N NaOH containing 1% (v/v) of dithiodipropionic 
acid, 40 mL of phenol 1.25% (v/v) and 245 mL of 12 N 
HCl were added to the extract. The sample was incubated 
at 110  °C under nitrogen for 24 h, and then the amino 
acids liberated by hydrolysis were extracted using MCW 
as described before. Amino acid analysis was performed 
with a BioChrom 20 (Amersham Pharmacia Biotech). One 
hundred fifty microliter of 0.2 M lithium citrate buffer (pH 
2.2) was added to 150 mL of the sample, and 40 mL of the 
mixture was loaded onto the ion-exchange column (Ultrapac 
8 resin lithium form, I = 200 mm, d = 4–6 mm). A stepwise 
elution by five lithium citrate buffers (pH 2.8, 3.0, 3.15, 3.5, 
3.55) was employed, and the amino acids were detected with 
ninhydrin reagent, and the concentration was expressed as 
mg  g−1 dry weight (DW).

Protein content is presented in two different ways. 
Crude protein content was obtained by using the tradi-
tional nitrogen-to-protein conversion factor of 6.25 of the 
nitrogen content as determined using the Dumas nitrogen 
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analysis method. This is called the ‘crude protein’ content. 
Additionally, ‘true protein’ content was calculated as the 
sum of all the protein amino acid derivative content as 
analysed using the BioChrom amino acid analysis method 
after hydrolysis of all proteins.

Nutrient uptake rates

Nutrient uptake rates of the Ulva strains were determined 
at three time points in August, September and October. 
The analysis was restricted to three strains: the YER and 
VEE strains which were growing well during this time and 
the SCH strain which was growing moderately. To reduce 
confounding effects, such as nutrient uptake by fouling 
species, nutrient measurements were performed 1 day after 
the maintenance cleaning (see the Ulva cultivation sec-
tion). Nutrient uptake was also determined for the control 
tanks to correct for any potential nutrient uptake by other 
organisms and/or phytoplankton present.

The nutrient uptake rate was determined using the 
flow-through method after pilot experiments confirmed a 
sufficient mixture of the water column in the tanks. On 
each sampling date, water samples were collected 2 h post-
sunrise from the header tanks (i.e. input to experimental 
tanks) and from the outflow of each experimental tank. 
Flow rates of each tank were measured simultaneously. 
Water samples were filtered (Whatman GF/C 47 μm) and 
stored at − 20 °C until they were analysed for concentra-
tion (µmol  L−1) of  PO4

3−,  NH4
+,  NO3

− and  NO2 using an 
autoanalyser. Dissolved inorganic nitrogen (DIN) was cal-
culated as the sum of  NH4

+,  NO3
− and  NO2. The difference 

between nutrient concentrations in the in- and outflow of 
each tank and the flow rates was used to calculate nutrient 
uptake rates. Subsequently, these values were corrected 
for fluxes in the control tank and standardised to 1 kg FW 
of Ulva biomass.

Statistical analysis

Biomass and SGR were analysed with repeated measures 
ANOVA (RM ANOVA). Data were checked for normal-
ity and sphericity. In cases where sphericity was violated, 
the Greenhouse–Geisser correction was applied. C:N data 
were analysed with dependent t tests, after the data were 
checked for normality. Cumulative harvest data were ana-
lysed using the non-parametric Kruskal–Wallis test due to 
heterogeneity of variances. Differences between treatment 
groups were analysed with multiple comparison post hoc 
tests (Tukey’s tests) and considered significant at p < 0.05. 
No statistical analysis was performed for protein content 
and the biochemical composition due to low sample size. 

SPSS was used for all statistical analyses (IBM Corp. 
Released 2013. IBM SPSS Statistics for Windows, ver-
sion 22.0, USA).

Results

Environmental parameters

Daily average irradiance and temperature were similar in all 
four control tanks (Fig. 2). Average daily irradiance ranged 
from 532 µmol photons  m−2  s−1 in July to 2 µmol photons 
 m−2  s−1 in November. This resembles a daily irradiance sum 
of 46.0 mol photons  m−2  day−1 in July to 0.17 mol photons 
 m−2  day−1 in November. Temperature decreased over the 
cultivation period from a maximum of 25 °C in July to mini-
mum values of 9 °C in November.

The higher oxygen concentrations in the Ulva tanks did 
not lead to an increase in the pH which was stable across 
tanks and seasons (Table 1). Dissolved inorganic nitrogen 
concentrations in the ambient water increased throughout the 
season, while phosphate concentrations remained relatively 
stable.

Biomass

Extrapolation of the results obtained in this study lead to an 
estimated average total harvested yield for the five strains 

Fig. 2  Environmental parameters: A Irradiance (µmol photons 
 m−2   s−1). Daily average values, mean ± SD (N = 4). B Temperature 
(°C). Daily average values, mean ± min/max (N = 4)
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of 13.4 ± 13.3 t FW  ha−1 (Fig. 3). The total yield obtained 
from the five different strains varied significantly (Fig. 3) 
(Kruskal–Wallis, p < 0.01). The highest yield was achieved 
using the YER strain (33.1 ± 8 t FW  ha−1), followed by the 
VEE strain (24.4 ± 6 t FW  ha−1). The yield obtained by the 
SCH strain was significantly lower (4.9 ± 1.1 t FW  ha−1), but 
the strain was cultivated until the end of October. The culti-
vation of the JAC and KAM strains, on the other hand, was 
stopped in early August as they were not growing any longer.

Productivity of the five strains also varied over time. 
Overall, there was a significant decrease throughout the cul-
tivation season (Fig. 4) (RM ANOVA, p < 0.01). The YER 
strain showed the highest productivity and SGR, reaching 
an average of 568 ± 122 kg FW  ha−1  day−1 and 9.2 ± 0.2% 
 day−1 in July, respectively (Fig. 4). Growth of the YER 
strain decreased continuously from the second week of July 
to the end October. The VEE strain showed a continuous 
productivity of 200 to 300 kg FW  ha−1  day−1 between July 
and August, but productivity decreased from the beginning 
of September onward. VEE and YER showed comparable 
production from September to November, when the final 
harvest of these two strains took place. Productivity of the 
strain SCH was at its maximum in the second week of July, 
but growth rates decreased significantly in August and even 
reached negative values before the last harvest in the end of 
October, meaning that the restocked tissue degraded in the 
tank. The strains KAM and JAC did not grow well in the 
tanks, even at the start of the experiment. In August, they 
reached average growth rates of 0.2 ± 0.9 and 1.1 ± 1.3% 
 day−1, respectively, and their cultivation was terminated 
after week 31 (Fig. 3).

Chemical composition

C:N content of the two tested strains VEE and YER 
decreased significantly from 19.1 ± 2.3 in August to 8.5 ± 0.3 
in October (Fig. 5) (dependent t test, p < 0.01). No signifi-
cant difference was found between the two strains (Fig. 5). 
C:N content of the SCH strain in August was not signifi-
cantly different from the other two strains (Fig. 5).

Most of the analysed compounds of the two Ulva strains 
VEE and YER showed strong seasonality (Fig. 6). Crude 
fat content of the Ulva samples was relatively low (between 
0.4 and 1.3% of the dry weight). The crude fat content of 
the VEE strain decreased during the season, whereas there 

Table 1  Environmental parameters (mean ± SD) measured in the con-
trol, experimental or header tanks, on each of the three sampling days 
when nutrient uptake was determined

August September October

pH control 
tanks

8.3 ± 0.02 8.3 ± 0.02 8.3 ± 0.04

pH seaweed 
tanks

8.4 ± 0.07 8.3 ± 0.01 8.3 ± 0.01

O2 control tanks mg  L−1 8.5 ± 0.26 9.3 ± 0.43 8.8 ± 0.40
O2 seaweed 

tanks
mg  L−1 9.6 ± 0.57 10.5 ± 0.32 9.5 ± 0.12

DIN header 
tanks

µmol  L−1 3.90 ± 0.44 12.99 ± 0.19 19.08 ± 0.24

NH4 header 
tanks

µmol  L−1 2.45 ± 0.32 5.52 ± 0.25 9.01 ± 0.26

NO3 header 
tanks

µmol  L−1 1.17 ± 0.10 6.63 ± 0.16 8.82 ± 0.18

NO2 header 
tanks

µmol  L−1 0.28 ± 0.02 0.83 ± 0.01 1.26 ± 0.01

PO4 header 
tanks

µmol  L−1 1.74 ± 0.06 1.67 ± 0.02 1.61 ± 0.03

Fig. 3  Extrapolated total harvested yield of the five Ulva strains 
(t FW  ha−1) over the whole production period (July to October). 
Mean ± SD (N = 5). Nb: JAC and KAM were only included in the July 
samplings because of bad performance

Fig. 4  Productivity of the 5 Ulva strains (kg FW  ha−1   day−1). 
Mean ± SD (N = 5)
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was an increase in crude fat content in the YER strain from 
September to October (Fig. 6A), although the levels are too 
low to show significant difference between the two strains. 
The variation in crude fat content between replicates of the 
same strain was high in both the VEE and the YER strain 
(Fig. 6A), which again might be influenced by the very low 
fat concentrations in the Ulva samples.

Fibre content, on the other hand, was high and varied 
between 35 and 45% of the dry weight. The dietary fibre con-
tent increased slightly in both strains from August to Octo-
ber (Fig. 6B) and was higher in the VEE strain than in the 
YER strain, reaching a maximal value of 45% in October. 
Ash content in both strains decreased from August to Octo-
ber (Fig. 6C). While there was no difference in ash content 
between the strains in August, it decreased more rapidly in the 
VEE strains, leading to a difference of approximately 4% in 
October (Fig. 6C). Starch content of both strains also decreased 
over the season (Fig. 6D). The starch content was higher in 
the VEE strain, and there was a difference of more than 3% 
between the two samples of the VEE strain. Sugar content 

Fig. 5  C:N values of the Ulva strains VEE (black circle), YER 
(white diamond) and SCH (white-black quadrate, only determined in 
August). Mean ± SD (N = 5 for the VEE and YER strain, N = 3 for the 
SCH strain). Standard deviation in October was too small to be plot-
ted

Fig. 6  Chemical composition of the Ulva strains VEE (black) and YER (white). A Crude fat. B Fibres. C Ash. D Starch. All values are shown as 
% of DW. Single values are plotted (N = 2)
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could not be determined as the values were below the detec-
tion level (0.6%).

The crude protein content and true protein analysed 
were similar for the two tested strains (Table 2). Calcu-
lating the ‘crude protein’ content based on the nitrogen 
content resulted in an overestimation of up to 20% as com-
pared to the ‘true protein content’ calculated from the sum 
of all protein AA amino acids (Table 2). Through time, 

there was a good correlation between the two methods, and 
both true and crude protein contents increased threefold 
during the season from August to October, reaching maxi-
mum values of 22.0% for crude and 18.3% for true proteins 
in the VEE strain (Table 2). The amino acid composi-
tion of the proteins stayed constant during the 3 months, 
with aspartic and glutamic acids being the most abundant 
amino acids.

Table 2  Protein content of the 
Ulva strains from Veerse Meer 
(VEE) and Yerseke (YER). 
Amount of the different amino 
acids (mg/g DW). a = essential 
amino acid for human diet 
(WHO 2002), b = essential 
amino acid for fish/shrimp 
diet (NRC 2013). True protein 
content was calculated as the 
sum of amino acids, and crude 
protein is based on nitrogen 
analysis (N*6.25). (N = 2, 
pooled)

August September October

VEE YER VEE YER VEE YER

ARG b 3.4 3.8 7.4 8.5 12.0 9.2
HISa,b 1.0 1.1 2.2 2.3 3.0 2.6
ILEa,b 2.7 3.1 5.4 5.9 7.1 6.8
LEUa,b 5.0 5.7 9.6 10.3 12.9 11.3
LYSa,b 3.0 3.5 6.6 7.0 8.9 7.9
METa,b 1.3 1.6 2.7 2.7 3.4 3.0
PHEa,b 3.9 4.2 8.1 8.8 11.5 10.6
THRa,b 3.3 3.5 6.5 7.0 9.1 8.3
TRPa,b 0.7 0.9 1.7 2.0 2.5 2.0
VALa,b 3.8 4.2 7.6 8.2 10.0 9.4
ALA 5.7 6.3 10.9 12.0 14.4 14.2
ASX 8.0 9.4 18.2 20.2 27.3 24.5
CYS 1.0 1.1 2.0 2.1 2.7 2.7
GLX 7.3 8.0 15.3 16.9 22.3 18.8
GLY 3.7 4.2 7.2 8.0 9.9 9.3
PRO 2.8 3.2 6.0 6.4 8.7 7.1
SER 3.5 4.0 7.1 7.8 10.1 9.0
TYR 2.5 2.8 4.8 5.2 6.9 5.5
Σ AA (% DW) 6.3 7.1 13.0 14.1 18.3 16.2
Crude protein (N*6.25) (% DW) 8.1 9.2 15.7 16.8 22.0 21.7
Ratio total protein:crude protein 0.78 0.77 0.83 0.84 0.83 0.75

Fig. 7  Nutrient uptake rates of the Ulva strains VEE, YER and SCH. A Dissolved inorganic nitrogen (DIN) uptake rate  (NH4
+  +  NO2 +  NO3

−) 
(µmol kg  FW−1  h−1). B Phosphorus  (PO4

3−) uptake rate (µmol kg  FW−1  h−1). Mean ± SD (N = 5)
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Nutrient uptake

Significant differences occurred in the nutrient uptake 
rates of the three strains VEE, YER and SCH (Fig. 7A). 
All strains showed a seasonal variation in DIN uptake rates 
(Fig. 7A). Surprisingly, productivity of the SCH strain was 
lower than of the VEE and YER strain, whereas DIN uptake 
by the SCH strain was higher than by the other strains in 
August and September. In the SCH and YER strains, the 
highest DIN uptake was observed in September (Fig. 7A). 
DIN uptake rates by the VEE strain also increased between 
August and September and stayed at a constant level of 
1132 ± 88 µmol kg  FW−1  h−1 in October (Fig. 7A). While 
DIN uptake was positively correlated to productivity (kg 
FW  ha−1  day−1) in the VEE and YER strain (R2 = 0.75 and 
R2 = 0.57, respectively), this was not the case for the SCH 
strain (R2 = 0.01). Overall, DIN uptake by the SCH strain 
differed significantly from the VEE and YER strain (RM 
ANOVA p < 0.01).

Similar observations were made regarding the phosphate 
uptake rate. The SCH strain showed a high seasonal varia-
tion, as it decreased from 100.6 ± 57 µmol kg  FW−1  h−1 in 
August to 4.4 ± 17 µmol kg  FW−1  h−1 in October (Fig. 7B). 
While phosphate uptake in this strain was three times higher 
than in the VEE strain during August, by October, it had 
decreased significantly and was lower than in the other two 
strains. In the VEE and YER strains, there was no seasonal 
variation in phosphate uptake rates, and continuous values of 
31.0 ± 3 µmol kg  FW−1  h−1 and 45.9 ± 2 µmol kg  FW−1  h−1 
were observed, respectively (Fig. 7B). Overall, there was 
a significant difference in phosphate uptake rates between 
the SCH strains and the two other strains (Fig. 7B) (RM 
ANOVA, p < 0.01).

Discussion

Ulva shows a great potential for land-based aquaculture due 
to the opportunistic capacity to grow very fast under suit-
able environmental conditions (Nikolaisen et al. 2011). In 
this study, we demonstrate that the biomass production, bio-
chemical content and nutrient assimilation of Ulva sp. vary 
depending on both the selected strain and on seasonality, 
having important consequences regarding Ulva aquaculture.

Productivity

The five Ulva spp. strains collected at different sites in the 
Eastern Scheldt estuary were cultivated in land-based tanks 
located at our experimental facility near the YER collection 
site. Here, the Ulva strains were cultivated under controlled 

uniform conditions and thus exposed to the same envi-
ronmental parameters during the time of the experiment. 
Although the strains were collected in the same estuary, the 
different Ulva spp. populations may be adapted to particu-
lar local environmental conditions at the collection sites. 
When the seaweed material was transferred to the tanks, 
some strains performed better under the new environmental 
cultivation conditions than others. The observed differences 
in biomass production were especially surprising for the 
KAM and VEE strain, as they had been collected only few 
kilometres apart. The productivity of the VEE strain in July 
was approximately five times higher than the productivity 
of the KAM strain.

In this study we assumed that the observed variations 
could be attributed to differences in strains that had 
been adapted to local conditions at the cultivation sites. 
However, it cannot be ruled out that strains actually 
represented different species of Ulva. Currently there are 130 
taxonomically accepted species in the genus Ulva (Guiry 
and Guiry 2019). There is not only a high morphological 
similarity between Ulva species (Hayden et al. 2003), but 
they also show morphological variation depending on 
environmental parameters (Gao et al. 2016) which makes 
species determination based on morphological characters 
impossible. Fort et al. (2019) showed that different Ulva 
species are present in the Eastern Scheldt, with U. australis 
at the Schelphoek and U. laetevirens further inside of the 
Eastern Scheldt, suggesting that the strains included in this 
study may belong to different Ulva species. This suggests 
that future studies should apply molecular methods, such as 
barcoding of the plastid markers RbcL or tufA (Heesch et al. 
2009; Saunders and Kucera 2010; Fort et al. 2019), in order 
to identify the Ulva spp. from the Eastern Scheldt used for 
experimental studies.

Productivity did not only vary between strains, but also 
showed a strong seasonal variation as seaweed growth is 
a function of environmental conditions. When Bruhn et al. 
(2016) cultivated the sugar kelp Saccharina latissima at five 
different sites in Limfjorden, Denmark, they showed that 
biomass yield fluctuated by a factor of 10 depending on the 
environmental conditions that differed strongly between the 
sites. Light was shown to be the main factor influencing kelp 
productivity (Bruhn et al. 2016). Overall, the productivity 
and growth rates of the Ulva strains in the present study were 
low compared to a previous study performed in the same 
tank system (Groenendijk et al. 2016) and to other studies on 
Ulva spp. cultivated in land-based systems (Table 3).

Biochemical composition

Not only the biomass production, but also biochemical 
composition varied between strains and changed over 
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the cultivation period. A closer look on the biochemical 
compounds showed that some decreased from August to 
October (ash, starch), whereas others increased (protein and 
fibres). Although no statistical analysis could be made due 
to small sampling size, there also seemed to be differences 
between the YER and VEE strain. Similarly, Fort et al. 
(2019) have reported a large variation of metabolic 
characteristics among Ulva strains. The overall tendencies 
(increase or decrease), however, were similar in the two 
strains. The protein content in the Ulva tissue increased 
threefold during the cultivation period. Based on the results 
presented here, we recommend that seasonal variation 
has to be taken into account when seaweed is cultivated 
for specific biochemical compounds. When high-protein 
containing biomass is wanted for feed or food purposes, 
Ulva should therefore be harvested in autumn, although it 
must be mentioned that the maximum true protein level 
only reaches 18% on dry weight. Thus, similar to what 
has been shown for the sugar kelp (Marinho et al. 2015), 
there seems to be no match between the period of highest 
productivity and the highest protein content. As previously 
reported in literature (Mariotti et al. 2008; Angell et al. 
2016), the determination of the protein content by analysing 
the nitrogen content that also measures non-protein nitrogen 
and applying the nitrogen-to-protein conversion factor of 
6.25 was not deemed suitable for the determination of 
the true protein content of Ulva spp. In the present study, 
this calculation led to an overestimation of the protein 
content of up to 20% as compared to the sum of protein 
amino acids after hydrolysis, and reports in literature show 
that it can even lead to an overestimation of 42% (Ortiz 
et al. 2006; Msuya and Neori 2008; Angell et al. 2016). 
However, the general tendencies, i.e. an increase of protein 
content over the season, were the same, and we found a 
good correlation between crude protein analysis and true 
protein analysis. N content could therefore be used as a 

proxy for true  protein content of Ulva, when adapting 
the nitrogen-to-protein conversion factor. In case of the 
VEE strain, the average multiplication factor was 5.08, 
in case of the YER strain it was 4.91. Thus, a universal 
multiplication factor of 5, as proposed by Angell et al. 
(2015) and Bikker et al. (2016) seems justified. When it 
comes to industrial applications of seaweed biomass, 
not only the quantity of proteins is of importance but 
also the quality, i.e. the amino acid composition. Ulva is 
used in fish meal at certain proportions, and integrated 
multi-trophic aquaculture (IMTA) produced Ulva has 
been proven to be suitable to replace 100% of fishmeal 
for juvenile Sparus aurata, the Gilt-head bream (Shpigel 
et al. 2017). High-protein U. lactuca strains could replace 
up to 14.6% of fish feed biomass and 35% of the animal 
source biomass without any apparent negative effects on 
fish performance, thereby saving of 10% of costs (Shpigel 
et  al. 2017). Generally, green macro algae have higher 
protein content than brown macro algae but lower than red 
macro algae (Castro-Gonzáles et al. 1996; Galland-Irmouli 
et al. 1999; Dawczynski et al. 2007). Although the protein 
content showed a seasonal variation, unlike what has been 
shown for S. latissima (Marinho et al. 2015), amino acid 
composition did not change significantly over the season. 
Furthermore, there was no significant difference in amino 
acid composition between the two tested Ulva strains.

Seasonal variation occurred also in the C:N ratio of the 
Ulva tissue and decreased over the cultivation time from 
ratios that suggest nitrogen limitation in August (> 10) 
(Lapointe et al., 1976) to values where nitrogen is no longer 
limiting (< 10) in September and October. This is in line with 
low TAN concentrations in the ambient water in the Eastern 
Scheldt during summer. Ambient values observed during 
the nutrient removal measurements were comparable to a 
monitoring program for the entire bay that reports average 
ambient TAN concentrations increasing from 4.9 ± 3.1 µmol 

Table 3  Growth, biochemical 
composition and nutrient 
removal of Ulva spp. measured 
in this study in comparison to 
values reported in literature

a = Groenendijk et  al. 2016, b = Neori et  al. 1991, c = Bruhn et  al. 2011, d = Robertson-Andersson et  al. 
2008, e = Chemodanov et  al. 2017, f = Fort et  al. 2019, g = Castro-Gonzáles et  al. 1996, h = Ortiz et  al. 
2006, i = Shanmugam and Palpandi 2008, j = Pereira 2015, k = Debbarma et al. 2016, l = Mata et al. 2016, 
m = Neto et al. 2018. N = Debusk et al. 1986

Present study (min–max) Literature Source

Productivity (kg DW  ha−1  d−1) 0–166 22 to 327 a, n
SGR (% FW  d−1)  − 2.4–9.3  − 0.3 to 24 a, b, c, d, e, f
C:N (molar) 6.9–19.3 7.1 to 24.4 b, c
Protein content 9.3 to 27.2 g, h, i, j, k, l, m
  Crude protein content (% DW) 15.7–22.0
  True protein content (% DW) 6.3–18.3

Ash content (% DW) 16.4–25.4 11 to 54.3 e, g, h, j, k, m
Fibre content (% DW) 36.7 to 45.2 4.8 to 65.7 g, h, j, k, l, m
Crude fat content (% DW) 0.4 to 1.3 0.25 to 4.2 g, h, j, k, m
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 L−1 in August to 9.7 ± 2.2 µmol  L−1 in October between 
2010 and 2016 (www. water base. nl). Overall, the C:N ratios 
obtained in this study were lying within the reported range 
in literature of 7.9 to 24.4 for U. lactuca (Table 3).

Nutrient removal capacity

Generally, Ulva is opportunistic in nutrient uptake and is 
considered to be able to assimilate nitrogen quickly at high 
external concentrations in order to fulfil the high nutri-
ent demand that supports its fast growth (Martínez et al. 
2012). These bio-remediation characteristics makes them 
popular for biological waste water treatment in fish culture 
systems (Shpigel et al. 1993; Bolton et al. 2009; Guttman 
et al. 2019; Chatzoglou et al. 2020), and they are proposed 
as biofilters in eutrophic (nutrient rich) marine ecosys-
tems (Cohen and Neori 1991; Gao et al. 2018). Similar 
to productivity and growth rates, nutrient removal rates 
were only half of the rates observed in a previous study 
performed in our experimental system (Groenendijk et al. 
2016) and are low in comparison to rates reported in lit-
erature (Lubsch & Timmermans 2018; Tremblay-Gratton 
et al. 2018). Significant differences in nutrient uptake were 
observed between the three tested strains. Despite the low 
and even negative growth of the SCH strain, it showed 
surprisingly high uptake rates of DIN in August and Sep-
tember. Neither was it a result of a potential increased 
nitrogen content in Ulva tissue, as the SCH strain did not 
differ from the other strains. When nutrient assimilation 
was calculated based on the combination of growth and 
nitrogen content, generally lower rates were observed. 
Tremblay-Gratton et al. (2018) also report approximately 
two times lower rates when estimating nutrient removal 
based on tissue samples in comparison to nutrient deple-
tion in the culture water, which is similar to the VEE and 
YER strains in August. The deviation was particularly 
clear for the SCH strain in August (30 times lower rates 
based on tissue samples) and for the other two strains in 
October (6–13 times lower rates based on tissue sam-
ples). Sporulation is a potential reason that may explain 
why assimilated nutrients are directed towards reproduc-
tion (Oza and Sreenivasa Rao 1977) rather than vegeta-
tive growth. However, it remains unclear why this would 
have occurred with the SCH strain and not with VEE nor 
YER strains nor why this would be higher later during 
the season. As nutrient uptake is not always correlated to 
growth, this indicates that strains react differently to the 
environment than might be expected based on performance 
data only. Rates reported here can, however, not directly 
be used to estimate the true bio-mitigation potential as 
our approach included point measurements focussing on 
differences between strains but lack diurnal (Krom et al. 
1995), daily and weekly variation.

Implications for commercial application

A key step in development of the Ulva production is to 
obtain high productivity and stable biochemical composi-
tion of biomass consistently at scales and timeframes rel-
evant for commercial production (Mata et al. 2016). Usu-
ally, Ulva strains for cultivation are collected close to the 
farming site (Silva et al. 2015; Korzen et al. 2016). Overall, 
our results demonstrate that both strain selection and har-
vesting time are crucial factors when it comes to the use of 
Ulva for industrial applications. We also suggest that strains 
interact differently with the environment, which means that 
the impact of seaweed cultivation on the surrounding eco-
system may depend on the choice of strain. The reported 
differences between Ulva spp. strains open a wide range of 
possibilities for genetic selection on growth rates or specific 
biochemical compounds within eco-type seaweed varieties, 
which is already done for other seaweed species cultivated 
in Asia, such as Porphyra spp. and Saccharina japonica 
(Robinson et al. 2013). We recommend testing a variety of 
local seaweed strains in the specific cultivation conditions 
on site before selecting a single wild seaweed variety for 
commercial farming.
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