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Abstract
In the Kiel Fjord, western Baltic Sea, an experimental culture of Fucus vesiculosus and Fucus serratus has been established in 
order to develop a sustainable method for biomass production of these species. The cultivation method includes the unattached 
rearing of fronds in drifting baskets and their vegetative reproduction by cutting of small vegetative apices. In this study, we 
performed culture experiments to measure growth rates with this method at different initial stocking densities (1–5 kg  m−2) 
and during different seasons of the year. Using the results, we modelled growth over 1 year for different cultivation scenarios 
(different initial stocking densities (1–4.75 kg  m−2) and harvest densities (1.25–5 kg  m−2)) in order to identify optimal 
scenarios and estimate annual yields and the number of necessary harvests in these scenarios. Fucus vesiculosus showed a 
parabolic yield–density relationship with decreasing yields at high initial stocking densities (> 2.5 kg  m−2). In contrast, F. 
serratus showed an asymptotic yield–density relationship with rather constant yields at high initial stocking densities. Both 
species showed a typical seasonal growth pattern with low growth rates during winter and high growth rates during summer; 
however, F. serratus seemed to be growth limited during summer which was not observed for F. vesiculosus. The modelling 
results reflected the results of the Density experiment: for F. vesiculosus, optimal cultivation scenarios were found for 
intermediate cultivation densities (initial stocking densities, 1.75–2.25 kg  m−2; harvest densities, 3–4 kg  m−2); for F. serratus, 
optimal cultivation scenarios included higher densities (initial stocking densities, 2.5–4 kg  m−2; harvest density, 5 kg  m−2). 
The model scenarios predicted maximal annual yields of 6.65–6.76 kg  m−2 for F. vesiculosus and 6.88–6.99 kg  m−2 for F. 
serratus. For both species, the number of harvests necessary to achieve these yields varied depending on the cultivation 
scenario from 2 to 6. Scenarios with only 1 harvest per year yielded slightly lower annual yields. We conclude that the 
modelling results offer a valid and helpful orientation for future efforts to produce Fucus species in commercial culture.

Keywords Fucus vesiculosus · Fucus serratus · Phaeophyta · Aquaculture · Annual yield · Model · Density · Seasonal 
growth

Introduction

Today’s worldwide seaweed production is dominated by 
farmed biomass with 97.1% of the total marketed biomass 
(32.4 million t) origination from aquaculture (FAO 2020). 
Yet, a variety of species is still only produced by harvesting 

of wild stocks (Mac Monagail et al. 2017, Lotze et al. 2019, 
netalgae.org). These species are often used for low-volume 
products like specialized cosmetics, food supplements, 
biostimulants etc. (Zehmke-White & Ohno 1999, Lotze 
et  al. 2019, netalgae.de). The two brown algal species 
Fucus vesiculosus and Fucus serratus are typical examples 
for this practice. Collection takes place in the intertidal 
zone of the coasts of France, Ireland, and other countries 
at the North Atlantic coast, and the biomass is sold frozen 
or dried to processing companies (Zehmke-White & Ohno 
1999, netalgae.org). As typical products, cosmetic extracts 
and food supplements are fabricated from Fucus due to 
its high content in bioactive ingredients like phlorotannins 
and fucoxanthin (Catarino et al. 2018, Ferreira et al. 2019, 
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Torres et al. 2020). However, harvesting of wild Fucus 
stocks is not possible everywhere; in the Baltic Sea, Fucus 
stocks have experienced a dramatic decline in the second 
half of the twentieth century, which has been attributed 
mainly to eutrophication and stone fishery (Kautsky 
et al. 1986, Vogt and Schramm 1991, Rohde et al. 2008). 
As a consequence, the stocks of the German Baltic Sea 
coast are protected by nature protection legislation, and 
their harvesting for commercial purposes is prohibited 
(Bundesamt für Naturschutz 2013). However, a regional 
production in the Baltic Sea would be advantageous for 
German companies, as “regionality” is a desired claim 
in the targeted markets (L. Piker, pers. comm.). Under 
these circumstances, aquaculture is the only legal means 
for biomass production in the Baltic Sea. Aquaculture of 
Fucus species might also be preferable in other regions 
where wild populations are increasingly threatened by 
environmental change, like the Atlantic coasts of southern 
Europe (Jueterbock et al. 2013; Nicastro et al. 2013).

Hitherto, no commercial Fucus farm exists worldwide 
and only little related literature is published (Haglund & 
Pedersen 1988; Ryzhik et al. 2014; Meichssner et al. 2020, 
2021). Therefore, an experimental Fucus aquaculture was 
established in 2015 in the Kiel Fjord, western Baltic Sea, 
aiming at the development of a sustainable and regional 
production method for F. vesiculosus and F. serratus. The 
following approach has been chosen for the experimental 
cultivation: fronds cut above the stipe are reared unattached 
in baskets or net cages installed in the fjord. After a growth 
period, the fronds are harvested, and parts of the harvested 
fronds (vegetative apices) are used as seedlings for the 
next growing season, i.e., vegetative reproduction. Thus, 
the intended method is similar to Kappaphycus/Eucheuma 
basket culture in Indonesia (Hurtado et al. 2014). Meichssner 
et al. (2021) could show that the method only works if the 
culture biomass retains low fertility, because fertile apices 
(receptacles) degrade after gamete shedding, which causes 
severe biomass losses. The necessary low-fertility biomass 
can be achieved by using unattached Fucus populations 
with naturally low fertility as initial source of seedlings 
(Meichssner et al. 2021). Furthermore, a successful method 
for the reduction of fouling on the culture biomass has been 
developed (Meichssner et al. 2020).

However, the following two growth parameters in culture 
are yet unclear: (i) it is unclear how initial stocking density 
influences growth and (ii) it is unclear which growth rates 
are achieved during different seasons. Seasonal growth data 
from wild populations are available (Brenchley et al. 1998, 
Lehvo et al. 2001), but do not necessarily reflect growth in 
culture.

With respect to the density dependence of growth, it 
would besides be helpful to know which combination(s) of 
initial stocking density and harvest density (i.e., the density 

at which, when reached, the harvest is performed) generate 
the highest yield in an annual culture and how many harvests 
are needed in such a scenario.

Materials and methods

In order to address these questions, growth rates at different 
initial stocking densities and during different seasons were 
examined in small-scale culture experiments (“Density 
experiment”, “Seasonal growth experiment”). Using 
the results of these experiments, growth in culture was 
modelled over 1 year for different cultivation scenarios 
(different initial stocking densities and harvest densities). 
The aim of the modelling was to answer the following 
questions: (1) which initial stocking densities and which 
harvest densities have to be chosen to reach maximum 
annual yields? (2) What are the maximum annual yields? 
(3) How many harvests have to be performed in the different 
cultivation scenarios?

Location of the experimental farm

The cultivation experiments were conducted at prem-
ises of Kieler Meeresfarm GmbH & Co. KG at the 
northwestern shore of the Kiel Fjord in the western 
Baltic Sea. During the Density experiment in 2017, the 
experimental farm was located at 54.3758 N, 10.1620 
E; later it had to be moved about 700 m along the shore 
to 54.3820 N, 10.1620 E, where the Seasonal growth 
experiment took place (see below). The moving of the 
farm was performed during a time when no experiments 
were conducted.

Algal material

Fucus plants usually grow on hard substratum to which they 
are attached by a discoid holdfast. From the holdfast, a rigid 
stipe erects which carries the flattened fronds consisting 
of vegetative apices and, during the reproductive season, 
receptacles. In the western Baltic Sea, F. vesiculosus usu-
ally reaches sizes between 20 cm and 1 m and F. serratus 
between 50 cm and 1 m (own observation).

All experiments were conducted for both Fucus spe-
cies in parallel. Fucus vesiculosus was collected from Kiel 
Holtenau (54.3690 N; 10.1541 E) and F. serratus from Bülk 
(54.4552 N; 10.1989 E). A sufficient number of individuals 
(> 5) was collected to achieve genotypically mixed experi-
mental biomasses. The collected individuals were trans-
ported as whole plants in sea water to the experimental site 
where they were stored in buckets overnight. The next day, 
vegetative fronds of 3–10 cm (F. vesiculosus) and 5–15 cm 
(F. serratus) were cut from the plants and used for the start 



3941Journal of Applied Phycology (2021) 33:3939–3950 

1 3

of the experimental cultures. The size range is typical for 
fronds found in the field when cut above the stipe. In order 
to ensure an even distribution of frond sizes and genotypes 
among the experimental units, a bulk of fronds was pre-
pared from which random portions of the desired weight 
were taken to inoculate the experimental units. In a parallel 
experiment (results published in Meichssner et al. 2020), 
this method for the assembly of biomass yielded 4.5 ± 1.3 
fronds per 10 g of experimental biomass with 43 ± 7 meris-
tems for F. vesiculosus (N = 14 examined experimental units) 
and 3.4 ± 0.7 fronds per 10 g of experimental biomass with 
15 ± 2 meristems for F. serratus (N = 9 examined experimen-
tal units). The maximum observed relative deviation of the 
normalized meristem number (meristems per 10 g biomass) 
from the mean was 27% for F. vesiculosus and 12% for F. 
serratus. Deviations of single replicates from the mean num-
ber of meristems seemed to have no significant impact on 
the growth behavior: no correlation was observed between 
the relative deviation of the normalized meristem number 
from the mean of the treatment group and the relative devia-
tion of the relative daily growth rates, measured over the 
following 14 days, from the mean of the treatment group 
(see Supplementary material, Fig. S1). Thus, this method of 
assembling the experimental biomass is in our opinion close 
to aquacultural practice and allows for valid measurements 
of growth at the same time. The size difference between F. 
vesiculosus and F. serratus was accepted as no direct com-
parison between the species was intended.

Meichssner et al. (2021) have shown that low-fertility 
biomass from unattached Fucus populations is needed for 
successful long-term cultivation, because fertility-related 
biomass losses (degradation of receptacles after gamete 
shedding) are otherwise too strong. Unfortunately, the 
experiments for the present study were initiated before 
the results of Meichssner et  al. (2021) were obtained. 

Therefore, the experiments presented here were still con-
ducted with biomass originating from attached popula-
tions. However, as only fronds with vegetative apices were 
used and the experimental time was very short, i.e., only 
beginning receptacle initiation and no receptacle degra-
dation did occur during the experiments, we consider the 
growth in these experiments as vegetative and thus com-
parable to the growth of biomass from unattached low-
fertility populations.

Cultivation baskets

Black plastic baskets (BAUHAUS; Oase Pflanzkorb; edge 
length, 28 cm; volume, 14 L) were used for cultivation, 
which allowed for water inflow by holes of ca. 3 × 3 mm 
size (Fig. 1a). The baskets were covered with transpar-
ent plastic nettings to avoid the loss of culture material. 
Eight baskets were connected to packages of 3 × 3 bas-
kets with the central position left empty. The packages 
were inserted into white boxes (glass fiber-reinforced 
plastic; shape, turned truncated pyramid; upper opening, 
80 × 80 cm; basal area, 64 × 64 cm; height, ca. 40 cm) 
(Fig. 1b), which were deployed in the fjord using the gaps 
of a Jetfloat system (Jetfloat International) (double ele-
ments, 100 × 50 × 40 cm; single elements, 50 × 50 × 40 cm) 
(Fig.  1c). The white boxes had four side windows 
(35 × 37 cm) allowing for water inflow. Using this con-
struction, the baskets were lowered to a depth of ca. 10 cm 
into the fjord, resulting in an 20 × 20 cm submerged cul-
tivation area per basket. Six white boxes were available, 
yielding 48 baskets as experimental units. Experimental 
groups were distributed randomly in the white boxes; in 
addition, the position of the baskets within the white boxes 
was changed regularly to avoid position effects.

Fig. 1  Experimental cultivation 
baskets used in the Seasonal 
growth experiment and the Den-
sity experiment. Eight baskets 
were connected to one package 
(a) inserted in a white box (b), 
which allowed for water inflow 
by four side windows. Six boxes 
equipped with cultivation bas-
kets were installed in the fjord 
by help of a Jetfloat system (c)
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Weight measurements

In all experiments, growth was measured as change in wet 
weight. All weights given in the following represent wet 
weights. For comparative purposes, the following dry mat-
ter contents can be assumed: F. vesiculosus, 21 ± 2% and 
F. serratus, 24 ± 1% (own pre-experiments). Wet weight 
measurements were performed with a lab scale (Kern EMB 
1200) under wind protected conditions at the experimental 
site. Before weighing, the fronds were spun with a salad 
spinner for 15 s in portions of maximum 150 g to remove 
attached water.

Environmental data

Environmental data are provided for the Seasonal growth 
experiment. Water temperature within the cultivation baskets 
was logged every 60 min with a Hobo pendant data logger. 
Daily totals of photosynthetically active photon flux density 
(PPFD) were recorded in the Botanical Garden of Kiel Uni-
versity, 4.87 km from the experimental site as described in 
Pescheck and Bilger (2019) and Meichssner et al. (2020). 
The mesh used to cover the baskets reduced the incoming 
irradiance by 4 ± 2%. This mesh-related irradiance reduction 
increased to 12 ± 4% after 3–4 weeks when the mesh was 
colonized by microalgae. Nutrient data (concentrations of 
 NO2

−,  NO3
−,  NH4

+,  PO4
3− in 1 m depth) from the Mönke-

berg measurement station (ca. 3 km from the cultivation site 
within the Kiel Fjord: 54.3538 N; 10.1647 E) were kindly 
provided by LLUR (Landesamt für Landwirtschaft, Umwelt 
und ländliche Räume Schleswig–Holstein). Additional nutri-
ent data (concentrations of  NO2

−,  NO3
−,  NH4

+,  PO4
3− in 

1 m depth) with a slightly higher temporal resolution were 
available from the Boknis Eck time series station (ca. 30 km 
from the cultivation site in the Kiel bay, 54.5167 N; 10.0333 
E) (Lennartz et al. 2014). They were kindly provided by 
Kastriot Qelaj and Hermann Bange. Even though the actual 
concentrations at the experimental site might vary slightly 
from the concentrations measured at Mönkeberg and Boknis 
Eck, the data provide a good indication of the ambient nutri-
ent dynamics, nutrient availabilities, and potentially limiting 
nutrient species. The environmental data are shown in the 
Supplementary material (Figs. S2 and S3, Tabs. S1 and S2).

Density experiment

Eight different initial stocking densities (40, 80, 100, 120, 
140, 160, 180, 200 g  basket−1, N = 3) were compared cor-
responding to 1, 2, 2.5, 3, 3.5, 4, 4.5, and 5 kg  m−2. The 
experiment lasted from 24 May 2017 to 04 July 2017.

For all groups, relative daily growth rates (RDG) were 
calculated over the entire experimental time (41 days) by 
the following formula:

where RDG is the relative daily growth rate in percent 
 day−1, Dt is the density at a given date in kg  m−2, D0 is the 
initial stocking density in kg  m−2, and t is the number of 
days between D0 and Dt.

In addition, the yield (Y) in kg  m-2 was calculated:

Fitting of the data from the Density experiment was 
performed with the program Qtiplot using the Leven-
berg–Marquardt method (Kelley 1999). There are at least 
three reasonable options for the fitting of RDG–D0 rela-
tionships: first, a fit equation derived from the traditional 
yield–density equation for land plants (Li et al. 2016) (see 
Supplementary material), which assumes that the maxi-
mum RDG at x = 0 is approached in a steep manner and 
the minimum RDG at high densities in a rather asymptotic 
manner; second, a linear fit equation; third, a sigmoidal 
fit equation assuming that the highest RDGs at low den-
sities as well as the lowest RDGs at high densities are 
approached in an asymptotic manner. All three options 
yielded similar R2 values (F. vesiculosus, 0.92–0.93; F. 
serratus; linear fit equation, 0.81; fit equation derived from 
traditional yield density equation and sigmoidal fit equa-
tion, 0.85). A sigmoidal fit equation seemed in our opinion 
most appropriate, due to the following reasons: (i) RDGs 
at very low densities are expected to be rather equal as 
competition for light, nutrients etc. becomes irrelevant at 
very low densities (own observation). (ii) RDGs from 3.5 
to 5 kg  m−2 were not significantly different for both Fucus 
species (Tukey’s HSD for all possible group comparisons 
between 3.5 and 5 kg  m−2: p > 0.05). This corresponds to 
a sigmoidal approximation towards a theoretical infinite 
density. (iii) The RDG cannot be 0%  day−1 or lower at 
a theoretical infinite density and should asymptotically 
approach a minimum at high densities. Therefore, we 
decided to use a sigmoidal Boltzmann fit equation for the 
RDG–D0 relationship:

where A1 represents the initial value, i.e., the fitted maxi-
mum RDG at the minimum density, and A2 represents the 
final value, i.e., the fitted minimum RDG at the maximum 
density. x0 is the turning point, i.e., the density at which the 
change in RDG is highest; dx is the time constant; it can be 
used to calculate the slope at x0 by the following formula: 
slope = (A1 − A2)/4dx. Especially the parameters A1 and A2 
adopted unrealistic values because the available data points 
did not include very low and very high densities, respec-
tively, and thus did not allow for a precise fitting of a wide 
density range. This was accepted since the fit was only used 

(1)RDG = ln
(

Dt∕D0

)

∗ (100∕t)

(2)Y = Dt − D
0

(3)RDG = A
2
+
(

A
1
− A

2

)

∕
(

1 + exp
((

D
0
− x

0

)

∕dx
))
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to represent the experimentally tested culture-relevant densi-
ties which were later included in the modelling (see below). 
The RDGs at these densities were well represented by the 
fit (Fig. 2).

For fitting the yield–density relationship, we used an 
equation deduced from the fit equation for the RDG (Eq. 3). 
For this purpose, Eq. 3 was inserted into the following Eq. 4, 
which describes the calculation of the yield from the RDG:

In case of the Density experiment, t = 41 days. The result-
ing fit equation for the yield–density relationship was

In this case, the parameters (A1, A2, x0, dx) do not relate 
to any specific growth features of the cultivated seaweed 
anymore.

(4)Y = D
0
∗ exp((100∕t) ∗ RDG)

(5)
Y = D0 ∗ exp

(

(100∕41) ∗
(

A2 +
(

A1 − A2

)

∕
(

1 + exp
((

D0 − x0
)

∕dx
))))

The fit equations for the RDG–D0 relationship and 
yield–D0 relationship based on a traditional equation for land 
plants (see above) are shown in the Supplementary material.

Seasonal growth experiment

Growth was measured over 1 year (15 December 2018 to 15 
December 2019) in eight periods of ca. 1.5 months each. The 
cultures of each period (N = 3) were started with 20 g fronds 
 basket−1 (i.e., 0.5 kg  m−2). The relative daily growth rates 
over the 1.5 months were calculated by Eq. 1.

Modelling of annual yield

Annual yield was modelled in Microsoft Excel for the period 
15 December 2018 to 15 December 2019 (parallel to the 

Fig. 2  a, b Relative daily growth rate in %  day−1 of F. vesiculosus and 
F. serratus at 8 different initial stocking densities from 1 to 5 kg  m−2 
(N = 3) after an experimental cultivation of 41  days (24 May to 04 
Jul 2017). The data were fitted with a  sigmoidal Boltzmann equa-
tions. Resulting equations with parameters and R2 values are given 

in the graphs. c, d Yield of F. vesiculosus and F. serratus in kg  m−2 
obtained in the same experiment after 41 days of cultivation. The fit 
equation for the yield was obtained from the sigmoidal Boltzmann fit 
equation for the RDG (see “Material and methods”)
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Seasonal growth experiment). To create model scenarios, 
initial stocking densities (1–4.75 kg   m−2, intervals of 
0.25 kg  m−2) and harvest densities (1.25–5 kg  m−2, inter-
vals of 0.25 kg  m−2) were defined. For every possible 
combination of initial stocking density and harvest den-
sity, the annual yield as well as the required number of 
harvests was modelled. For this purpose, the density for 
each single day of the year was modelled using the fol-
lowing formula:

where mDt is the modelled density at a given day, Dt-1 is 
the density of the day before, and mRDGt-1 is the relative 
daily growth rate for Dt-1, which was calculated by insert-
ing Dt-1 as “D0” into Eq. 3. z is a seasonal correction factor, 
which corrects mRDGt-1 for the growth rate of the specific 
period of the year. It was calculated as the ratio of the RDG 
measured during each specific period of the year in the Sea-
sonal growth experiment and the RDG measured during 
period 4, which is the time when the Density experiment 
was conducted in 2017.

If mDt reached the defined harvest density, the density of 
the next day was set to the defined initial stocking density, 
which was considered as harvest. The annual yield was then 
calculated by the following formula:

where dDh is the defined harvest density, dD0 is the 
defined initial stocking density, and mD365 is the modelled 
density of day 365 of the modelled year.

Statistical analysis

Statistical analysis was performed with R (R Core Team 
2013). For the Density experiment and the Seasonal growth 
experiment, the RDGs of the groups were compared by one-
way ANOVA and post-hoc Tukey’s HSD test (in part to vali-
date the used fitting method in the Density experiment, see 
above). Normality of residuals was tested by Shapiro–Wilk 
test and homogeneity of residuals by Fligner’s test.

Results

Density experiment

The average measured RDGs decreased with increasing 
initial stocking density for both species, for F. vesiculosus 
from 1.76 ± 0.07%  day−1 at 1 kg  m−2 initial stocking density 
to 0.38 ± 0.23%  day−1 at 5 kg  m−2 initial stocking density, 

(6)mDt = Dt−1 ∗
(

1 +
(

z ∗ mRDGt−1

))

(7)
Annual yield = No. of harvests ∗

(

dDh − dD
0

)

+
(

mD
365

− dD
0

)

and for F. serratus from 1.54 ± 0.13 to 0.54 ± 0.01%  day−1 
(Fig. 2a, b). This stronger decrease for F. vesiculosus 
was reflected in a significantly steeper fit curve than for 
F. serratus. The obtained fit parameters and R2 values of 
the fit curves are given in Fig. 2.

The measured yields after 41 days of cultivation ranged 
between 0.25 and 1.65 kg  m−2 for F. vesiculosus and between 
0.78 and 1.73 kg  m−2 for F. serratus (Fig. 2c, d). Average 
yields increased linearly at low initial stocking densities 
for both species. For F. vesiculosus, the maximum average 
yield (1.54 ± 0.08 kg  m−2) was found at an initial stocking 
density of 2.5 kg  m−2, for F. serratus, the maximum aver-
age yield (1.43 ± 0.27 kg  m−2) was also found at an initial 
stocking density of 2.5 kg  m−2. At initial stocking densities 
above 2.5 kg  m−2, the yields decreased for F. vesiculosus and 
remained rather stable for F. serratus, resulting in a para-
bolic fit curve for the first species and a rather asymptotic 
curve for the latter (see “Discussion”). The fit parameters 
and R2 values are given in Fig. 2.

Seasonal growth experiment

Fucus vesiculosus showed a typical seasonal growth curve 
with the highest RDGs in summer (2.43 ± 0.35%  day−1 in 
July) and the lowest RDGs in winter (0.33 ± 0.09%  day−1 
in January, one-way ANOVA over all groups, p < 0.0001, 
df = 7) (Fig. 3). Fucus serratus also showed seasonal dif-
ferences (one-way ANOVA over all groups: p < 0.0001, 
df = 7) but without a pronounced peak in summer. In 
contrast, average growth rates were rather constant from 
April to October (Tukey’s HSD: p > 0.05 for all pos-
sible group comparisons between April and October) 
and ranged between 1.38 and 1.46%  day−1. The lowest 
growth rates of F. serratus were observed in January 
(0.34 ± 0.03%  day−1).

Environmental data during Seasonal growth 
experiment

During the Seasonal growth experiment, the water tem-
perature varied between a short-time minimum of 0 °C 
in February 2019 and a short-time maximum of 26 °C in 
July 2019 (Supplementary material, Fig. S2). The daily 
total of the photosynthetically active photon flux density 
(PPFD) varied between 0.7 mol  m−2  day−1 at 16 November 
2019 and 60.1 mol  m−2  day−1 at 22 June 2019 (Supple-
mentary material, Fig. S3). Nutrient concentrations of the 
sea region showed the typical annual cycle with maximal 
concentrations in winter and lower concentrations in sum-
mer (Supplementary material, Tabs. S1, S2). N:P ratios of 
the measured inorganic nutrient species varied between 0.7 
and 15.2 (with one outlier of 82) which indicates that in 
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case of nutrient limitation, nitrogen would be the limiting 
element (N:P ratio of uptake, 30–40 (Gordillo et al. 2002); 
tissue N:P ratio, ca. 30 (Harrison and Hurd 2001; Pedersen 
et al. 2010)). This corresponds to the general observation 
that nitrogen is the limiting nutrient for seaweed growth 
in temperate sea regions (Hurd et al. 2014; Roleda and 
Hurd 2019).

Modelling of growth over 1 year

For F. vesiculosus, the modelled annual yields ranged 
between 4.06 and 6.76 kg  m−2. The highest annual yields 
were obtained when initial stocking densities ranged 
between 1.75 and 2.25 kg  m−2 and harvest densities between 
3 and 4 kg  m−2. This reflects the shape of the yield–den-
sity curve (see above). The annual yields of the optimal 
scenarios ranged between 6.65 and 6.76 kg  m−2 (requiring 
2–6 harvests) (Fig. 4, Table 1). The best scenario requiring 

only 1 harvest resulted in a slightly lower annual yield 
(6.31 kg  m−2) (Table 1).

For F. serratus, the annual yields obtained from the model 
varied between 4.23 and 6.99 kg  m−2. The highest annual 
yields were found for initial stocking densities between 
2.5 and 4 kg  m−2 and a harvest density of 5 kg  m−2, again 
reflecting the shape of the yield–density curve (see above). 
In the optimal scenarios, the annual yields ranged between 
6.88 and 6.99 kg   m−2 (requiring 2–6 harvests) (Fig. 4, 
Table 1). The best scenario with only 1 necessary harvest 
also estimated a slightly lower annual yield (6.69 kg  m−2) 
(Table 1). Annual yields higher than the modelled maximum 
annual yield were obtained, if harvest densities of more than 
5 kg  m−2 were allowed in the model. However, a valida-
tion of these model scenarios by real data was not possible 
as densities above 5 kg  m−2 were not tested in the Density 
experiment; therefore, these scenarios were excluded from 
the model.

Fig. 3  Relative daily growth rate in %  day−1 of F. vesiculosus (a) 
and F. serratus (b) in culture over the course of 1 year (15 Decem-
ber 2018 to 15 December 2019), measured in eight intervals of ca. 
1.5 months. The RDG was measured for an initial stocking density of 
0.5 kg  m−2; it is displayed as mean ± SD (N = 3) at the middle day of 
each cultivation period

Fig. 4  Modelled annual yield (indicated by color) and necessary 
number of harvests (indicated by numbers) for F. vesiculosus (a) and 
F. serratus (b). Yield and necessary number of harvests were mod-
elled for all possible combinations of initial stocking density and har-
vest density in the range of 1–5 kg  m−2 (intervals of 0.25 kg  m−2)
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Discussion

In this study we determined the growth rates of Fucus 
vesiculosus and Fucus serratus in vegetative aquaculture 
for different initial stocking densities and during different 
seasons. Based on the results, we modelled growth in culture 
over 1 year under different cultivation scenarios (different 
initial stocking densities and harvest densities). The model 
results (Fig. 4) offer a useful picture of the best cultivation 
scenarios for the two species. Fucus vesiculosus should be 
grown at intermediate densities (1.75–4 kg  m−2), while F. 
serratus should be grown at higher densities (2.5–5 kg  m−2). 
The model provides an estimation of the potential annual 
yields and the number of harvests necessary to achieve these 
annual yields. The results of the single experiments as well 
as the applicability of the model results to commercial-scale 
culture will be discussed in the following.

Both Fucus species showed a clear density dependence of 
measured relative daily growth rates and yields in the Den-
sity experiment. The yield–density curves of the two species 
differed markedly; F. vesiculosus showed a clear peak at ca. 
2.5 kg  m−2 density with a significant reduction of the yield 
at higher densities, while F. serratus showed no significant 
reduction of the yield at high densities (Fig. 2c, d). Thus, the 
yield–density relationships can be regarded as parabolic for 
F. vesiculosus and asymptotic for F. serratus following the 
definition by Assefa et al. (2016), who describe asymptotic 
behavior as “yield increase with increasing plant density to 
a maximum, without decreasing afterward,” and parabolic 
behavior as “increases in yield with density to a maximum 
density, with lower yields as density increases further” (see 

also Holliday 1960, Bleasdale & Nelder 1960, Yahuza 2011, 
Li et al. 2016). The parabolic behavior of F. vesiculosus 
might be due to the presence of vesicles in a part of the F. 
vesiculosus fronds. Vesiculated fronds drifted at the surface 
which caused a shading of unvesiculated fronds lying on the 
ground of the basket. This effect was probably proportion-
ally stronger at high densities, as the same percentage of 
vesiculated fronds that would, e.g., cover 20% of the sur-
face of a low-density basket would cover almost the entire 
surface of a high-density basket. Thus, the yields of high-
density groups might have been reduced by proportionally 
stronger shading resulting in a parabolic yield–density curve. 
This process could also be an explanation for the high yield 
variation among replicates of F. vesiculosus at high densi-
ties, as replicates with many vesiculated fronds might have 
experienced a stronger reduction of growth than replicates 
with few vesiculated fronds. Unfortunately, the percentage 
of vesiculated fronds was not quantified and did in addition 
change during the experiment as the fronds produced new 
vesicles. F. serratus produces no vesicles; thus, no shad-
ing by drifting fronds occurred resulting in an asymptotic 
yield–density curve. We assume that the shape of the F. 
vesiculosus yield–density curve would shift towards asymp-
totic behavior, if fronds from unattached populations, which 
usually produce no vesicles (Norton and Mathieson 1983), 
were used for cultivation (Meichssner et al. 2021).

In the Seasonal growth experiment, a marked seasonality 
of the growth rates was found with low growth rates in winter 
and high growth rates in summer (Fig. 3), which reflects the 
seasonal growth cycle of Fucus species in the wild (e.g., 
Brenchley et  al. 1998; Lehvo et  al. 2001). Growth rates 
remained at levels > 0.3%  day−1 during winter. Interestingly, 
F. serratus growth seemed to be limited during summer with 
rather constant growth rates between April and October, while 
F. vesiculosus showed a clear peak in July. How to explain 
this difference? Growth in general is the result of intrinsic 
growth regulation as well as all abiotic (e.g., temperature, 
light availability, nutrient concentrations) and biotic (e.g., 
grazing, fouling) factors acting jointly on the cultivated 
fronds. Intrinsic regulation leading to a growth limitation in 
summer has never been observed in Fucus species and can be 
excluded as cause for the limited growth of F. serratus during 
summer. As no severe grazing or fouling was observed in the 
experiments, biotic effects are also unlikely to be causal for 
the observed difference. Temperature might be an explanatory 
factor as the growth rate decrease at temperatures above the 
optimum of 15 °C is slightly stronger for F. serratus than for 
F. vesiculosus, at least for North Sea individuals (Fortes and 
Lüning 1980). Unfortunately, there are no studies comparing 
the temperature–growth relationship of Baltic Sea populations 
of both species (but see Graiff et al. 2015 for F. vesiculosus). 
Light stress is unlikely to be the reason for the observed 
pattern as the growth limitation of F. serratus did not occur 

Table 1  Maximum annual yields for 1–6 required harvests and the 
corresponding initial stocking density and harvest density. The overall 
maximum annual yield obtained from the model is indicated in bold

No. of harvests Max. annual 
yield [kg  m−2]

Initial stocking 
density [kg  m−2]

Harvest density 
[kg  m−2]

F. vesiculosus
  1 6.314 1.25 4.5
  2 6.646 1.75 4
  3 6.757 1.75 3.5
  4 6.763 2 3.5
  5 6.761 2 3.25
  6 6.756 2.25 3

F. serratus
  1 6.689 1.5 5
  2 6.965 2.5 5
  3 6.988 3.25 5
  4 6.958 3.5 5
  5 6.918 3.75 5
  6 6.881 4 5
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specifically during the time of highest irradiances (June to 
July, Supplementary material, Fig. S3) and higher growth 
rates have been observed in other experiments in which the 
fronds experienced stronger light exposure (Meichssner 
et al. 2020, see below). The timing of the growth limitation 
of F. serratus coincided with the time of lowest ambient 
nutrient concentrations (Supplementary material, Tabs. S1, 
S2), suggesting that growth of F. serratus might have been 
nutrient-limited. Fucus species are able to store nutrients 
during times of excess nutrient concentrations (typically 
occurring in winter) and utilize them during summer 
when ambient nutrient concentrations are low. Limitation 
commences as soon as internal reserves are used up, usually in 
late summer (Perdersen and Borum 1996, Lehvo et al. 2001). 
It is, however, unclear if/how the conditions in the cultivation 
baskets have altered the exploitability of available nutrients. 
The reduced water motion within the baskets might have led 
to an increased thickness of the diffusive boundary layer and 
thus a less efficient nutrient uptake (Lichtenberg et al. 2017). It 
is further unclear if the used Baltic Sea populations of the two 
Fucus species differ in their nutrient storage capacities and in 
their requirements of nitrogen, which was the limiting element 
according the ambient nutrient concentrations (DIN:DIP < 15 
(Supplementary material, Tabs. S1, S2), tissue N:P of both 
species ca. 30 (Harrison and Hurd 2001; Pedersen et al. 2010;  
Gordillo et al. 2002)). The mentioned reduced water motion 
within the experimental baskets might have had additional 
negative effects, like reduction of DIC uptake or reduction 
of removal of metabolic waste products, which might have 
caused the limited growth of F. serratus during summer. In 
conclusion, the cause(s) for the observed growth limitation of 
F. serratus during summer remain unclear. It might also have 
been different causes during different times of the limitation 
period, e.g., temperature stress during July/August (Fortes 
and Lüning 1980) and nutrient limitation during September 
(Pedersen and Borum 1996) or combinations of causes.

From the data of the Density experiment and the Seasonal 
growth experiment, annual growth was modelled (Fig. 4). 
The model results seem reasonable: (i) the yields reflect the 
measured growth rates integrated over 1 year. (ii) Many har-
vests were calculated if the difference between initial stocking 
density and harvest density was small and few harvests were 
calculated if it was large. (iii) The model calculated highest 
annual yields at intermediate densities for F. vesiculosus and 
at higher densities for F. serratus, which reflects the shape of 
the experimentally determined yield–density curves of the two 
species (Fig. 2). Thus, we conclude that the used model is a 
suitable tool for the forecasting of growth over 1 year in the 
used experimental system. However, there are two assump-
tions underlying the model that need to be mentioned: first, 
the model assumes that the density–growth dependence 
measured in the Density experiment applies at all seasons. 
Second, the model assumes that continuous growth can 

be simulated based on growth rates which were measured 
from material which was freshly collected each time (in the 
Seasonal growth experiment). These assumptions were not 
tested experimentally as this would have been very laborious 
and would probably not have improved the model signifi-
cantly. Even though it might be that the density–growth rela-
tionship is slightly altered during winter when significantly 
less photons are available, it is unlikely that the general pat-
tern of the model results will be significantly affected espe-
cially since growth in winter is generally low and contributes 
only little to the overall growth. The second assumption can 
in part be validated by the observation that vegetative Fucus 
fronds retain their growth potential in continuous culture 
(Meichssner et al. 2021). Besides, fresh collection involves 
the cutting of fronds (including the need for wound healing) 
as does the production of seedlings from the harvest in a 
continuous culture. Therefore, the uncertainties introduced 
by this assumption were accepted.

The main objective of the modelling was to identify 
optimal cultivation scenarios, i.e., combinations of initial 
stocking density and harvest density, which can be used in 
future cultivation efforts. The modelled yields (maximal 
6.65–6.76 kg  m−2 for F. vesiculosus and 6.88–6.99 kg  m−2 
for F. serratus), however, have to be considered with caution 
as growth rates can be different, for example, in improved 
cultivation devices: both underlying experiments (Density 
experiment, Seasonal growth experiment) were conducted 
in baskets deployed in the gaps of a Jetfloat system (Fig. 1), 
where water exchange was limited and light levels were 
slightly reduced by the surrounding Jetfloat elements. In a 
parallel cultivation experiment (May to June 2019), where 
identical experimental baskets were deployed directly in the 
fjord (Meichssner et al. 2020), the measured daily growth 
rates were 59% higher for F. vesiculosus and 51% higher 
for F. serratus than at the same time in the Seasonal growth 
experiment. If the modelling was corrected by these higher 
growth rates, maximum annual yields of 10.62 kg  m−2 for F. 
vesiculosus and 10.48 kg  m−2 for F. serratus were obtained 
(the corrected modelling results for improved growth con-
ditions are shown in the Supplementary material, Fig. S4). 
Thus, we believe that the model correctly estimated the 
annual yields under the given experimental conditions, 
but the non-optimal experimental cultures have led to an 
underestimation of the actual potential of vegetative Fucus 
aquaculture. However, as the combination of initial stocking 
density and harvest density as well as the required number 
of harvests was only slightly affected if the model was run 
with higher growth rates, the principal pattern of the model 
results can be used as an orientation for the planning of 
Fucus cultivation efforts, even though higher yields could be 
expected with other, more optimized cultivation conditions.

For long-term commercial culture, fronds from unat-
tached populations are necessary as they seem to retain 
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their naturally low fertility in culture, thus having the 
potential to be cultivated continually without the bio-
mass losses related to receptacle degradation (Meichssner 
et al. 2021). In the present study, we still used vegetative 
fronds from attached origin as the experiments were initi-
ated before the results of Meichssner et al. (2021) were 
obtained. We believe that the modelling results of this 
study in principle do also apply for the culture of unat-
tached populations. However, it has to be considered that 
the optimal combination of initial stocking density and 
harvest density for unattached and therefore unvesicu-
lated F. vesiculosus fronds (Norton and Mathieson 1983) 
might shift to higher densities (similar to the F. serratus 
model results), as the yield–density relationship underlying 
the model is assumed to shift towards asymptotic behavior 
(see above).

Another aspect of commercial culture was also not cov-
ered by the model: it has to be considered that the production 
of seedlings for the next cultivation season must be auto-
mated, for example by shredding. Seedling biomass which 
is generated by shredding of harvested biomass is of course 
less optimally cut than the fronds used in this study and will 
probably show lower growth rates. The development of a 
suitable automated seedling production process as well as 
the influence of this process on the growth potential of the 
seedling biomass require further studies.

In general, it is unclear if the modelled yields can be 
transferred to hectare scales as scaling effects like poten-
tial nutrient limitation or grazer accumulation can hardly be 
predicted. In a first upscaling attempt, similar growth rates 
were observed for 1.2  m2 cages as for the small cultivation 
baskets used in the experiments presented here (own obser-
vation); however, the used cages were not optimized yet. If 
a direct scalability is assumed, annual harvests of 33.5 t  ha−1 
and 34.5 t  ha−1 could be expected for F. vesiculosus and F. 
serratus, respectively (based on the modelled yields, assum-
ing 5,000 1  m2 baskets  ha−1 and 50% of the space left for 
boating). Even higher yields might be possible if cultivation 
conditions are optimized (see above). The calculated yields 
per hectare are lower than the typical yields of farmed Lami-
nariales (except for Alaria esculenta) (Kraan 2010), which 
was expected considering the comparatively high growth 
rates of Laminariales. Yet, it has to be remembered that 
Fucus is not produced for its high growth potential but for 
its high-priced end products. Thus, a cultivation at the mod-
elled yields could still be profitable even at smaller scales. 
Land-based cultivation, similar to Gracilaria tank culture 
(Friedlander & Levy 1995), might also be profitable if it is 
combined with biomass processing and valorization (Piker 
L., pers. comm.). We assume that the cultivation parameters 
determined in this study (optimal initial stocking densities 
and harvest densities) do also apply to culture in flat land-
based tanks.

Open-water Fucus cultures might serve as nutrient 
sink for eutrophic water bodies (Rönneberg et al. 1992, 
Fei 2004, see also Ryzhik et al. 2014): based on the tissue 
nitrogen and phosphorous content (ca. 2% and 0.2% of 
the dry weight (Rönneberg et al. 1992; Pedersen et al. 
2010; Perini and Bracken 2014)), 1 ton of harvested F. 
vesiculosus biomass would remove ca. 4.2 kg nitrogen and 
ca. 420 g phosphorous from the water column (assuming 
a dry matter content of 21% (own pre-experiments)), and 
1 ton of harvested F. serratus biomass would remove ca. 
4.8 kg nitrogen and 480 g phosphorous (assuming a dry 
matter content of 24% (own pre-experiments)). However, it 
is unclear if the produced biomass would still be useful for 
high-value products as high epiphyte loads can be expected 
in nutrient-rich cultures (Rönneberg et al. 1992; Worm 
and Sommer 2000). The same is true if Fucus cultures are 
intended as nutrient trap for fish aquaculture (Rönneberg 
et al. 1992). Even though Fucus growth can be nutrient-
limited during short periods of the year even in nutrient-
rich sea areas (Pedersen and Borum 1996), fertilization of 
commercial cultures should be avoided considering the 
overall eutrophic state of many temperate coastal waters 
and especially the Baltic Sea.

As mentioned before, biomass from unattached Fucus 
populations is needed for commercial Fucus cultures 
(Meichssner et al. 2021). Only small amounts should be 
collected in order to protect these valuable habitats, and 
collection should be accompanied by regular monitoring 
of the used populations (Meichssner et al. 2021). In an 
optimal scenario, only little biomass from the field is 
initially collected and used to build a larger culture 
over time (Meichssner et al. 2021). Local populations 
should be used, as the introduction of culture material 
from foreign populations bears the risk of introducing (i) 
non-native Fucus genotypes and (ii) non-native Fucus-
associated species like crustaceans, snails, and epiphytic 
algae.

An alternative to the introduced vegetative cultivation 
approach would be a cultivation technique including 
sexual reproduction, i.e., the production of zygotes by 
mixing of female eggs and male spermatozoids, and 
their subsequent seeding on cultivation ropes, which are 
transplanted to the sea for outgrowth to harvest size. This 
technique would be similar to the cultivation techniques 
used for the production of Saccharina spp., Undaria 
pinnatifida, and Porphyra/Pyropia spp. (Graham et al. 
2009; Hurd et al. 2014). Protocols for the production of 
Fucus zygotes are well established (e.g., Bogaert et al. 
2015), and an implementation in an aquaculture process 
should be possible. However, it has to be noted that 
Fucus eggs and zygotes are not mobile like the spores 
of Laminariales. Therefore, the fertilized zygotes have 
to have the opportunity to sink on and attach to the 
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used ropes/cultivation structures, which contrasts to the 
cultivation technique used for Laminariales, where the 
culture ropes can be submerged in spore solution and 
the spores actively swim towards the rope (Hurd et al. 
2014). A potential low-effort method for the seeding of 
ropes would be the installation of ropes in natural Fucus 
beds during the reproductive season and the transfer to the 
cultivation site after zygotes have attached.

Summary and outlook

Fucus vesiculosus and F. serratus show species-specific 
growth rate patterns with respect to initial stocking density 
and cultivation season in experimental vegetative aqua-
culture. The determined growth rates were used to model 
annual growth in experimental vegetative Fucus aquacul-
ture. The model results (optimal initial stocking densi-
ties and harvest densities, potential yields, and necessary 
numbers of harvests) provide a helpful orientation for the 
planning of future efforts to establish commercial Fucus 
aquaculture. Future research should focus on large-scale 
implementation including the development of suitable cul-
tivation devices for either open-water net cage culture or 
land-based tank culture. Other challenges including the effi-
cient dealing with grazing and fouling as well as the estab-
lishment of low-fertility culture populations require further 
investigations. Apart from vegetative culture, cultivation of 
Fucus by sexual reproduction (i.e., the seeding of zygotes on 
ropes) could be a promising alternative approach.
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