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Abstract
Fouling is a major problem in seaweed aquaculture and one of the main obstacles during the domestication process for new
culture species. During first attempts to cultivate Fucus vesiculosus and Fucus serratus in the Kiel fjord (Western Baltic Sea),
fouling by the epizoansElectra pilosa,Mytilus sp., and Amphibalanus improvisus rendered the production ofmarketable biomass
impossible. This study tested (1) if regular desiccation by air exposure is effective in decreasing the abundance and size of foulers
and (2) if and how regular desiccation affects the growth performance of the cultivated Fucus thalli. For this purpose, thalli of
F. vesiculosus and F. serratus were cultivated freely floating in baskets directly deployed in the fjord and desiccated to defined
percentages of the wet weight (ww) by air exposure. The treatments comprised controls and desiccations of different intensities
(from 90 to 40% of ww) and at different frequencies (1× week−1, 3× week−1). Growth rates of both Fucus species were not or
only slightly reduced by the desiccation treatments. The final harvested biomass of F. vesiculosus under frequent mild desicca-
tions (3× week−1 to 80% of ww) was even higher than the biomass of undesiccated controls. The size of the epizoans E. pilosa
and A. improvisus was significantly reduced by the desiccation treatments and the abundance of all epizoan species was
drastically reduced by the desiccation regimes. Frequent mild desiccations (F. vesiculosus: 3× week−1 to 80% of ww,
F. serratus: 3× week−1 to 90% of ww) proved to be most effective and decreased the epizoan ww share of the total harvest
from 13.0 ± 4.8% in the control to 1.8 ± 0.2% for F. vesiculosus and from 19.1 ± 2.7 to 1.0 ± 0.1% for F. serratus. Thus,
desiccation seems to be an effective measure for the production of clean Fucus biomass in culture which is necessary for further
valorization. A technical solution for the implementation of this procedure in large-scale cultures remains to be developed.
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Introduction

Seaweed cultivation has become a large industry in the course
of the past decades having reached an annual worldwide har-
vest of about 30 million t wet weight (ww) in 2016 (FAO
2018a). However, one major impediment limiting quantity as
well as quality of seaweed production is the overgrowth of the

cultivated biomass by epiphytic algae and sessile animals, gen-
erally referred to as biofouling (Wahl 1989; Bannister et al.
2019). Epiphytic algae (hereafter epiphytes) can be of different
systematic origin (red, green and brown algae, cyanobacteria,
diatoms, prasinophytes etc.) and can make up to 60% of the
harvested biomass (Buschmann and Gomez 1993; Fletcher
1995; Hurtado et al. 2006). Sessile animals (hereafter epizoans)
comprise e.g. hydrozoans, ascidians, bryozoans, and barnacles
(Park and Hwang 2012; Førde et al. 2016; Bruhn et al. 2016;
Rolin et al. 2017). Both epiphytes and epizoans limit the growth
of the cultivated seaweeds by reduction of available light and
the impairment of nutrient uptake through coverage of the sea-
weeds’ surface (Sand-Jensen and Revsbech 1987; Wahl 1989;
Rohde et al. 2008). Moreover, they lead to increased biomass
losses due to an intensification of drag forces (Anderson and
Martone 2014) and their presence significantly lower the qual-
ity of the produced biomass, especially if cultivated for food
purposes (Bannister et al. 2019). Biofouling has not only been
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reported for established culture species like Pyropia sp./
Porphyra sp. (Kim et al. 2014), Kappaphycus alvarezii
(Hayashi et al. 2010; Kasim et al. 2017), and Gracilaria/
Gracilariopsis sp. (Fletcher 1995) but is also a frequently en-
countered problem in species that undergo first cultivation trials
or have just recently been used in commercial cultivation
(Walls et al. 2017).

In 2015, an experimental cultivation of Fucus vesiculosus
L. and Fucus serratus L. has been established at the Kiel fjord
in the Western Baltic Sea. Hitherto, Fucus biomass has been
harvested exclusively from wild stocks e.g. at the Atlantic
coast of Ireland and France (Mac Monagail et al. 2017).
However, at the German Baltic Sea coast, harvesting of wild
Fucus biomass for commercial purposes is prohibited
(Bundesamt für Naturschutz 2013) due to dramatic stock de-
clines in the twentieth century (Kautsky et al. 1986; Torn et al.
2006; Rohde et al. 2008). Consequently, aquaculture is the
only means to sustainably produce Fucus biomass in
Germany. A local production is desired, because “regionality”
is a valuable claim for organic cosmetics and food supple-
ments, the two main target markets for Fucus biomass (L.
Piker, pers. comm.). The development of a culture method
could also encourage the cultivation of this genus in other
countries, which might become necessary as the market pull
is expected to increase (Cherry et al. 2019). To our knowl-
edge, the experiments in the Kiel fjord are among the first
trials to cultivate Fucus species for commercial purposes
(but see FAO 2018b; Haglund and Pedersen 1988).

The two target species (F. vesiculosus, F. serratus) are
cultivated as freely floating thalli detached from substrate
(Meichssner et al. in prep.), floating in net cages or plastic
baskets. From the beginning, fouling, especially by epizoans,
appeared to be one of the major challenges of this cultivation
technique. The cultivated thalli showed a high degree of col-
onization by barnacles (Amphibalanus improvisus), blue mus-
sels (Mytilus edulis/Mytilus trossulus), and bryozoans (Electra
pilosa) in contrast to thalli in local field populations, which
show only little colonization by epizoans (Rickert et al. 2015).
An effective measure to reduce fouling will thus be crucial for
the successful long-term implementation of this cultivation
method. Means to prevent fouling in seaweed aquaculture
are for example removal by hand, which is only possible if
labor costs are low (Fletcher 1995). Secondly, growing and
harvesting seasons can be planned in order to avoid the spore/
larval fall of epiphytes/epizoans (Anderson et al. 1996). A
third method, which is applied in Pyropia sp./Porphyra sp.
culture in Japan, is regular air exposure of the cultivated bio-
mass (Kim et al. 2017). The targeted culture species is able to
grow under temporarily aerated conditions, while the settling
larvae/germlings of fouling species do not survive this treat-
ment resulting in a strongly reduced amount of epibionts on
the cultivated thalli and the cultivation ropes (Mumford and
Miura 1988).

Both Fucus species cultivated in the experimental farm are
able to survive temporal air exposure and desiccation, which
enables them to colonize intertidal habitats (e.g. Schonbeck
and Norton 1978; Dring and Brown 1982). Among the en-
countered foulers, A. improvisus andMytilus sp. are also able
to withstand desiccation and colonize temporally emerged lo-
cations (Barnes and Barnes 1957; Luther 1987; Buschbaum
and Saier 2001); however, both species do not occur as far up
the shore as F. vesiculosus in the Baltic Sea (own observa-
tion). Electra pilosa is not found at temporally air exposed
locations in the Baltic Sea at all (own observation).
Consequently, we hypothesized that all major fouling organ-
isms observed in the experimental cultures are potentially less
desiccation resistant than cultivated Fucus biomass.
Therefore, regular air exposure (i.e. desiccation) of the culti-
vated biomass might be an effective method to reduce the
abundance of these foulers in the cultures. As a complemen-
tary effect, we expected the size of already settled foulers to be
affected by such a treatment, because times of emersion can-
not be used for filter-feeding.

A pre-experiment in 2018 already revealed a strongly re-
ducing effect of regular desiccation on the abundance of
A. improvisus on cultivated Fucus thalli; however, desiccation
was only performed once a week. As larvae and early settle-
ment stages of the epizoans are often more sensitive to desic-
cation than adult individuals (Foster 1971a; Jenewein and
Gosselin 2013), we expected more frequent desiccations to
be even more effective, because larvae would experience the
treatment early after settlement.

The aim of this study was (1) to test if regular desiccation
by air exposure reduces the abundance and size of fouling
organisms on the cultivated biomass and (2) to evaluate the
effect of regular desiccation on the growth performance of the
cultivated Fucus species. Different degrees of desiccation
were compared as well as different desiccation frequencies.
The aim was to find an optimal desiccation regime enabling
the production of biomass ready for market demands.

Material and methods

Location and timeframe of the experiment

The experiment was located at premises of the Kieler
Meeresfarm GmbH & Co. KG in the northwestern part of
the Kiel fjord in the Western Baltic Sea (54.381975 N;
10.162034 E). It was performed from 06 May 2019 to 31
July 2019. A pre-experiment in 2018 had shown that this is
the season of highest larval pressure, which was confirmed
by a weekly quantification of Mytilus sp. larvae in the
water column ca. 1 km from the experiment site (P.
Krost, pers. comm.). The onset of the larval fall at the
beginning of July allowed to test the effect of desiccation
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on Fucus growth rates before the occurrence of epizoans
on the thalli, especially since A. improvisus and E. pilosa
did not occur before that time either (Fig. 1). Moreover,
former experiments had shown that growth rates of culti-
vated Fucus thalli are highest during this season (see also
Lehvo et al. 2001).

Algal material

Fucus vesiculosus and F. serratus individuals were col-
lected from the field at 05 May 2019. Fucus vesiculosus
was collected in Kiel/Holtenau (54.368966 N; 10.154112
E) and F. serratus in Bülk (54.455146 N; 10.198858 E).
Both were transported in seawater to premises close to the
cultivation site where they were stored overnight in sea-
water. The following day, vegetative thallus apices (here-
after “thalli”) were cut from the collected individuals for
use in the experiment. The thalli had lengths of 3–10 cm
for F. vesiculosus and 5–15 cm for F. serratus.

Cultivation containers

The thalli were cultivated in black plastic baskets (BAUHAUS;
Oase Pflanzkorb; edge length: 28 cm; volume: 14 L). The bas-
kets had holes of ca. 0.3 × 0.3 cm at all sides allowing for the
permanent inflow of surrounding seawater. Each basket was
covered with a transparent plastic mesh to prevent loss of thalli.
The baskets were arranged in packages of eight, leaving an emp-
ty space in the center (Fig. 2a). The basket packages were kept
floating in the fjord by attachment to polyethylene foam pipe
insulations. The experimental culture was protected from
wave destruction by a pipe frame (2 × 4 m, Fig. 2a).

Three packages of eight baskets were used for the
experiment. Thus, eight experimental groups could be
tested, each being represented once in each of the three
packages (n = 3).

For F. vesiculosus, five treatments were applied:

– Control (no desiccation)

Fig. 1 The experiment was arranged around the main bivalve larval peak
in July. Weight measurements and screening for epizoans were
performed during the entire experiment. Initial growth rates were
calculated from unfouled exponential growth at the beginning of the

experiment. First epizoans were encountered after the onset of the peak
at the beginning of July and counted from then onwards. For Electra
pilosa and Amphibalanus improvisus, larvae were not quantified, but
adults appeared parallel to bivalves on the thalli
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– One desiccation to 80% of ww per week (in the follow-
ing: 1 × 80%)

– Three desiccations to 80% of ww per week (in the fol-
lowing: 3 × 80%)

– One desiccation to 60% of ww per week (in the follow-
ing: 1 × 60%)

– One desiccation to 40% of ww per week (in the follow-
ing: 1 × 40%)

For F. serratus, three treatments were applied:

– Control (no desiccation)
– One desiccation to 80% of ww per week (in the follow-

ing: 1 × 80%)
– One desiccation to 60% of ww per week; from 27.05.

onwards: three desiccations to 90% of ww per week (in
the following: 3 × 90%)

The treatment 1 × 60% of F. serratus was replaced after
3 weeks (27 May 2019) by 3 × 90%, because the thalli were
already degrading due to the treatment. The degradation was
first visible by a browning of the thallus margins and
proceeded with a slow dissolution of the entire thallus. As first
epizoans were detected at the beginning of July, a treatment
change at this early stage of the experiment was considered
possible. The replacing treatment was started at 27 May 2019

using newly collected thalli with the same average weight as
the other two F. serratus treatments. The treatment 3 × 90%
was chosen instead of 3 × 80%, because in pre-experiments,
F. serratus had been proven to be very sensitive towards des-
iccation. A direct comparability to the F. vesiculosus treat-
ments was lost by this change; however, it was rather the
aim to find desiccation regimes suitable for F. serratus than
to allow for a direct comparison to F. vesiculosus. As a con-
sequence, only the controls of the two species were compared
directly (see “Statistical analysis”).

Cultivation and measurement of thallus growth

The thalli were freely floating in the baskets without any at-
tachment. The cultivation was started with 20 g of thalli per
basket. Thallus growth was assessed weekly by weight mea-
surements. Before weighing, the thalli were dried with a salad
spinner for 15 s. Weighing was performed with a lab scale
(Kern EMB 1200) under wind protected conditions. The rel-
ative daily growth rate was calculated using the following
formula:

DGR %day−1
� � ¼ ln Wt=W0ð Þ=tð Þ*100

where DGR is the daily growth rate in percent, Wt is the

Fig. 2 a Cultivation baskets were arranged in three packages of eight
baskets each, allowing for eight treatments with three replicates. b The
cultivation site was located at the northwestern part of the Kiel fjord; thalli

were desiccated in plastic nettings in the shade of an awning (arrow). c
Fouled F. serratus thallus from control treatment with Electra pilosa and
Amphibalanus improvisus
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weight at a given date,W0 is the weight at the beginning of the
experiment, and t is the number of days between W0 and Wt.
DGR was calculated until 24 June 2019 (Fig. 3a), because
growth ceased to be exponential after that date for most ex-
perimental units, and there was no effect of epizoans on the
growth rate up to this date (Fig. 1).

Desiccation treatment

For desiccation, all thalli of one basket were filled in a
plastic netting of known weight. The filled netting was
then dipped in seawater for 2 s and hung on a rope for
the further drying procedure. The rope was shaded by a
white plastic awning to avoid direct sun exposure of the
drying thalli. This was done because direct sun had led to
very unequal drying of the biomass in a pre-experiment.
After letting the thalli drain for 5 min, the weight of the

netting including the thalli was measured. The weight of
the netting was subtracted in order to calculate the ww of
the thalli. After that, the thalli were regularly weighed
until the desired percentage of the ww (90, 80, 60, or
40%) was achieved. The thalli of all experimental units
including the controls were filled in nettings three times a
week to control for handling effects.

Quantification of epizoans

The epizoans were counted weekly by screening every
single thallus. The first epizoans were encountered at
the beginning of July (Fig. 1) which coincided with the
bivalve larval fall. A list of all encountered species is
given in Table 1. Clava multicornis was only encoun-
tered on a few thalli and hence not included in the anal-
ysis. For Electra pilosa, the number of colonies was
assessed. All bivalves were combined in one group, be-
cause it was impossible to correctly distinguish the
young stages. The group was dominated by Mytilus
edulis/M. trossulus, both of which occur at the location
and hybridize strongly (Utermann et al. 2018). Mya
arenaria was only encountered occasionally and repre-
sented only a very small portion of the bivalve biomass.
Mya arenaria individuals larger than 4 mm were never
encountered, as they probably died due to the lack of
sandy habitat. Bivalves were counted at sizes >
0.5 mm. Amphibalanus improvisus was counted if iden-
tifiable with the naked eye (diameter ca. 0.7 mm). At the
end of the experiment (31 July 2019), ten individuals/
colonies of each group were scraped from the thalli of
one replicate of each treatment except for E. pilosa as
ten or more colonies were found only in F. vesiculosus
control, F. serratus control, and F. serratus 1 × 80%
(F. vesiculosus 3 × 80%: n = 2, 1 × 60%: n = 5, 1 × 40%:
n = 0, F. serratus 3 × 90%: n = 7). They were weighed
with a fine scale and the average weight of the epizoans
was calculated for each treatment individually, because
they appeared to have different weights in the different
treatments (Fig. 4).

Calculation of further response variables

Using these average weights of each single treatment, the
measured weights of the fouled thalli were corrected by the
weights of the counted epizoans, resulting in epizoan-free
Fucus weights for 31 July 2019 (Fig. 3b). Using these
epizoan-free weights, it was possible to normalize the epizoan
counts of 31 July 2019 by 100 g of pure Fucus biomass
(Fig. 5a–c) and calculate the epizoan share of the final harvest
(Fig. 5d).

Fucus growth curves over the entire experimental time
(calculated as epizoan-free, using the epizoan weight data of

Fig. 3 a Initial growth rates of Fucus vesiculosus and F. serratus thalli
during exponential growth phase at the beginning of the experiment when
no epizoanswere present, calculated as percent ww increase per day. b Final
weight after 86 experimental days (starting weight: 20 g), calculated as
measured final weight minus calculated weight of epizoans. For both
graphs, treatments were compared statistically within species (one-way
ANOVA, roman letters). For species comparison, controls were compared
byWelch’s t test (italic letters). Error bars indicate standard deviation, n = 3,
except for final weight of F. vesiculosus 1 × 60%, where n = 2
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31 July 2019) and normalized epizoan abundances over time
are depicted in the supplementary material (Figs. S3 and S4).

Environmental data

Irradiance was measured as photon flux density (PFD) in the
PAR range in the botanical garden of the Christian-Albrecht
University (4.87 km from the experimental site) in parallel to
the experiment. For this purpose, a photodiode was placed at a
height of 10 cm above the ground at an unshaded location.
The photodiode was calibrated against a quantum sensor (LI-
190, LI-COR, USA) and PFD was continuously measured
every second with averages being stored for 10 min intervals
and light sums being calculated for each day (method identical
to Pescheck and Bilger 2019). The reduction of PFD within
the cultivation baskets caused by the plastic mesh was deter-
mined at seven positions within a sample basket by a quantum
sensor (LI-250A, LI-COR, USA). New mesh reduced the in-
coming irradiance by 4 ± 2% and mesh colonized by a
microalgal biofilm (typically occurring after 3–4 weeks of
cultivation) by 12 ± 4%. The water temperature within the
black cultivation baskets was recorded every 30 min using a
Hobo© pendant datalogger. Irradiance and water temperature
are depicted in the supplementary material (Figs. S1 and S2).

Statistical analysis

Statistical analysis was performed with R (R Core Team
2013). The data were square root transformed for analysis.
The five groups of F. vesiculosus and the three groups of
F. serratus were compared individually by one-way
ANOVA and Tukey’s HSD as post hoc test for all measured
parameters (initial Fucus growth rate; Fucus final weight (31
July 2019, epizoan-free); epizoan weight; epizoan abundance;
epizoan share of final harvest). In addition, the control groups
of the two species were compared by Welch’s t test. For the
group F. vesiculosus 1 × 60%, one replicate was lost at the end
of the experiment; therefore, the Fucus final weight at 31
July 2019, epizoan abundance, and epizoan share of final
harvest had to be analyzed with two replicates for this group.
For the analysis of the weights of E. pilosa, some treatments
had reduced numbers of replicates due to the low numbers of

colonies found (see “Quantification of epizoans”). Normality
of residuals and homogeneity of variances were tested by
Shapiro-Wilk’s test and Fligner’s test, respectively. In five
out of 27 analyses (weight of A. improvisus on
F. vesiculosus and F. serratus groups; weight of Bivalvia on
F. vesiculosus and F. serratus groups; F. vesiculosus control
vs. F. serratus control for weight of Bivalvia), the assump-
tions were not fulfilled due to non-normal residuals. In the
four cases of multiple group comparisons, Kruskal-Wallis test
with a post hoc Dunn’s test was used, while a Wilcoxon-
Mann-Whitney test was used for the one case of a pair-wise
comparison. p values below 0.05 were considered statistically
significant.

Results

Growth of the cultivated Fucus biomass

The Fucus thalli of all treatments showed considerable growth
during the experiment. Differences between the two Fucus
species and among the treatment groups will be explained in
detail hereafter.

Initial growth rate (06 May 2019–24 June 2019)

The control thalli of F. vesiculosus showed a significantly
higher initial growth rate (3.27 ± 0.12% day−1) than the con-
trol thalli of F. serratus (2.12 ± 0.28% day−1) (t test: p =
0.0169, df = 2.4162, Fig. 3a), both untreated controls
(F. vesiculosus, F. serratus) showed higher initial growth
rates than the desiccation treatments, respectively.

For F. vesiculosus, mild desiccations (1 × 80%, 3 × 80%)
reduced the growth rate slightly (to 2.94 ± 0.10% day−1 and
3.11 ± 0.08% day−1) but not statistically significant compared
with the controls. Harsh desiccations (1 × 60%, 1 × 40%) led
to a slightly stronger and statistically significant reduction of
the growth rates (to 2.51 ± 0.22% day−1 and 2.71 ± 0.16%
day−1, ANOVA: p = 0.0007, df = 4, Tukey’s HSD: p =
0.0078 and 0.0007).

For F. serratus, mild desiccations (1 × 80%, 3 × 90%)
resulted in reduced growth rates (1.63 ± 0.08% day−1

Table 1 Epizoan species
encountered in the timeframe of
the experiment

Species found on the cultured Fucus biomass Phylum, class

Clava multicornis Forsskal, 1775 Cnidaria, Hydrozoa

Electra pilosa Linnaeus, 1767 Bryozoa, Gymnolaemata

Mytilus edulis Linnaeus, 1758 Mollusca, Bivalvia

Mytilus trossulus Gould, 1850 Mollusca, Bivalvia

Mya arenaria Linnaeus, 1758 Mollusca, Bivalvia

Amphibalanus improvisus Darwin, 1854 Arthropoda (Crustacea), Maxillopoda (Cirripedia)
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and 1.74 ± 0.27% day−1), the difference was, however,
not statistically significant.

Among the mildly desiccated treatments, frequency of des-
iccation exerted in neither of the species a significant effect.

Fucus serratus was more susceptible to desiccation show-
ing similar reductions of the growth performance at mild des-
iccation regimes as F. vesiculosus showed at strong desicca-
tion regimes. As mentioned before, desiccation to 60% had
led to degradation of the cultivated F. serratus thalli, whereas
F. vesiculosus grew well at this treatment and even at desic-
cation to 40% of ww.

Final weight (31 July 2019)

The average epizoan-free weight of the Fucus biomass at the
end of the experiment (Fig. 3b) ranged between 109 and 161 g
for F. vesiculosus and 65 and 73 g for F. serratus (averaged
over replicates), thus the absolute growth within the experi-
mental time ranged between 378 and 706% for F. vesiculosus
and between 223 and 264% for F. serratus. The controls of
F. serratus showed a significantly lower final weight than the
F. vesiculosus controls (average absolute difference: 47%, t
test: p = 0.0088, df = 3.9678).

For F. vesiculosus, there was no significant difference
between the single mild desiccations (1 × 80%) and the
control; however, the 3 × 80% treatment on average led
to a 19% higher final weight than the control (non-sig-
nificant, Tukey’s HSD: p = 0.47). This was not expect-
ed, as the highest initial growth rate was found in the
control. The effect of harsh desiccations was similar to
the effect observed in the initial growth rates but statis-
tically not significant. Similarly, for F. serratus, the
differences in initial growth rates between the control
and the desiccation treatments almost disappeared over
the duration of the experiment.

Fouling

An intense colonization of the cultivated thalli by E. pilosa,
bivalves, and A. improvisus occurred during the experiment
from the beginning of July. However, the desiccation treat-
ments led to significant reductions of the average individual
weight as well as the abundance of epizoans compared with
untreated control thalli. The details will be explained in the
following.

Weight of epizoans

The weight data of all epizoans showed a huge variabil-
ity reflecting the different sizes of the measured individ-
uals. Among the groups of one Fucus species, the max-
imum measured weights always occurred on control
thalli.

Electra pilosa

There was no significant difference in the weight of
E. pilosa colonies between the controls of F. vesiculosus
and F. serratus (0.08 and 0.05 g colony−1, t test: p = 0.24,
Fig. 4a). Among the F. vesiculosus groups, E. pilosa col-
onies were significantly larger on control than on desic-
cated thalli, whereas there was no significant difference
among desiccation treatments. A desiccated colony (aver-
aged over all desiccation treatments) was 85% smaller
than a colony on a control thallus. This trend was already
observed during the experiment: the colonies found on the
control thalli had sizes of up to several cm2 while those
on desiccated thalli sometimes consisted only of few (<
50) individual zooids. The same pattern was found for
F. serratus.

On both Fucus species, the colonies on thalli desic-
cated three times a week were the smallest. For
F. vesiculosus thalli desiccated once a week to 40%,
no weights could be determined, because the thalli were
completely bryozoan-free.

Bivalves

There was no statistically significant difference in the weight
of bivalves between the control thalli of the two Fucus species
(averages: F. vesiculosus: 0.017 g, F. serratus: 0.012 g, Fig.
4b). Among the groups, there was no significant difference in
the weight of bivalves, but the untreated controls bore by trend
heavier bivalves than the desiccated thalli (F. vesiculosus:
control 53% heavier than average of desiccation treatments;
F. serratus: control treatment 59% heavier than average of
desiccation treatments). There was also a tendency towards
smaller bivalves on frequently desiccated thalli comparedwith
thalli desiccated only once a week; however, this trend was
also insignificant in both species.

Amphibalanus improvisus

Amphibalanus improvisus individuals were significantly
heavier on F. vesiculosus control thalli (0.039 ± 0.024 g) than
on F. serratus control thalli (0.013 ± 0.012 g, t test: p =
0.0027, df = 16.507, Fig. 4c).

In F. vesiculosus, individuals on control thalli were
on average 72% heavier than individuals of the desic-
cation treatments (Dunn’s test between control and all
desiccation treatments: p < 0.01), whereas no significant
differences were found among the desiccat ion
treatments.

In F. serratus, the barnacles found on control thalli were on
average 75% heavier than those on thalli of the 3 × 90% treat-
ment (Kruskal-Wallis test: p = 0.0013, df = 4, post hoc Dunn’s
test: p = 0.013), but there was no significant difference
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between the control and the 1 × 80% treatment, although the
averaged relative difference was 54%.

Epizoan abundance

All epizoan species were most abundant on controls, ex-
cept for A. improvisus on F. vesiculosus, where a similar
number was found in the control and all treatments, ex-
cept the 3 × 80% treatment (Fig. 5a–c). However, the de-
gree of reduction by the desiccation treatments varied
among the epizoan species and will be explained in detail
hereafter.

Electra pilosa

There was a significantly lower number of E. pilosa colonies
per 100 g biomass on F. vesiculosus controls than on
F. serratus controls (38.8 ± 22.5 colonies vs. 211.6 ± 13.9 col-
onies; t test: p = 0.0096, df = 2.2954, Fig. 5a).

Among the F. vesiculosus groups, desiccation reduced the
number of bryozoans drastically. Mild desiccations reduced
the number significantly from 38.8 ± 22.5 to 7.6 ± 4.9 (1 ×
80%) and to 3.0 ± 3.0 (3 × 80%) colonies (100 g seaweed)−1

(ANOVA: p = 0.0004, df = 4, Tukey’s HSD: p = 0.017 and
0.003). The difference between one and three mild desicca-
tions per week was statistically not significant. An even stron-
ger effect exerted the harsh treatments on the number of bryo-
zoans; in the 1 × 60% treatment, only 0.5 ± 0.7 colonies were
found, in the 1 × 40% treatment not a single colony was found
in any of the experimental units (Tukey’s HSD: p = 0.0014
and 0.0003).

For F. serratus, a similarly strong effect of the desiccation
treatments was observed, the number of colonies was reduced
from 211.6 ± 13.9 in the control to 18.0 ± 3.2 colonies in the
1 × 80% treatment and 12.3 ± 6.8 in the 3 × 90% treatment
(ANOVA: p = 1.3*10−6, df = 2, Tukey’s HSD: p < 0.0001 in
both cases).

Bivalves

The colonization by bivalves was fairly strong with at
times more than 600 individuals (100 g seaweed)−1

(Fig. 5b). There was no significant difference between
the F. vesiculosus control and the F. serratus control (t
test: p = 0.50).

For F. vesiculosus, very harsh desiccations (1 × 40%) and
frequent mild desiccations (3 × 80%) significantly reduced the
number of bivalves from 462 ± 153 individuals in the control
to 182 ± 59 individuals and to 214 ± 39 individuals, respec-
tively (ANOVA: p = 0.0099, df = 4, Tukey’s HSD: p = 0.017
and 0.043).

In F. serratus, desiccation produced similar effects (one-
way ANOVA: p = 0.007, df = 2). The number of bivalves was
reduced from 553 ± 150 in the control to 318 ± 65 in the 1 ×
80% treatment and to 196 ± 36 individuals in the 3 × 90%
treatment (Tukey’s HSD: p = 0.055 and 0.005).

Fig. 4 a–c Weight of epizoans scraped from one replicate of each
treatment at the end of the experiment (31 July 2019). Treatments were
compared statistically within species (one-way ANOVA/Kruskal-Wallis
test, roman letters). For species comparison, controls were compared by
Welch’s t test/Wilcoxon-Mann-Whitney test (italic letters). Error bars
indicate standard deviation, different letters indicate statistically signifi-
cant differences, n = 10, exceptions: E. pilosa: F. vesiculosus 3 × 80%:
n = 2, 1 × 60%: n = 5, 1 × 40%: n = 0, F. serratus 3 × 90%: n = 7. The
exceptions were due to the low numbers of E. pilosa colonies found on
the treated thalli
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Amphibalanus improvisus

Amphibalanus improvisus also appeared in high numbers, es-
pecially on F. serratus with an average of 526 ± 68 individ-
uals (100 g seaweed)−1 found in the control (Fig. 5c). This was
significantly more than on F. vesiculosus, where only 113 ±
57 individuals were found (t test: p = 0.014, df = 3.4954).

In F. vesiculosus as well as in F. serratus, only the frequent
mild desiccations (3 × 80%, 3 × 90%) led to a significant re-
duction of the number of barnacles in comparison to the con-
trols, on average by 83% and 86%, respectively. Infrequent
treatments (1× per week) were not effective, independent of
the harshness of the desiccation.

Epizoan share of final harvest

The strong fouling intensity is apparent in the high weight
percentage of epizoans in the untreated controls
(F. vesiculosus: 13.0 ± 4.8%; F. serratus: 19.1 ± 2.7%, t test:
p = 0.155, Fig. 5d). However, for both species, all desiccation
treatments resulted in a significant reduction of this value
(ANOVA: F. vesiculosus: p = 0.0001, df = 4, F. serratus:
p = 2.07*10−6, df = 2, Tukey’s HSD: all p values below
0.005), the frequent desiccation treatments (3 × 80%, 3 ×
90%) being most effective resulting in only 1.8 ± 0.2% in
F. vesiculosus and 1.0 ± 0.1% in F. serratus . For
F. vesiculosus, there was no statistically significant difference
among the desiccation treatments, whereas for F. serratus, the
epizoan share of the 1 × 80% treatment was significantly larg-
er than the epizoan share of the 3 × 90% treatment (Tukey’s
HSD: p = 0.0015).

Discussion

In this study, the question was raised if regular desiccation is
effective in reducing the abundance and size of epizoans on
cultivated Fucus biomass. A second question was if regular
desiccation affects the growth rate of cultivated thalli. The
results show that growth rate as well as epizoan size and num-
ber are influenced by regular desiccation and that choosing the
right desiccation regime allows for cultivation at growth rates
comparable to non-desiccated cultures, but with significantly
less epizoan biomass and abundance. In the following

�Fig. 5 a–c Number of epizoans per 100 g of Fucus biomass (calculated
as epizoan-free) at the end of the experiment (31 July 2019). d Percentage
of epizoan weight of total harvested weight at the end of the experiment
(31 July 2019). For all graphs, treatments were compared statistically
within species (one-way ANOVA, roman letters). For species compari-
son, the controls were compared by Welch’s t test (italic letters). Error
bars indicate standard deviation, different letters indicate statistically sig-
nificant differences, n = 3, except for F. vesiculosus 1 × 60%, where n = 2
for all graphs
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sections, the effects on Fucus growth and epizoan size and
abundance will be discussed separately.

Fucus growth

The results clearly demonstrate individual differences be-
tween the two Fucus species with respect to survival and
growth performance under desiccation conditions. Fucus
vesiculosus generally showed significantly higher growth
rates (control: 3.27% day−1) than F. serratus (control: 2.12%
day−1), which corresponds with data of our other cultivation
experiments (Meichssner et al. in prep.).

Fucus vesiculosus appeared to be extremely tolerant to
desiccation and was able to maintain considerable growth
rates at weekly desiccations to 40% of its ww. This is not
surprising as this species is adapted to intertidal habitats with
regular desiccation (Schonbeck and Norton 1978; Andreev
et al. 2012). However, the Baltic Sea populations are only
subject to irregular desiccations caused by wind driven sea
level changes (pseudo-tidal) and show some adaptation to-
wards lower desiccation resistance compared with e.g. North
Sea individuals (Pearson et al. 2000). Fucus serratus was less
resistant than F. vesiculosus and degraded at desiccations to
60% of its ww (Schonbeck and Norton 1979a; Andreev et al.
2012). In the Baltic Sea, this species is air exposed only during
extreme weather events. This is in contrast to the rest of its
distributional range along North Atlantic coasts, where it
forms a belt in the intertidal right below the F. vesiculosus belt
and experiences desiccation on a daily basis (Schonbeck and
Norton 1978; Contreras-Porcia et al. 2017). It seems that the
Baltic Sea population has adapted or acclimated to a very low
desiccation risk which has not been experimentally investigat-
ed as it has been for F. vesiculosus by Pearson et al. (2000).

If desiccation regimes applied in the course of the experi-
ment were non-lethal (all but the 1 × 60% treatment for
F. serratus which was replaced by 3 × 90%), the effects on
the growth rates were very small. Only the harsh treatments
(1 × 40%, 1 × 60%) applied to F. vesiculosus yielded a statis-
tically significant reduction of the growth rate when compared
with the control. All other treatments did not result in statisti-
cally significant growth reductions compared with their re-
spective control within the 7-week period. Given these results,
there seems to be a species-specific threshold of desiccation
intensity (percentage of ww desiccated to), below which the
thalli die and above which the growth is only slightly impact-
ed, either by minor damages of the metabolism which can be
repaired on little costs with respect to growth, or by a slight
reduction of the metabolism. Generally, this result supports
the applicability of this method for aquacultural purposes. It
is also in line with Schramm (1968), who found that Baltic Sea
F. vesiculosus thalli desiccated to 60% and 30% of ww show
very similar relative assimilation rates over time (indicating
similar growth rates) while thalli desiccated to less than 30%

of ww show reduced assimilation rates and die after some
days. Thus, the threshold seems to lie at about 30% of ww
for F. vesiculosus. For Baltic Sea F. serratus, the threshold is
not exactly known, but based on our results, it seems to lie
above 60% of ww.

The air temperature during desiccation may also affect sur-
vival and growth ofFucus thalli (Brinkhuis et al. 1976; Quadir
et al. 1979; Gylle et al. 2009). However, as the temperatures
during the desiccations were more or less equal for all treat-
ments, we assume that the observed effects on Fucus growth
resulted from the degree of desiccation rather than the air
temperature during desiccation. The data of Schramm
(1968), who could show that only air temperatures above
30 °C impact F. vesiculosus survival and that photosynthesis
rates of thalli at different moderate desiccation regimes are
similar at temperatures below 30 °C (which reflects the con-
ditions during our experiment), confirm this assumption (but
see Gylle et al. 2009).

The factor season (and hence water temperature, light con-
ditions, and nutrient concentrations) may also impact the des-
iccation tolerance (Davison and Pearson 1996). Schonbeck
and Norton (1979a, b) found higher desiccation tolerance in
summer than in winter for F. spiralis (see also Haring et al.
2002), yet this has not been investigated for Baltic Sea
F. vesiculosus and F. serratus. Another factor worth investi-
gating in the cultivated Fucus species is drought-hardening,
i.e. the increased tolerance due to frequent desiccations
(Schonbeck and Norton 1979a, b), which was also not within
the scope of this study.

Summarizing the effect of desiccation on the growth rate of
cultivated Fucus thalli, it can be stated that non-lethal regimes
reduce growth rates only slightly which allows for the aqua-
cultural use of these regimes.

The appropriate desiccation levels, however, have to be
determined for every cultivated species and/or population
individually.

Epizoans

In most cases, the desiccation treatments led to significant
reductions of epizoan weight as well as epizoan abundance.
In this context, the effects on the epizoan weight reflect their
growth after they have successfully settled, metamorphosized,
and developed on the thalli, while the effects on the abundance
reflect the initial larval settlement success and subsequent
survival.

The weights of E. pilosa and A. improvisus were signifi-
cantly reduced by all desiccation treatments, the bivalve
weight was also visibly reduced but not to the same extent
as in the other two epizoans and statistically not significant.
The strongest effect was observed on the size of E. pilosa; the
colonies in the 1 × 40% and the 3 × 80% treatment
(F. vesiculosus) consisted of less than 50 zooids while
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colonies in the control treatment had areas of several cm2,
consisting of hundreds of zooids.

In contrast to the other two epizoans, which are colonizing
intertidal locations in the Atlantic and pseudo-tidal locations
in the Baltic Sea, E. pilosa is a low inter- to subtidal species
(Yorke and Metaxas 2011) and hence less resistant to desic-
cation. This was also clearly visible in the abundance data,
where the strongest effects of desiccation were observed on
E. pilosa. Especially the harsh treatments (F. vesiculosus: 1 ×
60%, 1 × 40%) reduced the number drastically, in case of 1 ×
40% even to zero. However, for E. pilosa even mild desicca-
tions seem to be critical for survival, since no significant dif-
ferences were observed between the different desiccation
treatments.

The bivalves were equally affected by intensity and fre-
quency of the desiccation, albeit their overall susceptibility
was lower than that of the other two groups. Like
A. improvisus, the bivalves seem to be most susceptible in
the early settlement phase and therefore their number was
successfully reduced by frequent desiccations. At the
same time, harsh desiccations seem to be lethal even
some days after settlement, visible by significantly less
individuals in the F. vesiculosus 1 × 40% treatment than in the
1 × 80% treatment, which conforms to data of Jenewein and
Gosselin (2013).

The abundance of A. improvisus was significantly more
reduced by frequent mild desiccations than by single harsh
desiccations, indicating that only the settling cypris larvae
and possibly the early post-metamorphic stages of this species
are intolerant to desiccation (Foster 1971a; Essock-Burns et al.
2017). In most of the cases, frequent desiccations every 2–
3 days, as in the 3 × 80% (F. vesiculosus) and the 3 × 90%
(F. serratus) treatment, did probably not allow for the suffi-
cient development of structures necessary for desiccation re-
sistance. Single desiccations per week seem to offer enough
time for the formation of these structures; the developing adult
stages were then able to survive even harsh desiccation
treatments.

Epiphytes were scarce on the thalli in our experiment, be-
cause their biomass peak onBaltic Sea Fucus thalli is in spring
(Rickert et al. 2015). Generally, we chose to study the effect of
desiccation on epizoans and not on epiphytes, because epi-
phytes usually disappear after their growth period from the
cultivated biomass and thus, despite their negative impact on
Fucus growth (Rohde et al. 2008), do not have harmful effects
on the quality of the biomass. Epizoans, by contrast, remain
on the thalli once they have settled and thus drastically lower
the quality and usability of the biomass. Our cultivation trials
have shown that epiphytism is only a temporary problem
while epizoans jeopardize the entire cultivation outcome.

Periodic air exposure and the concomitant desiccation are a
determining factor for the distribution of species at intertidal
locations (e.g. Foster 1971b; Boese et al. 2005). If the

physiological desiccation resistance of the algal host and the
epibiont are not equal, desiccation affects the colonization of
the algal host. The data presented here underline this fact and
show that this principle can be used in the aquaculture of
Fucus species in order to reduce the amount of epizoans.
Most successful are frequent mild desiccations because they
only cause minor growth rate reductions of the cultivated thalli
and at the same time have a strongly reducing effect on the
weight and abundance of epizoans. Three desiccations to 80%
of ww reduced the epizoan share of the total harvest of
F. vesiculosus from 13.0 to 1.8%, while the thallus growth
rate was not significantly impacted. The resulting pure
F. vesiculosus biomass (calculated as epizoan-free) was there-
fore higher in the 3 × 80% treatment than in the control (al-
though the difference was not significant). For F. serratus, the
epizoan share of the harvest was even reduced from 19.0% in
the control to 1.0% in the 3 × 90% treatment. Here, the ob-
served differences in the initial growth rate also disappeared in
the final weight. These results indicate that the high epizoan
load in the controls reduced their growth rates during the last
month of the experiment leading to equal final weights at the
end of the experiment despite of unequal initial growth rates.
Considering these results, desiccation is absolutely necessary
in order to maintain maximal growth rates and produce bio-
mass which shows little epizoan colonization and is thus ready
for market demands.

Of course, desiccation is not the only abiotic factor deter-
mining the amount of epizoans on seaweed thalli. Drag
enforced by water motion does also influence the number of
successfully settling epizoan larvae (Koehl 2007). In our cul-
ture system, the drag forces were almost zero, because the
thalli were freely floating and hence able to move with the
waves. This may explain the very high abundance of epizoans
on the control thalli when compared with local field popula-
tions of F. vesiculosus and F. serratus that grow permanently
submerged and show only very little epizoan colonization
(Rickert et al. 2015). These populations grow attached by a
holdfast, thus each water motion exerts drag forces on objects
at the thallus surface possibly dislodging settling larvae.

Due to the absence of strong wave activity in the cultiva-
tion baskets, the whiplash effect, i.e. the process by which
thalli by “continuous movement […] clean the adjacent […]
surface and their own surface” (Kiirikki 1996), was also ab-
sent, which may have added to the striking difference between
culture and field populations.

Apart from abiotic factors, biotic interactions play a crucial
role in the colonization of seaweed thalli (e.g. Wahl and Hay
1995; Karez et al. 2000; Wahl et al. 2010). An important
difference between the local field populations and the culture
populations was that the snail Littorina littorea, which is very
abundant in the field, was absent in the culture baskets. This
snail efficiently grazes and/or bulldozes the epifauna and
epiflora at the surface of Fucus thalli, probably removing a
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huge proportion of settling epizoan larvae (Lubchenco 1983;
Watson and Norton 1985; Buschmann 2000). This “cleaning”
did not happen in our experiment.

Additionally, the seaweeds and/or associated bacteria pro-
duce substances, e.g. diterpenes or phlorotannins, which re-
duce larval settlement (da Gama et al. 2014; Rickert et al.
2015). At the same time, some epizoans have preferences
for specific host species in response to their respective surface
chemistry (Matson et al. 2010; Denley et al. 2014).
Differences in this anti-fouling/preference interaction may ex-
plain the significantly higher abundance of A. improvisus and
E. pilosa onF. serratus controls compared withF. vesiculosus
controls. For E. pilosa, neither data on anti-fouling activity by
Fucus species nor data on preference behavior of the
cyphonautes larvae are published. Yet, both Fucus species
are known to produce phlorotannins against the settlement
of A. improvisus (Brock et al. 2007). In the study of Rickert
et al. (2015), the deterring effect of F. serratus surface extracts
against A. improvisus settlement was stronger than the effect
ofF. vesiculosus surface extracts, which contradicts the results
of our experiment. However, the same authors could not find a
stringent connection between anti-fouling activity of surface
extracts and realized fouling community on the thalli.

Therefore, anti-fouling activity and/or choice behavior
could still be an explanation for the huge differences between
the colonization of the F. vesiculosus and the F. serratus con-
trol. In general, the influence of the culture conditions of our
experiment, as well as the effect of the desiccation regimes on
this complex interaction system, is unclear.

From the results presented here, only the effect of the abi-
otic factor desiccation can be inferred and it remains unclear if
this factor acts directly on the epizoans and/or also indirectly
via an impact on biotic interactions. However, for the aqua-
cultural application, the actual effect is of greater interest than
its precise origin.

Practical issues

In this experiment, the cultivated biomass was desiccated
to the targeted percentage of ww by regular weighing.
This is of course not possible in large-scale aquaculture.
Therefore, it is necessary to experimentally examine the
evaporation of water from the cultivated thalli depending
on the vapor pressure deficits that occur under the air
temperature, air humidity, and wind conditions present
at the cultivation site and can be calculated from those.
Once these values have been determined, desiccation
times can then be chosen according to the current or fore-
casted weather conditions. In this experiment, the thalli
were desiccated in the shadow of an awning to avoid
strong desiccation differences due to microclimatic differ-
ences between sun-exposed and shaded thalli. Of course,
large aquaculture facilities can hardly be overshadowed

by an awning; therefore, desiccation during the night
may be a suitable alternative having also the advantage
of less extreme temperature fluctuations and thus more
predictable desiccation conditions.

Conclusion and outlook

The results clearly demonstrate that regular desiccation
by air exposure reduces the amount of epizoans on cul-
tivated Fucus biomass, on F. vesiculosus, and on
F. serratus. At the same time, the applied desiccation
regimes did not lower the growth rates significantly or
at least not to levels unacceptable for cultivation pur-
poses. We therefore conclude that the tested approach
can be used as an effective measure to reduce epizoan
fouling in Fucus aquaculture. In this study, we of course
only tested the biological basics; a technically feasible
large-scale solution for the implementation of this meth-
od in a Fucus farm was not the aim of this study and
requires further development. One possible solution
would be the regular elevation of net cages by inflatable
floating bodies installed below the cages. The positive
effects of desiccation on the fouling of the thalli found
in this study can be equally expected on cage and other
installation material used in an aquaculture farm.
Therefore, a full emersion of entire cages would not only
be practical but also beneficial for the cleanliness and
thus the water permeability of the cages. During the ex-
periment presented here, no grazing marks were observed
on the thalli; however, amphipods, isopods, and snails
are usually present in the cultivation baskets and may
cause severe biomass losses in Fucus aquaculture. As
at least amphipods and isopods are very susceptible to
desiccation, the emersion of entire cages would probably
also be an effective means to reduce grazing pressure in
commercial cultures.
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