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ABSTRACT: The impact of moderate environmental stress may be modulated by stress-induced
shifts of biotic interactions such as host—epibiont relationships. We studied the stress regime in shal-
low Western Baltic habitats, the variability of fouling at different temporal and spatial scales, and
whether common stressors—low light, high temperature and grazing— affect the abundance and
composition of the biofilm on a regionally important macroalga, the bladder wrack Fucus vesiculosus.
We further explored the alga's capacity to chemically modulate the recruitment of microfoulers and
analyzed whether this ability is impacted by stress. In laboratory, mesocosm and field experiments,
fouling pressure and epibiotic cover on the alga varied strongly with changing environmental condi-
tions such as temperature, irradiance, depth and grazing. The expectation that abiotic stress affects
the fouling-modulating ability of the alga and thus indirectly produces the observed variability of epi-
biosis was not generally confirmed. Indeed, while the strength of chemical antifouling resistance var-
ied seasonally, with a maximum in winter—spring and a minimum in late summer, this could not be
related to temporal patterns of environmental stress, fouling pressure, or growth of F. vesiculosus.
Only the seasonal variation in reproduction seemed to be in phase with antifouling activity. Con-
trolled experiments confirmed that resistance strength was not affected by temperature or grazing,
and only moderately by light. We conclude that the fouling modulation ability of F. vesiculosus
may suffer from light reduction (e.g. by eutrophication effects), but is not sensitive to predicted
warming or enhanced grazing.
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INTRODUCTION

Marine organisms are exposed to an almost unceas-
ing fouling pressure, which is spatially and seasonally
variable in intensity and species composition. Typically,
1 ml of seawater contains 10! to 10% larvae and spores,
103 fungal cells, 10% bacteria and 107 viruses (reviewed
in Harder 2008). Most of these require a solid-liquid
interface for best performance and development. In
most shallow marine habitats, non-defended surfaces
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are covered to 100% and more within a few months
(e.g. Richmond & Seed 1991, Railkin 2004). Micro- and
macrofouling may profoundly change the optical, me-
chanical, physical and chemical properties of the body
surface of marine organisms and, consequently, all in-
teractions linked in some way to these properties. Be-
sides the direct effects on the host, epibiotic communi-
ties may affect the host's access to resources (e.g.
Harder 2008), its susceptibility to fouling (Holmstrom &
Kjelleberg 1999, Dobretsov 2008) or its susceptibility to
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grazing effects (e.g. Enderlein et al. 2003, Korpinen et
al. 2007a). Since most fouling effects are not neutral
(Wahl 2008), many marine organisms have developed
mechanisms to modulate the colonization of their body
surfaces to some extent (e.g. Paul & Ritson-Williams
2008). Mechanical and chemical adaptations have been
described; these frequently form multiple systems
(Wahl et al. 1998).

If the deployment of resistance traits incurs energy
costs which compete with other metabolic budgets (e.g.
Harvell 1998) and if energy is limiting (Jormalainen &
Ramsay 2009), then producing resistance traits only
when needed should be selectively favoured (Tollrian &
Harvell 1999). While the bladder wrack Fucus vesiculo-
sus is capable of inducing or reducing its chemical re-
sistance to mesograzers according to grazing pressure
(Rohde & Wahl 2008a), no similar information is avail-
able for antifouling resistance of this or any other algal
species. We do not know whether, nor do we know how
antifeeding and antifouling resistance interact within
the producer alga. They could be independent of each
other, antagonistic if competing for limiting resources
or linked by shared biosynthetic pathways.

Environmental stress such as extreme temperature
or low light may impose additional energy costs for
protective or repair mechanisms (e.g. Dethier et al.
2005). This could jeopardize the production of resis-
tance, in particular when the defenses are not constitu-
tive but regulated. Abiotic and biotic stressors (e.g.
grazing) may interact, but we know little about multi-
ple stressor action and interactive feedback (Vine-
brooke et al. 2004, Christensen et al. 2006).

In the Western Baltic, the bladder wrack Fucus vesi-
culosus occurs mainly between mean sea surface level
(MSSL) and 3 m depth. A variety of abiotic stresses are
common in this habitat, some with a tendency to
increase in the course of climate change. Candidates
with a high potential for impact on F. vesiculosus in
this habitat are mechanical stress through wave action
or ice, extreme temperatures, high and low light,
intense grazing and acidified conditions (e.g. Pavia et
al. 1997, Korpinen et al. 2007a, Jormalainen et al. 2008,
Dethier & Williams 2009, Krause-Jensen et al. 2009).
According to most climate change scenarios, in the
Western Baltic, stress caused by high temperature,
high nutrient load, fluctuating salinity, low light and,
more indirectly related to climate change, epibiosis
and mesograzing will increase, while ice scouring will
decrease (IPCC 2007, BACC Author Team 2008). F.
vesiculosus has already retreated from the deeper
parts of its former distribution during past decades
(Vogt & Schramm 1991), presumably due to a com-
bined action of the stressors eutrophication, epibiosis
and grazing (Rohde et al. 2008, Jormalainen & Ramsay
2009, Krause-Jensen et al. 2009).

Abiotic as well as biotic stress may be modulated by
epibiosis (Wahl 2008). Fouled algae may be more sus-
ceptible to drag or shading (e.g. Rohde et al. 2008), but
less sensitive to light inhibition or damaging effects of
UV radiation at shallow depths (e.g. Penhale 1977,
Biermann et al. 1992). Low nutrient stress can be en-
hanced by epiphytes competing for the same re-
sources, but scarce micronutrients can also be pro-
vided by biofilm components (Ericcson & Lewis 1953,
Fries 1982, Matsuo et al. 2005). Epibionts may attract
or repel potential consumers of their host and thus
modulate this biotic stressor (e.g. Wahl & Hay 1995,
Jormalainen et al. 2008).

We recently described that the composition of bacte-
rial biofilms on Fucus vesiculosus, usually the first
phase of colonization, is quite distinct from the bacter-
ial colonizer pool in the seawater and the biofilms of
neighbouring algae or non-living substrata (Lachnit et
al. 2009). On the other hand, the composition of the
bacterial biofilm on F. vesiculosus varies with season
and between conspecific hosts to some extent (Lachnit
et al. 2010). This heterogeneity probably reflects sea-
sonal variability of fouling plus variability of surface
properties of the hosts. The latter could be caused by
fluctuations of the algal metabolites modulating micro-
fouling, as shown for other species (Hellio et al. 2004).

To shed some light onto these questions we pro-
ceeded in 4 steps: (1) characterization of the abiotic
regime in a typical Fucus vesiculosus habitat of the
Western Baltic, (2) assessment of the variability in
microfouling pressure with temperature and depth, (3)
characterization of the microfouling on F. vesiculosus
and (4) investigation of the ability of F. vesiculosus to
modulate microfouling in different stress scenarios. We
present the findings from a series of experiments
in this sequence. Due to the complexity of the matter,
the resulting picture is far from complete. Our main
intention is to explore the ecological potential of
the feedback loops between abiotic stressors and bio-
tic interactions, and hopefully prompt further research
on the topic of biotic interactions modulating environ-
mental stress.

MATERIALS AND METHODS

Plant material. Unless mentioned otherwise, Fucus
vesiculosus plants were freshly collected from the lit-
toral zone of Kiel Fjord (54°26'N, 10°11'E) in individ-
ually sealed zip-lock bags. During transportation to the
laboratory, algal thalli were kept in a cool box.

Gradients and fluctuations in the abiotic under-
water regime. The light and temperature regime at
different depths was assessed at 10 min intervals by a
chain of loggers (HOBO®, Onset Computer Corpora-
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tion) exposed above water (+5 m) and close to the sea
floor at 0.5 m steps between 0 and 5 m depth between
May 2008 and March 2009 at the sampling site. Salin-
ity, pH and pCO, were measured every 2 wk between
May and September 2009 in Kiel Fjord using a Sea &
Sun Technology multiprobe.

Reduction of light transmission by biofilms at dif-
ferent temperatures and depths. To assess how one
aspect of season, i.e. temperature, affects the density
and, consequently, the shading effect of biofilms for a
given colonizer pool, transparent Plexiglas discs (dia-
meter 1 cm) were exposed to a flow-through of unfil-
tered natural fjord water heated or cooled to different
temperatures (5, 10, 15, 20 and 25°C, 3 replicates) in
low light levels (20 umol m~2 s71). After 3 wk, the light
transmission through the biofilm was measured at dif-
ferent wavelengths between 280 and 610 nm (Hidex
Chameleon).

Variability of microbial fouling pressure with
depth. Plexiglas discs were exposed to natural fouling
at different depths (0, 1, 2, 3, 4, 5 and 6 m; 3 replicates)
in Kiel Fjord in June 2008. The water temperature dur-
ing this incubation was between 16 and 18°C at all
depths. After 2 wk, light absorbance by the developed
biofilm was measured as described above.

Quantitative and qualitative analyses of biofilms.
Harvesting the biofilm on algae was done by swabbing
a defined area of the fouled surface (either 1 or 2 cm?)
with a sterile cotton tip, followed by intense vortexing of
the tip in an Eppendorf vial containing 1 ml of sterile sea-
water. In grazing experiments, bacteria were swabbed
from grazed thallus portions. Bacteria and diatoms were
subsequently quantified by several methods. The rela-
tive abundance of the photoautotrophs (mainly diatoms,
sometimes also cyanobacteria) in a 100 pl subsample of
the biofilm suspension was assessed as fluorescence of
chlorophyll a (excitation 485 nm, emission 677 nm) using
a platereader (Hidex Chameleon). Subsequently, the
suspension was filtered through a 5 pm pore filter to
eliminate the photoautotrophs. DNA of particles <5 pm
(mostly bacteria) was stained with Syto 9 (500 nM,
10 min staining time). The relative bacterial density in a
100 pl subsample was then assessed as fluorescence
(excitation 477 to 491 nm, emission 540 nm) using the
same equipment. For a more absolute measure of bacte-
rial abundance, bacterial suspensions were filtered
through a blackened nitrate cellulose filter (0.2 pm pore
width, DHI), DAPI-stained and counted under an epiflu-
orescence microscope (Coleman 1980). The bacterial
composition of biofilms was investigated by DGGE as
described in Lachnit et al. (2009) and/or by restriction
fragment length polymorphism (RFLP) followed by se-
quencing. For this last approach, total DNA was ex-
tracted and then amplified with a eubacterial pair of
primers: 355F forward (5'-ACTCCTACGGGAGGC

AGC-3'; Amann et al. 1990) and 1492R reversal (5'-GGY
TACCCTGTTACGACTT-3'; Eden et al. 1991). RFLP
analysis was performed using Haelll (Boehringer
Mannheim Biochemicals) as a restriction enzyme. The
band patterns obtained were analyzed using the Gel-
Buddy software (www.gelbuddy.org) and compared us-
ing the Primer software package. To this end, migration
distance was assimilated to species and the sum of pres-
ences/absences of bands at given distances constituted
the community composition, which was compared
among samples by a Bray-Curtis similarity analysis (for
more details on the RFLP and its analysis, see Dobretsov
et al. 2006a). In order to identify the bacterial species that
were represented by different bands, the pre-cut DNA
was cloned using the pCR4-Topo TA cloning kit (Invitro-
gen) according to the user's manual. In total, 144 positive
clones were further sequenced and their sequences
were aligned with the Basic Local Alignment Search
Tool nucleotide database of the National Center for
Biotechnology Information for rough identification.
Biofilms on Fucus vesiculosus. To assess variability
in bacterial epibiosis between conspecific algae, we
collected 15 individuals of F. vesiculosus growing be-
tween 1 and 10 m apart in the same habitat. The
biofilm swabbed from F. vesiculosus was quantified by
fluorescence and qualified by RFLP and cloning. To as-
sess whether putative stress affects microbial fouling
on F. vesiculosus, we examined the density, and oc-
casionally also the composition, of biofilms on algal
individuals with different stress histories: in the natural
shallow habitat (presumably unstressed), or main-
tained in flow-through aquaria (unfiltered fjord water,
1-2 1 min!) for 2 wk under a variation of stress condi-
tions applied either singly or in combination, i.e.
(1) 'unstressed’ (natural sunlight, ambient fjord water
temperature (16°C, SD 1.5°C), (2) ‘shaded’ (20% of
natural sunlight, fjord temperature), (3) pulse-warmed
to 35°C for 2 h (simulating periodic heating during
emersion) which resulted in an increase of mean tem-
perature to 17.4°C and an increase of the temporal
variability of temperature (SD 3.8°C), (4) artificial irra-
diation (Osram Fluora L 36 W/77 and Osram Lumilux L
36W/840) of 20, 30, 50, or 75 umol m~2 s~! during day-
light hours (where levels below 30 are considered
stressfully low) , and (5) grazing by ca. 1 isopod Idotea
baltica (a major local consumer of F. vesiculosus) per
10 g wet weight of alga, which is a consumer-prey ra-
tio commonly found in the field (bacteria swabbed
from grazed algae, Weinberger et al. 2008). The treat-
ment duration of typically 2 (rarely 3) wk was chosen
because, with regard to other response variables (e.g.
antifeeding resistance), F. vesiculosus was shown to
react to stress with a lag of 10 to 14 d (Rohde & Wahl
2008a). Irradiation was monitored by a LI-1400 quan-
tameter (LI-COR), and temperature treatments were
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monitored using loggers (HOBO®, Onset Computer
Corporation). In the experiment investigating the in-
teractive effects of light and grazing on the composi-
tion of epibacterial communities (144 clones of epibac-
teria were sequenced), the high work load necessary
for the cloning and sequencing of entire communities
required low replication (n = 2). Consequently, in this
case no statistical analysis was run and results should
be considered descriptive.

Analysis of fouling-modulating ability. The chemi-
cal fouling-modulating activity was usually tested in
surface extracts containing only metabolites found on
the thallus surface and the adhering boundary layer,
and only occasionally in whole extracts of an alga,
which were obtained by extracting the entire tissue of
an alga and not only its surface boundary layer. After
spin-drying the algae in a salad spinner for 20 s, Fucus
vesiculosus plants were surface-extracted by dipping
them in a hexane:methanol (1:1) mixture for 10 s (for
detailed methods see Lachnit et al. 2010). For the com-
plete extraction, algae were freeze-dried, ground and
extracted with dichloromethane:methanol (1:1). In all
cases, the extracts were dried, weighed, re-dissolved
in dimethylsulphoxide (DMSO) and tested at natural
concentrations expressed as mg metabolites per ml
F. vesiculosus extracted. For the surface extraction, the
extracted volume was calculated as algal surface area
X 30 pm estimated boundary layer thickness. Sur-
face area was obtained by image analysis (ImageJ,
National Institutes of Health) of photos. Since the
water in the surface extraction represents the volume
of the boundary layer after spin-drying the alga, the
boundary layer thickness could be calculated as the
volume of the water residue after evaporation of the
organic solvents divided by surface area (details in
Lachnit et al. 2010). Bacteria and diatoms were never
exposed to DMSO concentrations exceeding 4 %, since
DMSO becomes toxic beyond 5% (pilot tests).

Target organisms in the antimicrobial bioassays
were common marine bacteria (Bacillus aquimaris and
Cytophaga sp.), strains isolated from local algal thalli
(Pseudoalteromonas sp., FUCUS?2 [unidentified], Tena-
cibaculum adriaticum, Flavobacterium sp., Rheinheim-
eria baltica and Pseudoalteromonas tunicata) and a
marine diatom (Amphora sp.). Two responses were
quantified, i.e. settlement and growth (population
growth by cell division). For the settlement assay, pre-
grown bacteria were transferred to a Greiner multi-
well plate (96 wells, flat bottom). Crude extracts were
dissolved in DMSO (4% final concentration) and
added at natural concentrations to half of the repli-
cates, while in the other half of the wells microbes
were allowed to settle in the absence of extract (but
with DMSO). The multi-well plates were placed on a
shaking table at 28°C (the temperature of optimal

growth), and bacteria were allowed to attach for 1 h.
Subsequently, the bacterial suspension was removed
from the wells, and non-attached cells were removed
by gently rinsing twice with sterile filtered seawater.
Bacteria were quantified by fluorescence after DNA
staining (see above). For the growth assay, bacteria
that had settled in the absence of extracts for 1 h were
allowed to grow for 24 h in medium with and without
extract on a shaker at 28°C. This relatively high tem-
perature was chosen because the strains grew best in
warmer conditions: extracts being concentrated at
30°C should not be degraded at 28°C, and comparative
pilot tests had shown that the strains' average sensitiv-
ity to algal extracts did not differ between 20 and 28°C
experimental temperature (f-test, n = 35, p = 0.09).
After the growth phase, the suspension was removed
from the wells, and fluorescence of attached bacteria
was measured as described above. The strength of
algal resistance to bacterial fouling is expressed as the
log effect ratio (i.e. decimal logarithm of the ratio of tar-
get strain abundance in the presence versus absence of
extract; Wahl et al. 2004). Assays with diatoms differed
from those with bacteria only insofar as settlement
time was 3 h rather than 1 h (for growth, 120 h rather
than 24 h was allowed), the experimental temperature
was 20°C and chlorophyll a fluorescence rather than
Syto 9 fluorescence was measured. In one experiment,
the paper disc diffusion assay was used: 20 pl of the
extract solution were transferred to a 6 mm paper disc
and evaporated. These discs were deposited on agar
inoculated with one of the bacterial target strains. The
concentration of the solution was such that it would
produce a near-natural concentration after diffusing
into an agar hemisphere of twice the diameter of the
disc (i.e. 12 mm)—a typical diffusion rate within 24 h
as determined beforehand by a variety of dyes. Antimi-
crobial activity was quantified as the size (area or dia-
meter) of the inhibition zone with regard to a given tar-
get strain. Since strains differed in sensitivity, when
the average activity (versus several strains) of different
extracts was to be compared, effects of the extracts
were ranked within each target strain and an average
rank was then calculated per extract.

Variability of antimicrofouling resistance. Fucus
vesiculosus individuals, microbial strains and res-
ponse variables: Antimicrobial resistance was com-
pared using extracts from 70 F. vesiculosus individuals
collected at different sites in Kiel Fjord in 2008 and
2009. The variability of effect strength was assessed for
the 8 target strains used (see above) and for the 2
response variables examined (settlement and growth)
using the bioassays described.

Sites and seasons: Individual Fucus vesiculosus
plants were collected from 3 sites in the Kiel Bight
(Strande, 54°25'23.51" N, 10°10'34.85" E; Huberts-
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berg, 54°22'47.00" N, 10°32'23.33"E; and Aschau,
54°27'45.51" N, 9°56'04.98" E) at monthly intervals
over 1 yr. Whole extracts were tested for activity
against settlement and growth (platereader assays) of
a variety of bacterial strains. The level of replication
per site and month was 3, but since no differences
were found between sites, all individuals of a given
month were treated as 1 sample with 9 replicates.

Depth (light): Individual Fucus vesiculosus plants
were exposed at different depths below MSSL (1, 4
and 6 m), attached to ropes for 2 wk. Replication was 3-
fold. Subsequently, algae were surface-extracted.
Anti-growth activity of each algal individual was
quantified using the paper disc diffusion assay. The
level of sub-replication per algal individual in the bio-
assay was 3.

Low light: Fucus vesiculosus was maintained for
10 d in flow-through outdoor aquaria (301, ca. 50 1h™1).
Half of the aquaria were exposed to natural sunlight,
while the remaining aquaria were covered with 3 lay-
ers of black mosquito gauze which reduced incoming
sunlight by 80%. Replication was 6-fold. After the
treatment, antisettlement activity against Bacillus
aquimaris of the total methanol:hexane (1:1) extract
was assessed. In a further experiment, algae (in this
case Fucus vesiculosus from the Canadian east coast)
were exposed at 6 levels of shading from natural sun-
light (0, 43, 68, 81, 90 and 95 % shading). After 1 wk,
the activity of methanol surface extracts against the
growth of bacteria was tested. Replication was 3-fold.

Temperature X grazing: Fucus vesiculosus plants
were maintained individually for 2 wk at different tem-
peratures (8, 12, 16, 21 and 23°C). Nested within each
temperature treatment, 6 aquaria contained Idotea
baltica grazing on F. vesiculosus, while the algae in

the other 6 aquaria were ungrazed. Irradiation was
70 pmol m™2 s7! in a 16 h light:8 h dark cycle. After
2 wk, the F. vesiculosus individuals were surface-
extracted, and their activity with regard to settlement
and growth of Amphora sp. and Bacillus aquimaris was
assessed using the platereader assay.

Statistics. When data were normally distributed and
showed homogeneous variances, we used t-tests or
ANOVAs (1- or 2-factorial) for the comparison of treat-
ment effects, and linear or non-linear regression for the
exploration of relationships. For procedures where
normality and homoscedasticity were prerequisites but
where replication was too low to test the distribution
parameters, we either used non-parametric proce-
dures or followed recommendations to use parametric
testing but reduced the level of significance to 0.01 in
order to avoid Type 1 errors (Underwood 1997, Wake-
field & Murray 1998).

RESULTS
Underwater light and temperature regime

On a yearly average, light diminishes exponentially
with depth in Kiel Fjord. Already at a depth of 0.5 m, less
than 50 % of the incoming light is available for photosyn-
thesis, 30 % is available at 1 m, 10% at 3 m and 5% at
5 m. The absolute amounts obviously depend on the sea-
sonal level of irradiance which varied between a noon
maximum of 1780 pmol m2s~! in July and a noon mini-
mum of 5 pmol m2 s~! in December. Besides the mean of
irradiation, the amplitude of fluctuation also diminished
drastically between MSSL and 3 m depth (Fig. 1). In
the first meter of water, where Fucus vesiculosus is
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Fig. 1. Underwater stress regime. Mean (central symbol), SD (thick lines) and extremes (min.-max.: thin lines) of irradiation (H),
temperature (O), pH (®) and salinity (O) at various depths based on numerous measurements in Kiel Fjord between May 2008
and March 2009 (irradiation at noon, temperature) and between May and October 2009 (pH, salinity)
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Salinity ranged from 16 to 23 (mean =
18.2 = 1.8), pH from 7.5 to 8.1 (mean =
7.83 £ 0.20) and pCO, from 52 to 234 Pa
(mean=112.9+60.6 Pa); values are + SD.

Variability of biofilms and potential causes
Temperature

Shading by biofilms, a rough measure of thickness
and a direct measure of their impact on algal photosyn-
thesis, increased with temperature (Fig. 2a). Per
degree of warming, the shading effect of a 3 wk old
biofilm increased by 4 % on average, exceeding 90 %
at 25°C (R? = 0.95, p < 0.01). The density of diatoms
doubled every 6°C of warming and the density of
bacteria doubled every 7°C of warming (as quantified
by fluorescence, data not shown). As this is a single
measurement, it reflects the rate of colonization (i.e.
fouling pressure per 3 wk) at different temperatures.
Interestingly, the absorption by natural biofilms does
not seem to be wavelength-dependent across most
of the UVA and photosynthetically active radiation
range.

Depth (light)

The accumulation rates of biofilms on the transpar-
ent Plexiglas discs hardly varied with depth of expo-

Fig. 2. Fouling pressure as assessed by reduction in light transmission through a 2
to 3 wk old biofilm grown under (a) variable temperature regimes in flow-through
with untreated fjord water (3 wk exposure, transmission at 340 to 610 nm, n = 3)
and (b) at different water depths in situ (2 wk exposure, 485 nm, n = 3). Error bars

are 95% CI

sure (Fig. 2b). At all water depths, the decrease in light
transmission caused by the biofilms ranged between
35 and 48 %. Thus, at the same temperature, the micro-
bial fouling pressure (in terms of shading effect) seems
to be quantitatively relatively constant in the depth
range of Fucus vesiculosus distribution.

Host individual

The similarity of epibacterial communities based on
the analysis of 144 clones from 15 Fucus vesiculosus
individuals sampled on the same day from the same
site ranged between 70 and 90 %. Epibacterial density
on average (+SD) was 7.7 x 10°% + 2.2 x 10° cells per cm?
of algal thallus, which corresponds to a cover by the
biofilm of 3.8 + 1.1 %, assuming an average projected
area of 0.5 pm per bacterial cell. The variability in
biofilm cover among individual algae corresponded to
a coefficient of variation (CV) of ca. 30 %. Diatom cover
varied by a factor of 9 and the CV was around 75 % for
all thallus parts examined. Cover by epibiotic bacteria
or diatoms did not differ between young and old thal-
lus parts (paired t-test, p > 0.05 for both colonizer
groups).
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Light reduction and warming led to an increase of
epibacterial density. After 2 wk in a flow-through
aquarium with natural sunlight and ambient fjord tem-
perature, epibacterial coverage was 29 + 13% (mean
+SD) for algae, 56 + 20% for shaded algae and 95 +
36 % for pulse-warmed algae (Table 1). This increase
in the density of epibacteria was not accompanied by a
notable increase of variability among individuals (CV).

Light x temperature

The effects of light reduction and warming on the
Fucus vesiculosus biofilm are interactive and partly
counterintuitive (Table 2).Warming from 15 to 20°C
increased epibacterial numbers under high light of
70 pmol m~2 57! (e.g. 24 h dose at 1 m depth in Septem-
ber) by 30 %, but decreased their numbers under weak
light of 30 umol m~2 s7! (e.g. 24 dose at 3 m depth in
September) by 56% on average. At lower tempera-

Table 1. Epibacterial density expressed as % cover on Fucus vesiculosus in the
field, and after 2 wk in flow-through outdoor aquaria with different treatments
shaded: 20%
warmed: slightly increased mean and variance of temperature; n = 3). Variabil-
ity of epibacterial density among replicate individuals, expressed as coefficient
of variation, is not significantly affected by stress (1-way ANOVA and Tukey's

(unstressed: natural sunlight, fjord temperature;

tures, light did not affect epibacterial densities. Under
warmer conditions, shading decreased epibacterial
numbers by about 60 %.

Light x grazing

The composition of the epibacterial community was
affected by grazing and irradiation (Fig. 3, Table 3). In
the absence of grazers, shading reduced the propor-
tion of cyanobacterial strains in the biofilm while en-
hancing the relative abundance of Gammaproteo-
bacteria. In the absence of shading stress, grazing
favoured Alphaproteobacteria and disfavoured Cyano-
bacteria. Together, the 2 stressors strongly reduced
Alphaproteobacteria and completely eliminated Cyano-
bacteria and Deltaproteobacteria, whereas they strongly
favoured Bacteroidetes strains. Diversity of the biofilm
at this taxonomic level seems to be decreased by the
concerted action of the 2 stressors since the number of
groups present was reduced from 6 to 4,
and the dominance of Bacteroidetes
increased from <25 % in the 3 other sce-
narios to >50% under double stress.
Grazing did not affect the number of
epibacteria on Fucus vesiculosus (t-test,

sunlight;

HSD post hoc) t=0.24,n=100,p =0.8).
ANOVA SS df MS F P
Variability in algal modulation of

Treatment 30254.50 3 10084.83 31.05 <0.001 epibiotic biofilms
Error 9091.88 28 324.71

Variability among Fucus vesiculosus
Tukey's HSD Field Unstressed Shaded  Warmed T .

individuals and among target strains
1 Field 0.045 0.0002 <0.001
2 Unstressed  0.045 0.012 <0.001 All Fucus vesiculosus individuals (n =
3 Shaded 0.0002 0.012 <0.01 30) tested for anti-settlement and anti-
4 Warmed 0.0002 0.00017 0.007 growth activity against Cytophaga sp.

Table 2. Effects of light (75 versus 30 pmol m~2 s™!) and temperature (15 versus
20°C) on the density of bacteria on Fucus vesiculosus (2-way ANOVA and

and Bacillus aquimaris in this survey
were active (see the min.—-max. spread
in Fig. 4a). The modulating effects var-

Tukey's HSD post hoc) ied substantially between the 2 target

strains and the 2 response variables

ANOVA SS df MS p (growth versus settlement) measured.
Anti-growth activity was generally

E?Iﬁferature 1%2‘;3 1 1%8‘;3 1‘;3? 88314 stronger than anti-settlement activity,
Tgnperature x Light 662:783 1 662:783 43:12 <0..001 partlc.ularly versus Bacillus (results of t-
Error 553.285 36 15.369 tests in Fig. 4a). Among all tested F.
vesiculosus individuals, anti-settlement

Tukey's HSD Temperature  Light 1 2 3 4 and anti-growth strengths did not corre-
late for either of the 2 target bacteria

; ig gg 014 0.14 888(2)2 8(7)51-’5 (Cytophaga: R? =-0.04, p = 0.59, Bacillus:
3 20 30 00002 0.002 0,001 R? = 0.14I p = 0.06). The re51st.ance
4 20 75 0.5  0.015 0.0002 strength with regard to settlement did re-
late weakly between target species (R? =




40 Mar Ecol Prog Ser 411: 33-48, 2010

| Grazing effects

V

Low light Low light + grazers
o
High light High light + grazers

B

Fig. 3. Interactive influence of grazing and light on the composition of an epibi-
otic bacterial biofilm on Fucus vesiculosus: relative shifts in the prevalence of
different groups of bacteria found on F. vesiculosus exposed to 2 levels of irradi-
and 2 levels of graz-
ing (with and without isopods) for 2 wk. o: Alphaproteobacteria; B: Bacteroid-
etes; C: Cyanobacteria; y: Gammaproteobacteria; §: Deltaproteobacteria; white

ation (low light: 20 pmol m~2 s7%; high light: 59 pmol m2s7!)

section: remaining groups (n = 5)

Table 3. Interactive effects of grazing and shading on the
biofilm composition on Fucus vesiculosus. Shown are moderate
(-, +) and large (- —, ++) decreases and increases, respectively,
in the proportional abundance of major groups as quantified in
Fig. 3. Empty cells indicate weak effect. Light— 20 pmol m2 s}

Light+: 50 pmol m™2 s7!; G—: without grazers; G+: with grazers

Group Grazing Shading
Light- Light+ G- G+
Alphaproteobacteria -— + -
Bacteroidetes ++ ++
Cyanobacteria -— -— -— -
Gammaproteobacteria - ++
Deltaproteobacteria - -

0.29, p = 0.01), while this was not the case for growth
(R?=0.09, p =0.1). When testing the sensitivity of further
sediment or epibiotic bacterial strains to the extracts of
another batch of 30 F. vesiculosus individuals, we ob-
served strong strain-specificity in the responses
(Fig. 4b). As a trend, Gammaproteobacteria were more

strongly repelled than Bacteroidetes,
which, in the case of Flavobacterium,
were even attracted by the F. vesiculosus
extracts.

Variability among seasons

Independently of site, the anti-settle-
ment activity of Fucus vesiculosus
showed a clear seasonal pattern. The
change of activity strength during the
course of a year describes a sinus curve
(y = -0.21 + 0.25 x cos[0.497x +1.97],
R? = 0.74; Fig. 5a). Strongest repellence
was found in spring and early summer
(March, April and June), and the weak-
est in late summer and autumn (July,
August, September, October and
December). Growth and reproductive
cycles (Fig. 5b) were assessed in sepa-
rate projects (data courtesy of M.
Hamann and K. Maczassek, IFM-GEO-
MAR). Growth was low in spring,
reached a maximum rate (6% surface
area increase per day) in June and
ceased in October. Reproduction was
maximal in spring (March to May),
with a second small peak in autumn
and ran at a reduced level throughout
the entire year.

s108ye Buipeys

Variability of defense with depth

When exposed at different depths for 2 wk, antibac-
terial resistance was significantly affected (Table 4).
The resistance of algae grown at 6 m depth was
reduced by almost 50 % compared to algae grown at
the intermediate depth (4 m) and was, albeit non-sig-
nificantly, less than that of algae grown at 1 m depth.

Variability of defense with light regime

While the algae exposed to full sunlight exhibited
moderate anti-settlement activity (34 % reduction of
settlement by Bacillus aquimaris), this resistance was
significantly (1-tailed ¢-test, n = 6, p = 0.03) reduced by
22% when the algae were shaded to a level which
corresponds to a water depth of 1.5 m for 10 d. Antibi-
otic resistance of algae exposed to a wider and more
finely resolved shading gradient showed a more com-
plex pattern. The relatively weak antibiotic resistance
of the more apolar extract was not affected by light. In
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Cytophaga Bacillus consumers. In contrast, growth of dia-
0 Growth Settlement Growth Settlement toms was not, or only weakly, inhibited.
a Within a given temperature regime,
-0.2 grazing (which induced a chemical anti-
% 04 grazing resistance in the algae in the
£ = same experiment; see F. Weinberger-
g § -0.6 pers. obs.) never affected the antimicro-
43 E ~0.8 bial resistance, with the unique excep-
> tion of diatom growth at 12°C. No
= % -1 indication for an interaction between
<():') §; ) the induction of antigrazing resistance
= [ t=8.36, p < 0.0001 | and the deployment of antifouling resis-
-1.4 t = 4.25. p < 0.0001 ¢ = 22,69, p < 0.0001 tance was detected. No indication of a
1.6 A e | general decrease or increase of resis-
tance strength with higher tempera-
04 tures was evident. In the cases where
2 = b resistance was affected by temperature,
% g 0.21 the effect size was relatively small
f 5 0 ‘ ‘ ﬁlﬁ ‘ | ‘ (Fig. 7, Table S1 in the supplement at
5 g | \—|—‘ LlJ www.int-res.com/articles/suppl/m411
£ 8702 p033_supp.pdf).
2’
£ 806 DISCUSSION
< s ,
Pt Psp Rb n.l. Ta Fsp Epibionts may act as an ecological
Gammaproteobacteria Bacteroidetes lever and modulate the interactions of

the host with its abiotic and biotic envi-

Fig. 4. Contingency of resistance strength. (a) Chemical resistance of Fucus vesi-

culosus to bacteria varies between target organisms (Bacillus aquimaris versus Cy-
tophaga sp.) and between response variables (settlement versus growth). Error
bars indicate the variability of antimicrobial activities among F. vesiculosus geno-
types tested, thick lines are SD and thin lines are min.—max. (pairwise t-tests, n =
25). (b) Effect of F. vesiculosus metabolites on bacterial settlement varies among
culturable strains isolated from its own thallus from strongly repellent (negative
values) to moderately attractive (positive values). Error bars are 95% CI. Pt:
Pseudoalteromonas tunica; Psp: Pseudoalteromonas sp.; Rb: Rheinheimeria
baltica; Ta: Tenacibaculum adriaticum; Fsp: Flavobacterium sp.; n.i.: non-identi-

fied marine

contrast, the stronger activities of the more polar
extract were significantly stronger under weak light
(12 pmol m~2 s7!) than under very weak (<10 pmol m2
s7!) or intermediate light (36 pmol m™2 s7%; Fig. 6).

Temperature and grazing

With few exceptions, neither temperature nor graz-
ing had any conspicuous influence on antifouling resis-
tance (Fig. 7). Only 5.5% of the 180 post hoc pairwise
comparisons were significant, which in itself can be
considered a random outcome. Settlement and growth
of the bacterial and settlement of the diatom target
strains were significantly inhibited at all temperatures
(with the single exception of ungrazed algae at 8°C ver-
sus Bacillus) and both in the absence and presence of

ronment (Dobretsov 2008, Harder 2008,
Jormalainen et al. 2008, Wahl 2008).
The studies cited in these reviews show
that epibionts enhance or buffer the
impact of abiotic stressors (e.g. UV radi-
ation, desiccation and drag) as well as
biotic interactors (e.g. pathogens, para-
sites, consumers, mates, competitors
and foulers) on their host. In the present
study we demonstrated that within 2 to
3 wk, unhindered microfouling reduces the amount of
photosynthetic active radiation at an alga's thallus sur-
face by about 50 % at 15°C and >90 % at 25°C (Fig. 2a).
Such potential impacts of macro- and microfoulers
should favour the evolution in the host of some capac-
ity to modulate the quantity and composition of, for
instance, biofilms. The resulting biofilm may be harm-
less or even beneficial to the host (Armstrong et al.
2001, Lee et al. 2006).

In this investigation we studied the quantity and
composition of biofilms on Fucus vesiculosus, how the
biofilm changes with stress, how the abiotic stress
potential of a typical F. vesiculosus habitat looks, how
selected environmental factors affect microfouling
pressure and whether the macroalga's capacity of
chemical modulation of microfouling is impacted by
stress.
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a It has been shown recently that Fucus

. vesiculosus bears a characteristic biofilm,

<3 061 the composition of which differs conspicu-

§§ —0.4. ously from the biofilms of neighbouring

fi_,’ 3] macroalgae, from reference surfaces and
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Fig. 5. Seasonal cycles in Fucus vesiculosus as assessed in monthly to bi-
monthly intervals in 2008 and 2009. (a) Seasonal variability of mean anti-
bacterial resistance of F. vesiculosus to a variety of strains (see Fig. 4b; n =
9). Error bars are 95 % CI. (b) Reproduction (®) and growth (0) of F. vesicu-
losus in Kiel Fjord (data courtesy of K. Maczassek and M. Hammann, I[FM-
GEOMAR, Kiel, Germany). Reproduction data represent the mean per-
centage of fertile individuals in 4 populations, growth data represent the
mean % change per day of surface area as measured for 5 ind. in situ at
0.5 m depth (n = 4); error bars are = SD for reproduction and 95% CI

for growth

Table 4. Effects of habitat depth on antimicrobial resistance

strength. For each target species, activities were ranked

across depths, then mean activity ranks per depths across all

target species were calculated (1-way ANOVA and Tukey's
HSD post hoc). Significant results are in bold

ANOVA SS df MS F p

Depth (m) 43.5727 2 21.78634 4.41642 0.017025

Error 251.5845 51  4.93303

Tukey's Depth 1 2 3

HSD (m)

1 6 0.016184 0.721277

2 4 0.016184 0.100217
1 0.721277 0.100217

tween thallus parts of a given individual,
among individuals and among seasons
(Lachnit et al. 2009). Additionally, the pre-
sent study shows that both abiotic and
biotic putative stressors affect abundance
and/or composition of the biofilm. We con-
sider a variable stressful when it leads to a
reduction in some vital process of the alga
such as growth, photosynthesis, reproduc-
tion or resistance. To date, stress effects on
F. vesiculosus have been documented for
light when radiation is below 15 to 30 pmol
m™2s™! (depending on the season), warming
to beyond 20°C, rapid temperature change,
desiccation and osmotic stress, eutrophication, fouling
and grazing (e.g. Bergstrom et al. 2003, Dethier et al.
2005, Middelboe et al. 2006, Korpinen et al. 2007a,
Nygard & Dring 2008, Rohde & Wahl 2008a, Rohde et
al. 2008, Pearson et al. 2009).

In the present study, all examined Fucus vesiculosus
individuals carried a biofilm at their thallus surface.
Freshly collected, healthy looking individuals usually
had a sparse biofilm (ca. 5% cover). When exposed to
various stressors, however, the density of the biofilm in-
creased within 1 to 2 wk. Just maintaining algae in an
aquarium with flow-through fjord water and natural sun-
light resulted in a biofilm increase from 5 to 25 % cover.
Algae exposed to reduced (20 %) solar irradiance fea-
tured a biofilm cover of almost 60 % and algae exposed
to fluctuating and slightly warmer temperatures were al-
most entirely covered by bacteria (ca. 97 %). Our exper-
iments with biofilms on inert substrata indicate that
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Fig. 6. Effects of light on resistance strength. Fucus vesiculo-
sus exposed to different irradiation levels exhibited strongest
antibiotic activity at relatively low light intensity in the polar
extract, while the weaker activity of the non-polar extract was
not affected by irradiation. IZ_EthAc: mean inhibition zone
(distance to rim of paper disc in mm) for the ethylacetate frac-
tion; IZ_Meth: the same for the more polar methanol fraction.
Methanol samples with different letters differed significantly
(n =5). Error bars are +SE

warming may directly enhance the formation of biofilms,
while the shading effect is more likely due to changes in
the host alga's surface properties. Under the 2 last stress
treatments, the original alga—water interface was virtu-
ally replaced by a bacteria—water interface. Since the
recognition of the alga by most interactors is bound to
signals associated with its surface (colour, smell and
taste; Wahl 2008), ecological consequences of dense
microfouling can be expected. The shading effect of
biofilms, which can be very substantial, as shown in the
present study, should be particularly stressful when the
increase of microfouling is caused by low light stress or
when the fouled alga grows at depths with an irradiation
close to its compensation point. The observed retreat of
F. vesiculosus from deeper habitats in recent decades
has usually been attributed to plankton blooms and
macrofouling enhanced by eutrophication or other stres-
sors (e.g. Schramm & Nienhuis 1996, Korpinen et al.
2007b, Rohde et al. 2008). It could also be driven by
epibiotic biofilms when the resistance of the alga is
weakened and/or warmer temperatures intensify micro-
fouling. Here we showed that unhindered microfouling
may lead to substantial light reduction below the biofilm
(Fig. 2a).
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Fig. 7. Fucus vesiculosus exposed to different temperatures in the presence (dark grey bars) and absence (light grey bars) of graz-
ers for 2 wk. Activity is expressed as the difference in relative fluorescence (Diff. Rel. Fluor.) (x 100) in wells with and without ex-
tract; inhibition produced negative values. Samples with different letters differed significantly (n = 6). Error bars are 95% CI
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The capacity of biofilms to modulate further fouling
is well known (reviewed in Dobretsov et al. 2006b, Do-
bretsov 2008). When epibiotic biofilms favour macro-
fouling, the host may suffer a multitude of mostly
negative effects such as increased drag, weight and
shading (reviewed in Wahl 2008). Virtually unstudied,
but probably important, are the effects of epibacteria
on the recognition of the host by pathogens, parasites,
symbionts and consumers.

The interaction of stressors may produce unexpected
outcomes (Christensen et al. 2006, Darling & Cote
2008). In the present study, shading under stressfully
warm conditions led to a decrease instead of an
increase in biofilm cover (Fig. 3b). The latter would
have been expected, since fouling pressure increases
with temperature (Fig. 2a). The density as well as the
composition of biofilms may be affected differently by
different presumptive stressors. Low light led to a
reduction in epibiotic Cyanobacteria in favour of
Gammaproteobacteria, while grazing by isopods
increased the proportion of Bacteroidetes and de-
creased that of Cyanobacteria (Fig. 3c). Again, the 2
stressors interacted. The observed effect of grazers
may be due to a variety of factors which are not mutu-
ally exclusive. The isopods may infect the prey algae
with microbial strains which they carry on their cara-
paces or in their excrements, as described for
snail-cordgrass interactions (Silliman & Newell 2003).
Their grazing activity may selectively favour or dis-
favour single epibiotic strains (e.g. selective grazing
and metabolite release from wounded Fucus vesiculo-
sus tissue). Their grazing activity may also alter various
properties of the alga relevant for the biofilm (defense
induction, exudate production, properties of the adher-
ing boundary layer, etc.).

The observed effects of the tested abiotic or biotic
environmental factors on quantity or quality of Fucus
vesiculosus biofilms could represent direct reactions of
the microbes to the variables and/or be the result of
changes in the properties of the algal surface, e.g. the
amount and/or nature of exuded metabolites. Warm-
ing enhances fouling pressure in inert surfaces
(Fig. 2a) and also leads to an increase of epibiotic bac-
teria on Fucus vesiculosus under ample light but a sig-
nificant decrease of epibiotic bacteria under low light
(Table 2). Since microfouling pressure did not seem to
be affected by light (Fig. 2b), the reversal of warming
effects by shading could reflect a change in the alga-
biofilm interaction. While we do not know at this point
which properties of the alga changed, one possible
candidate could be its resistance to microfouling.

To quantify its resistance capacity, we extracted Fu-
cus vesiculosus (most often only its surface) with or-
ganic solvents to harvest secondary metabolites which
could account for pro-and antifouling effects and, thus,

the abundance and composition of epibacteria. Com-
monly, 2 ways of harvesting resistance compounds are
used: the complete extraction of the alga (usually after
freeze-drying and grinding to a powder) and, more re-
cently, surface extraction (e.g. de Nys et al. 1998). Both
have their advantages and shortcomings. Surface
extraction, when done correctly, only harvests the
metabolites present at the algal surface and in the
boundary layer adhering to this surface. However, the
aufwuchs —mainly bacteria and some diatoms —may
contribute to the chemical cocktail extracted. Their
contribution depends on biofilm abundance (e.g. per-
cent cover) and the metabolic activity of the microor-
ganisms. We have shown that the abundance of epi-
bacteria may vary from negligible to high. As no
technique is available to date to separate the microor-
ganisms from the algal surface without damaging the
latter, surface extracts will always include an unknown
proportion of microbial metabolites until the identity of
compounds, and consequently their provenance, is
known. Total extraction, conversely, will include meta-
bolites from throughout the alga. Many of these will
never reach the outer thallus surface and thus are irrel-
evant for microfouling. However, they are proportion-
ately less contaminated by biofilm metabolites. Addi-
tionally, if resistance compounds are stored below the
surface and only released ‘on demand’, they may be
found in total but not surface extract during times
when resistance is reduced. It is as yet unknown
whether antimicrofouling resistance of F. vesiculosus
can be regulated as shown for antifeeding resistance in
the same species. A more practical advantage of total
extraction is that it yields more material per algal indi-
vidual, so that a better replication of bioassays be-
comes possible. The metabolite content of surface
extracts is often so small that either replication is poor
or algal individuals have to be pooled, which blurs
phenotypic and genetic differences.

Using surface extracts in most experiments, we
tested the chemical properties of the microhabitat in
the boundary layer on the thallus surface which a
potential fouler would encounter. We tested crude
extracts and, to date, have little information about the
chemical nature of the biologically active compounds.
The chemical analysis is in progress and has so far
shown that Fucus vesiculosus possesses more than 5
distinct microfouling-active compounds from a wide
polarity range. The observation that activity strengths
vary independently among F. vesiculosus individuals
regarding response variables (growth and settlement)
and target strains (Bacillus and Cytophaga) also hints
at the existence of several independent bioactive com-
pounds with differing impact. Phlorotannins, which
are widely regarded as secondary metabolites with
resistance potential (e.g. Pavia et al. 1999, Wikstroem
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& Pavia 2004, Brock et al. 2007, Jormalainen & Ramsay
2009), may be included. However, there is increasing
evidence that their contribution to antifeeding or anti-
fouling resistance was overestimated (e.g. Jennings &
Steinberg 1997, Toth & Pavia 2002, Deal et al. 2003,
Jormalainen et al. 2003, Kubanek et al. 2004, Yun et al.
2007). Reports on inhibitory activity of phlorotannins
with regard to the proliferation of marine bacteria are
rare (Lau & Qian 1997, Iken et al. 2009), and we are
unaware of any studies investigating how the biofilm
formation on a thallus is affected by phlorotannins.

All Fucus vesiculosus individuals tested showed sig-
nificant anti-settlement and/or anti-growth activity
against most microbial strains tested. The extracts af-
fected settlement and/or growth by factors ranging
from 2 (attraction of Flavobacterium) to 0.03 (32-fold
reduction of Bacillus growth; Fig. 4a,b). When evaluat-
ing the efficacy of these activities it should be taken
into account that activity depends on concentration.
We tested at natural concentrations, that is the mean
concentration within the 30 pm thick boundary layer.
It is likely that within this layer a pronounced diffusive
gradient exists with metabolite concentrations de-
creasing from the thallus surface outwards. In any
case, the effect strengths found are substantial since
the rates of settlement and growth are affected. This
means that the differences in proportional abundance
in a biofilm of unaffected, suppressed and favoured
strains have the potential to increase exponentially
over time.

The response of the target strains to the extracts var-
ied among strains, between response variables (settle-
ment versus growth, i.e. reproduction) and with the
stress history of the alga. Growth proved more sensi-
tive to the extracts than settlement (Fig. 4a). Possible
reasons are that prior to the settlement counts, the
microfoulers were exposed to the metabolites for only
1 to 3 h, while in the growth assays they were exposed
for 24 to 120 h. Furthermore, growth of a bacterial pop-
ulation includes survival and reproduction and may
thus depend on a larger number of potentially affected
metabolic processes.

When comparing sensitivities among strains, Gam-
maproteobacteria seemed to be more sensitive than
Bacteroidetes (Fig. 4b). Due to the low number of
strains tested this is just a tendency. However, it
matches well with the observation that on Fucus vesi-
culosus thalli Gammaproteobacteria are much rarer
than Bacteroidetes, whereas we find the inverse pro-
portion in the water column or on inert substrata (Lach-
nit et al. 2010). F. vesiculosus surface extracts seem to
have the capacity to shape a particular biofilm by
repelling or killing Gammaproteobacteria while not
affecting or even attracting (see Flavobacterium sp.)
Bacteroidetes. In the present study, the relation be-

tween the sensitivity of bacterial taxa and their preva-
lence at the algal surface is merely correlative. A more
mechanistic investigation into the modulation by algal
metabolites of bacterial recruitment from the pelagic
pool was recently carried out (Lachnit et al. 2009,
2010).

Resistance strength also fluctuated seasonally. It was
strongest in March—April and weakest in July—August
(Fig. 5a). This is in contrast to other findings where half
of the investigated algal species did not show any sea-
sonal pattern in antifouling resistance, while the re-
maining species seemed to be synchronized with water
temperature (Hellio et al. 2004). A seasonal pattern in
antifouling resistance strength could be resource-
driven, going down when energy is limited. Alterna-
tively, such a pattern could be demand-driven, going
up when fouling pressure increases or when the alga is
most sensitive to fouling effects. Neither aspect has
been investigated so far. During the seasonal period of
strong resistance, light was already abundant and
reproduction was intense, but growth had not yet
reached its peak and fouling pressure was presumably
low (Fig. 5b). In the summer phase of minimal resis-
tance, growth was declining, reproduction was low,
light was abundant (if not shaded by plankton blooms
or epiphytes), microfouling probably intense because
of the elevated water temperature, and temperature
stress during emersion events could be extreme (up to
45°C air temperature). Whatever the factors driving
the pattern, the effect seems to be that surfaces are
best defended, probably cleanest and photosynthetic-
ally most efficient after a long period of light starva-
tion, when reproduction is most intense and at the
onset of the growth phase; in contrast, surfaces are
least defended and presumably most fouled when irra-
diation is highest (and shading by a biofilm may even
be protective at shallow depth) and when the growth
period comes to an end. Autumn reproduction may
rely on resources accumulated during the summer.
Why long-term shading (winter) does not reduce resis-
tance when short-term experimental shading did, can-
not be explained to date. It should be noted, however,
that Fucus vesiculosus can alleviate winter energy
shortage due to substantial amounts of stored energy
in the form of mannitol (Lehvo et al. 2001).

In contrast to antifeeding resistance (F. Weinberger
pers. obs.), the effects of temperature and grazing on
the antimicrofouling resistance of Fucus vesiculosus
were weak. Grazing did induce the production of
antifeeding defenses in the same experiment and we
had expected that this would somehow interact with
antimicrofouling resistance. The 2 types of resistance
may interact negatively when the 2 production pro-
cesses compete for a limited resource. On the other
hand, they may interact positively when the com-
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pounds produced in response to grazing are also active
against fouling (e.g. Schmitt et al. 1995). The absence
of any interaction suggests that the biochemical path-
ways and their products of the 2 forms of resistance are
independent and/or resources were not limiting in this
experiment.

All stress levels imposed in our experiments can be
encountered in the natural habitat of Fucus vesiculosus
and are occasionally far exceeded in nature. We chose
to use moderate stress levels but apply them for a rela-
tively extended period (2 to 3 wk) because the res-
ponse time of F. vesiculosus to soft stress was found to
be 14 d in some instances and because this constituted
a natural scenario (Rohde & Wahl 2008b). The finding
that macro- and microfoulers may increase dramati-
cally when F. vesiculosus is stressed (field observations
and experiments presented here) is not entirely ex-
plained by the reported reaction of resistance to stress.
Certain shading levels did impair antifouling resis-
tance, but the response was not linear or steady, and
the tested levels of temperature and grazing did not
impair antifouling resistance. Other stressors or combi-
nations thereof may affect the resistance capacity (sub-
optimal means or strong fluctuations of salinity, pH,
eutrophication and stagnation) and/or stress may
directly affect the microfoulers.

We conclude that Fucus vesiculosus does chemically
modulate the abundance and composition of its biofilm
to some extent. This capacity is illustrated by the fol-
lowing findings. At a higher taxonomic level, the com-
position of biofilms on F. vesiculosus is characteristic
and consistently differs from biofilms on neighbouring
non-F. vesiculosus substrata or from the composition of
the microbial colonizer pool in surrounding seawater
(Lachnit et al. 2009, 2010). Metabolites from the F. vesi-
culosus surface affect settlement and proliferation of
bacteria in a pattern consistent with the natural com-
position of F. vesiculosus biofilms, i.e. inhibited groups
tend to be rare and favoured groups more abundant on
FE. vesiculosus (present study). Finally, the incorpora-
tion of F. vesiculosus metabolites in near-natural pro-
portions into an inert matrix in situ recruits a biofilm
from the natural colonizer pool which is more similar to
the natural F. vesiculosus biofilm than to biofilms
assembling on substrata exposed in parallel but with-
out F. vesiculosus extracts (Lachnit et al. 2010). The
strength of the modulation capacity varies seasonally,
among target strains and among F. vesiculosus individ-
uals. However, some fouling modulation capacity was
found in all algal individuals examined and is thus
never completely shut off. With respect to abundance
and composition of F. vesiculosus biofilms, this modu-
lating capacity of the host alga interacts with the ef-
fects of abiotic and biotic stressors in the environment.
The chemical modulating capacity of F. vesiculosus

itself is only weakly impacted by the stressors ex-
amined. An urgent question which should be investi-
gated is whether F. vesiculosus (or other macroalgae)
can regulate their antimicrofouling resistance ‘on
demand’, i.e. in response to a variable fouling pressure
or even to the identity of the fouler, in analogy to what
has been shown for their antifeeding resistance.
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