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AIMS AND SCOPE OF 
THE STUDY
The expansion of human activities into 
deep sea areas is leading to an increase in 
the number of man- made structures on 
the seafloor below the shallow- water zone 
(<50 m depth; Jouffray et al., 2020). These 
structures provide a new type of habitat— 
hard substrate on or above the soft, sed-
imented bottom (e.g.,  Degraer et  al., 
2020). The development, composition, 
and abundance of biofouling organisms 
on these structures are much less studied 
than those in the shallow waters (Cowie, 
2010). Only patchy observations exist on 
the temporal scale of the biofouling pro-
cess on hard substrates below 50 m depth 

(e.g.,  Apolinario and Coutinho, 2009; 
Cowie, 2010; Bellou et al., 2012; Degraer 
et al., 2020). Thus, our understanding of 
biofouling temporal and spatial scales, 
and its variation with depth, is limited. 
One way to increase the amount of data 
available for addressing the development 
of fouling communities is collection of 
long-term observations using replicates 
of different duration (e.g.,  Hutchison 
et  al., 2020). These time- and effort- 
consuming studies are usually based on 
specially designed installations mounted 
at different depths (e.g., Railkin, 2004).

Here, we propose a simple approach 
for collecting biofouling observations 
along with primary hydrological and 

geophysical data. The small addition of 
test panels to standard oceanographic 
instrumentation can help to fill the gaps in 
our understanding of the development of 
biofouling communities in lesser-known 
areas. Here, we first present a litera-
ture review of the state of knowledge of 
marine biofouling to introduce the field’s 
terms, concepts, and knowledge gaps. We 
then present two case studies that sup-
port our proposed approach to collect-
ing biofouling information, followed by 
identification of further steps, recom-
mendations, and research opportunities 
that will improve our understanding of 
biofouling with increasing water depth 
in the ocean.

MARINE BIOFOULING
Marine biofouling, defined as settlement 
and growth of marine organisms on arti-
ficial submerged surfaces (Woods Hole 
Oceanographic Institution, 1952), has 
been known since the first vessels set sail 
thousands of years ago. Today, biofouling 
impacts a wide variety of human activi-
ties with adverse technical and economic 
repercussions. Fouling organisms can 
heavily encrust the hulls of ships, nega-
tively affecting speed performance and 
leading to increased fuel consumption 
(Townsin, 2003). Hydroelectric power 
plant refrigeration systems and other 
industrial installations connected to the 
sea can be negatively affected by fouling 
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assemblages (Apolinario and Coutinho, 
2009). Biofouling is a serious problem for 
the oil and gas industry because it causes 
fatigue damage and results in a dramatic 
increase in hydrodynamic loading of off-
shore platforms (Yan and Yan, 2003; Page 
et  al., 2010). Offshore wind farms’ sub-
merged structures provide surfaces where 
artificial reefs form, affecting ecosys-
tem structure and functioning and likely 
impacting fisheries (Degraer et al., 2020). 
Fouling communities can also enhance 
corrosion and physically damage surfaces 
and equipment (Whomersley and Picken, 
2003; Page et al., 2010). In addition, bio-
fouling can serve as a vector for biological 
invasions, with vessels transporting foul-
ing species outside their areas of natural 
distribution (Gollasch, 2002).

Due to these negative impacts, indus-
tries protect man-made structures either 
by using preventative measures or by 
removing fouling organisms, methods 
that can be harmful to the environment. 
For example, the use of antifouling paints 
to prevent recruitment of fouling organ-
isms raises ecotoxicological concerns, as 
copper is one of the most popular anti-
fouling components (Turner, 2010; Miller 
et al., 2020). Comprehensive understand-
ing of how fouling communities evolve is 
an essential step toward developing more 
effective, safe, and sustainable approaches 
to mitigating biofouling of artificial sub-
strates. Knowledge about the key features 
of the fouling community, such as species 
composition of different stages, growth 
rates, and breeding patterns, allow sci-
entists to predict the development of 
biofouling more accurately. However, 
our knowledge of fouling communities 
remains scarce in the areas below the top 
50 m of the ocean.

DEVELOPMENT OF MARINE 
BIOFOULING COMMUNITIES
Fouling community assemblages consist 
of a wide range of species that include 
but are not limited to bacteria, fungi, 
algae, bryozoans, hydrozoans, sponges, 
molluscs, polychaetes, and crustaceans 
(Apolinario and Coutinho, 2009). Factors 
that determine recruitment and devel-
opment of fouling communities include: 
(a) duration and seasonality of exposure 
to the substrate, (b) substrate morphol-
ogy and physical and chemical proper-
ties, (c)  depth, (d) oceanographic con-
ditions, (e) availability of bacteria and 
larvae in the surrounding environment, 
and (f) macromolecular composition 
of the environment (Clare et  al., 1992; 
Turner and Todd, 1993; Railkin, 2004).

High temporal and spatial variabil-
ity characterize recruitment of foul-
ing assemblages (Turner and Todd, 
1993); nevertheless, the major compo-
nents of biofouling communities can be 
defined as molecular fouling, particulate 
fouling, and micro- and macrofouling. 
Molecular and particulate fouling include 
adsorption of various biological macro-
molecules and organic and inorganic 
particles that are controlled mainly by 
physical forces (Baier, 1984; Clare et  al., 

1992). Microfouling is dominated by bac-
teria and diatoms but may also include 
other unicellular algae, fungi, archaea, 
and protozoa (Dobretsov and Rittschof, 
2020). These organisms form a com-
plex three-dimensional structure called 
a biofilm. Macrofouling is formed by 
algal spores and various larvae of sessile 
invertebrates that settle on the surface 
of the substrate and then develop into 
adult individuals (Wahl, 1989; Railkin, 
2004). Macrofouling may include all 
taxa of macroalgae as well as a wide vari-
ety of sessile animals—most commonly 
hydroids, bryozoans, sea anemones, bar-
nacles and other cirripedians, seden-
tary polychaetes, bivalves, sponges, and 
ascidians. Though there are several indi-
vidual cases where a distinct succes-
sional pattern can be detected (see Wahl, 
1989; Clare et al., 1992; Oshurkov, 1992; 
Railkin, 2004; Zvyagintsev, 2005, for dis-
cussion and examples), the stages iden-
tified in these studies do not necessarily 
follow each other in strict progression. 
Rather, they form a system in dynamic 
balance (Clare et al., 1992). 

Figure 1 presents the principal scheme 
of major components of fouling commu-
nities based on a synthesis of available 
scientific literature. 

FIGURE 1. Conceptual model of fouling com-
munity composition showing four major stages 
(molecular fouling, particulate fouling, micro-
fouling, and macrofouling) and the main groups 
of organisms (based on Wahl, 1989; Clare et al., 
1992; Railkin, 2004). The arrows show that all 
stages are connected and influence each other 
and the substrate. 
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METHODS OF 
BIOFOULING STUDIES
Studies of fouling communities on man-
made structures have been mostly con-
ducted at water depths down to 50  m 
in response to various technical needs, 
such as power plant engineering, aqua-
culture, or maintenance of ships and piers 
(Cowie, 2010). The methods traditionally 
used for these studies can be divided into 
two large groups.

Observational research has been con-
ducted since people first started to notice 
and record the presence of fouling organ-
isms on ship hulls and man-made coastal 
structures. Subjects of numerous studies 
include signal buoys, piers, breakwaters, 
bridges (Kay and Butler, 1983; Oshurkov, 
1992; Qvarfordt et  al., 2006; Venkatesan 
et  al., 2017), oil platforms, and wind 
turbines (Stachowitsch et  al., 2002; 
Andersson and Öhman, 2010; Degraer 
et  al., 2020). Recent developments in 
underwater photography and video res-
olution have enhanced observational 
methods (e.g., Kogan et al., 2006; Gormley 
et al., 2018). In addition, remotely oper-
ated vehicles have enabled researchers to 
expand observations into deeper areas of 
the ocean (Hudson et al., 2005). 

Researchers are passive spectators in 
observational studies, while experimental 
studies allow control of different aspects 
of the biofouling process, including type 
and state of the substrate, exposure time, 
and study location. Test plates made of 
glass, metal, or plastic (with or without 
additional coatings) are commonly used 
as artificial substrates to monitor devel-
opment of fouling communities, espe-
cially in shallow waters (e.g.,  Terlizzi 
et  al., 2000; Jelic-Mrcelic et  al., 2006; 
Satheesh and Wesley, 2011; Vedaprakash 
et al., 2013). Test plates have a number of 
advantages for biofouling studies, namely 
(1) simplicity and low cost of produc-
tion and installation; (2) no limitations 
on study duration— plates can be used for 
hours, days, weeks, months, or years; and 
(3) convenience of sample collection— 
plates can be easily detached, pre-
served, and transported to a laboratory. 

Experimental plates are usually sub-
merged in shallow waters for periods 
ranging from several days (Dziubińska 
and Szaniawska, 2010) to several months 
or years (Hirata, 1992). 

BIOFOULING VARIATION WITH 
INCREASING DEPTH
In the past 30 years, the expansion of off-
shore industries into deeper ocean areas 
(below 50 m) has introduced artificial 
substrates into new biomes. With increas-
ing depth, fewer naturally occurring hard 
substrates are available for colonization 
by planktonic larvae of fouling organ-
isms. This makes artificial substrates espe-
cially attractive and leads to formation of 
diverse and complex fouling communi-
ties on a wide range of hard substrates 
such as shipwrecks, pipes, or oil plat-
form supporting structures (e.g.,  Kogan 
et  al., 2006; Meyer et  al., 2016). Despite 
numerous examples of deep-sea biofoul-
ing of artificial substrates, researchers still 
do not know the exact sequence of events 
that results in these deep-sea “oases of 
life.” The complexity of environmental 
gradients with increasing depth prevents 
scientists from direct extrapolation of 
existing knowledge about shallow-water 
biofouling patterns to patterns in deeper 
waters. Similar to shallow waters, in the 
deep sea there are likely multiple pro-
cesses that can influence the development 
of fouling communities. The following 
key factors change with increasing depth: 
1. Decreasing light results in decline 

of primary production and the role 
of vegetation in fouling until there 
is a complete absence of algae and 
phytoplankton from biofouling com-
munities below the photic zone 
(Terry and Picken, 1986; Irving and 
Connell, 2002). 

2. Decreasing temperature and increasing 
pressure require different physiological 
adaptations that only certain groups of 
organisms can develop (Newell and 
Branch, 1980; Cowie, 2010). 

3. Limited food supply that results 
from decreasing primary production 
requires organisms to rely on other 

sources of organic matter, such as 
marine snow, or to develop new ways 
of producing organic matter them-
selves, as chemosynthetic organisms 
do (Cowie, 2010). 

4. Scarcity of hard substrates in the deep 
sea alters the larval pool composition 
and renders the resulting community 
less predictable. 

5. Faunistic borders that determine com-
munity structure are more complicated 
in the deep sea than on the continental 
shelf, where they are usually connected 
to algal distribution (Hedgpeth, 1957). 

6. Larval densities become lower with 
increasing depth (Gaines et al., 2007), 
which in turn influences the recruit-
ment process and therefore the result-
ing community structure. 

Variations of each of these parameters 
with depth can depend on latitude, local 
oceanographic conditions, and bottom 
topography.

Although distribution, variation with 
depth, and faunistic borders have been 
established for many benthic commu-
nities, these aspects have never been 
examined in detail for fouling commu-
nities. Available data on deep-sea bio-
fouling globally remain sporadic and 
descriptive, with few quantitative stud-
ies on biodiversity and ecological or bio-
geographical patterns of fouling commu-
nities below 50 m depth. Although there 
are important publications dedicated to 
biofouling in some deep-sea ecosystems 
(i.e., hydrothermal vents and cold seeps; 
Guezennec et al., 1998; Alain et al., 2004; 
W.P. Zhang et al., 2014; Lee et al., 2014), 
their results cannot be extrapolated to 
the other regions due to the very spe-
cific environmental conditions they con-
sider. Several studies of the deep-sea bio-
fouling communities were conducted in 
a collaboration between oil and gas com-
panies and research institutions; one 
example is the SERPENT (Scientific and 
Environmental ROV Partnership using 
Existing iNdustrial Technology) proj-
ect (Hudson et  al., 2005). Regional data 
on biofouling are often linked to the 
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positioning of offshore structures (e.g., in 
China – Yan and Yan, 2003, and H. Zhang 
et  al., 2015; in Brazil – Apolinario and 
Coutinho, 2009; in the UK – Forteath 
et al., 1982), whereas the rest of the open 
ocean remains largely underexplored. 
Although numerous studies have demon-
strated that deep-sea micro- and macro-
foulers can colonize and damage arti-
ficial substrates such as wood, plastic, 
cotton rope, and various metal alloys 
(e.g., Muraoka, 1966; Berger and Berger, 
1986; Guezennec et  al., 1998; Kogan 
et  al., 2006), a broad review of biofoul-
ing by Cowie (2010) noted a worldwide 
lack of information on biofouling pat-
terns with depth that remains accurate 
a decade later. 

USE OF AUTONOMOUS 
SEAFLOOR EQUIPMENT IN 
BIOFOULING OBSERVATIONS
Paucity of experimental biofouling stud-
ies deeper than 50 m can be explained by 
the technological, logistical, and finan-
cial difficulties of installing test plates 
in deeper areas, especially below 300 m. 
One way to address this knowledge gap 
is by using seafloor equipment as moni-
toring platforms to support biofouling 
research. Experimental plates can sim-
ply be mounted on autonomous seafloor 
equipment for the duration of a study and 
thus significantly increase the geograph-
ical area and reduce the costs of biofoul-
ing research. Any autonomous seafloor 
research equipment that remains station-
ary for a substantial period of time has 
the potential to accommodate biofoul-
ing test plates. Current profilers, acous-
tic buoys, and bottom seismic stations are 
just a few examples. Another promising 
platform type is slow-moving remotely 
operated vehicles, which can be used for 
studying short-term (up to several hours) 
biofouling processes.

Two case studies on biofouling in 
underexplored areas of the Laptev Sea 
(Eurasian Arctic) and the Sea of Okhotsk 
(western Pacific) are presented below. 
The first investigates fouling commu-
nities recruited on the surfaces of six 
ocean-bottom seismometers (OBSs) after 
a year of deployment in the Laptev Sea 
(Figure 2a). The second focuses on pro-
visional results from biofouling test plates 
installed for three months on two auton-
omous bottom stations (ABSs) in the Sea 
of Okhotsk (Figure 2b).

CASE STUDY 1.  
LAPTEV SEA, OCEAN- 
BOTTOM SEISMOMETERS
Six OBSs were examined for the presence 
of fouling organisms after a year of expo-
sure in the Laptev Sea. The instruments 
were deployed from R/V Akademik 
Mstislav Keldysh during cruise AMK-73 
in September–October 2018 and col-
lected a year later during cruise AMK-78 
in September–October 2019. The depth 
varied from 36 m for OBS-3 to 350 m for 
OBS-6 on the margin of continental slope 
(Figure 2). The upper layer of the bot-
tom sediments over the whole research 

area consisted of silty-sandy ooze. The 
Laptev Sea is a marginal sea of the Arctic 
Ocean known for harsh weather condi-
tions, the presence of thick ice for most 
of the year, and low benthic biodiversity 
(Spiridonov et al., 2011).

Two types of OBSs were used: seis-
mometers 1–5 (all model “МПССР”) 
featured a solid duralumin encasement 
set on a cement base, and OBS-6 (model 
“GEONOD”) had a plastic (polypropyl-
ene) encasement with apertures and a 
glass sphere body underneath (Figure 3). 
Following retrieval, the OBSs were visu-
ally examined and photographed. All vis-
ible fauna were manually detached from 
the surfaces and preserved in 96% etha-
nol for further identification, after which 
random scrubber samples were taken to 
assess smaller animals and microfouling. 

Marine organisms were found on the 
exposed outer surfaces of the OBSs, on 
both dialuminium and plastic cases, as 
well as inside the modules (on the sur-
face of the glass sphere for GEONOD and 
on the inner surface of the cement base 
for МПССР), and on the buoy ropes. 
Notably, surfaces were also partly covered 
with silt and mud. 

FIGURE 2. Case study locations in (a) the 
Laptev Sea (ocean bottom seismometers), and 
(b) the Sea of Okhotsk (autonomous bottom 
stations).

a

b



Oceanography  |  September 2021 65

OBS «GEONOD»

OBS «МПССР»

Seventeen species of benthic invertebrates were 
identified, including polychaetes, cnidarians, isopods 
and other crustaceans, echinoderms, gastropod mol-
luscs (and their eggs), and nemertean worms. These 
species can be divided into mobile and sessile fauna. 
Species were likely attracted by high local variability 
of substrates and surfaces and were presumably for-
aging on sessile organisms. Table 1 lists species found 
on each OBS and identifies their modality (sessile/
mobile), abundance, and biomass.

Cnidarians, including hydroids (Obelia longissima; 
Tubularia indivisa), sea anemones (Stomphia 
coccinea), and a soft coral species Gersemia fruticosa 
were the only sessile species found. Hydroids Obelia 
longissima (Figure 4) were abundant not only on 
OBS surfaces but also on ropes and buoys. Similar 
fouling success has been reported previously due to 
high growth rate and capacity, and protective mech-
anisms against certain predators, including nudi-
branchs and pantopods (Osman, 1977; Butler and 
Chesson, 1990; Butler and Connolly, 1999).

Isopods Synidotea bicuspida were found in large 
numbers on one of the seismometers and likely 
hatched out of the egg clutches. Most of the other 
mobile species were represented by just one animal. 
More data are needed to look at patterns in species 
distribution. The outer surface of OBS-6 was heav-
ily encrusted with eggs of the gastropod Buccinum 
glaciale (Figure 4), and numerous empty shells were 
found beneath the encasement.

Key factors determining colonization success of 
different species on OBS surfaces likely included lar-
val settlement period, breeding season, and longevity 
of the species recruited (Osman, 1977; Greene and 
Schoener, 1982; Whomersley and Picken, 2003).

CASE STUDY 2.  
SEA OF OKHOTSK, AUTONOMOUS 
BOTTOM STATIONS
The second study was conducted in the Sea of 
Okhotsk, a marginal sea of the western Pacific Ocean, 
using autonomous bottom stations that were sub-
merged from July 17 to October 16, 2019, approxi-
mately 50 km east of Sakhalin Island at depths from 
45  m to 230  m (Figure 2). Biofouling test plates 
were mounted on two acoustic Doppler current pro-
filer (ADCP) buoys at each site. A total of eight test 
plates were used with one poly(methyl methacrylate) 

TABLE 1. List of species found on six ocean-bottom seismometers during 
Akademik Mstislav Keldysh cruise 78 after a year of deployment on the sea-
floor. For each species, their number and biomass (in g, in brackets) and modality 
(sessile/mobile) are shown. Non-zero values are highlighted with blue shading.

LIST OF SPECIES (GROUP)
OBS-1 OBS-2 OBS-3 OBS-4 OBS-5 OBS-6

Number per sample (biomass, g)
Annelida

Amphitrite cirrata (M)
Nereis zonata (M)

   1(0.52)   
   1(0.29)  2(0.42)

Cnidaria

Gersemia fruticosa (S)
Obelia longissima (S)
Stomphia coccinea (S)
Tubularia indivisa (S)
Actiniaria Gen. sp. (S)

 1(2.21)     

+  +    

    2(17.20)  
 1(4.51) 1(0.35)    

     3(2.79)

Crustacea

Eualus gaimardii (M)
Socarnes vahlii (M)
Synidotea bicuspida (M)

     1(1.17)

2(1.68)      

 26(6.28)     
Echinodermata

Gorgonocephalus arcticus (M)
Heliometra glacialis (M)
Ophiura sarsii (M)

    2(14.17)  

  1(31.31)    
 1(2.07) 1(3)    

Mollusca

Buccinum glaciale (M)
Margarites groenlandicus (M)

     
3(2.81) 
+ eggs

    2(0.15)  

Nemertea

Cerebratulus sp. (M)
Gen. sp. (M)

1(2.01)      
 1(0.39)  1(0.55) 1(0.47)  

M = mobile. S = sessile. + Indicates presence of animals that were not quantitatively 
estimated due to large size of the colonies.

FIGURE 3. Two models of ocean bottom seismometers 
(OBSs) before (on the left) and after (on the right) deploy-
ment for one year in the Laptev Sea.
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FIGURE 4. (a) Retrieval of the GEONOD ocean-bottom seis-
mometer during Akademik Mstislav Keldysh cruise 78, with 
eggs of Buccinum glaciale on its surface. (b) Schematic 
drawing of the GEONOD seismometer model. (c) Hydroid 
Obelia longissima found on the GEONOD OBS.

b
a

c

plate and one raw steel plate attached to each of the 
four buoys. Each plate measured 21 cm × 29.7 cm. 
Figure 5a shows a detailed schematic of an ABS with 
test plates attached. 

The ABSs were retrieved after the three-month 
deployment, and the test plates were detached, pre-
served in 70% ethanol, and later examined for the 
presence of fouling organisms.

Steel Plates
Both sides (one facing the water surface and the other 
facing the seafloor) of all four plates showed evidence 
of biofouling. Microbial communities modified the 
smooth surfaces of the plates into more complex pit-
ted landscapes suitable for settlement of the larvae 
of eukaryotic fouling species (Figure 5c). Samples 
of the biofilm from each plate were examined using 
light microscopy (Leica DM 2500). Numerous bac-
terial colonies were observed (Figure 6a), and var-
ious crystals of unknown origin were detected in 
the bacterial mass (Figure 6b,c). The cubic forms in 
Figure 6b are likely salt crystals, and the long, thin 
forms in Figure 6c may be sponge spicules. Total bio-
fouling cover on the plates was visually estimated to 
be 97%–100%. In some areas, the coverage exceeded 
100%, as the bacterial community formed complex 
three-dimensional structures. No traces of multi-
cellular organisms were found on the steel plates.

According to numerous studies of marine micro-
bial corrosion (e.g.,  Iverson, 1987; McBeth and 
Emerson, 2016), the first and most abundant colo-
nizers of steel are iron-oxidizing bacteria. Further 
identification of the members of this bacterial 
assemblage would require complex genetic analysis 
as well as scanning electron microscopy, techniques 
that are beyond the scope of this study. However, 
such research is important, as understanding of the 

FIGURE 5. Schematic of an autonomous bottom sta-
tion (ABS) with test plates attached (red panels). (a) ADCP 
= acoustic Doppler current profiler. DVS = Doppler vol-
ume sampler. IXSEA = acoustic release. (b) Photo of plexi-
glass and metal test plates attached to the metal buoy frame 
before submersion. (c) After three months at 230 m depth, 
the raw steel panel showed traces of bacterial corrosion. 
(d) Hydroids were established on the plexiglass plate after 
three months at 150 m.

a

c

d

b
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patterns of microbial corrosion can sub-
stantially advance our knowledge of bio-
fouling processes.

Plexiglass (Polymethyl 
Methacrylate) Plates
Two plexiglass plates mounted on the 
lower frame of ABS BH-32 at 45 m depth 
showed no signs of any visible micro- 
or macrofouling. Another two plexi-
glass plates submerged at greater depths 
(150 m and 230 m) showed two different 
stages of colonization, with more complex 
biofouling organisms found on the plexi-
glass surfaces than on the steel plate sur-
faces. Traces of complex microfouling 
(various sessile protists from phylum 
Ciliata) and macrofouling (hydroids and 
barnacles) were detected on the plates. 

After analyzing the fauna on the recov-
ered test plates, we concluded that our 
experimental design could be improved 
by roughening the plexiglass test plates. 
Surface roughness increases suitability for 
settlement of rugophilic fouling organ-
isms (those that thrive on rough surfaces 
or in surface cavities; e.g.,  Wisely, 1959; 
Köhler et al., 1999; Baldanzi et al., 2021). 

The plate from ABS-2, submerged at 
150 m depth, contained communities of 
sessile Ciliata on both sides. On one side 
we found two species of ciliates, subclass 
Suctoria: Ephelota gemmipara (Hertwig, 
1875) and Acineta compressa (Claparède 
& Lachmann, 1859), and one colonial spe-
cies from the subclass Peritrichia, which 
we could not identify due to its poor 
condition (Figure 7). There was also an 
undamaged small specimen of a hydroid 
(order Thecata, six empty calicles) that 
we could not identify beyond the order 
level (Figure 5d). E. gemmipara domi-
nated numerically with its density esti-
mated as 55 ± 4 ind cm–2. The density of 
Peritrichia was lower at 20 ± 10 ind cm–2. 
A. compressa was found in small groups 
of 10–20 individuals. In total, we found 
16 groups on the upper side of the plate. 
On the other side of the plate, the spe-
cies composition of ciliates was the same, 
though E. gemmipara was less abundant 
(17 ± 2 ind cm–2) and the unknown spe-

cies of Peritrichia was much more abun-
dant (146 ± 23 ind cm–2).

The plate from ABS-1, located at 230 m 
depth, contained one juvenile barnacle 
(f. Balanidae, presumably Chirona ever-
manni, 2 mm in diameter) and a few indi-
viduals of severely damaged E. gemmipara 
on the one side, while the other side was 
free of any visible macro- or microfouling.

FURTHER STEPS, 
RECOMMENDATIONS, 
AND RESEARCH 
OPPORTUNITIES
The case studies in the Laptev Sea and 
the Sea of Okhotsk demonstrate that 
ocean-bottom seismographs and auton-
omous bottom stations are both suitable 
as support platforms for biofouling test 
plates. Although collection of samples 
from equipment surfaces is possible, the 
main benefits of using test plates include 
simplicity and low cost of manufactur-
ing and installation as well as ease of sam-
ple preservation for further quantitative 
analyses. Supplementary Table S1 pro-
vides examples of equipment that can be 
used for biofouling studies based on anal-
yses of maximum deployment time and 
depth limits; this list is provisional and 
should be expanded. 

Using test plates mounted on a variety 
of seafloor autonomous equipment can 
greatly advance baseline data on biofoul-
ing for poorly studied areas of the ocean. 
Standardized protocols needed for such 
studies include those for plate construc-
tion, preservation of samples, and analy-
ses. Further test studies involving different 
equipment, different deployment times 
and depths, and varied oceanographic 
conditions would inform development of 
such protocols. In addition to using the 
test plates, opportunities to collect bio-
logical material from the equipment itself 

should not be neglected. H. Zhang et al. 
(2015) and our case study in the Laptev 
Sea demonstrate that samples from the 
surfaces of seafloor equipment can also 
contain valuable data on fouling commu-
nity characteristics. Standardized proto-
cols are also needed for observation and 
sampling of biofouling on various equip-
ment surfaces.

Test plates deployed for the duration of 
independent projects or research cruises 
can provide valuable data; however, a 
more holistic approach would involve 

FIGURE 6. Colonies of iron-oxidizing bacte-
ria were found on the steel plates at all depths 
(400 x). (a) General view of a bacterial mass 
comprised of differently colored parts that pre-
sumably indicate different species or stages. 
(b,c) Various crystals of unknown origin were 
found in the bacterial mass. 

a

c
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adding systematic implementation of 
biofouling studies to such integrated 
observing systems as the International 
Long- Term Ecological Research Net-
work (Muelbert et  al. 2019), Ocean 
Observatories Initiative, or regional net-
works of the Global Ocean Observing 
System. The infrastructure of these 
observing systems that could be use-
ful for biofouling investigations include 
advanced autonomous data collection 
equipment such as deep-sea moorings, 
profilers, gliders, and autonomous under-
water vehicles. Mooring arrays are of par-
ticular interest for biofouling studies as 
they provide means to deploy multiple 
test plates at fixed depths for prolonged 
periods of time. 

The data on biological fouling below 
photic depths are not only of great scien-
tific interest but also have practical appli-
cations. Offshore industries expanding 
to the deep sea will face new challenges 
related to biofouling of man-made struc-
tures that must be understood in order 
to develop effective prevention. Adding 
fouling control experiments to the proto-
cols for environmental assessments could 
provide crucial information for protec-
tion from biofouling. In addition, foul-
ing communities pose potential threats 
to autonomous equipment operating on 
the seafloor, particularly instruments 
equipped with optical lenses or highly 
sensitive sensors (Lehaitre et  al., 2008). 
Potential bias caused by effects of fouling 
organisms can be reduced by developing 
a better understanding of their recruit-
ment, diversity, community develop-
ment, and variation with depth.

Key knowledge gaps that need to be 
addressed in future biofouling studies 
include, but are not limited to:

• Biodiversity of fouling communities 
below 50  m depth in different geo-
graphical areas, particularly in the 
understudied and actively exploited 
polar regions.

• Variation of developmental patterns in 
biofouling communities with depth.

• Dynamics of biological fouling in the 
long term (>1 year).

• Variation in the drivers of recruitment 
in biofouling communities with depth.

CONCLUSIONS
While biological fouling is a well-known 
process, it has been mostly studied in 
shallow waters (<50  m depth), driven 
by development of coastal communi-
ties (e.g., ship and pier maintenance) and 
technological needs of marine indus-
tries (e.g.,  power plants, aquaculture). 
However, the effect that fouling com-
munities have on the substrate—ranging 
from the increase in hydrodynamic load-
ing to biocorrosion speedup—should not 
be underestimated for all depths. 

We cannot simply extrapolate exist-
ing knowledge from shallow waters to 

deeper areas that may be affected by com-
plicated environmental gradients, light 
and substrate limitations, and differing 
organisms. While an understanding of 
deep-sea biofouling is important from a 
scientific perspective, it is also needed to 
protect underwater structures and sea-
floor equipment.

Specially prepared test plates are 
broadly used in shallow-water exper-
imental biofouling studies. Here, we 
have explored how they can be applied 
in a deepwater setting. Use of autono-
mous seafloor equipment as platforms 
for mounting biofouling test plates has 
proven to be a simple and cost- effective 
method to greatly advance the geograph-
ical and depth ranges of biofouling stud-
ies. Although the results of our case 
studies do not provide enough data for 
comprehensive analyses of the diversity 
of fouling communities at depths below 
50 m, our observations provide strong 
evidence of biofouling on both steel and 
plexiglass plates and demonstrate that 
test plates can be successfully mounted 
on OBSs and ABSs for recruitment of 

FIGURE 7. Microfouling species found on the 
plexiglass plate mounted on ABS-2. (a) Lateral 
view of the upper part of an individual Ephelota 
gemmipara (Ciliata, Suctoria) with tentacles. 
(b) Lateral view of the upper part of an indi-
vidual Acineta compressa (Ciliata, Suctoria). 
(c) General view of several colonies of uniden-
tified Peritrichia (Ciliata). (d) Closer image of 
single “heads” of Peritrichia (Ciliata).

100 μm 20 μm
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fouling communities below the shallow- 
water zone. We suggest that the list of 
equipment suitable for biofouling stud-
ies can be further extended, and stan-
dardized protocols for such work need 
to be developed. We urge researchers 
working in various marine disciplines to 
consider including biofouling testing in 
their operations. 

SUPPLEMENTARY MATERIALS
Table S1 is available online at https://doi.org/10.5670/
oceanog.2021.302.
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