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ARTICLE INFO ABSTRACT

Keywords: Microalgal communities that colonize the hulls of at-risk vessels — those which have the highest port residency
Microalgae times, lowest speeds, and most stationary time in water - are expected to change as a function of environmental
Biofouling factors during ocean voyages, but are rarely studied. The microalgal communities on the hull of an atypically
misrzlfsouling operated ship, the T.S. Golden Bear, were quantified during the course of a voyage from San Francisco Bay to the

South Pacific and back. Here we clearly demonstrate that microalgal communities can be highly resilient, and
can survive physiologically strenuous journeys through extreme variation in salinity and temperature. A 42%
reduction in microalgal biomass and a 62% reduction in algal cellular abundance indicated a community-wide
negative reaction to an increase in both salinity and temperature after the ship left San Francisco Bay, CA and
cruised southward to Long Beach, although in vivo cellular fluorescence capacity increased. Further reductions in
biomass (36%) and cellular abundance (26%) occurred once the ship encountered high-temperature, high-
salinity waters in Hawaii. A 17% reduction of cellular fluorescence capacity was also observed in Hawaii. Despite
previous environmental stressors, upon return to temperate waters off Vallejo, CA, biomass increased 230%,
cellular abundance remained stable, and cellular fluorescence capacity increased from 0.45 + 0.26 to 0.60 +
0.07. The methods used in the current research provide efficient, cost-effective procedures for analyzing
microalgal (and macrofouling) communities, which can in turn aid regulators in creating such necessary
thresholds for enforcement.

1. Introduction

Marine biofouling is a leading vector of marine introduced species on
a global scale (eg, Davidson et al., 2014). In California’s coastal waters,
over 257 non-native species are established, 48% of which can be
attributed exclusively to vessel traffic vectors, including hull fouling,
ballast water, dry ballast, and cargo (Ruiz et al., 2011). Over half of the
non-native species established in California were first recorded within
the San Francisco Bay Estuary (SFBE; Ruiz et al., 2011).

Biofouling communities are broadly composed of organisms of two
size groups: macrofouling (eg, barnacles, mussels, tunicates, and other
larger organisms) and microfouling (eg, microalgae and bacteria)
communities (Brandt et al., 2009). The micro- and macroorganisms that
make up biofouling communities can cause substantial environmental
and ecological damage, and incur significant costs to the maritime
shipping industry and its stakeholders. For instance, when fouling or-
ganisms attach to the bottom or sides of a ship, they increase drag, which

drastically lowers a ship’s fuel efficiency. Microfouling (a thin layer of
algae, debris, and bacteria) alone can increase fuel consumption by up to
15% and reduce sailing speed by 20% (Lewin, 1984; Schultz et al., 2011;
Van Rompay, 2012). Lowered fuel efficiency results in higher exhaust
emissions, which are damaging for the environment (Bott, 2009) and
lead to greater operating costs for the maritime industry (Schultz et al.,
2011).

While there is an abundance of scientific studies on macrofouling and
associated environmental risks (eg, Carlton and Hodder, 1995, Gollasch,
2002, Cao et al., 2010; Davidson et al., 2009; Coutts et al., 2010; Wil-
liams et al., 2013; Chang et al., 2018), relatively little is known about the
biosecurity risks associated with microalgal communities and their
transport via hull biofouling. To date, there are very few published
studies that focus on in-service ships and the impacts of abiotic factors
and transit on microalgal species, such as diatoms (Callow, 1986; Woods
et al., 1986; Zargiel et al., 2011; Hunsucker et al., 2014; Sweat et al.,
2017). Microfouling communities are widely acknowledged to be
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present and transported worldwide on vessel hulls, and can comprise
widely diverse groups (eg, Leary et al., 2014). Yet the paucity of quan-
titative information on these communities, combined with the well-
known risks posed by macrofouling, suggests that biofilms and micro-
algal fouling communities likely constitute a significant invasion risk.

Several risk factors influence biofouling accumulation across the
global fleet, including vessel type, with widely varying operational
profiles, characteristics, and behaviors (Davidson et al., 2017).
Biofouling accumulation, and thus the risk of transporting non-native
species, increases as a ship remains in one location for a prolonged
period of time, whether docked at port or at anchor in a harbor (Zargiel
and Swain, 2014), but this relationship is generally poorly quantified
(Davidson et al., 2020). While most vessels, such as container ships,
minimize their time in port, there are other vessels that will remain in
port for weeks to months at a time (Inglis et al., 2010; Schimanski et al.,
2017). These ‘atypically-operating’ vessels, by definition, remain in one
location for ten or more days before resuming their normal operations
and voyages. Such vessels may include, but are not limited to, military
ships, floating platforms (barges) and training ships (Davidson et al.,
2009). The number of atypically-operating vessels can be significant: in
one four-year period from 2011 to 2015, over 7800 vessel arrivals to
California waters were reported from origin ports around the world
following lay-up periods exceeding ten days and without any biofouling
management before arrival (Scianni et al., 2019; Davidson et al., 2020).

The California State Lands Commission’s Marine Invasive Species
Program is one of the first regulatory agencies in the US to address
biofouling as a biosecurity risk, by implementing maritime laws to
mitigate the potential risk posed by heavily-fouled ships arriving at
California ports (Zabin et al., 2018; Scianni et al., 2019). In order to
prioritize limited resources effectively, regulators need a better quanti-
tative understanding of the relative risk of non-native species transport
within biofouling communities as a function of vessel type and their
operational profile.

The TS Golden Bear is the training ship of the California State Uni-
versity Maritime Academy. Although this ship remains in port for eight
months of the year, each summer it departs the San Francisco Bay Es-
tuary (SFBE) during an annual training cruise to various global loca-
tions. At the time of this study in 2018, the ship’s hull had not been
cleaned for five years (the maximum allowed for any operational vessel
under the International Convention for the Safety of Life at Sea (SOLAS,
2020)). As aresult, there was well-established biofouling community for
observation during this study as the vessel transited from the estuarine
conditions of SFBE to the marine conditions of temperate coastal ports
along the California coast, then to tropical ports in the mid-Pacific
Ocean. The existing hull fouling community at the beginning of this
study was thus comprised of organisms from the SFBE as well as those
that may have originated from a range of locations during the vessel’s
recent training voyages during the past five years to the South Pacific,
western and eastern coasts of the United States, U.S. Virgin Islands,
Europe and through the Panama Canal. The 2018 route allowed for
repeated measurement of the response of the biofouling communities to
a gradient of salinity and temperature conditions in transit, and
permitted observational analyses of both the microfouling and macro-
fouling communities.

The current study first characterizes the microalgal organisms that
grow on vessels, specifically on those vessels which pose the highest risk
of supporting well-developed communities that can be transported
elsewhere, such as atypically-operating ships with their high port resi-
dency times, low speeds, and long stationary times in water; secondly, it
focuses on the poorly-studied microalgal communities which often
facilitate the subsequent settlement of larger macrofouling organisms
(eg, Wahl, 1989); and thirdly, it confirms whether differences in salinity
and transit impact the physiological health of microalgal communities.

Three main objectives are addressed in our study by testing the
following hypotheses:

Microalgal biomass on the ship’s hull, measured as chlorophyll a
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concentration, is reduced throughout transit as a function of time and
environmental changes.

The photosynthetic efficiency of the microalgal community,
measured as in vivo cellular fluorescence capacity, is reduced during the
ship’s transit as a function of time and environmental changes.

Both the microalgal cell density and the microalgal community
composition is reduced throughout the ship’s transit as a function of
time and environmental changes.

Additionally, the use of remotely operated vehicles (ROVs) and video
footage were examined to determine their effectiveness as a means of
observing changes in the biofouling community over a range of envi-
ronmental conditions and time periods. ROVs are the current, preferred
method of observation for the California State Lands Commission when
conducting in-water surveys, and thus our study provided an opportu-
nity for both (1) testing the current methods employed and (2)
reviewing and providing suggestions for further usage of these units in
various locations and conditions within the SFBE.

2. Materials and methods
2.1. Study vessel

The Training Ship Golden Bear (Fig. 1) was chosen as the research
vessel for this project to evaluate the effects of transit and environmental
changes on biofouling communities on a ship’s hull. This large vessel
(length: 152 m; beam: 22 m; gross tonnage: 12,517 t) was an ideal
platform for this research for three reasons: 1) it remains in port for eight
months at a time, and thus, by definition, is an atypically-operated
vessel; 2) given that it is an educational and training ship, operated by
the California State University Maritime Academy, it allows access for
researchers - which is rare in the maritime industry; and 3) it travels
through a gradient of salinity and temperature conditions during its an
annual academic training cruise over a relatively short period of time
(<3 months). Here, we assess the biofouling communities on the hull of
the T.S. Golden Bear during its summer 2018 round-trip voyage from San
Francisco Bay to the South Pacific and back.

2.2. ROV video sampling

Transects were run at a depth of approximately 1 m below the sur-
face to capture images and videos of the extent of microalgal and mac-
rofouling communities on the hull of the T.S. Golden Bear. Continuous
video footage at the forward, mid-ship and aft sections of the hull were
taken via ROVs (Seabotix LBV200 and LBV200-4) while the ship was
either anchored or secured alongside the wharf at four stops during its

Fig. 1. Image of the Training Ship Golden Bear showing the three sampling
sections of the hull (Photo by Jules Kuo, Hawaii Division of Aquatic Resources).
Note: due to inaccessibility issues while docked at ports, only the starboard side
was sampled during this study.
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summer voyage. The ROV in Vallejo, CA, on April 24th was also
equipped with a high-definition video camera (GoPro Hero™ 7; GoPro,
Inc., San Mateo, CA, USA). All other sampling locations relied solely on
ROV footage, since no GoPro was attached to the ROV. Using a GoPro™
HERO 7 attached to an extension pole also provided an opportunity to
collect video data using a low-cost alternative method to an ROV.

Each port had distinctly different environmental conditions, such
that the voyage spanned a wide range of ambient salinities and tem-
peratures (Table 1). Images and video from the ROV transects were used
to qualitatively assess survivorship and community composition during
the voyage to evaluate the impacts of transit and changing environ-
mental conditions on the macrofouling organisms.

2.3. Biological collections and analysis

Biological samples were collected from the hull of the T.S. Golden
Bear either in port (Vallejo, CA) or out at anchor (Long Beach, CA, and
Lahaina, HI). Due to the inability to access the waterline on the port side,
only the vessel’s starboard side was sampled at the forward, mid-ship,
and aft sections (Fig. 1). Due to safety concerns and further sampling
feasibility, physical scraping only occurred at the waterline depth.

Prior to removing any biofouling from the vessel, in situ environ-
mental conditions were recorded at the surface, and 1 and 2 m depths
using a YSI Model probe (YSI Inc., Yellow Springs, Ohio, USA) near the
forward, mid-ship, and aft sections of the ship. Discrete water samples
were collected from the water immediately adjacent to the three main
sections of the hull (hereafter referred to as “pelagic samples™) at each
port stop to provide quantitative estimates of neighboring pelagic
communities in addition to the benthic samples scraped from the hull.
Pelagic sampling was done prior to any hull sampling to prevent possible
contamination by hull scrapings. Physical hull sampling was conducted
by pulling a 6-inch rubber, soft-sided window scraper across the ship’s
hull within a 1 square meter (1 m?) quadrat. These samples were
immediately placed into plastic bags upon collection, cooled by placing
on ice, and stored in darkness to prevent photodegradation. All samples
from the hull of the ship and the adjacent water samples were trans-
ported to San Francisco State University’s Estuary & Ocean Science
Center (EOS Center) within 12 h for subsequent analyses or storage.

In the laboratory, hull samples (collected from the field) were
transferred into 50-mL polyethylene bottles and brought up to a volume
of 10 mL using previously filtered (Whatman™ 25-mm diameter GF/F
filters; nominal pore size = 0.7 pm; GE Healthcare Life Sciences, Pis-
cataway, NJ, USA) sea water. Because samples could not be filtered at
the time of collection nor frozen until analyses, these samples were then
incubated for 48 h under controlled conditions: the incubators employed
the in situ temperature of collection and were maintained on a 12:12 h,
light:dark cycle before all samples were prepared for analyses of algal
biomass, photosynthetic efficiency, cellular abundance and species
identification.

Table 1
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2.4. Biomass as Chlorophyll a

Algal biomass was measured as chlorophyll a (Chl a) concentration
using the in vitro acidification method (Parsons et al., 1984), which
corrects for pheophytin a (Arar and Collins, 1997; Hauer and Lamberti,
2007). Samples from both the pelagic seawater and the algal-seawater
hull scraping mixture (described above) were collected by filtering 20
mL of the sample water onto 25-mm diameter Whatman™ glass-fiber
filters, which were stored in a freezer at —20 °C until analysis. Pig-
ments collected on the filters were then extracted with 6.5 mL of 90%
acetone (HPLC grade, ACROS Organics™, Geel, Belgium) for approxi-
mately 24 h in the dark at —20 °C. Samples were then analyzed using a
10-AU fluorometer (Turner Designs, San Jose, CA) calibrated with pure
Chl a obtained from Turner Designs. In order to prevent any photo-
degradation, the filtration and pigment analyses were carried out in a
low light environment.

2.5. Algal photosynthetic efficiency

In vivo cellular fluorescence capacity (Fy/Fp,), is related directly to
the maximum photochemical quantum efficiency of Photosystem II (PS
II), and was measured here for both pelagic and algal-seawater hull
scraping samples with a Turner Designs 10-AU fluorometer, where an
electron transport inhibitor was employed to close the PSII reaction
centers, and thus maximize fluorescence. The cellular fluorescence ca-
pacity, as a proxy for algal photosynthetic efficiency, was determined as
the ratio of variable (Fy) to maximum (Fp,) fluorescence measured after
dark acclimation (10 min) using the 3-[3,4-dichlorophenyl]-1,1-dime-
thylurea (DCMU) inhibitor technique (Parkhill et al., 2001). Variable
fluorescence was calculated using the equation F, = F, — F,,, where F,, is
background fluorescence of the cells (all of the PSII reaction centers are
open), and Fy, is the “maximal fluorescence” before non-photochemical
quenching (eg, xanthophyll cycling) is initiated.

2.6. Microalgal cellular abundance and species identification

The previously diluted samples were inverted three times, and then
1.5 mL of the sample/seawater mixture from each sample was trans-
ferred into 1.5-mL microcentrifuge tubes (Fisherbrand™ Premium
Microcentrifuge Tubes). Samples were then preserved with the addition
of 0.15 mL of Lugol’s Iodine solution to a final concentration of 0.1% (v/
v). The preserved samples were then thoroughly mixed prior to storage
in a refrigerator (8 °C) for future analyses. These preserved samples were
then prepared for identification by microscopy by first vortexing at
6000 rpm for 20 s, followed by three inversions. The samples were then
cleared of all organic material with a commercial drain cleaner
(Drano®, S.C. Johnson & Son, Racine, WI, USA). A permanent slide was
prepared by placing the cleaned sample on a glass slide and adding a
drop of high refractive index mounting medium. A coverslip was then

Environmental conditions for the four dates of sampling: temperature, salinity, pelagic algal cellular abundance, pelagic biomass (as Chl a), and algal photosynthetic
efficiency (as in vivo cellular fluorescence capacity; F,/Fy,) from pelagic water samples collected adjacent to the vessel’s hull prior to sampling the hull for benthic
scrapings. Means of replicates (n = 9) are presented for cellular abundance, biomass, and photosynthetic efficiency. Average speed of the TSGB throughout the summer

2018 voyage is presented in advance knots (kts).

Location Date Temp Salinity Pelagic cellular abundance Pelagic biomass Pelagic photosynthetic efficiency Average speed of advance
) (x10° cells/L) (ug Chl a/L) (Fy/Fm) (kts)
Vallejo, CA 4/24/18 16.4 11.5 20.05 2.48 0.53 14.0 + 2.5
Long Beach, CA 5/01/18 16.1 335 2.81 5.42 0.72
Lahaina, HI 6/14/18 25.6 35.0 0.50 0.03 0.51
Vallejo, CA 6/29/18 18.9 20.4 60.17 1.16 0.63
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placed over the sample before heating the slide to burn off excess alcohol
(Diatom Project, 2010).

2.7. Flow cytometry

Flow cytometry was used to quantify the cell density (BD Accuri C6
flow cytometer; BD Bioscience, San Jose, CA, USA). The preserved 1.5-
mL samples were vortexed at 6000 rpm for 20 s, and then inverted three
times to ensure a homogeneous mixture of the sample. From these
samples, 30-pL sub-samples were analyzed within one minute. Cell size
was determined from forward-scattered light (FSC) values, which are
proportional to cellular surface area (Shapiro, 2003; Tkeda et al., 2016).
The different microalgal species were totaled by selection of the popu-
lation based on the sizes acquired through microscopy and non-
fluorescent particle size calibration beads that ranged in size from 1 to
15 pm in diameter (F-13838; Molecular Probes, Grand Island, NY, USA).
The cellular abundance for each population was then calculated using
the equation

cellular abundance = % x 1000

where g is the total count obtained from the “gated” region, and ‘S’ is the
volume (pL) subsampled by the flow cytometer (Ikeda et al., 2016).

Eight samples were randomly selected for direct comparison of
enumeration conducted by flow cytometry versus enumeration by
inverted microscopy). Due to over dispersion of the count data, a
negative binomial error distribution and log link function were specified
(glm.nb function, MASS package) during this statistical analysis Despite
the consistently lower counts via microscopy, enumeration via flow
cytometry was directly proportional to measurements of cellular abun-
dance via microscopy.

2.8. Statistical analysis

All statistical analyses were conducted in R (Version 3.0.3; R Core
Team, 2018) and Rstudio (Version 0.97.551; Rstudio Team (2018)).
Generalized linear models (GLM) were used to examine the impact of the
voyage on algal biomass (measured as Chl a). Due to over dispersion of
the biomass data, a negative binomial error distribution and log link
function were specified (glm.nb function, MASS package; Venables and
Ripley, 2002). Cellular abundance was also examined with a generalized
linear model with a negative binomial error distribution and log link
function. Algal photosynthetic efficiency was examined using a linear
model (Im function, R Core Team, 2018). Nested models were assessed
based on the location on ship (forward, mid-ship, aft) and the port
location (Vallejo, CA, Long Beach, CA, Lahaina, HI). Then, the best fit
model was selected using Akaike Information Criterion (AIC) to compare
models, in which the lowest AIC value represents the best fit (Burnham
and Anderson, 2004).

3. Results
3.1. Observations of the fouling community at each port

The fouling community of the TS Golden Bear was observed at three
different ports during its summer 2018 voyage: Vallejo, CA, Long Beach,
CA, Lahaina, HI, and again two months later in Vallejo. ROV video
footage from Long Beach was compromised and unavailable for com-
parison, but footage from the other three sampling dates indicated a shift
in the macrofouling species attached to the ship’s hull.

The first survey was conducted in Vallejo on April 24, 2018.
Biofouling growth was observed on all sections of the ship’s hull: from
the waterline to 1 m depth, at least half of the area was covered in
barnacles (Balanus spp.), while much of the hull was covered with green
microalgae spreading from the waterline to below the ROV’s video ca-
pacity (3 m depth). In some areas, barnacles were clumped in large
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vertical bands (Fig. 2). The macroscopic fouling organisms present were
primarily filter-feeders, and the introduced isopod, Synidotea laticauda,
was commonly found among the shells of living and dead barnacles. This
first survey of the TS Golden Bear showed the extent of biofouling
accumulation since its last dry-dock maintenance conducted five years
previously.

The second survey, conducted at Long Beach, CA on May 1, 2018
showed little qualitative change in the community compared to the
initial survey at Vallejo. While in Long Beach, intermittent bands of
barnacles (2-m wide areas with approximately 90-100% coverage of
barnacles) were observed to be actively feeding at the waterline and
below. The spatial extent and composition of the community resembled
that observed at Vallejo: microalgae were present along the waterline
and extended below 3-m on the hull along with consistent barnacle
coverage.

By the time the ship arrived at Lahaina, HI on June 14, a clear shift
was visible in the macrofouling community, with no survivorship
observed of the previously dense, actively feeding bands of barnacles
observed at Vallejo and Long Beach. Now only hollow shells were
visible. Due to good water clarity, the entire starboard side of the ship
was readily observable, from the waterline to the bottom of the keel, and
90% of the hull was covered in microalgae and hollow barnacle shells.

3.2. Pelagic water samples

The ambient conditions of the pelagic waters adjacent to the ship
demonstrated increased salinity levels expected in coastal and oceanic
waters of Long Beach and Lahaina, respectively, relative to estuarine
waters of Vallejo (Table 1). Lahaina had the highest temperature and
salinity of the four sampling opportunities, and both temperature and
salinity increased at Vallejo after two months due to decreased seasonal
freshwater flow at the later date. Chlorophyll a was initially 2.48 ug/L in
the temperate waters of Vallejo, consistent with previous monitoring
data for the Carquinez Strait from 2015 to 2018 at this time of year
(3.47 pg/L, Schraga et al., 2018). Chlorophyll a was higher in Long
Beach (5.42 pg/L) than in Vallejo, yet greater than the long-term
average of 4.16 pg/L from 2015 to 2018 for this region during May
(SCCOOS, 2019). Chlorophyll a in Lahaina was very low (0.03 pg/L),
which was far below the 2015-2018 average of 0.27 pg/L this time of
year (NOAA, 2018). By the time the ship returned to its home port of
Vallejo, Chl a concentrations had declined by 2-fold from their early
spring concentrations to 1.16 pg/L, which is lower than the 2015-2018
June average (3.08 pg/L; Schraga et al., 2018).

3.3. Microalgal cellular abundance

Benthic algal cellular abundance in the scrapings from the ship’s hull
(reported as cells/m?) demonstrated the following changes from port to
port (Table 2; Table 3):

Average cellular abundance declined 62% from Vallejo to sampling
in Long Beach. This reduction in cellular abundance of ~194,000 cells/
m? occurred as the ship left the low salinity waters of the SFBE and
travelled in the higher salinity waters along California’s coast, although
temperature was similar (Table 2; Fig. 4).

Microalgal cellular abundance decreased in Lahaina, where tem-
perature increased substantially from Long Beach: on average there was
a 26% reduction across all areas of the ship resulting in an average loss
of ~44,000 cells/m?.

Cellular abundance values did not recover following the vessel’s
return to Vallejo (final); rather, cellular abundance remained fairly
stable once the ship reached the temperate, but much less saline waters
of the estuary.

A large outlier of high cellular abundance was measured at the for-
ward section of the ship at the beginning of the voyage in Vallejo, CA,
and may have obscured trends in abundance across locations on the
ship. However, an additional analysis was run without this outlier which
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Vallejo, CA. April 24, 2018

T

Vallejo, CA. June 29, 2018

Fig. 2. Images of typical hull fouling communities on the hull of the Training
Ship Golden Bear taken at three locations: Vallejo, CA (initial), Lahaina, HI and
Vallejo (after 2 months at sea) following the summer cruise. Variation in the
ROV sampling environment is evident, especially differences in turbidity that
affect visibility. Live barnacles are visible in the top and center photos, but only
shells (dead barnacles) remained at the end of the voyage (bottom photo).
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revealed that cellular abundance still did not differ significantly across
sampling locations on the hull.

3.4. Algal photosynthetic efficiency

Algal photosynthetic efficiency, measured as in vivo cellular fluo-
rescence capacity (Fy/Fp values), is generally found in the range of
0.55-0.70 in photosynthetically-efficient “healthy” marine phyto-
plankton (eg, Quigg et al., 2006). One area of the ship’s hull had
consistently lower F,/Fp, values: a nested model (Im (F,/Fy, ~ Location
on Hull) revealed that the aft section of the ship had significantly lower
Fy/Fp, values compared to the mid-ship and forward areas (t = —0.55, p
= 0.004; Table 4.) Port-to-port comparisons of photosynthetic efficiency
employed the average hull values of F,/Fp, from the three sampling re-
gions on the ship’s hull (Table 2, Fig. 4). Although there were no sta-
tistically significant differences, several trends were evident:

The ratio, F,/Fy, increased from Vallejo to Long Beach as the com-
munity experienced the 3-fold increase in salinity. Low F/F, values in
Vallejo (initial) indicated relatively photosynthetically inefficient com-
munities (mean = 0.47 + 0.03). F,/Fy, increased by 13% from Vallejo to
Long Beach (mean = 0.54 + 0.04).

As the vessel reached Lahaina, salinity increased modestly by 1.5,
whereas temperature increased by 9.5C degrees, with a resulting 17%
decline in F/Fy,. The mean F,/Fp,. of 0.45 + 0.26 was well below the
“healthy” range typical for pelagic microalgae, and demonstrated high
variability as a function of hull location.

Upon return to Vallejo, F/Fp, values increased to the “healthy” range
(mean = 0.60 + 0.07) with the substantive declines in both salinity and
temperature.

Measurements of Fy/Fy, for benthic organisms (described above)
followed the same trend of increasing and decreasing observed in
adjacent pelagic water samples.

3.5. Microalgal biomass

Chlorophyll a samples collected from the three locations on the hull
(forward, mid-ship, and aft) demonstrated considerable variability
relative to location on the hull, but with no distinct trend:

Biomass decreased from Vallejo to Long Beach as the community
experienced a 3-fold increase in salinity. There was a 42% reduction in
biomass from the first initial sampling in Vallejo (mean = 6.97 + 4.17
ng/m?) to one week later when the vessel reached Long Beach (4.05 +
1.91 pg/m?), although this reduction was not statistically significant (t
= —1.00, p = 0.33, Table 5).

Biomass decreased a (non-significant) further 36% from Long Beach
to Lahaina, HI (mean = 3.07 + 1.29 ug/m?) as the community experi-
enced an extreme increase in temperature (9.5C degrees) and a modest
increase in salinity from 33.5 to 35.0.

Biomass increased 230% after leaving Hawaii to a mean of 10.13 +
8.13 pg/m? in Vallejo where both salinity and temperature were sub-
stantively reduced from mid-oceanic values (though not statistically
significant).

3.6. Microalgal species

Navicula spp. was the dominant, and in most cases, the only
observable diatom genus found on the hull samples, and was observed at
every location (Fig. 3). Smaller pennate diatoms and fungi were also
present at Lahaina, HI, but could not be further identified. The fungi
were only observed from the forward section of the ship’s hull while in
Lahaina, HI. Species of Surirella and Cyclotella were present in hull
samples from Long Beach, though the presence of these genera was not
noted in any other samples or port locations. Overall Navicula was
consistently observed, and the diversity of the fouling community did
not appear to increase or decrease; rather, only the sporadic presence of
smaller diatoms and fungi was noted throughout the voyage.
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Table 2
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Average algal cellular abundance, biomass (as Chl a), and photosynthetic efficiency (as in vivo cellular fluorescence capacity; F,/F,) for the sampling locations on the
ship’s hull at each port. Hull location values are the mean of triplicate (n = 3) samples + 1 SD, when available. Ship averages are reported as means of all nine (n = 9)

samples +1 SD, when available. ND indicates no data available.

Port Ship sample location Cellular abundance Ship’s hull average Cell biomass Ship’s hull average Algal photosynthetic efficiency Ship’s hull average
(x10° cells/m?) (pg/m?) (Fo/Fum)
Vallejo, CA (Initial) Forward 745.62" 3.50° 0.48"
April 24, 2018 Mid-Ship 116.06 + 65.18 314.86 + 373.42 9.40 + 3.56 6.97 + 4.17 0.50 £ 0.01 0.47 £ 0.03
Aft 89.90 + 30.57 8.00 £ 3.50 0.44 £ 0.03
Long Beach, CA Forward 131.10 + 113.19 5.40 + 0.87 0.51 + 0.01
May 1, 2018 Mid-Ship 111.45 + 88.90 121.28 +13.89 2.70 £ 2.25 4.05+1.91 0.56 = 0.05 0.54 = 0.04
Aft ND ND ND
Lahaina, HI Forward 6.65 + 9.01 4.50 £+ 3.29 0.67 &+ 0.06
June 14. 2018 Mid-Ship 58.50 + 50.42 57.52 £ 50.51 2.70 £+ 4.02 3.07 £1.29 0.51 = 0.09 0.45 + 0.26
Aft 107.53 £+ 78.60 2.00 £+ 4.00 0.16 = 0.39
Vallejo, CA (Final) Forward 15.62 4+ 9.92 3.50 £ 0.92 0.65 £ 0.08
June 29, 2018 Mid-Ship 127.86 + 119.21 58.40 + 60.74 19.90 + 6.60 10.13 + 8.13 0.62 + 0.08 0.60 + 0.07
Aft 32.08 + 3.06 7.00 £ 2.15 0.52 + 0.04
@ Triplicate samples not collected, only singular samples.
Table 3 Table 4

Best fit model for algal cellular abundance. (A) AIC was used to select the best fit
model among a model containing all variables, and nested models which remove
one of the two variables: port and location on ship. dAIC is the difference in AIC
of a given model from the best fit model. (B) Results of negative binomial GLM
with log link function (glm.nb function, MASS package) fit to algal cellular
abundance. The forward area of the ship at Vallejo (initial) is used as a baseline
for comparison. P-values < 0.05 are in bold. NA = not sampled.

Best fit model for algal photosynthetic efficiency. (A) AIC was used to select the
best fit model (lower score is better) among a model containing all variables, and
nested models which remove one of the two variables: port and location on ship.
dAIC is the difference in AIC of a given model from the best fit model. (B) Results
of a linear model fit to photosynthetic efficiency as a function of all coefficients
combined. The forward area of the ship at Vallejo (initial) is used as a baseline
for comparison. P-values <0.05 are in bold. NA = not sampled.

A. dAIC df Weight Resid. Dev A. dAIC df Weight
1 Full Model 0 11 0.765 314 1 Full Model 0.7 12 0.405

2 Without Port 3.2 4 0.158 33.2 2 Without Port 0 4 0.578

3 Without Location on Ship 4.6 5 0.077 33.1 3 Without Location on Ship 7.1 5 0.016
B. Coefficients Estimate Std. Error zvalue Pr(>|z|) B. Coefficients Estimate  Std. error Pr(>|t)

Algal cellular abundance Full Model: glm.nb(Count ~ Port * Location on Ship)

AIC = 687.38
Vallejo (Initial) Forward 10.58 0.88 12.05 <2e-16
Mid-Ship 1.08 1.08 1 0.32
Aft 0.74 0.72 1.04 0.3
Long Beach Forward 1.2 1.01 1.18 0.24
Mid-Ship -1.24 1.34 —-0.93 0.35
Aft NA NA NA NA
Lahaina Forward -1.8 1.01 -1.77 0.08
Mid-Ship 1.12 1.29 0.86 0.39
Aft 2.06 1.01 2.03 0.04
Vallejo (Final) Forward -0.95 0.72 -1.32 0.19
Mid-Ship 1.05 1.08 0.97 0.33
Aft NA NA NA NA
Without Port glm.nb(Count ~ Location on Ship), AIC = 690.55
Forward 10.84 0.37 29.16 <2e-16
Mid-Ship 0.69 0.51 1.34 0.18
Aft 0.38 0.53 0.71 0.48
Without Location on Ship glm.nb(Count ~ Port), AIC = 691.97
Vallejo (Initial) 11.47 0.49 23.19 <2e-16
Long Beach 0.25 0.7 0.36 0.72
Lahaina —0.51 0.62 -0.83 0.41
Vallejo (Final) —0.5 0.62 —0.81 0.42

. — * : :
Photosynthetic efficiency Full Model: Im(F,F,, ~ Port * Location on Ship)

AIC = —-21.54
Forward 0.48 0.12 0
Vallejo (Initial) Mid-Ship 0.02 0.14 0.86
Aft —0.04 0.13 0.77
Forward 0.04 0.13 0.78
Long Beach Mid-Ship 0.02 0.18 0.91
Aft NA NA NA
Forward 0.19 0.13 0.17
Lahaina Mid-Ship -0.18 0.17 0.31
Aft -0.33 0.16 0.06
Forward 0.18 0.13 0.20
Vallejo (Final) Mid-Ship —0.05 0.17 0.79
Aft —0.09 0.16 0.59
Im(F,Fy, ~ Location on Ship) AIC = —19.28
Without port Forward 0.6 0.04 0
Mid-Ship —0.04 0.06 0.45
Aft -0.18 0.06 0
Im(FyF,, ~ Port) AIC = —11.77
Vallejo (Initial)  0.46 0.06 0
Without location on ship Long Beach 0.07 0.08 0.43
Lahaina 0.03 0.07 0.71
Vallejo (Final) 0.14 0.07 0.07
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Table 5

Best fit model for algal biomass. (A) AIC was used to select the best fit model
(lower score is better) among a model containing all variables, and nested
models which remove one of the two variables: port and location on ship. dAIC is
the difference in AIC of a given model from the best fit model. (B) Results of a
linear model fit to biomass as a function of all coefficients combined. The for-
ward area of the ship at Vallejo (initial) is used as a baseline for comparison. P-
values <0.05 are in bold. NA = not sampled.

A. dAIC df Weight Resid. Dev
1 Full Model 0 12 1 227.6
2 Without Port 21.8 4 <0.001 838.7
3 Without Location on Ship 19.5 5 <0.001 723.7
B. Coefficients Estimate Std. error tvalue Pr(>|t|)

Biomass Full Model: Im(Biomass ~ Port * Location on Ship) AIC =
166.05
Vallejo (Initial) Forward 3.53 3.55 099  0.33
Mid-Ship 5.88 4.35 1.35 0.19
Aft 4.16 4.1 1.01 0.32
Long Beach Forward 1.87 4.1 0.45 0.65
Mid-Ship —8.62 5.43 -1.58 0.12
Aft NA NA NA NA
Lahaina Forward 0.98 4.1 0.23 0.81
Mid-Ship -7.73 5.23 -1.47 0.15
Aft —6.26 5.02 -1.24 0.22
Vallejo (Final) Forward -0.03 4.1 —-0.01 0.99
Mid-Ship 10.53 5.23 2.01 0.05
Aft —-1.03 5.02 -0.2 0.83
Without Port Im(Biomass ~ Location on Ship) AIC = 187.87
Forward 4.38 1.8 2.44 0.02
Mid-Ship 4.81 2.54 1.9 0.07
Aft 1.2 2.61 0.46 0.65
Without Location on Ship Im(Biomass ~ Port) AIC = 185.43
Vallejo (Initial) 7.58 2.2 3.45 0
Long Beach -3.27 3.26 -1 0.33
Lahaina —4.38 2.84 —1.54 0.14
Vallejo (Final) 2.44 2.84 0.86 0.4

7

Fig. 3. Benthic microalgae collected from hull scrapings of the T.S. Golden Bear
at Vallejo (initial sampling) on May 24, 2018 showing diatoms of the genus
Navicula. Smaller pennate diatoms were present in lower densities, but could
not be identified.
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Fig. 4. (A) Algal biomass, (B) algal photosynthetic efficiency, measured as in
vivo cellular fluorescence capacity (F,/F,) and (C) algal cellular abundance
measured during the 2018 summer voyage of the T.S. Golden Bear. Shaded
histograms represent averages (n = 3) samples taken from the three sections of
the hull. Error bars represent 1 SD; black jointed dots are the average of all
hull measurements and are reported as the average (n = 9) + 1 SD when
available (see Table 2 for details). ND indicates no data available.
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4. Discussion

4.1. Impacts of environmental conditions: macrofouling and microalgal
communities

Our results suggests that portions of the microalgal community may
be highly resistant to major environmental shifts that are not tolerated
by macrofouling organisms. The micro- and macrofouling communities
diverged sharply in their observed responses to transit. The microalgal
community experienced declines in algal biomass and photosynthetic
efficiency during transit, followed by recovery upon return to the estu-
ary. Microalgal cellular abundance, however, also declined during the
journey, but did not experience the same recovery.

To better evaluate the marine bioinvasion risk associated with
fouling on the hulls of ships, a better understanding of the relationship
between microfouling organisms and voyage characteristics, such as
duration of port stays or hull husbandry practices, is necessary. At pre-
sent, microfouling on in-service vessels is understudied, and while there
is an abundance of macrofouling studies, it is unclear how well macro-
fouling responses to major shifts in environmental conditions might
predict the responses of microfouling communities.

The large die-off of the macrofouling community on the T.S. Golden
Bear aligns with previous observations of significant mortality in mac-
rofouling communities after transiting widely variable environmental
conditions, including major shifts in temperature and salinity. For
example, macrofouling communities were greatly reduced on obsolete
ships towed from San Francisco, CA to Brownsville, TX via the tropical,
freshwater Panama Canal, with a massive loss in branching species, an
increase in bare space, and an increase in dead barnacles and other
encrusting species by the end of the voyage (Davidson et al., 2008).
Reductions in macrofouling also were observed on the hulls of Canadian
military ships traveling from temperate to Arctic brackish water con-
ditions (Chan et al., 2016).

Major changes in both temperature and salinity have been shown to
drive high mortality events in benthic invertebrate communities more
generally. For instance, marine heat waves have caused mass mortality
in a number of benthic invertebrate communities (Garrabou et al. 2009).
For salinity changes, Chang et al. (2018) demonstrated how major
freshwater events can result in compositional change and mass mortality
in benthic macroinvertebrate communities within the SFBE. This
sensitivity of estuarine and marine macrofouling communities to
freshwater has led to the suggestion that flushing with freshwater could
be used as a possible non-toxic means of eliminating macrofouling in
semi-enclosed sea chests (Castro et al. 2018).

During transit, and at high speeds, significant shear stress imposed
on the epibenthic communities on ship hulls can pull off large amounts
of pre-existing growth (Davidson et al., 2020; Carlton and Hodder,
1995). We can presume that such forces are likely more important for
macrofouling than microfouling organisms due to the greater surface
area and thus higher drag force exerted on macrofouling organisms.
Additionally, previous research has shown the resilience of diatom
species such as Navicula to shear stress (Callow, 1986; Woods et al.,
1986; Cassé and Swain, 2006; Hunsucker et al., 2014; Zargiel and Swain,
2014). Hunsucker et al. (2014) demonstrated that both Amphora and
Navicula were both present in biofilms, despite combined hydrodynamic
and osmotic stresses applied to mimic open-hull transport. Their results
align with the continued presence of Navicula noted throughout the
summer 2018 voyage in the present study, and may explain why the
microalgal community was more resilient over the course of the journey.
Asnoted in Hunsucker et al. (2014), these surviving microorganisms will
continue to aid in further biofilm development and increase invasion
risk upon macrofouling recruitment.

4.2. Biomass & algal cellular abundance

There are few published studies that focus on in-service ships and the
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impacts of abiotic factors and transit on microalgal species, such as di-
atoms (Callow, 1986; Woods et al., 1986; Zargiel et al., 2011; Hunsucker
et al., 2014; Sweat et al., 2017). The present research appears to be the
first to quantify the changes in microalgal communities attached to an
atypically-operating vessel throughout the duration of its journey. Di-
atoms, the dominant members of the T.S. Golden Bear’s microfouling
community, as well as other non-cruise microfouling studies (eg, Zargiel
et al.,, 2011) can be negatively impacted by extreme changes in envi-
ronmental conditions (i.e., salinity, temperature, irradiance) despite the
presence of an extracellular polymeric substance, which presumably
offers protection to diatoms from such stressors (Kirst, 1990; Kamer and
Fong, 2001; Steele et al., 2014). Major changes in salinity (both in-
creases and decreases) are well-known to have lethal effects on photo-
autotrophs, including increased osmotic and ionic stress in cells (Kirst,
1990; Kamer and Fong, 2001) and although some microalgal organisms
can regulate their internal osmotic balance, it can be inferred that rapid
changes in salinity resulting from resumed vessel transit could result in
energetically expensive physiological changes to microalgae. Oxidative
stress (Rijstenbil, 2005) and disruption of growth and photosynthetic
processes (Sudhir and Murthy, 2004) have been documented as well;
however, benthic diatoms embedded within a biofilm may possess a
greater ability to withstand, or recover from stress stemming from high
salinity exposure (Steele et al., 2014). For example, Wulff et al. (2015)
demonstrated that Arctic benthic pennate diatoms are resistant to de-
clines in salinity (from 33 to 21) over an 11-day period, finding no ef-
fects on algal cellular abundance, species composition, or
photosynthetic efficiency measured with variable fluorescence. How-
ever, more extreme salinities (ie, 5 and 0) were found to have a signif-
icant deleterious effect on microalgal communities, particularly species
such as Cylindotheca closterium (Wulff et al., 2015).

Increases in temperature can increase the cellular abundance of
benthic microalgae (Admiraal, 1977) and within benthic biofilms
(Russell et al., 2013), though the effects of salinity changes on such
communities are not well known. The greatest declines in biomass and
cellular abundance during the TS Golden Bear’s voyage occurred when
the ship reached the high-temperature, high-saline waters of Lahaina,
HI, which broadly agrees with the laboratory results of Admiraal (1977).
In their laboratory study, the growth of Navicula sp. was examined at a
range of temperatures from 4 to 25 °C, and was found to have an opti-
mum growth temperature of ~18 °C, with growth inhibition at tem-
peratures exceeding 20 °C. While it was suggested that Navicula spp. can
actually utilize high temperatures (25-30 °C) during the day, this spe-
cies requires lower temperatures at night to complete a high rate of cell
division. These results would suggest that in the present study, the high
temperatures encountered by the T.S. Golden Bear in Hawaii waters may
have inhibited Navicula spp. growth and the resulting cell yield in these
tropical waters.

In addition to potential stress from elevated salinity and tempera-
ture, increased irradiance in Hawaii may have negatively impacted
cellular abundance and biomass. On the day of sampling in Hawaii,
photosynthetically active radiation (PAR: ~400-700 nm) measured at a
near-by monitoring station (Mauna Loa, Waimea, HI) was 2200 pmol
photons~rn’2~s’l (Bigelow et al., 1998). Previous research has shown
that benthic diatoms often prefer low light conditions, and stress from
high irradiance results in increased photoinhibition (eg, Cartaxana et al.,
2013). Benthic diatoms have developed mechanisms in order to mitigate
damage from high light levels: intertidal microphytobenthos have the
ability to migrate downwards and avoid photoinhibition (Kromkamp
et al., 1998), whereas diatoms attached to a ship may be limited by the
available vertical surface on the hull. Thus, upon returning to the
temperate, more turbid waters in Vallejo, CA, lower in situ light could
have contributed to the recovery in microalgal biomass, which was
composed primarily of benthic diatoms.
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4.3. Algal photosynthetic efficiency

Although photosynthetic efficiency, as measured using in vivo
cellular fluorescence capacity (Fy/Fp), did not differ significantly
throughout the 2018 voyage of the T.S. Golden Bear, there was a non-
significant decline in photosynthetic efficiency of the benthic micro-
algal community upon the ship’s arrival in Hawaii. Physical observa-
tions of the microfouling community during sampling also suggested
that the community was in poor health, as the biofilm had hardened and
was difficult to pull away from the hull of the ship. Despite this decline
in Hawaii, the community’s cellular fluorescence capacity (Fy/Fp,)
values increased once the ship returned to Vallejo, CA, at the end of the
voyage. Previous studies have indicated that salinity stress can have a
significant impact on the maximal photochemical efficiency of photo-
system II (PSII) for pelagic diatoms (Liang et al., 2014; Lu and Vonshak,
2002). Liang et al. (2014) showed that F,/F,, decreased when Phaeo-
dactylum tricornutum and Chaetoceros gracilis were exposed at extremely
high and low salinities. Given that the microalgal community attached
to the hull of the T.S. Golden Bear experienced an increase in salinity of
23.5 during transit from Vallejo, CA to Lahaina, HI, it seems likely that
salinity stress contributed to their reduced photosynthetic efficiency.

4.4. Flow cytometry

Two methods for quantifying microalgal cellular abundance within a
biofilm matrix were compared in the present study — direct counts using
phase contrast microscopy and enumeration with flow cytometry. Mi-
croscopy is the traditional technique for measuring cellular abundance,
and has been used successfully for decades (eg, Lund et al., 1958;
Utermohl, 1958). Cellular abundance in the present study, however, was
reported based on flow cytometric estimates due to the time-intensive
nature of microscopic counting and especially the difficulty in visually
separating diatom cells completely from the biofilm matrix. Limited
testing showed that abundance estimates from the two enumeration
methods were proportional to one another. Flow cytometric results,
calibrated with direct microscopic counts, were thus able to provide a
rapid estimate of quantifiable changes in cellular abundance as micro-
fouling communities were exposed to different salinities. We recom-
mend this approach to regulators as a rapid and cost-effective method to
quantify algal cellular abundance in microfouling communities on ship
hulls based on these results and those of others (eg, Peperzak et al.,
2018).

4.5. Remotely Operated Vehicles (ROV’s)

This work demonstrated both the practical benefits and limitations of
ROVs to evaluate hull fouling communities on in-service ships. In the
perfect working conditions at Lahaina, HI, ROV footage allowed for a
general estimate of the level of fouling, which if applied correctly, can
provide a reliable estimate of biofouling extent, composition, and in-
vasion risk (Floerl et al., 2005; Scianni et al., 2019). While the use of
ROVs is a promising approach for examination of hull fouling commu-
nities in situ without requiring the use of diving, several important ca-
veats should be addressed to ensure reliable data collection. Identifying
macrofouling species and quantifying species abundance with a video
camera while moving along a transect proved to be exceedingly difficult.
Thus, there are some serious limitations and considerations when con-
ducting hull fouling surveys with ROVs and archived video footage,
including imaging issues, survey designs, sampling methods, and repli-
cation (Cordell et al., 2009; Scianni et al., 2019).

4.6. Hand-held cameras
The need for a rapid and accurate estimate of biofouling extent may

require the use of other tools, rather than ROVs. This could include using
a hand-held camera with a long arm attachment, as discussed in

Marine Pollution Bulletin 165 (2021) 112112

Davidson et al. (2010), for quantifying the extent and composition of
biofouling on recreational boats. The use of a GoPro Hero™ video
camera in the present study provided additional video footage that
would not have otherwise been visible from the ROV. Our research
suggests that compared to ROV use, running transects with high-quality
cameras surrounded by powerful lighting alongside the ship or from a
pier, may be a quicker and easier means for regulators to obtain robust
data, but without decreasing accuracy especially if (1) visibility is low,
(2) tides restrict maneuvering of the ROV, and (3) regulators seek to run
inspections without substantially impacting operational schedules of in-
service ships.

In addition to hand-held video footage (as obtained here) our qual-
itative measurements could have been improved by obtaining high-
resolution frames at a standardized distance from the hull surface.
These alternative techniques would be useful for further research as well
as for regulators conducting inspections, particularly if the frequency of
vessel inspections in California increases in the near future.

4.7. Physical sampling of microfouling communities on ship hulls

No significant difference was observed in the microalgal cellular
abundance or biomass as a function of location on the hull (i.e., forward,
mid-ship and aft regions) of the T.S. Golden Bear. Physical sampling from
the waterline and visual observations made at three distinct regions
(waterline, 1 m, 2 m) allowed us to make assumptions about the fouling
community at certain depths; however, the difficulty of physical hull
sampling was problematic. One side of the ship (port side for the T.S.
Golden Bear) was often inaccessible, as would be the case for the sam-
pling of most ships while secured alongside a wharf or pier. Additionally
time constraints, such as the ship’s schedule, and physical factors, such
as rough currents and the inability to safely approach the vessel, often
occurred. This would presumably result in reduced sampling abilities for
enforcement agencies and regulators.

Preferably, samples can be filtered and/or processed immediately,
and quickly analyzed on-site; however the logistics of this study pre-
vented us from either processing samples or freezing them quickly
following their collection at some of the sites, notably Long Beach, CA
and Lahaina, HI. Because the methods of the present study were stan-
dardized across sampling locations, the authors do not anticipate data
limitations; however, it is recommended that quicker filtration, pro-
cessing and analysis be implemented for similar research in the future.

Our results support the practice of taking multiple replicate samples
from several areas of the ship. The current research showed no differ-
ence between the forward, mid-ship and aft regions; however, previous
research has demonstrated how stressors and their impacts on organisms
may vary across hull locations in other vessels (Chan et al., 2016). Thus,
it would be beneficial to quantify biomass and algal cellular abundance
across multiple in-service vessels to (1) establish a minimum level of
replication needed to detect changes in the community, and (2)
extrapolate differences between areas of the ship hull.

5. Conclusions

The biofouling regulations recently implemented by the California
State Lands Commission (Scianni et al., 2019) represent an important
first legal step in reducing the risk of marine invasive species transport
via biofouling on ship hulls. Given the invasion risk posed by hull
fouling, especially on atypically-operating vessels, there is a clear reg-
ulatory need for well-defined, quantitative thresholds that can be used to
assess the extent of fouling easily and quickly on vessel hulls for
enforcement purposes. Despite the implementation of these regulations,
there is still limited understanding of the risks posed by microalgal
communities transported on ship hulls, and more research is needed to
examine the changes that microalgal communities undergo while in
transit.

This study clearly demonstrates that microalgal communities can be
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highly resilient and can survive strenuous journeys through extreme
variation in abiotic conditions such as salinity and temperature: from
Vallejo to Long Beach, decreases in biomass (42%) and cellular abun-
dance (62%) were observed. The transit from southern California to
Hawaii resulted in further reductions of biomass (36%), cellular abun-
dance (26%) and photosynthetic efficiency (17%). Despite reductions
noted in Lahaina, HI, a final observation of the ship’s hull in Vallejo
revealed that the community largely recovered during its transit east-
ward (biomass = 230% increase; Fy/F, = 32% increase), although
cellular abundance remained fairly stable. This overall recovery poses a
potentially important invasion risk to recipient systems: relatively little
is known about the in situ responses of macrofouling and microfouling
communities to changes in environmental conditions; as such, while
fouling organisms could experience stress along a voyage, we propose
that organisms attached to ship hulls maintain some level of invasion
risk if they can survive environmental stressors (such as salinity or
temperature changes) throughout a ship’s voyage.

Atypically-operational ships can serve as a vector for resilient
microalgal accumulation, and thus pose an invasion threat for the
introduction of non-native species to new areas. Given this invasion risk
posed by hull fouling, especially on atypically-operating vessels, there is
a clear regulatory need for well-defined, quantitative thresholds that can
be used to evaluate hull fouling levels quickly and easily on vessels for
enforcement purposes. The methods used in the current research pro-
vide efficient, time-saving procedures for analyzing microalgal (and
macrofouling) communities, which can in turn aid regulators in creating
such necessary thresholds for enforcement.
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