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Abstract 

 

Title: Exploring the Role of Biofilms in the Transport and Establishment of Invasive 
Marine Macrofoulers 

Author: Lynn Holly Sweat 

Major Advisor: Kevin B. Johnson, Ph.D. 

 

Biofilms dominated by bacteria and diatoms universally colonize submerged surfaces and 

mediate larval recruitment in benthic marine systems. The ability for macrofoulers to be 

transported by vessels and become globally established is likely affected by cues from the 

biofilm organisms they encounter. This study investigates how macrofoulers respond to 

biofilms shaped by local geography, transport processes and relocation. Biofilm 

assemblages in neighboring ports were largely unique to the site at which they were 

developed. Bacteria were primary drivers of variations among sites, and overall bacterial 

richness was an order of magnitude higher than has been reported for other marine 

environments. Diatoms drove differences between resident and transplanted biofilms and 

were found to survive shipping, including transport through freshwater. Different ship hull 

coatings and transport methods altered diatom assemblage composition. While biofilms 

were often unique with respect to bacteria and diatoms in this study, they affected the 

recruitment of < 30% of macrofoulers across the two experiments. Biofilms that were 

involved in recruitment and macrofouling community differences were usually from 

different ship hull coatings, suggesting that coating type was the underlying cause. This 
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study proposes that macrofouling larvae are largely biofilm generalists. Such a resourceful 

recruitment strategy allows macrofoulers to colonize surfaces coated with a wide variety of 

microbial assemblages and is probably a key factor in their transport, establishment and 

global invasion success. 
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CHAPTER 1 

A Tale of Two Ports: 

Biofilm Biogeography and Origin Effects on  

Subsequent Macrofouling 
 

Abstract 

 

Transport and establishment of macrofoulers between neighboring ports is a key step in the 

marine coastal bioinvasion process, and one that may be regulated by the composition of 

biofilms that colonize all submerged surfaces. However, it is unclear how biofilms in ports 

are distributed on resident and imported surfaces and how they might alter subsequent 

macrofouling colonization. This study establishes that the biofilms developed at and 

transplanted between neighboring ports harbor unique microbial assemblages. Bacteria 

were the primary contributors of biofilm variation among sites, while diatoms drove 

differences between resident and transplanted biofilms. While these biofilms were distinct 

from one another, they contributed to differences in macrofouling recruitment in only 25% 

of all species, and to community composition in just 10% of all cases. These results 

suggest that macrofouling larvae are resourceful and can readily recruit to and colonize 

biofilms that contain a wide variety of microbes. This generalist response is likely 

fundamental to the successful transport, establishment and global invasion success of 

macrofoulers in marine systems. 
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Introduction 

 

Biofilms dominated by bacteria and diatoms universally colonize submerged surfaces in 

marine environments, and often act as mediators of subsequent macrofouling recruitment 

(reviewed in detail by Wieczorek & Todd 1998; Hadfield & Paul 2001; Qian et al. 2007; 

Salta et al. 2013). Responses to bacterial biofilms have been documented for the larvae of 

ascidians, barnacles, bivalve mollusks, bryozoans, corals, polychaetes, sponges and 

macroalgal spores. Similarly, diatoms in biofilms are known to regulate recruitment in 

barnacles, bivalve mollusks, bryozoans and polychaetes. Recruitment responses vary based 

on the macrofoulers and biofilm organisms involved. Therefore, spatial heterogeneity 

among biofilms can alter subsequent macrofouling colonization via the variety of cues 

offered to passing propagules. 

 Despite their proximity, neighboring ports and marinas are built in such a way that 

natural connectivity is limited, leading to spatial heterogeneity among their biological 

communities (Floerl & Inglis 2003). However, vessels can transport propagules among 

locations and bridge these barriers. Recreational boats and other vessels travelling between 

neighboring ports are increasingly recognized as important but currently unregulated 

vectors for the spread of invasive marine organisms (Clarke Murray et al. 2011; 

Lacoursière-Roussel et al. 2012; Zabin et al. 2014; Ferrario et al. 2016). Through surveys 

from 193 boat owners at eight marinas along the Mediterranean coast, Ferrario and 

colleagues (2016) found that nearly half engaged in hull maintenance or travel practices 

that posed a moderate to very high risk of spreading exotic species. Furthermore, almost all 
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respondents were unaware that their behavior could facilitate the transport of exotic 

species, and were surprised to learn that ecosystem health can be threatened by 

introductions of small fouling organisms. In another study, inspections of 491 recreational 

vessels in coastal British Columbia revealed that over 25% of hulls were fouled with at 

least one exotic species, and niche areas (e.g. propellers, shafts, vents, water intakes) were 

commonly fouled even when the open hull remained clean (Clarke Murray et al. 2011). 

 Most hull surveys focus on macrofouling species, but Davidson et al. (2010) 

reported biofilms as the dominant fouling on vessels in the invaded San Francisco Bay. 

Nevertheless, there are few studies that have detailed the biogeography or transfer of 

biofilm organisms between or within neighboring ports. Keough & Raimondi (1996) 

transplanted biofilms within an Australian bay to examine the effect of biofilm origin on 

macrofouling recruitment. However, analysis of biofilm community composition was not 

attempted, and panels were covered with 230-µm mesh that could restrict settlement of 

larger diatoms during biofilm development. 

 Some authors have postulated that because of their small size and large 

populations, microbes like those in biofilm assemblages should have homogenous 

distributions across ecosystems (Finlay 2002; Fenchel & Finlay 2004). However, several 

microbial studies have found distinct biogeographical patterns similar to those of larger 

organisms. Spatial heterogeneity in microorganisms has been documented in terrestrial, 

marine and freshwater habitats at scales ranging from two meters (Franklin et al. 2002) to 

20,000 kilometers (Cho & Tiedje 2000). In marine systems, bacterioplankton and 

phytoplankton exhibit patterns of distribution among latitudes and depths, between coastal 
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and open waters, and across seasons (Cermeño et al. 2010; Ghiglione et al. 2012). In 

contrast to the hypothesis of microbial ubiquity, many of these species are not widely 

dispersed. A study of coastal bacterioplankton at nine global sites revealed that < 1% were 

cosmopolitan, while nearly 70% were endemic to a single location (Pommier et al. 2007). 

 Bacteria and diatoms tend to be more diverse on the benthos than in the water 

column (Round et al. 1990; Zinger et al. 2011), but studies of their biogeography mainly 

focus on sediment communities (Nemergut et al. 2010; Zinger et al. 2011). Hard surface 

biofilms are rarely investigated in a biogeographical context. Most studies emphasize 

biofilm assemblage differences on particular substrata or ship hull coatings (reviewed by 

Salta et al. 2013). Simultaneous analyses of prokaryote and eukaryote biogeography from 

the same biofilms are even more uncommon. Ragon et al. (2012) compared these two 

groups from intermixed biofilm assemblages on terrestrial rocky substrata at four European 

sites. Results revealed that bacteria were driven by substratum type, while eukaryotes 

(mainly fungi and chlorophytes) were influenced by location. Few comparable data are 

available for marine environments or for bacteria-diatom assemblages. 

This is the first study to simultaneously assess local-scale biogeography of 

bacteria, diatoms and macrofoulers, complete with a consideration of possible interactions. 

Understanding biofilm biogeography between neighboring ports is necessary to determine 

the potential effects their translocation has on macrofouling community structure and 

invasion success. Recruitment to biofilms on vessels travelling between ports can increase 

dispersal, while recruitment to biofilms within ports can increase establishment. Both 
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processes are necessary to escalate the status of a species from exotic to invasive. This 

investigation addresses the following hypotheses:  

(1) The community compositions of bacteria, diatoms and macrofoulers differ between 

neighboring ports and among sites within each port. 

(2) The community compositions of bacteria and diatoms differ between resident and 

transplanted biofilms at all sites.  

(3) Individual macrofouling species recruit differentially to resident versus transplanted 

biofilms. 

 

 

Methods 

 

Study Sites 

 

Port Canaveral and Fort Pierce inlets were chosen as the neighboring ports in this study, 

both connecting the Atlantic Ocean to the Indian River Lagoon estuary along the eastern 

central Florida coast. Port Canaveral harbors cargo, cruise and military ships in addition to 

small vessels, and has lock-restricted access to the estuary at its west end (Figure 1.1a). 

Located 108 km to the south, the open inlet of Fort Pierce is largely utilized by pleasure 

craft and commercial fishing vessels (Figure 1.1b). Although they are relatively close to 

one another, computer models and field data indicate very little hydrologic connection 

between the two ports via the estuary (Smith 1983; Liu et al. 1997). Three marinas at each 
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port were selected as study sites to investigate fouling composition between and within 

ports. All sites primarily accommodate recreational vessels except for the US Coast Guard 

Station (CGS) in Port Canaveral. The average navigable distance among sites is 1.2 km in 

Port Canaveral and 4.0 km in Fort Pierce. No significant differences were detectable 

among the six sites with regard to water temperature (21.2 ± 0.2 °C), salinity (35.9 ± 0.1 

ppt) or dissolved oxygen (5.7 ± 0.1 mg l-1), based on measurements recorded during site 

visits using a Yellow Springs Instruments Pro Plus multiparameter meter. 
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Panel Preparation and Deployment 

 

Biofilms and macrofoulers were cultivated on a series of six floating panel arrays deployed 

at each site (18 arrays / port) from November 2012 to March 2013. Each array consisted of 

a 60 x 30 cm cross (2.5 cm Sch 40 PVC pipe) fitted with four 10 x 20 x 0.6 cm clear 

acrylic panels, one for each of the following treatments: 1) transplanted biofilms, 2) 

resident biofilms, 3) macrofouling on transplanted biofilms and 4) macrofouling on 

resident biofilms (Figure 1.2). Treatment panels were randomly arranged and attached 

upright on each array with stainless steel bolts. All arrays were suspended vertically on 

weighted cables with the top panel edges 0.2 m below the water line. Arrays were allowed 

to move up and down and spin freely about the cables to maintain a constant depth and 

orientation to flow. 
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Figure 1.2 Schematic of floating array showing panels for each of the four treatments: 1) 

transplanted biofilms, 2) resident biofilms, 3) macrofouling on transplanted biofilms and 4) 

macrofouling on resident biofilms. 
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Biofilm Transplant 

 

Biofilm panels were reciprocally transplanted among sites between the two ports after 

seven days of immersion at their original site (Figure 1.1). Although rare, any visible 

macrofouling was carefully removed from all panel surfaces prior to transplant to ensure 

that only biofilms were relocated. Panels were transported in vertical racks submerged in 

recirculating 1-µm filtered seawater from the site of origin, and were then gradually 

acclimated to water at their destination before redeployment. Each of the six sites exhibited 

the same reciprocal transplant pattern, donating to and receiving one biofilm and one 

macrofouling panel from each site at the opposite port. The remaining resident panels were 

back-transplanted to their original site after undergoing the same transport conditions as 

the transplanted panels. 

 

Biofilm Collection and Analysis 

 

1. Collection 

 

Seven days post-transplant, three replicate panels were randomly selected from each site 

from both the resident and transplanted biofilm treatments. A sterile polyethylene cell lifter 

was used to scrape paired 1.9 x 17.8 cm bands of biofilm from each panel. One sample 

from the pair was immediately preserved in 1 ml RNAlater® and stored at -20 °C in the 
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laboratory awaiting offsite bacterial analysis. The other sample was preserved in 4% 

formalin pending onsite diatom analysis. 

 

2. Diatom Analysis 

 

Aliquots (100 µl) of each sample were analyzed via light microscopy at a total 

magnification of 400 to 1000X until ≥ 300 cells were counted (BS EN 14407:2004). Cell 

densities were normalized by volume for comparisons among samples, and diatoms were 

identified to the lowest possible taxonomic level using sources listed in Zargiel et al. 

(2011) and Sweat & Johnson (2013). 

 

3. Bacterial Analysis 

 

DNA extraction, amplification and sequencing were performed on all samples by 

Molecular Research LP (www.mrdnalab.com, Shallowater, TX, USA). PCR amplification 

of the 16S rRNA gene V4 hypervariable region was conducted using the common bacterial 

primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-

GGACTACHVGGGTWTCTAAT-3′) with the barcode on the forward primer (Caporaso et 

al. 2011). The HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, USA) was used to 

amplify DNA via the following process: 1) initial heat activation at 94 °C for 3 min, 2) 28 

cycles of denaturation at 94 °C for 30 s each, 3) annealing at 53 °C for 40 s, 4) extension at 

72 °C for 1 min, and 5) final elongation at 72 °C for 5 min. PCR products were assessed 
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for amplification success and relative intensity of bands using 2% agarose gel and were 

then pooled together in equal proportions by molecular weight and DNA concentration. 

Pooled samples were purified with calibrated Agencourt AMPure XP beads (Beckman 

Coulter Inc, Brea, CA, USA) and sequenced with the Illumina MiSeq sequencing system 

(Illumina Inc, San Diego, CA, USA). The service provider used a proprietary pipeline to 

deplete the resulting sequence data of barcodes, primers, sequences < 200 bp, and those 

with ambiguous base calls and homopolymer runs > 6 bp. Sequences were then denoised to 

remove low quality reads (see Rosen et al. 2012 for background) and chimeras were 

deleted.  

 After sequences were obtained from the service provider, they were clustered at 

the 97% similarity level to create OTUs (operational taxonomic units) using the UCLUST 

algorithm (Edgar 2010) in MacQIIME version 1.9.1. Taxonomic identification was 

assigned to OTUs using the UCLUST consensus taxonomy assigner, which ascribes the 

lowest possible taxonomic classification shared by ≥ 90% of the sequences in the OTU. 

 

Macrofouling Assessment  

 

Percent cover (resolution 0.3%) was used to analyze community composition and 

normalize recruitment among solitary and colonial macrofoulers with diverse growth 

strategies. Percent cover for all detectable macrofouling species was calculated by visual 

assessment of photographs using a modified ASTM standard (ASTM D6990-05). Digital 

images were superimposed with 340-cell grids and cells containing the target species were 
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enumerated. Each species was identified to the lowest possible taxonomic level using 

dissection and photomicroscopy of voucher specimens. This method was used at 3 weeks 

post-transplant, when macrofouling recruitment began, and was repeated at 5, 7, 9 and 13 

weeks post-transplant. 

 

Statistical Analyses 

 

Multivariate and univariate statistical analyses were performed using PRIMER-E version 5 

and XLSTAT Base version 2016.5 software packages, respectively. Relative proportions of 

bacteria in each sample were arcsine-transformed and analyzed at the genus level, as 

defined by groups of sequences sharing > 95% similarity. A one-way analysis of 

similarities (ANOSIM, α = 0.05) based on Bray-Curtis similarities was used to detect 

differences in assemblages between ports, among sites and between resident and 

transplanted biofilms within each site. Groups were considered different when R values 

exceeded the 0.250 threshold, even when pairwise differences via p-values were 

undetectable due to low replication (Clarke & Gorley 2001). A similarity percentage 

analysis (SIMPER) was then used to determine which species contributed most to those 

differences, where key genera were defined as those contributing ≥ 5% to dissimilarities 

among treatments. Finally, non-metric multidimensional scaling (NMDS) ordinations were 

used to visualize differences in assemblages at the port, site and biofilm treatment levels. 

The stress value associated with each ordination is a measure of its goodness of fit. A value 
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≤ 0.2 indicates that the 2-dimensional ordination is a useful interpretation of relationships 

among the plotted samples (Clarke & Warwick 2001).  

 Using the same multivariate analyses, diatom assemblages were compared at the 

species level between ports, among sites and between resident and transplanted biofilms 

within each site. Key species were defined as those with a ≥ 10% contribution to 

differences among treatments. 

 Macrofouling percent cover data were converted to proportions and arcsine-

transformed prior to analysis. All multivariate analyses described above were used to 

detect differences in macrofouling at the community level between ports, among sites and 

between resident and transplanted biofilms within each site. Differences in macrofouling 

community composition among treatments were assessed at 3, 5, 7, 9 and 13 weeks post-

transplant. Key taxa were defined as those with a ≥ 10% contribution to differences among 

treatments. Selectivity of macrofoulers to resident versus transplanted biofilms was also 

assessed at the species level via univariate analyses. For each assessment period, coverage 

of all recruited macrofoulers were compared between the biofilm treatments within each 

site using two-tailed Student’s t-tests or unequal variance t-tests (α = 0.05), as determined 

by Cochran’s C tests for homoscedasticity. 
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Results 

 

Biofilm Biogeography and Transplant Effects 

 

1. Overall Patterns 

 

Differences in the composition of bacterial and diatom assemblages were detected between 

ports, among sites and between resident and transplanted biofilms within each site (Table 

1.1 and Figure 1.3). Spatial heterogeneity of both taxonomic groups was more pronounced 

among sites than between ports, and was generally greater in Fort Pierce than Port 

Canaveral. Biofilm assemblages were more distinct with respect to bacteria than diatoms at 

both port and site levels, but the two groups followed the same pattern of distribution. The 

most unique bacterial and diatom assemblages were found at SRM in Port Canaveral (R ≥ 

0.302, p ≤ 0.015) and at HIM in Fort Pierce (R ≥ 0.663, p = 0.002). 

While bacteria were more distinct among locations, pairwise comparisons revealed 

that diatoms usually contributed most to differences between resident and transplanted 

biofilms within each site. Diatom assemblages were more disparate than bacteria in five 

out of six cases, with the greatest difference between FPI and FPIT (R = 0.926). The only 

exception to this trend was between the bacterially unique CPM and CPMT biofilms (R = 

0.704). 
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Table 1.1 One-way ANOSIM results for bacterial and diatom assemblages between ports, 

sites and transplant treatments. Gray text indicates non-significant p-values and/or R values 

below the 0.250 threshold. Dashes denote where pairwise differences via p-values were not 

detectable due to low replication. 

    Bacteria Diatoms 

Corresponding NMDS Plots Figs 1.3a & 1.3b Figs 1.3c & 1.3d 

 R p R p 

Between Ports 0.329 0.001 0.137 0.003 

Among Sites GLOBAL 0.631 0.001 0.441 0.001 

 CPM x CGS 0.370 0.015 0.259 0.043 

 CPM x SRM 0.441 0.006 0.302 0.015 

 CGS x SRM 0.472 0.002 0.326 0.004 

 LJB x HIM 0.950 0.002 0.663 0.002 

 LJB x FPI 0.231 0.052 0.426 0.006 

 HIM x FPI 0.763 0.002 0.685 0.002 

Resident vs. Transplant GLOBAL 0.685 0.001 0.598 0.001 

 CPM x CPMT 0.704 --- 0.148 --- 

 CGS x CGST 0.333 --- 0.444 --- 

 SRM x SRMT 0.185 --- 0.370 --- 

 LJB x LJBT 0.259 --- 0.481 --- 

 HIM x HIMT 0.185 --- 0.444 --- 

 FPI x FPIT 0.259 --- 0.926 --- 
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Figure 1.3 NMDS ordinations of bacterial genera and diatom species in biofilms between 

ports (a and c) and among sites (b and d). Resident and transplanted biofilms at each site 

are denoted by circles and squares, respectively. 
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2. Bacterial Assemblage Composition and Key Species 

 

A total of 493,320 bacterial OTUs were compiled from 2,852,045 sequences detected 

among all samples. Samples contained an average of 20,532 ± 957 OTUs and ranged from 

8,640 for HIMT to 30,428 for LJB. Ten bacterial orders were contained in the top 75% of 

assemblages among sites (Figure 1.4). The remainder was comprised of 444 additional 

orders, as defined by groups of sequences that shared > 85% similarity. The 

gammaproteobacterial orders were the most numerous, while Rhodobacterales was the 

most abundant, comprising up to 30% of the assemblages. 

 Eleven key genera contributed to differences in bacterial assemblage composition 

between ports, among sites and between resident and transplanted biofilms within sites 

(Figure 1.5). These genera were found in the top 55% of assemblages across all treatments, 

with the remainder containing an additional 1,392 genera. The most variable genera among 

treatments were from the phyla Proteobacteria and Verrucomicrobia, while Bacteroidetes 

genera were more evenly distributed. The most abundant genus throughout was 

Rhodobacteraceae genus 2, which was involved in differences among assemblages at 

multiple locations. Candidatus Endobugula influenced differences in bacterial assemblages 

among sites within Port Canaveral and between resident and transplanted biofilms at CPM, 

CGS and FPI. An unknown genus from the family Hyphomonadaceae differed in 

abundance between CPM and CPMT biofilms. Coraliomargarita was largely responsible 

for differences in bacterial assemblages between CPM and CGS, and between resident and 

transplanted biofilms at CPM, LJB and FPI. 
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Figure 1.4 Relative abundances of the major bacterial orders contained in the top 75% of 

assemblages across sites, as indicated by the vertical dashed line. Orders in the legend are 

arranged by phylum and class. 
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Figure 1.5 Relative abundances of the key bacterial genera driving differences between 

ports, sites and transplant treatments. Key taxa are contained in the top 55% of 

assemblages across groups, as indicated by the vertical dashed line. Genera in the legend 

are arranged by phylum and order. 
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3. Diatom Assemblage Composition and Key Species 

 

A total of 104 diatom species (85 pennate and 19 centric) were found across all treatments 

(Figure 1.6). Total densities ranged from 43 cells mm-2 in CGS biofilms to 4,860 cells   

mm-2 in SRM biofilms. The most abundant diatom was Nitzschia fonticola, with densities 

up to 965 cells mm-2 in SRM biofilms. 

 Unlike bacteria, diatom assemblages were barely distinguishable between ports 

(Table 1.1). Differences in assemblages among sites and biofilm treatments were 

characterized by nine diatom species comprising roughly 45 to 65% of the total diatom 

abundance across all groups (Figure 1.7). Nitzschia cf. draveillensis was the principle 

diatom species responsible for differences between CGS and other Port Canaveral sites. 

LJB assemblages were separated from other Fort Pierce sites based on abundances of the 

tube-dwelling diatom Parlibellus delognei and colonial diatom Bacillaria paxillifera. 

Amphora cf. montgomeryi was largely responsible for differences between CGS and CGST 

biofilms. LJB and LJBT assemblages differed with regard to several species, including B. 

paxillifera, Pinnularia sp. and P. delognei. HIM and HIMT biofilms were distinct because 

of variable abundances of N. cf. draveillensis and A. cf. montgomeryi. Finally, P. delognei 

and A. cf. montgomeryi were largely responsible for the two most disparate diatom 

assemblages, FPI and FPIT. 
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Figure 1.6 Quantitative inventory of 104 diatom species distributed across all treatments. 

Densities are categorized as absent (0 cells mm-2, white), low (< 50 cells mm-2, light gray), 

moderate (50 - 100 cells mm-2, dark gray) and high (> 100 cells mm-2, black). Asterisks 

indicate key species contributing to assemblage composition. Continued on next page. 

CPM CPMT CGS CGST SRM SRMT LJB LJBT HIM HIMT FPI FPIT PENNATE SPECIES

0.00 0.00 0.94 0.00 0.00 0.00 0.00 24.39 0.30 1.89 0.00 1.26 Achnanthes  brevipes  C Agardh

1.26 3.78 0.00 0.00 0.00 0.00 1.89 0.00 0.00 2.84 4.73 0.95 Achnanthes brevipes  var. angustata  (Greville) Cleve

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.26 0.00 0.00 0.00 0.00 Achnanthes curvirostrum  J Brun

0.00 0.50 0.09 0.00 5.68 0.00 0.00 13.88 1.26 0.00 24.81 5.36 Achnanthes longipes  C Agardh

1.89 0.00 0.00 0.00 0.00 0.00 0.00 3.36 0.00 1.26 0.00 0.00 Achnanthes manifera  Brun

0.00 0.00 0.00 0.00 0.00 0.00 4.00 0.00 0.00 0.00 0.00 0.00 Achnanthes  sp. 1

0.00 0.00 0.00 0.00 5.68 0.00 0.00 0.00 0.00 0.00 2.10 1.68 Achnanthes  sp. 2

0.00 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Achnanthes  sp. 3

18.92 2.27 4.57 8.02 37.85 2.52 22.08 26.91 3.23 2.84 6.20 5.05 Amphicocconeis  cf. disculoides  (Hustedt) Stefano & Marino

0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00 Amphiprora  sp.

95.88 20.44 0.44 1.99 7.57 2.52 0.00 1.26 27.81 6.31 5.15 1.47 Amphora bigibba  Grunow ex A Schmidt

78.22 97.65 20.88 9.86 172.21 5.93 3.57 21.87 65.15 19.24 20.50 53.83 Amphora  cf. montgomeryi  AH Wachnicka & EE Gaiser  *

0.00 0.00 0.13 0.00 3.78 0.00 2.73 0.00 0.25 2.84 0.00 0.00 Amphora proteoides  Hustedt 

3.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Amphora  sp. 1

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.00 0.00 Amphora  sp. 2

0.00 0.00 0.00 0.00 0.00 0.00 1.68 0.00 0.00 0.00 0.00 0.00 Ardissonea  sp.

1.89 6.81 0.00 1.85 66.23 1.89 341.05 35.74 7.57 0.00 3.26 2.84 Bacillaria paxillifera  (OF Müller) T Marsson  *

5.68 5.55 0.09 2.18 162.74 8.81 5.26 10.93 1.82 6.94 0.00 4.10 Berkeleya  cf. hyalina  (FE Round & ME Brooks) EJ Cox

0.00 0.00 0.00 0.00 0.00 0.00 1.89 0.00 0.00 0.00 0.00 0.00 Berkeleya rutilans  (Trentepohl ex Roth) Grunow

41.63 62.57 0.25 9.82 64.34 14.13 24.81 29.86 13.07 18.92 13.04 14.30 Ceratoneis closterium Ehrenberg

0.00 0.50 1.01 0.44 18.92 1.89 8.41 8.41 0.30 0.95 0.32 2.10 Cocconeis  cf. dirupta  W Gregory

0.00 1.01 0.19 0.42 3.78 5.20 0.00 7.15 2.88 0.00 0.32 1.68 Cocconeis  sp.

0.00 0.00 0.00 0.13 0.00 0.00 4.42 2.94 0.00 0.00 0.00 0.63 Delphineis surirella  (Ehrenberg) GW Andrews

5.68 25.23 0.09 7.32 54.88 22.05 0.00 3.78 0.91 0.00 14.30 2.84 Dimeregramma minor  (Gregory) Ralfs ex Pritchard

0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.84 0.00 0.00 0.42 0.63 Diploneis  sp. 1

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.68 0.00 0.00 0.00 0.00 Diploneis  sp. 2

23.34 89.32 0.22 65.85 11.35 8.35 0.00 0.00 55.36 43.21 0.32 0.32 Entomoneis  cf. ornata  (Bailey) Reimer

0.00 8.07 0.30 0.00 0.00 0.00 8.20 1.26 0.30 0.00 0.95 1.37 Fallacia  cf. forcipata  (Greville) Stickle & DG Mann

0.00 0.00 1.51 0.84 0.00 0.00 0.00 1.68 0.00 10.09 0.00 0.00 Fragilaria capucina  var. mesolepta  (Rabenhorst) Rabenhorst

0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00 Grammatophora marina  (Lyngbye) Kützing

0.00 0.00 0.00 0.00 0.00 5.68 0.84 0.00 0.00 0.00 0.00 0.00 Grammatophora oceanica  Ehrenberg

10.72 11.35 0.06 2.58 24.60 1.72 8.20 3.36 0.61 1.89 0.00 2.10 Gyrosigma hummii  Hustedt

3.78 29.77 0.75 1.35 13.25 12.62 21.45 10.09 0.00 0.00 1.16 0.42 Gyrosigma tenuissimum  (W Smith) Griffith & Henfrey

117.33 73.17 5.52 33.92 37.85 4.72 15.77 103.45 159.21 70.96 14.93 23.23 Halamphora coffeaeformis  (C Agardh) Levkov  *

6.31 19.93 0.30 0.90 81.37 5.05 20.19 17.66 0.00 10.72 0.00 0.32 Haslea  sp. 1

11.35 23.21 0.06 5.06 87.05 13.50 8.83 21.45 9.74 7.88 3.89 1.68 Haslea  sp. 2

27.12 9.84 0.19 6.51 52.99 12.57 44.16 45.84 13.78 35.96 4.21 3.05 Hyalosynedra laevigata  (Grunow) DM Williams & Round

0.00 0.00 0.00 0.00 0.00 0.00 3.15 1.68 0.00 0.00 0.00 0.00 Licmophora abbreviata C Agardh

0.00 15.14 0.13 3.38 7.57 10.09 3.15 6.73 0.00 0.00 2.00 2.63 Licmophora flabellata  (Greville) C Agardh

0.00 0.50 0.00 0.13 5.68 0.63 0.00 0.00 0.00 0.00 1.05 2.94 Licmophora grandis (Kützing) Grunow

0.00 1.26 0.13 1.14 0.00 0.63 0.00 6.73 0.00 0.00 0.00 0.32 Licmophora paradoxa  (Lyngbye) C Agardh

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.26 0.00 0.00 0.00 0.00 Licmophora  sp.

0.00 14.13 0.24 2.79 0.00 6.76 37.85 8.41 2.47 0.63 16.30 2.63 Mastogloia acutiuscula  var. elliptica  Hustedt

Port Canaveral Fort Pierce
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Figure 1.6 continued 

CPM CPMT CGS CGST SRM SRMT LJB LJBT HIM HIMT FPI FPIT
0.00 0.00 0.00 0.00 0.00 0.00 1.47 0.00 0.00 0.00 0.00 0.00 Navicula gregaria  Donkin

41.00 121.87 2.16 26.57 70.02 31.26 47.94 40.79 32.65 37.22 26.18 6.31 Navicula ramosissima  (C Agardh) Cleve

4.42 12.11 0.54 1.41 0.00 2.04 4.84 13.46 11.25 21.13 5.05 1.37 Navicula  sp. 1

98.40 35.32 2.07 7.24 49.20 10.47 44.58 41.21 62.12 26.49 17.87 20.19 Navicula  sp. 2

107.23 178.14 5.15 8.70 204.38 30.58 17.87 72.75 8.07 5.05 31.43 44.89 Navicula  sp. 3  *

1.89 1.77 0.05 0.97 3.78 0.15 9.46 15.14 0.00 1.89 0.32 0.42 Navicula  sp. 4

0.00 1.01 0.00 0.00 0.00 0.63 0.00 1.26 0.00 0.00 0.00 0.00 Navicula  sp. 5

11.99 1.26 0.05 0.00 9.46 0.45 1.89 25.23 2.32 0.63 0.42 0.63 Navicula  sp. 6

12.62 7.57 0.00 0.37 7.57 1.26 0.00 0.00 3.13 0.00 0.00 0.00 Navicula  sp. 7

3.78 2.52 0.00 9.63 30.28 9.44 0.00 0.00 10.09 0.00 0.00 0.00 Navicula  sp. 8

1.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Navicula  sp. 9

330.53 125.40 0.00 1.69 81.37 5.00 2.31 8.41 1.21 97.14 0.95 3.15 Nitzschia  cf. draveillensis  Coste & Ricard  *

129.94 129.19 10.31 69.37 495.80 68.86 92.73 107.23 25.74 92.41 39.53 42.89 Nitzschia  fonticola  (Grunow) Grunow  *

11.35 11.10 0.17 3.74 90.83 22.00 1.47 24.39 4.29 9.15 0.84 2.52 Nitzschia  cf. incerta  (Grunow) M Peragallo

0.00 3.78 0.00 0.00 3.78 1.56 0.00 4.21 0.61 10.09 2.31 0.32 Nitzschia longissima  (Brébisson) Ralfs

0.00 0.00 0.00 0.13 5.68 0.00 6.10 0.00 0.00 0.00 0.00 0.00 Nitzschia martiana  (C Agardh) Van Heurck

122.37 102.19 7.05 50.73 141.93 36.56 37.64 37.01 12.97 29.96 6.52 19.98 Nitzschia  cf. palea  (Kützing) W Smith  *

0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Nitzschia sigma  (Kützing) W Smith

30.28 3.03 1.10 2.18 11.35 1.56 29.44 50.88 17.56 29.02 3.26 1.16 Nitzschia  cf. spathulata  Brébisson ex W Smith

0.00 0.50 0.06 0.00 3.78 0.63 1.47 0.00 0.91 0.00 1.47 1.26 Nitzschia ventricosa  Kitton

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.26 0.00 0.00 0.00 0.00 Nitzschia  sp. 1

0.00 0.00 0.00 0.00 0.00 2.52 0.00 0.00 0.00 0.00 0.00 0.00 Nitzschia  sp. 2

0.00 0.00 0.00 0.00 0.00 0.00 1.47 0.00 0.00 0.00 0.00 0.00 Opephora mutabilis  (Grunow) Sabbe & Wyverman

265.56 137.51 4.71 2.54 281.96 76.50 340.00 172.42 30.48 40.69 97.46 22.39 Parlibellus delognei  (Van Heurck) EJ Cox  *

29.65 12.87 0.25 3.76 94.62 9.46 0.00 164.85 24.37 23.65 6.20 8.73 Pinnularia  sp.  *

0.00 1.01 0.35 0.00 1.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Plagiogramma  sp.

34.06 54.50 2.07 3.42 155.17 1.39 0.00 13.88 3.73 52.67 0.00 1.89 Plagiotropis lepidoptera  (Gregory) Kuntze

3.78 12.62 0.00 0.00 51.09 1.89 1.89 15.14 0.00 3.47 0.00 0.00 Pleurosigma  cf. decorum  W Smith

0.00 1.26 0.09 0.97 11.35 3.94 0.00 0.00 0.00 0.95 0.00 1.05 Pleurosigma  cf. elongatum  W Smith

0.00 3.03 0.00 0.97 0.00 0.15 0.00 2.52 1.36 0.00 0.00 0.00 Psammodictyon panduriforme  (W Gregory) DG Mann

0.00 0.00 0.00 0.00 0.00 0.00 4.00 17.66 0.00 0.00 0.00 0.63 Rhabdonema adriaticum  Kützing

0.00 8.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Rhopalodia  sp.

54.25 44.16 8.47 10.13 28.39 3.78 23.97 33.22 39.06 16.72 47.62 11.77 Seminavis  cf. delicatula  Wachnicka & Gaiser

4.42 17.91 0.33 13.18 5.68 1.41 4.21 9.25 7.47 3.47 0.32 0.84 Seminavis  sp.

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00 Striatella unipunctata (Lyngbye) C Agardh

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.00 0.00 0.00 0.00 Synedra  sp. 1

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.84 Synedra  sp. 2

0.00 0.00 0.00 0.00 26.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Thalassionema  sp.

0.00 0.00 0.00 0.84 0.00 1.26 3.57 1.26 0.00 0.00 0.00 0.32 Trachyneis aspera  (Ehrenberg) Cleve

1.89 27.00 0.00 0.00 0.00 0.93 0.00 0.00 0.00 0.00 0.00 0.00 Tryblionella  sp.

11.35 7.57 1.70 8.05 17.03 0.78 0.00 0.00 0.00 0.63 0.00 6.62 Unknown pennate sp. 1

0.00 30.28 0.00 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Unknown pennate sp. 2

Port Canaveral Fort Pierce
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Figure 1.6 continued 

CPM CPMT CGS CGST SRM SRMT LJB LJBT HIM HIMT FPI FPIT CENTRIC SPECIES

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 Biddulphia rhombus  (Ehrenberg) W Smith

0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.52 0.00 0.00 0.00 0.00 Biddulphia  sp. 1

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00 Biddulphia  sp. 2

0.00 10.09 0.00 1.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cerataulina  sp.

0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00 Conticribra weissflogii  (Grunow) K Stachura-Suchoples & DM Williams

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 Corethron hystrix  Hensen

1.89 9.84 0.71 1.65 43.52 2.50 70.86 20.19 3.63 2.84 12.72 4.73 Cyclotella  sp.

0.00 0.00 0.00 0.00 0.00 10.72 0.00 0.00 0.00 0.00 0.63 0.00 Cymatosira belgica  Grunow

0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.36 0.00 0.00 0.00 0.00 Guinardia striata  (Stolterfoth) Hasle

0.00 0.00 0.00 1.01 18.92 3.15 0.00 6.73 0.00 0.00 0.00 0.00 Melosira nummuloides C Agardh

0.00 1.51 0.00 0.13 0.00 0.78 0.00 0.00 0.00 0.95 0.00 0.00 Odontella aurita  (Lyngbye) C Agardh

0.00 0.00 0.28 0.18 1.89 0.78 10.51 4.63 2.73 0.00 4.42 0.00 Paralia sulcata (Ehrenberg) Cleve

0.00 12.11 0.28 0.38 18.92 5.68 1.68 5.89 0.25 1.89 0.00 2.84 Psammogramma  sp.

0.00 37.85 0.00 0.00 0.00 0.00 4.63 0.00 2.12 0.00 0.00 0.00 Skeletonema tropicum  Cleve

0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00 Terpsinoë americana  (Bailey) Grunow

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.68 0.00 0.00 0.00 0.00 Toxarium hennedyanum  (Gregory) Pelletan

0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 Triceratium dubium  Brightwell

0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00 Triceratium  sp.

0.00 0.00 0.00 0.00 0.00 0.00 1.68 0.00 0.00 0.00 0.00 0.63 Trigonium alternans (Bailey) A Mann

Port Canaveral Fort Pierce
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Figure 1.7 Relative abundances of the key diatom species contributing to differences 

among sites and transplant treatments. Key species are contained in the top 70% of 

assemblages across treatments, as indicated by the vertical dashed line. 
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Biogeography of Macrofoulers and Responses to Biofilms 

 

1. Macrofouling Composition and Key Species 

 

A total of 55 macrofouling species from ten phyla were identified across all treatments 

(Figure 1.8). Ascidians were the most diverse group of foulers, followed by macroalgae 

from the phyla Chlorophyta, Ochrophyta and Rhodophyta. The majority of species are 

native to Florida fouling communities, but some cryptogenic and exotic species were also 

identified. Cryptogenic species included the colonial ascidian Diplosoma listerianum and 

the bryozoans Bugula neritina, Bugula cf. stolonifera and Cryptosula pallasiana. Exotic 

species included the barnacle Amphibalanus amphitrite, the bryozoan Hippoporina cf. 

indica, the anemone Diadumene lineata, and the ascidians Didemnum perlucidum, 

Polyandrocarpa zorritensis and Styela plicata.  A few of the less abundant species were 

detected exclusively on either resident or transplanted panels regardless of site or 

assessment period (Figure 1.8). However, most organisms occurred on both treatments at 

some point during the study. 

 Macrofouling communities differed between ports and among sites during their 

development up to 13 weeks post-transplant (Table 1.2 and Figure 1.9). Communities were 

more disparate among sites than between ports at each assessment, and distinction 

generally grew among the communities as they developed. The most unique macrofouling 

communities throughout most of the study period were at SRM in Port Canaveral and at 

FPI in Fort Pierce, as revealed by pairwise comparisons among sites (Table 1.2). 
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Figure 1.8 Inventory of 55 macrofoulers detected among all sites at 3, 5, 7, 9 and 13 weeks 

post-transplant. Species are denoted as absent (white) or occurring on resident (gray), 

transplant (black) or both (diagonal stripes) biofilm treatments. Cryptogenic and exotic 

species are indicated by c and e, respectively. Asterisks indicate key species contributing to 

assemblage composition. Species differing in percent coverage between resident and 

transplant treatments at any site are denoted by T. Continued on next page. 

3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13

Circeis spirillum Linnaeus  T

Hydroides spp.  *  T

Spirorbis sp.  T

Amphibalanus amphitrite Darwin  e

Amphibalanus sp.

Corophiid amphipod  *

Bugula neritina Linnaeus  c  *

Bugulina cf. stolonifera Ryland  c   *  T

Cryptosula pallasiana Moll  c

Hippoporina cf. indica Madhavan Pillai  e  *  T

Savignyella lafontii Audouin

Bryopsis  sp.

Ulva flexuosa Wulfen

Ulva flexuosa subsp. paradoxa ( C Agardh) MJ Wynne  *  T

Botrylloides nigrum Herdman  T

Botrylloides sp.

Botryllus sp. A

Botryllus sp. B

Clavelina oblonga Herdman

Didemnum candidum Savigny

Didemnum perlucidum  Monniot F  e  T

Diplosoma listerianum Milne Edwards  c

Diplosoma sp. 

Distaplia bermudensis Van Name

Lissoclinum fragile Van Name  *

Perophora viridis Verrill

Polyandrocarpa zorritensis Van Name  e

Styela plicata Lesueur  e

Symplegma rubra Monniot C

Symplegma sp. 

Colonial ascidian sp. A

Colonial ascidian sp. B  T

Colonial ascidian sp. C

Colonial ascidian sp. D

Colonial ascidian sp. E

Solitary ascidian sp. 

CPM HIM LJB FPI

Chordata

Chlorophyta

CGS SRM

Bryozoa

Annelida

Arthropoda
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Figure 1.8 continued 

3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13 3 5 7 9 13

Aiptasiogeton eruptaurantia Field

Diadumene lineata Verrill  e

Ectopleura dumortierii  Van Beneden

Obelia dichotoma Linnaeus  *  T

Anemone sp. A

Anemone sp. B

Crepidula maculosa Conrad

Crepidula plana Say

Opisthobranch egg mass sp. A 

Opisthobranch egg mass sp. B 

Feldmannia mitchelliae (Harvey) HS Kim  *  T

Rosenvingea intricata (J Agardh) Børgesen

Halichondria bowerbanki Burton  T Porifera

Acanthophora muscoides (Linnaeus) Bory de Saint-Vincent

Aglaothamnion halliae (Collins) NE Aponte, DL Ballantine & JN Norris  T

Ceramium sp.

Chondria capillaris (Hudson) MJ Wynne

Polysiphonia denudata (Dillwyn) Greville ex Harvey   *

Titanoderma  sp.  T

FPICPM CGS SRM HIM LJB

Rhodophyta

Ochrophyta

Mollusca

Cnidaria
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Table 1.2 One-way ANOSIM results for macrofouling communities between ports and 

among sites. Gray text indicates non-significant p-values and/or R values below the 0.250 

threshold. 

 

R p R p R p R p R p

0.115 0.001 0.406 0.001 0.360 0.001 0.379 0.001 0.564 0.001

0.282 0.001 0.646 0.001 0.820 0.001 0.865 0.001 0.805 0.001

CPM x CGS 0.343 0.001 0.067 0.077 0.670 0.001 0.939 0.001 0.585 0.001

CPM x SRM 0.209 0.007 0.828 0.001 0.602 0.001 0.835 0.001 0.644 0.001

CGS x SRM 0.172 0.011 0.716 0.001 0.747 0.001 1 0.001 0.614 0.001

LJB x HIM 0.175 0.006 0.513 0.001 0.979 0.001 0.579 0.001 0.976 0.001

LJB x FPI 0.188 0.026 0.610 0.001 0.858 0.001 0.951 0.001 0.219 0.001

HIM x FPI 0.605 0.001 0.985 0.001 1 0.001 0.789 0.001 0.997 0.001

Among Sites GLOBAL

Between Ports

Corresponding NMDS Plots Figs 1.7a & 1.7b Figs 1.7c & 1.7d Figs 1.7e & 1.7f Figs 1.7g & 1.7h Figs 1.7i & 1.7j

Week 3 Week 5 Week 7 Week 9 Week 13
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Figure 1.9 NMDS ordinations of macrofouling communities between ports (a, c, e, g and 

i) and among sites (b, d, f, h and j) at 3, 5, 7, 9 and 13 weeks post-transplant. 
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Ten macrofouling species drove differences in communities between ports and among sites 

throughout the 13-week growth period (Figure 1.10). Differences between ports were 

driven largely by high coverage of the hydroid Obelia dichotoma in Port Canaveral and the 

green macroalga Ulva flexuosa subsp. paradoxa in Fort Pierce. The arrival of the colonial 

tunicate Lissoclinum fragile in Port Canaveral at Week 7 contributed further to differences 

between ports. 

 With the exception of FPI, macrofouling communities at all sites were initially 

dominated by the pioneering O. dichotoma. However, as the communities developed they 

were defined primarily by the following species among sites: Bugula neritina at CPM, O. 

dichotoma at CGS, L. fragile at SRM, O. dichotoma and U. flexuosa subsp. paradoxa at 

LJB, Bugulina cf. stolonifera and Hippoporina cf. indica at HIM, and U. flexuosa subsp. 

paradoxa at FPI. 
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Figure 1.10 Relative abundances of the key macrofouling species driving differences 

between ports and among sites and 3, 5, 7, 9, and 13 weeks post-transplant. 
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2. Macrofouling Responses to Biofilm Origin 

 

Only 14 out of 55 macrofouling species showed selectivity between resident and 

transplanted biofilms within sites including: the cryptogenic bryozoan B. cf. stolonifera, 

the exotic ascidian Didemnum perlucidum and the exotic bryozoan H. cf. indica (Figure 

1.11). When the majority of species exhibited selectivity, they recruited to resident 

biofilms. Transplanted biofilms were selected by the red macroalga Aglaothamnion 

halliae, the sponge Halichondria bowerbanki, serpulid polychaetes Hydroides spp. and the 

coralline alga Titanoderma sp. The spirorbid polychaete Circeis spirillum and Colonial 

ascidian sp. B selected both resident and transplanted biofilms under different 

circumstances. 

 Community-level variation in macrofouling development within each site was rare 

(Figure 1.12a). Subtle differences were detected between the following biofilm treatments: 

FPI and FPIT at 3 weeks (R = 0.276, p = 0.037), CPM and CPMT at 5 weeks  (R = 0.273, p 

= 0.015) and CGS and CGST at 9 weeks (R = 0.297, p = 0.022). The following taxa 

contributed to these differences: U. flexuosa subsp. paradoxa and O. dichotoma at FPI; B. 

cf. stolonifera, O. dichotoma and B. neritina at CPM; and O. dichotoma and Polysiphonia 

denudata at CGS (Figure 1.12b). By 13 weeks, no distinction was evident at any site 

between communities developed on resident versus transplanted biofilms. 
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Figure 1.11 Fourteen macrofouling species that exhibited significant differences in percent 

cover (± 1SE) between resident (R) and transplanted (T) biofilms at sites during 

assessments at 3, 5, 7, 9 and 13 weeks post-transplant. 

 

SEE FIGURE ON NEXT PAGE. 
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Figure 1.12 Differences in macrofouling community composition between resident and 

transplanted biofilms within sites (a) and relative abundances of key taxa contributing to 

those differences (b). Gray text indicates non-significant p-values and/or R values below 

the 0.250 threshold. 
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Discussion 

 

Overall Patterns of Fouling Biogeography 

 

The spatial heterogeneity of bacteria, diatoms and macrofoulers detected in this study is 

consistent with other biogeographical investigations of these groups (Martiny et al. 2006 

and citations therein; Pommier et al. 2007; Cermeño et al. 2010; Zinger et al. 2011; 

Karlson & Osman 2012). Heterogeneity in all groups was surprisingly greater within than 

between ports, however, which may be a sign of anthropogenic forcing. Disparity between 

biological communities usually increases with linear distance due to factors that have 

developed over historical or even evolutionary time scales (Green & Bohannan 2006; 

Martiny et al. 2006; Chave 2013). Species distributions that contradict this trend are often 

driven by more recent factors, such as coastal development, that reduce connectivity and 

increase physico-chemical variability (Martiny et al. 2006). In a study comparing 

macrofouling colonization inside and outside an Australian marina, Rivero and colleagues 

(2013) found markedly different environmental conditions and macrofouling composition 

between the two sites. A similar investigation by Oricchio and coworkers (2016) in 

southeastern Brazil documented lower recruitment of ascidians and spirorbid polychaetes 

in a sheltered marina than at the adjacent exposed coastline. The authors postulated that 

poor circulation and water quality in the marina diminished opportunities for successful 

recruitment. Port infrastructure likely increased heterogeneity among sites in this study. 

For example, the most unique bacterial, diatom and macrofouling assemblages in Fort 
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Pierce Inlet were usually found at the isolated HIM. A narrow canal links the marina to the 

surrounding estuary and a small culvert serves as the only direct connection between HIM 

and the inlet mouth. In cases like this where biological connectivity is limited, community 

composition may be determined largely by propagule delivery from incoming vessels. 

 The greater disparity among sites at Fort Pierce compared to Port Canaveral was 

probably a reflection of environmental heterogeneity. Estuarine access is restricted at Port 

Canaveral and nearshore tidal exchange is substantial, increasing stability and similarity in 

the water quality among sites. However, the open Fort Pierce Inlet is more variable. Two 

years of hourly measurements from a field data recorder (Florida Atlantic University 

Land/Ocean Biogeochemical Observatory, fau.loboviz.com) located in the Fort Pierce Inlet 

area documented salinities ranging from 15.1 to 42.7 psu. While not detected with the 

infrequent water quality monitoring in this study, higher resolution sampling would likely 

reveal different conditions among sites. 

 

Bacterial Biogeography and Transplant Effects 

 

Bacterial richness in this study was exceptionally high, with the total number of OTUs an 

order of magnitude greater than those found in other marine systems (Zinger et al. 2011). 

Bacterial assemblages in most ecosystems contain many individually rare species, which 

together can typically comprise up to 95% of the total OTU abundance (Fuhrman 2009). 

The ability for so many taxa to coexist suggests benthic niche diversity and resource 

partitioning among species (Zinger et al. 2011). If sufficient resources exist, the highest 
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richness can therefore be expected in ports where frequent bacterial immigration occurs. 

Microbial introduction via ballast discharge has been studied for several ports worldwide 

(Carlton & Geller 1993; Drake et al. 2005; Burkholder et al. 2007; Klein et al. 2010; 

Steichen et al. 2015). In a 2007 investigation at Port Hampton Roads in the lower 

Chesapeake Bay, Drake and coauthors estimated an annual influx of 1020 viable microbes 

from water, sediments and biofilms in ballast tanks. The International Maritime 

Organization will begin enforcing policies in September 2017 to eradicate live organisms 

in ballast (IMO 2016). However, there are currently no strategies in place to target 

microbes on vessel hulls. 

 The main bacterial orders in this study are also prominent in other marine systems. 

Rhodobacterales was the principal order at all sites, and members of this group are globally 

recognized as abundant primary colonizers of coastal structures (Dang et al. 2008; Jones et 

al. 2007; Muthukrishnan et al. 2014). However, a high temporal resolution study of marine 

biofilm succession by Lee and colleagues (2008) revealed that Gammaproteobacteria were 

the pioneer taxa, dominating surfaces for the first nine hours of submersion. Their diversity 

on surfaces in this study may suggest a transition from Gammaproteobacteria to 

Alphaproteobacteria-dominated biofilms.  

 Bacteria were the major contributors of differences among sites, and the most 

abundant key genera belonged to Rhodobacterales. While Proteobacteria and 

Verrucomicrobia were spatially heterogeneous, Bacteroidetes were more evenly 

distributed. These phyla appear to have similar relationships to one another with regard to 

temporal variability. Lee et al. (2008) documented relatively stable proportions of 
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Bacteroidetes on surfaces during the first 36 hours of colonization, while Proteobacteria 

and Verrucomicrobia varied over time. Although bacteria were generally more disparate 

among sites than between resident and transplanted assemblages, some genera may be 

indicative of biofilm transport. For example, Coraliomargarita was largely responsible for 

differences between transplant treatments at CPM, LJB and FPI. Overall higher 

abundances in Port Canaveral resident and Fort Pierce transplanted biofilms suggest these 

bacteria were successfully relocated and serve as lingering signals from the port of origin. 

 

Diatom Biogeography and Transplant Effects 

 

The richness and composition of diatom assemblages were comparable to other surveys of 

Florida fouling diatoms (Zargiel et al. 2011; Sweat & Johnson 2013; Zargiel & Swain 

2014). Assemblages were more disparate among Fort Pierce sites, which was probably due 

to differences in salinity. While bacteria were the main drivers of location differences, 

diatoms were more distinct between resident and transplanted biofilms. Several species 

were more abundant in resident assemblages, including Amphora cf. montgomeryi at SRM, 

Bacillaria paxillifera at LJB and Halamphora coffeaeformis at HIM. These results suggest 

that the diatoms recruited at the sites and began to colonize the resident panels before the 

transplanted panels arrived. In contrast, species richness was greater on transplanted 

biofilms at all sites except HIM. All the species that occurred exclusively in transplanted 

biofilms were low in abundance, suggesting that they recruited post-transplant. Benthic 

diatom colonization is driven more by post-recruitment reproduction than initial passive 
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settlement. Synergistic interactions with bacteria can optimize conditions for growth and 

reproduction among diatoms. Bacteria produce necessary vitamins (Haines & Guillard 

1974), increase iron availability (Yamamoto et al. 1994; Butler & Theisen 2010); and 

detoxify by-products of diatom metabolism (Hünken et al. 2008). Studies by Bruckner and 

colleagues (2008, 2011) reveal that positive interactions with bacteria regulate diatom 

production of extracellular polymeric substances that form the matrix of all biofilm 

assemblages. The bacteria that perform these functions are overwhelmingly from the phyla 

Proteobacteria and Bacteroidetes (reviewed by Amin et al. 2012), which dominated 

biofilms in this study. It is therefore likely that diatom assemblage composition was 

partially dependent on the different bacteria comprising resident and transplanted biofilms. 

 

Macrofouler Biogeography and Biofilm Response 

 

Macrofouling community composition varied among locations and was probably 

controlled by many of the same factors that drove biofilm heterogeneity. Communities 

were initially dominated by the opportunistic hydroid Obelia dichotoma, a cosmopolitan 

species particularly abundant in harbors (Standing 1976; Megina et al. 2013; Orejas et al. 

2013). However, communities grew more disparate as they developed. Ulva flexuosa 

subsp. paradoxa was dominant at FPI throughout the study period, possibly driven by its 

affinity for oceanic salinities common at this outermost site (Rybak et al. 2014; Rybak & 

Czerwoniec 2015). The bryozoan Bugula neritina and the colonial ascidian Lissoclinum 

fragile were abundant in terminal communities at Port Canaveral. Both species are 
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cosmopolitan, commonly transported by ships and thrive on artificial substrata in ports 

worldwide (Rocha & Kremer 2005; Dias et al. 2013). In addition, B. neritina is capable of 

resistance to copper pollution from antifouling paints (Piola & Johnston 2006). These 

factors may give B. neritina and L. fragile competitive advantages in Port Canaveral sites 

that experience high volumes of marine traffic. Macrofoulers at Port Canaveral also 

exhibited more pronounced and prolonged selectivity between resident and transplanted 

biofilms. The higher number of macrofouler responses may be associated with greater 

homogeneity among resident Port Canaveral biofilms, allowing larvae to more easily 

distinguish them from imported assemblages.  

 Several genera found in this study are known to contain species that mediate larval 

recruitment, and they may be involved in the few cases of biofilm selectivity documented 

herein. These include the bacteria Alteromonas, Bacillus, Citrobacter, Cytophaga, 

Halomonas, Micrococcus, Pseudoalteromonas, Pseudomonas, Rhodovulum, Roseobacter, 

Shewanella and Vibrio (Kandeparker et al. 2006; Salta et al. 2013 and citations therein), 

and the diatoms Achnanthes, Amphora, Navicula and Nitzschia (Lam et al. 2003, 2005; 

Dahms et al. 2004; Jouuchi et al. 2007). However, this list probably represents only a 

fraction of the microbes that are capable of affecting larval recruitment. Natural biofilms 

can contain hundreds to thousands of species, many of which have not been identified and 

are not easily isolated or cultured for use in recruitment studies (Ferguson et al. 1984; 

Bernard et al. 2000; Eilers et al. 2000). This natural diversity makes linking larval 

recruitment to individual biofilm organisms difficult, but some connections may be 

detectable among the more dominant species. For example, the diatom Halamphora 
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coffeaeformis has been identified as an inducer of settlement in Bugula neritina (Dahms et 

al. 2004). In this study, H. cf. coffeaeformis abundances were greatest at CPM and HIM, 

and appear to coincide with high coverage of B. neritina in the weeks following transplant. 

 In addition to altering recruitment, specialist microbes may also be used as 

indictors of new macrofouling recruits that escape visual detection. Candidatus 

Endobugula comprised nearly 14% of the total bacteria in some samples and was a key 

genus driving differences in biofilms among sites. These symbiotic bacteria synthesize 

defense compounds in the larvae of certain Bugula bryozoan species (Woollacott 1981; 

Davidson et al. 2001; Lim & Haygood 2004; Lopanik et al. 2004).Work by Sharp and 

colleagues (2007) showed that Ca. Endobugula sertula was retained in the larvae of Bugula 

neritina through settlement but was shed in the final stages of metamorphosis. Therefore, 

discovery of these bacteria may signal the presence of new recruits in the biofilms even 

though none were visible. 

 Differences in the distributions of microbes and macrofoulers among sites affected 

which biofilm organisms interacted with recruiting larvae. However, in the majority of 

cases, biofilm origin was found to have no measurable effect on macrofouling community 

composition or in the recruitment of individual macrofouling organisms. These results 

suggest that recruiting larvae in natural environments are largely opportunistic and will 

metamorphose in response to biofilms containing a wide variety of microbes. The role of 

macrofoulers as biofilm generalists is likely a contributor to their successful transport via 

shipping and their invasion success in ports worldwide. 
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Conclusions 

 

The hypothesis that community compositions of bacteria, diatoms and macrofoulers differ 

between neighboring ports and among sites within each port was found to be true. Bacteria 

were the major contributors to differences in biofilms among sites, with 11 key genera in 

the top 55% of the assemblages characterizing these differences. Diatom communities were 

less variable among locations than bacteria, but were still distinct. Nine diatom species 

comprising 45-65% of the communities characterized differences among sites. 

Macrofouling community differences increased between ports and among sites over the 

course of their development. All sites except FPI were initially dominated by the 

pioneering hydroid Obelia dichotoma, but communities diverged with the arrival of unique 

foulers among locations. Greater heterogeneity was detected among sites than between 

ports for all groups, which suggests that biological distributions in ports are shaped largely 

by infrastructure and the environmental heterogeneity it creates. 

The hypothesis that community compositions of bacteria and diatoms differ 

between resident and transplanted biofilms at all sites was supported by this study. Bacteria 

were distinct between biofilm treatments at four of the six sites, and were characterized by 

the same genera that were responsible for differences in assemblages among sites. Diatoms 

were the principal cause of differences among resident and transplanted biofilms, and this 

was likely a consequence of synergistic interactions between recruiting diatoms and 

existing bacteria incorporated in the biofilms.  
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The hypothesis that individual macrofouling species recruit differentially to 

resident versus transplanted biofilms was found to be true in only 14 out of 50 cases. In 

only three out of 30 cases were the differences in biofilm selectivity strong enough to elicit 

a community-level response. These results indicate that in complex natural systems, 

macrofouling larvae are resourceful and have the ability to successfully recruit to and 

colonize a variety of biofilms. The role of macrofoulers as biofilm generalists would help 

explain the ability for this group to be transported and become globally established on 

surfaces coated with vastly different microbial communities. 
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CHAPTER 2 

The Influence of Transported Natural Biofilms on 

Subsequent Macrofouling Recruitment 

 

Abstract 

Biofilm organisms are potential regulators of global macrofouling dispersal because they 

ubiquitously colonize submerged surfaces, resist antifouling efforts and frequently alter 

larval recruitment. Although ships continually deliver biofilms to foreign ports, it is 

unclear how transport shapes biofilms and subsequent macrofouling colonization. This 

study demonstrates that diatoms in coastal marine biofilms survive shipping, including 

transport through freshwater. Different ship hull coatings and transport methods changed 

diatom assemblage composition, creating divergent biofilms. Coatings and their associated 

biofilms were responsible for major differences in macrofouling community composition 

and for larval recruitment in one third of all macrofoulers. Conversely, biofilm differences 

within coating type had no effect on macrofouling community composition and affected 

recruitment for only four macrofouling species. These results provide further evidence that 

ship hull coatings develop unique fouling communities and are likely major players in the 

transport, establishment and invasion success of microbes and macrofoulers alike. 
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Introduction 

 

Ship hulls are commonly coated with biofilms that withstand the use of antifouling paints 

and cleaning programs designed to target macrofoulers (Cassé & Swain 2006; Tribou & 

Swain 2010; Hearin et al. 2016). Surveys have found that the two dominant components of 

marine biofilms, diatoms and bacteria, are present on all areas of ship hulls (Hunsucker et 

al. 2014), ships traveling through disparate latitudes (Leary et al. 2014) and surfaces 

exposed to water velocities > 18 m s-1 (Holland et al. 2004). Recruitment of macrofouling 

species is often driven by the presence and composition of these underlying biofilms, 

which serve as cues for larval settlement. Relationships between biofilm organisms and 

recruiting macrofoulers have been reviewed extensively (Wieczorek & Todd 1998; 

Hadfield & Paul 2001; Qian et al. 2007; Dobretsov et al. 2013; Salta et al. 2013b) and 

continue to be the subject of much investigation (Lagos et al. 2016; Li et al. 2016; Shikuma 

et al. 2016; Watson et al. 2016; Yang et al. 2016). These studies suggest that two otherwise 

identical surfaces colonized by dissimilar biofilms can develop into divergent 

macrofouling communities based on the larvae and spores they attract. Coating type, port 

of origin and transport route form distinctive ship hull biofilms (Zargiel et al. 2011; Camps 

et al. 2014; Hunsucker et al. 2014; Leary et al. 2014). However, the mechanisms behind 

transport effects, and responses of macrofoulers to transport-altered biofilms, remain 

unknown. 

 Macrofouling communities are often modified by various disturbances that offer 

competitive advantages to some species while reducing fitness in others. Studies have 
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demonstrated that benthic communities are altered by desiccation (Lenz et al. 2004; 

Hopkins et al. 2016), predation (Mook 1981; Swain et al. 1998) and other disturbances that 

expose substrata (Valdivia et al. 2005; Altman & Whitlatch 2007; Cifuentes et al. 2007) 

and create space for new recruits. However, none of these investigations consider transport 

of biological communities as a potential disturbance. Biofilms transported via shipping are 

likely to encounter stresses that differentially remove species and change assemblage 

structure, while retaining some organisms that act as indictors of travel history and cues for 

subsequent larval recruitment. A few studies have begun to establish a connection between 

vessel history and macrofouling composition. Floerl and Inglis (2005) found small but 

significant differences in macrofouling communities encrusting resident versus visiting 

vessels in three Australian marinas. In a separate investigation, the authors allowed 

macrofouling to accrue on test panels at two of these marinas (Floerl et al. 2005). Panels 

were then subjected to the cursory cleaning procedures common on recreational vessels, 

scraping off most fouling but leaving behind traces of soft tissue and shell. After panels 

were cleaned and reciprocally transplanted between the two marinas, subsequent 

macrofouling mirrored that of the original panel locations. Ralston and Swain (2014) took 

this experiment a step further by removing all traces of macrofouling and biofilms on 

panels, but still found lingering effects of panel history that lasted up to 14 months. Such 

studies demonstrate that recruitment can be determined by previous biological cues, which 

further underscores the need to consider biofilms as drivers of macrofouling transport and 

establishment. 
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Macrofouling communities that colonize hard surfaces are some of the most 

heavily invaded marine systems (Wasson et al. 2005), and most invasive species in these 

communities originate from translocation via ship hulls (Drake & Lodge 2007; Molnar et 

al. 2008; Hewitt et al. 2009; Chan et al. 2015). Dispersal risk is crucial in determining 

invasion potential (Molnar et al. 2008) and may be assessed by following persistence and 

survival through transport. Freshwater passages have been considered barriers to 

interocean transport of marine fouling organisms (Brock et al. 1999). However, 

introductions of at least 60 marine fouling-associated species are linked to on-hull 

freshwater transport through the Panama Canal alone (Cohen 2006). Diatoms in the 

precursor biofilms that lead to marine macrofouling (Zargiel et al. 2011; Sweat & Johnson 

2013; Hunsucker et al. 2014) are often euryhaline (Wachnicka et al. 2010, 2011; Potapova 

2011; Nodine & Gaiser 2014), yet no study has examined their persistence in biofilms 

transported through freshwater. Diatoms enduring freshwater transport are likely to survive 

many other routes and be broadly dispersed. 

This study was conducted at the Okeechobee Waterway (OWW) in central Florida 

(USA), which bisects the peninsula and affords a unique opportunity to test the effects of 

freshwater transport on the survival of coastal marine biofilms traveling between oceans. 

Over nine thousand vessels navigate the OWW each year, more than 90% of which are 

recreational (USACE 2016). Many of these boats travel the entire length of the waterway, 

potentially carrying biofilms between the Atlantic Ocean and Gulf of Mexico. Despite 

continuous traffic of fouled hulls, no attempts have been made to assess the potential of the 

OWW as a route for marine biofilm dispersal. This study tests the following hypotheses:  
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(1) The community composition of biofilm diatoms differs among ship hull coatings. 

(2) Mortality and community composition of biofilm diatoms differs among transport 

methods. 

(3) Individual macrofouling species recruit differentially to biofilms on different coatings. 

(4) Individual macrofouling species recruit differentially to biofilms altered by different 

transport methods.  

 

 

Methods 

 

Study Area 

 

The OWW stretches 248 km through central Florida from the Atlantic Ocean at Stuart to 

the Gulf of Mexico at Fort Myers (Figure 2.1), providing mariners with a protected route 

across the Florida peninsula since its construction in 1937. A series of five locks operate on 

a 12-hour cycle to raise and lower vessels between sea level and the elevated Lake 

Okeechobee (USACE 2016). Water flows westward from the lake through the 

Caloosahatchee River into the Gulf of Mexico at San Carlos Bay and eastward through the 

St Lucie River into the Atlantic Ocean at St Lucie Inlet. Salinity in the OWW varies 

seasonally, but is commonly < 1 ppt throughout due to terrestrial runoff and lake discharge 

(Wilson et al. 2005; Qiu & Wan 2013). 
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In this study, Atlantic coast biofilms cultivated at Fort Pierce were transported 

through the OWW to the Gulf of Mexico at Fort Myers (Figure 2.1). Fort Pierce and Fort 

Myers are coastal harbors with frequent recreational and commercial vessel activity. Both 

study sites are situated in estuarine marinas near inlets, Fort Pierce at Elizer’s Dock in Fort 

Pierce Inlet (27° 27.822′ N 80° 18.333′ W) and Fort Myers at Port Sanibel Marina in San 

Carlos Bay (26° 29.433′ N 81° 59.447′ W). However, the Fort Myers site is unique in that 

the freshwater of the OWW discharges into it directly. Fort Pierce has no measurable 

freshwater influence from the OWW, which begins 36 km to the south in Stuart (27° 

10.152′ N 80° 11.301′ W). 
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Recruitment Panel Preparation 

 

Marine biofilms were cultivated on sets of nine 10 x 20 x 0.6 cm PVC panels. Each panel 

set included three hull coating treatments (n = 3 panels for each coating type): (1) 

International Interspeed® BRA640 cuprous oxide biocide antifouling paint, (2) Sherwin-

Williams SeaGuard® 5000HS inert epoxy barrier coating and (3) International Intersleek® 

700 silicone biocide-free fouling-release coating. All coatings were applied according to 

manufacturers’ specifications to five sets, for a total of 45 panels. These coatings represent 

three different approaches to protection and antifouling commonly used on vessel hulls. 

 The antifouling action of biocidal coatings such as Interspeed® BRA640 is 

determined by the leaching rates of chemical compounds from the surface (Ferry & 

Ketchum 1952). These rates are considerably higher immediately after immersion, 

preventing most fouling when the coating is new. As the coating ages in seawater, leaching 

rates are reduced and biofouling begins to accrue. All coatings were aged for two months 

prior to field deployment to replicate coating conditions characteristic of most vessels. To 

accomplish this, panels were divided according to coating type and suspended in laboratory 

tanks containing 1-µm filtered seawater. This arrangement prevented biocide exchange 

among coating types during the aging process. Ultraviolet light (Coralife Turbo-Twist UV 

sterilizer, 9-watt, 200 gph) was used to sterilize lab seawater, and tanks were covered with 

blackout material to minimize potential for pre-deployment biofilm growth. Seawater was 

exchanged thrice weekly for two months to accelerate biocide leaching and produce panels 

resembling seasoned hulls (Ferry & Ketchum 1952; Ketchum 1952). 
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Biofilm Cultivation and Transport 

 

Panels were deployed in the field, four sets at Fort Pierce and one set at Fort Myers, in 

November 2014 following the two month laboratory aging process. Using floating racks, 

all panels were suspended vertically in a stratified random design about 0.5 m below the 

water line (Ralston & Swain 2014). The transport experiment was launched after three 

weeks of biofilm growth, when macrofouling recruitment was about to begin. Atlantic 

coast panels were randomly divided into four transport treatments (Figure 2.2). For the first 

treatment, termed stationary Atlantic (SA), panels were briefly removed to a tank with 

recirculating Fort Pierce water before being back-transplanted to their original location as a 

control treatment. These panels were held in the recirculating tank for approximately 13.5 

hours, equivalent to the transit time of panels from the other transport treatments. The 

remaining three sets were transported through the OWW using three different transport 

methods: (1) transport (T) in an on-board recirculating tank with water from the port of 

origin, (2) transport with changing water quality (TW) in an on-board flow-through tank 

drawing ambient water from the OWW and (3) transport with changing water quality and 

hydrodynamic conditions (TWH) on the vessel hull. TWH panels were attached to a plate that 

formed an integral part of the hull via insertion through a wet well built into the aft section 

of the vessel (Swain et al. 2007). With the exception of some macroalgal filaments that 

were contained in the biofilm assemblages and therefore left undisturbed, no macrofouling 

recruitment was detected on the test surfaces. Any macrofouling on the uncoated panel 

surfaces was removed prior to transport. 
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Westbound TW and TWH panels were first exposed to OWW water at the east 

entrance of the waterway in Stuart. During the brief transit from Fort Pierce to Stuart, all 

panels were transported in recirculating tanks with Fort Pierce water before being assigned 

to their official treatments prior to entering the OWW. As part of this transition, biofilms 

on TW and TWH panels were gradually acclimated to ambient water conditions. Once all 

panels were in place, the 13.5-hour transit commenced across the OWW to the Fort Myers 

study site, where all panels were then submerged (0.5 m depth) to follow subsequent 

macrofouling recruitment on the transported biofilms. Joining the panels from the Atlantic 

coast were those initially deployed at Fort Myers. This panel set acted as a stationary Gulf 

(SG) location control (Figure 2.2), which was back-transplanted in a way analogous to that 

of SA described above. 
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Environmental Data Collection 

 

At both deployment sites and regularly during transport through the OWW (Figure 2.1, 

gray dots), data were collected for environmental variables that could affect diatom 

persistence and survival. A Yellow Springs Instruments Pro Plus handheld multiparameter 

meter was used to measure salinity (ppt), water temperature (°C), dissolved oxygen (mg l-1) 

and pH in all treatments. During transit, vessel speed was used as the flow rate (m s-1) 

experienced by TWH biofilms (limit of detection 0.1 kts = 0.05 m s-1). Flow rates over T and 

TW biofilms were calculated based on container volume and pump flow rates. Logged data 

from a field data recorder (Florida Atlantic University Land/Ocean Biogeochemical 

Observatory, fau.loboviz.com) located in the Fort Pierce Inlet area provided conditions for 

the SA treatment panels while the other panels were in transit. 

 

Collection and Analysis of Diatoms in Biofilms 

 

Before and after the transport period, a sterile polyethylene cell lifter was used to scrape a 

0.9 x 6.0 cm band of biofilm from each panel. All samples were immediately preserved in 

4% formalin pending analysis in the laboratory. Aliquots (100 µl) of each sample were 

analyzed via light microscopy at a total magnification of 400 to 1000X until ≥ 300 cells 

were counted (BS EN 14407:2004). Diatoms were enumerated and identified to the lowest 

possible taxonomic level using sources listed in Zargiel et al. (2011) and Sweat and 

Johnson (2013), and cell densities were normalized by volume for comparison among 
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samples. A concurrent investigation revealed that two stains commonly used for live/dead 

determination, vital neutral red and mortal Evans blue, failed in most instances when 

applied to diatoms (Hunsucker et al., in prep). Therefore, diatoms were categorized as live 

if chloroplasts were retained and cell integrity was uncompromised. All other cells were 

labeled as dead (Knoechel & Kalff 1978; Beninger & Decottignies 2005; Beninger et al. 

2008). 

 

Macrofouling Recruitment on Transported Biofilms 

 

Some macrofoulers grow as solitary individuals, while others form sprawling colonies of 

clones. Percent cover (resolution 0.7%) was used to analyze recruitment among 

macrofoulers with diverse growth strategies. Macrofouling development was visibly 

different between the scraped and undisturbed areas of the panels. Therefore, percent cover 

for all detectable macrofouling species was calculated in an undisturbed area of each panel 

(3.8 x 17.8 cm) by visual assessment of photographs using a modified ASTM standard 

(ASTM D6990-05). Digital images were overlaid with 136-cell grids and the total number 

of cells containing the target species was counted. Through dissection and 

photomicroscopy of voucher specimens, each species was identified to the lowest possible 

taxonomic level. This process was performed at three weeks post-transport, when new 

recruits first became discernible, and repeated at 14 weeks post-transport. 
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Statistical Analyses 

 

Diatom assemblage composition was compared among (1) coating types and (2) transport 

treatments with a two-way multivariate analysis of similarities (ANOSIM, α = 0.05) based 

on Bray-Curtis similarities (Clarke 1993). These comparisons were conducted among 

assemblages before and after transport, and among assemblages exposed for macrofouling 

at the destination, which included the stationary Gulf (SG) location controls. All data were 

square-root transformed and taxa comprising ≤ 1% of the total abundance across all 

treatments were excluded (Lavoie et al. 2009). Similarity percentage (SIMPER) analysis 

was used to identify key species that characterized each treatment and contributed to 

differences among treatments, and non-metric multidimensional scaling (NMDS) 

ordinations were used to visualize these differences. The stress value associated with each 

ordination is a measure of its goodness of fit. A value ≤ 0.2 indicates that the relationships 

among samples were accurately depicted by the 2-dimensional ordination (Clarke & 

Warwick 2001). 

 Diatom abundance and mortality were assessed among treatments via univariate 

analyses. Total densities of live diatoms and live densities of each key species were 

compared before and after transit within each coating type. Two-way ANOSIM results 

from pre-transport Fort Pierce biofilms revealed no significant differences among diatom 

assemblages within any coating type. Therefore, pre-transport samples were pooled (n = 

12) to characterize baseline diatom assemblages for each coating. Abundances of each key 

species from baseline assemblages were then compared to those in post-transport 
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assemblages from each transport treatment (n = 3 for each). All before/after comparisons 

were analyzed on untransformed diatom densities using Student’s t-tests or unequal 

variance t-tests (α = 0.05), as determined by Cochran’s C tests for homoscedasticity. In TW 

and TWH treatments, where there were a priori expectations of diatom mortality, one-tailed 

tests were used. Two-tailed tests were used for all other treatments. To assess the effects of 

coating type on total diatom abundance, one-way analyses of variance (ANOVA, α = 0.05) 

with Tukey’s HSD post-hoc tests were used after Cochran’s C tests confirmed 

homoscedasticity. Total densities of live diatoms were compared among coating types 

within each transport treatment, both before and after transport (n = 3 for all groups). 

Macrofouling percent cover data were converted to proportions and arcsine-

transformed prior to analysis. A two-way ANOSIM was employed to compare overall 

macrofouling community composition among 1) coating types and 2) transport treatments. 

SIMPER analysis was used to identify key species that characterized and contributed to 

differences among treatment communities, and NMDS ordinations were used to visualize 

those differences. To examine differences in percent cover of each species, univariate 

analyses were used. Following Cochran’s C tests, one-way ANOVAs (α = 0.05) were 

utilized for sample groups with equal variance. For groups with unequal variance, Kruskal-

Wallis ANOVAs (α = 0.05) with Dunn’s post-hoc tests were used. To compare percent 

cover to other treatments where that species was absent, 95% confidence intervals were 

applied (Cumming & Finch 2005; Sweat & Johnson 2013). Macrofoulers were categorized 

as having positive or negative selectivity for a given treatment based on a significantly 

higher or lower percent coverage, respectively, than one or more other treatments in the 
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analyzed group. Macrofouling communities at both 3 and 14 weeks post-transport 

underwent multivariate and univariate analyses with PRIMER-E version 5 and XLSTAT 

Base version 2016.5 software packages, respectively. 

 

 

Results 

 

Environmental Conditions 

 

The four transport treatments were defined mainly by different salinities and flow rates 

(Figure 2.3), which are also two of the most probable drivers of diatom assemblage 

structure in biofilms (Wachnicka et al. 2010; Hunsucker et al. 2014; Nodine & Gaiser 

2014; Zargiel & Swain 2014). SA biofilms (Figure 2.3a) were subjected to relatively small 

fluctuations in salinity (31.5 - 35.6 ppt) and flow (0.1 - 0.6 m s-1) caused by tidal exchange 

at the Atlantic coast study site. T biofilms (Figure 2.3b) were transported in coastal water 

(35.6 ppt salinity) with very low flow (3.5 x 10-4 m s-1). TW biofilms (Figure 2.3c) 

experienced low flow (3.4 x 10-3 m s-1), but widely fluctuating salinities (0.18 to 36.5 ppt) 

from the OWW. Finally, TWH biofilms (Figure 2.3d) experienced the same variable 

salinities as TW, but with the widely fluctuating flow rates (< 0.05 to 10.8 m s-1) 

encountered on the hull. Temperature (16.4 - 22.4 °C), dissolved oxygen (3.5 - 8.6 mg l-1) 

and pH (7.3 - 8.6) also varied during transport, but ranges stayed within those experienced 
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by Florida coastal diatoms (Badylak & Phlips 2004; Wachnicka et al. 2010, 2011; Zargiel 

et al. 2011). 

 

Diatom Recruitment and Portability in Biofilms 

 

A total of 96 diatom species (83 pennate and 13 centric) were identified across all 

treatments, 74 of which were found in ≥ 2 treatment groups (Figure 2.4). The remaining 

rare taxa were present on only one transport treatment from the following coatings: 

Achnanthes manifera, Cocconeis sp. 2, Lyrella sp. 1, Navicula sp. 3, Rhopalodia sp. and an 

unknown centric species from copper; Amphora sp. 1, Cyclophora sp., Licmophora 

ehrenbergii, Nitzschia longissima, Nitzschia sp. 3, Nitzschia sp. 5, Plagiogrammopsis 

vanheurckii, Staurosirella/Staurosira sp., Biddulphia tridens, Eunotogramma leave, 

Eunotogramma sp. 1 and Triceratium bicorne from epoxy; and Glyphodesmis sp., 

Licmophora remulus, Lyrella clavata and Unknown pennate sp. 1 from silicone. Coating 

type was the major driver of diatom assemblage composition before and after transport 

(Table 2.1, Figure 2.5a and 2.5c). The dominant baseline species on each coating type 

remained dominant following transport, including: Amphora cf. montgomeryi, Navicula sp. 

2 and Nitzschia fonticola on copper; Navicula sp. 4 and N. fonticola on epoxy; and 

Ceratoneis closterium on silicone. Although total live diatom densities were initially 

higher on epoxy than both of the other coating types (p << 0.001), this pattern was not 

maintained following transport. Regardless of transport method, final live diatom densities 

did not differ among coatings. 
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Figure 2.3 Major environmental variables affecting biofilms from the treatments: SA (a), T 

(b), TW (c) and TWH (d). Salinities (gray dashed lines) and flow rates (solid black lines) 

experienced by biofilms among transport treatments over the 13.5-hour study period. 
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Figure 2.4 Quantitative inventory of 74 live diatom species before and after transport on 

coatings distributed among the transport treatments. Final diatom densities on stationary 

Gulf (SG) panels were also included. Densities are categorized as absent (0 cells cm-2, 

white), low (<100 cells cm-2, light gray), moderate (100 - 1000 cells cm-2, dark gray) and 

high (>1000 cells cm-2, black). Asterisks indicate key species contributing to assemblage 

composition. 

 

SEE FIGURE ON NEXT PAGE. 
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Figure 2.5 Two-dimensional NMDS ordination plots of diatom assemblages before and 

after transport among coatings (a and c) and transport treatments (b and d). 
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Table 2.1 Results of two-way ANOSIM analyses of coating and transport effects on the 

composition of diatom assemblages transported from Fort Pierce, diatom assemblages 

exposed for macrofouling at Fort Myers, and the subsequent macrofouling communities 

developed at Fort Myers. Gray text indicates non-significant results and dashes indicate 

where pairwise comparisons were inappropriate due to non-significant global values. 

 Pre-transport 
Diatoms 

Post-transport 
Diatoms 

Diatoms 
Exposed for 

Macrofouling 

Macrofouling 
at Week 3 

Macrofouling 
at Week 14 

Corresponding 
NMDS Plots Figs 2.5a & b Figs 2.5c & d Figs 2.7a & b Figs 2.7c & d Figs 2.7e & f 

 R p R p R p R p R p 
Coating Global 0.790 0.001 0.587 0.001 0.600 0.001 0.371 0.001 0.625 0.001 

C x E 0.859 0.001 0.550 0.001 0.682 0.001 0.644 0.002 0.751 0.001 
C x S 0.861 0.002 0.639 0.001 0.713 0.001 0.032 0.292 0.468 0.005 
E x S 0.702 0.001 0.757 0.001 0.555 0.002 0.516 0.005 0.586 0.004 

Transport Global 0.141 0.068 0.353 0.002 0.403 0.001 -0.019 0.581 0.096 0.117 
* Sx  x T --- --- 0.319 0.074 0.494 0.021 --- --- --- --- 

* Sx  x TW --- --- 0.272 0.068 0.407 0.009 --- --- --- --- 
* Sx  x TWH --- --- 0.580 0.009 0.679 0.002 --- --- --- --- 

T x TW --- --- 0.096 0.241 0.096 0.217 --- --- --- --- 
T x TWH --- --- 0.541 0.016 0.541 0.017 --- --- --- --- 

TW x TWH --- --- 0.531 0.016 0.531 0.010 --- --- --- --- 
 

______________________________________ 

* SA samples were used in pre- and post-transport diatom analyses. SG samples were used in analyses of 

diatoms exposed for macrofouling, and macrofouling at 3 and 14 weeks. 
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Transport method altered diatom survivorship and was a secondary contributor to 

assemblage composition (Table 2.1, Figure 2.5b and 2.5d). Live diatoms were reduced by 

TWH transport on all three coating types (p ≤ 0.045) (Figure 2.6a, 2.6c, 2.6e). Reductions 

were also observed in T and TW epoxy (p ≤ 0.023) and in SA copper biofilms (p = 0.023). 

However, live diatoms persisted on all panels regardless of coating type or transport 

method, ranging from 9 cells cm-2 on TWH copper to 24,640 cells cm-2 on SA epoxy. 

Significant reductions (p < 0.05) were detected in the abundance of eight key diatom 

species: Ceratoneis closterium, Cocconeis sp. 1, Navicula sp. 2, Navicula sp. 4, Nitzschia 

fonticola, Nitzschia sp. 1 and Parlibellus delognei (Figure 2.6b, 2.6d, 2.6f). Declines in 

these species were detected in TWH biofilms for all three coatings, SA copper, TW epoxy, and 

SA and TW silicone. Losses in TWH assemblages altered their overall composition and made 

them distinct from other treatments post-transport (Table 2.1 and Figure 2.5d). 
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Figure 2.6 Diatom survivorship and assemblage change in stationary and transported 

biofilms originating in Fort Pierce. Total densities of live diatoms (a, c, e) and relative 

abundances of key diatom species (b, d, f) on coatings before and after transport. 

Combined pre-transport (Before) results are compared with the post-transport (After) 

results for each transport treatment. Black dots indicate significant reductions in total live 

diatoms and assemblages with reductions of key species. Key diatom species are as 

follows: Ceratoneis closterium (C. closte), Cocconeis sp. 1 (Cocco 1), Navicula sp. 2 

(Navic 2), Navicula sp. 4 (Navic 4), Nitzschia fonticola (N. fonti), Nitzschia sp. 1 (Nitzs 1) 

and Parlibellus delognei (P. delog). Gray represents the total contribution of all other 

diatoms. 

 

SEE FIGURE ON NEXT PAGE. 
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Differences in diatom composition were detected among assemblages that were exposed 

for post-transport macrofouling (Table 2.1, Figure 2.7a and 2.7b), which included all 

biofilms transported from Fort Pierce (T, TW and TWH) and those developed in Fort Myers 

(SG). Of the diatom species that were found in at least two treatment groups, six taxa were 

exclusive to SG biofilms: Navicula sp. 9, Navicula sp.10, Navicula sp. 11, Nitzschia sp. 4, 

Synedra sp. 1 and Synedra sp. 2 (Figure 2.4). However, it was differences in the relative 

abundance of shared taxa (Amphora cf. montgomeryi, Cocconeis sp. 1, Nitzschia fonticola 

and Nitzschia sp. 1) that distinguished SG from other treatments, especially TWH. 
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Figure 2.7 Two-dimensional NMDS ordination plots of fouling communities on post-

transport panels deployed in the Gulf of Mexico at Fort Myers. Plots indicate diatom 

assemblages to which macrofoulers recruited (a and b) and subsequent macrofouling 

among coatings and transport treatments at 3 weeks (c and d) and 14 weeks (e and f). 
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Macrofouling Recruitment on Transported Biofilms 

 

A total of 24 macrofoulers from 10 phyla were identified (Figure 2.8). Coatings and their 

associated biofilms contributed to differences in macrofouling community composition at 

both 3 and 14 weeks (Table 2.1, Figure 2.7c - f). Selectivity was exhibited among coating 

types by eight macrofouling species (p < 0.05, Figure 2.9). Six of the eight species selected 

epoxy over one or both of the other coatings, while the hydroid Obelia dichotoma and the 

encrusting bryozoan Watersipora subtorquata selected copper. Differences among 

transport treatments were not detected at the community level (Table 2.1), and only four 

individual species exhibited selectivity among transport-altered biofilms (p < 0.05, Figure 

2.9). Resident SG biofilms from Fort Myers promoted recruitment in corophiid amphipods 

and the peritrich ciliate Vorticella sp., while TW biofilms transported from Fort Pierce 

encouraged recruitment in W. subtorquata and the red alga Aglaothamnion halliae. All 

four species selected against TWH biofilms. Selectivity was retained up to 14 weeks 

following transport for six species among coatings, and for A. halliae and corophiid 

amphipods among transport treatments. 
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Figure 2.8 Inventory of macrofoulers among coatings and transport treatments. 

Macrofouling species detected at 3 weeks only (gray), at 14 weeks only (black), and at 

both 3 and 14 weeks (diagonal line) among coatings and transport treatments. Asterisks 

indicate species that exhibited coating and/or transport-influenced selectivity. 



89 
 

 

 

Figure 2.9 Coating and transport-influenced selectivity among macrofoulers. Positive 

selectivity for a given treatment is denoted as greater (black) percent cover than one or 

more other coating (rectangles) or transport (circles) treatments. Gray denotes negative 

selectivity and white indicates no significant difference. Transport selectivity is positioned 

in line with the coating on which that difference occurred at week 3 and/or 14. Maximum 

percent cover per sample is listed for each species. 
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Discussion 

 

Diatom Recruitment and Portability in Biofilms 

 

All diatoms identified in this study are known inhabitants of marine biofilms, and many 

have been previously documented on ship hull coatings (Zargiel et al. 2011; Briand et al. 

2012; Camps et al. 2014; Hunsucker et al. 2014; Zargiel & Swain 2014). Coating type was 

the major contributor to diatom assemblage composition, which parallels several studies 

documenting microbial uniqueness among coatings (Chen et al. 2013; Muthukrishnan et al. 

2014; Watson et al. 2015; Yang et al. 2016). In most instances, abundant species on copper 

and silicone were also found in high numbers on epoxy. An exception was Amphora cf. 

montgomeryi, which dominated only copper biofilms and is from a genus known to contain 

other copper tolerant species (Daniel & Chamberlain 1981; French & Evans 1988; Pelletier 

et al. 2009). While present in all treatments, Ceratoneis closterium (formerly 

Cylindrotheca closterium) was dominant on silicone compared to other species, and 

remained present after transport despite significant cell loss. In both pre-transport and post-

transport assemblages, C. closterium contributed >12% to the similarity among silicone 

samples, the highest contribution of all diatom taxa. Cylindrotheca species are common 

fouling diatoms, and have been documented as abundant and sometimes dominant 

colonizers of fouling-release coatings in other studies (Molino et al. 2009; Dobretsov & 

Thomason 2011; Briand et al. 2012; Zargiel & Swain 2014). Although overall diatom 

colonization was initially greater on inert epoxy surfaces, the lack of differences among 
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coatings post-transport suggests that diatom removal was also higher on epoxy. These cell 

losses were probably a result of loosely attached diatoms sloughing from the outer layers 

of the thick biofilms. Conversely, copper and silicone panels were coated with visually 

thinner biofilms wherein most diatoms likely contacted the coating surface directly for 

better adhesion. Coating type varies greatly among transiting vessels and on different areas 

of the hull. Therefore, the routes and conditions under which diatoms are transported may 

largely be based on their successful colonization of particular coating types. 

 All transport methods reduced the total abundance of live diatoms on at least one 

of the three coating types. The dramatic reductions in TWH diatom densities across all 

coatings were likely the combined result of hydrodynamic and osmotic stress. Cell loss 

resulted in changes to the TWH assemblages that made them distinct from all other 

treatments, providing evidence that on-hull transport significantly alters biofilms. As 

expected based on their resistance to shear stress (Callow 1986; Woods et al. 1986; Cassé 

& Swain 2006; Hunsucker et al. 2014; Zargiel & Swain 2014), diatoms from the genera 

Amphora and Navicula were well represented in the post-transport TWH biofilms. While 

TWH was designed to mimic open hull transport, the TW treatment may be more comparable 

to conditions experienced by diatoms transported in sheltered niche areas (e.g. rudders, 

thrusters, bilge keels and sea chests) where flow is reduced. In a survey of diatoms on 

active cruise ships, Hunsucker et al. (2014) found that diatom assemblages from niche 

areas were similar to those developed under static immersion. Stalked diatoms of the genus 

Licmophora have weak adhesion strength (Woods & Fletcher 1991) and seem to thrive in 

these protected areas (Woods et al. 1986; Hunsucker et al. 2014). Three species of 
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Licmophora initially colonized TWH panels across coating types: L. abbreviata, L. flabellata 

and L. grandis. These diatoms were absent post-transport in all seven instances where they 

were previously present and sometimes abundant. However, Licmophora cells frequently 

remained in post-transport biofilms from other treatments, including TW. Different ship 

environments present diverse vectors for the dispersal of biofilm organisms, and variations 

in diatom assemblages from this study suggest that transport method is important. 

 The results presented here establish that transport, especially on ship hulls, 

significantly reduces diatoms in biofilms. However, some living cells persisted even 

through freshwater, high flow, and other environmental conditions common to shipping 

transit. Surviving assemblages, differing in composition based on coating type and 

transport method, will function as seed populations for biofilm development at the 

destination. Biofilms arising from these resilient and dissimilar assemblages will be 

encountered and evaluated by settling larvae. Therefore, shipping may play a vital and 

previously unacknowledged role in shaping biofilms for macrofouler recruitment. 

 

Macrofouling Recruitment on Transported Biofilms 

 

Coating type was the major contributor of macrofouling colonization in this study. Most 

macrofoulers selected epoxy coatings, with a few exceptions. Coverage of the sponge 

Halichondria bowerbanki was widespread on silicone in addition to epoxy, while the 

hydroid Obelia dichotoma and the encrusting bryozoan Watersipora subtorquata were 

most abundant on copper. These results are not surprising, as both W. subtorquata and 
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other species of Obelia are known to be copper tolerant (Floerl et al. 2004; Piola & 

Johnston 2006; Crooks et al. 2011). Selectivity exhibited by the peritrich ciliate Vorticella 

sp. in this investigation corresponds to results seen by Watson et al. (2015). In both studies, 

Vorticella initially selected inert control surfaces but eventually began to colonize 

antifouling coatings as well. While coatings have distinct chemical and physical properties 

that alter macrofouling recruitment, biofilms covering the coating surface may mask these 

properties (Faimali et al. 2004; Scardino & de Nys 2011) and emit their own cues for 

settlement. Diatom assemblage composition in this study varied among coating types, and 

recruiting macrofoulers likely encountered unique sets of cues from both the diatoms and 

the underlying coatings. 

 Biofilms altered by transport method were subtle secondary contributors of 

macrofouling recruitment in only four species. Among the four species that differentially 

recruited to biofilms from different transport treatments, selectivity was split between 

resident SG (corophiid amphipods and Vorticella sp.) and imported TW (W. subtorquata and 

Aglaothamnion halliae) biofilms. These results suggest that macrofouling recruitment in 

these rare instances was driven by some component of the biofilms associated with their 

origin. The ability for macrofouling larvae to respond to biofilms with different histories 

has been previously documented in a laboratory settlement investigation by Qian and 

colleagues (2003). The authors exposed Amphibalanus amphitrite barnacle cyprids to 

biofilms cultivated in the field at different intertidal heights and found that settlement was 

highest on those from the mid-intertidal zone were A. amphitrite thrive. Another laboratory 

study documented similar results by offering biofilms developed under different oxygen 
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concentrations to larvae of the bryozoan Bugula neritina (Lagos et al. 2016). Larvae 

exhibited complex selectivity for biofilms with the greatest exposure time to high 

oxygenation. Both studies postulate that macrofouling larvae can use biofilm cues to 

identify their preferred habitat, and it is possible that such a preference drove selectivity 

between resident and imported biofilms in this study. In contrast, all four macrofoulers 

negatively selected for TWH, suggesting an aversion to the biofilms that lost biomass 

through on-hull transport. Biofilm organisms are known mediators of macrofouling 

recruitment, and diatoms in particular have been shown to alter recruitment in bivalves 

(Van Cohen et al. 2009), barnacles (Patil & Anil 2005; Jouuchi et al. 2007), bryozoans 

(Dahms et al. 2004; Dobretsov & Qian 2006) and polychaetes (Harder et al. 2002; Lam et 

al. 2003, 2005). However, these studies investigating selected biofilm organisms are often 

performed in the laboratory with monospecific or controlled multispecific biofilms. Field 

studies are more difficult to interpret because natural biofilms are complex microscopic 

ecosystems with hundreds, or even thousands, of species potentially interacting 

simultaneously. The cues emitted from biofilms are produced and determined by the 

communicating organisms within the assemblages (reviewed by Amin et al. 2012). 

Therefore, even the subtle biofilm changes arising from transport history are potentially as 

important to some recruiting macrofoulers as dramatic population changes. 

Selectivity at three weeks (corophiid amphipods, Vorticella sp. and W. 

subtorquata) was probably a direct response to the coatings and their associated biofilms 

because established macrofouling prior to this was minimal. However, panels at 14 weeks 

were fully developed with macrofouling. Selectivity during this recruitment period 
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probably arose indirectly from the coatings and/or biofilms through intermediary 

macrofouling. Regardless of the proximal driver, a few significant differences persisted in 

macrofouling communities until at least 14 weeks post-transport. Nevertheless, differences 

in community composition and the recruitment of individual macrofoulers were not 

detected among biofilms in the majority of cases. Biofilms associated with different 

coatings were more frequently involved in recruitment differences, suggesting that 

chemical and physical properties of the underlying coating are mainly responsible for the 

colonization of both microbes and macrofoulers.  

 

The Role of Biofilms in the Invasion Process 

 

Invasions are initiated by the transport of organisms outside of their natural 

biogeographical ranges. Therefore, human-mediated biofilm transport is intrinsically 

linked to bioinvasion ecology. Biofilm organisms may themselves become invasive 

through ship transport (Drake et al. 2005; Drake et al. 2007; Costas et al. 2013; Amalfitano 

et al. 2015), or they may mediate secondary dispersal and establishment of invasive 

macrofoulers. Shipping provides over 90% of global trade (Kaluza et al. 2010). Routes are 

expanding to keep pace with population growth (Seebens et al. 2013; Muirhead et al. 2015) 

and climate change is opening new passages through previously impassible seas (Smith & 

Stephenson 2013). Global connectivity and the potential for biofilm transport will increase 

to record levels with anthropogenic changes to oceans, offering new sets of cues to 

recruiting larvae. However, none of the invasion control strategies currently in place 
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adequately target the ubiquitous and tenacious biofilms found on ship hulls. The minimum 

estimated total wetted surface area (WSA) of the world fleet is 325 x 106 m2 (Moser et al. 

2015). Because biofilms form rapidly on all aquatic surfaces, they likely cover most of the 

global WSA, the areal equivalent of over 60,000 American football fields, or enough to 

form a biofilm band around the equator more than eight meters wide. Biofilms, therefore, 

have the potential to be involved in all phases of the classic invasion pathway: (1) 

transport, (2) arrival, (3) establishment and (4) diffusion (Carlton 1987). 

Results presented herein demonstrate that biofilm organisms, mainly those 

associated with different ship hull coatings, can be transported and in some instances go on 

to affect subsequent macrofouling recruitment. Both successful transport (phase 1) and 

arrival (phase 2) of exotic macrofoulers may result from larvae being attracted to and 

settling on biofilmed hulls. These inoculation vessels then deliver macrofoulers and 

inductive biofilms to new ports. Several types of vessels are documented as vectors for 

initial introduction, including transoceanic cargo ships (Drake & Lodge 2007), research 

vessels (Chapman et al. 2013), small boats (Ashton et al. 2014) and even obsolete vessels 

on their final voyages (Davidson et al. 2008). Establishment of macrofoulers (phase 3) can 

occur if they reproduce and settle on biofilms in the target port (e.g. seawalls, dock pilings, 

resident vessels, natural substrata). Finally, diffusion (phase 4) to neighboring ports can 

elevate exotic species to invader status if larvae settle successfully on local vessels and 

neighboring port biofilms. A study by Zabin and colleagues (2014) found strong 

connectivity between the highly invaded San Francisco Bay and nearby small marinas as 

the result of constant small boat traffic. Surveys of 4,000 vessels found that 80% of hulls 
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were encrusted with macrofouling, including 27 non-indigenous taxa. Similarly, 

investigations of recreational boat hulls in coastal British Columbia found invasive 

ascidians and macroalgae to be abundant foulers (Clarke Murray et al. 2011). These 

surveys usually consider coating type and condition as factors influencing macrofouling 

dispersal on small vessels. However, biofilms undoubtedly differ among these vessels as 

well and could play a role in the settlement and transport of recruits. 

The diversity of vessels serving as invasion vectors produces a mixture of coating 

types and travel histories across which biofilms will vary widely. In some cases, an 

invasion may be facilitated by multiple biofilms. Apte et al. (2000) documented the 

‘stepping stone’ invasion of the mussel Mytilus galloprovincialis. Mussels that had been 

initially introduced to Pearl Harbor, Hawaii in hull fouling began to spawn shortly after 

arrival. These larvae were entrained in the ballast water of a submarine to be transported 

out of the port. Because the mussels prefer habitats not found in Hawaii, the authors 

suggested this process as a way by which invaders might escape unsuitable new 

environments. It is conceivable that hulls of multiple ships in a single port, each with 

unique biofilms, act as analogous stepping stones to invasion. 

Regulating biofilm transport is a daunting challenge because they are ubiquitous 

and easily overlooked. However, there are strategies already under investigation that may 

help limit the transfer of biofilm organisms. Biofilms have become a target of study for 

their role in increasing drag and fuel consumption on active ships (Schultz & Swain 1999, 

2000; Schultz 2007; Schultz et al. 2011). These findings have helped to bolster new 

antifouling research that focuses on biofilms in addition to macrofoulers (see Patil & 
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Jagadeesan 2011; Salta et al. 2013a; Ling et al. 2014; Ohlauson & Blank 2014 for 

examples). Meanwhile, the use of proactive hull grooming is being promoted to remove 

fouling in its early stages (Tribou & Swain 2010; Guo et al. 2013; Tribou & Swain 2015; 

Hearin et al. 2015, 2016). While no technology is currently an answer to biofilm transport, 

processes that reduce biofilm organisms on ship surfaces will limit the dispersal of these 

recruitment cues. 

 A deeper understanding of the connection between biofilms and 

macrofoulers is also needed. Advances in the detection and identification of microbes have 

led to a better grasp of their global biogeography (Pommier et al. 2007; Cermeño et al. 

2010; Zinger et al. 2011; Ghiglione et al. 2012). Still, little is known about the 

heterogeneity of biofilm organisms among vessels and ports of call. To fully comprehend 

how biofilms mediate macrofouling dispersal and establishment, it is important to measure 

the degree of variation among biofilms to which macrofoulers are exposed. Likewise, it is 

essential to further investigate how biofilm selectivity varies across benthic species 

because invasion success is highly variable. Within most fouling communities there are 

species with invasive histories and those with no exotic record. For example, macrofoulers 

in the present study included several Florida natives, the cryptogenic bryozoans Bugula 

neritina, Cryptosula pallasiana and Watersipora subtorquata, and the invasive barnacle 

Amphibalanus amphitrite. Invasion success among port organisms depends on their arrival 

and subsequent ability to thrive. Biofilms have the capacity to affect both.  

Data presented here show that diatom assemblages in biofilms are modified by 

ship hull coatings and relocation using different transport methods. While assemblages 
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were unique, their ability to alter macrofouling recruitment within coating type was only 

detected in 4 out of 24 cases. Both individual species recruitment and differences in 

macrofouling colonization at the community level were characterized by the different 

coatings and their associated biofilms. This provides evidence that cues emitted by ship 

hull coatings shape unique microbial and macrofouling communities and aid in the 

dispersal of species from both groups.  

 

 

Conclusions 

 

The hypothesis that community composition of biofilm diatoms differs among ship hull 

coatings was found to be true. Diatom communities on copper, epoxy and silicone coatings 

were unique from one another before and after transport. Most species abundant on copper 

and silicone were also found in high numbers on epoxy, with two exceptions. Copper 

coatings were uniquely dominated by Amphora cf. montgomeryi, which suggests that it is a 

copper-tolerant diatom like some other species of Amphora. Ceratoneis closterium was 

dominant in silicone, a relationship that has been documented in other studies of biofilms 

on ship hull coatings.  

 The hypothesis that mortality and community composition of biofilm diatoms 

differs among transport methods was supported by this study. On-hull transport was the 

most disruptive method of biofilm relocation, resulting in significant cell loss across all 

coating types. Diatoms in this treatment were likely killed and removed from the coating 
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surface through a combination of osmotic and hydrodynamic stress. Community 

composition was altered most by on-hull transport as well. Across coatings, tenacious 

Amphora and Navicula typified communities subjected to on-hull transport, while weakly-

attached diatoms like Licmophora were found only in sheltered treatments. These results 

provide evidence that the location of biofilm colonization on the vessel (e.g. open hull 

versus niche areas) can influence transport success. Regardless of transport method, some 

diatom cells remained viable in all treatment communities. These surviving assemblages, 

differing in composition among coating types and transport methods, will seed developing 

biofilms at the destination. 

 The hypothesis that individual macrofouling species recruit differentially to 

biofilms on different coatings was verified for 8 out of 24 macrofoulers. These species 

selected epoxy, with the exception of the copper-tolerant hydroid Obelia dichotoma and 

the encrusting bryozoan Watersipora subtorquata. As a whole, macrofouling communities 

were more distinct among coatings than individual species, and these distinctions 

intensified as the communities developed.  

 The hypothesis that individual macrofouling species recruit differentially to 

biofilms altered by different transport methods was true for only 4 out of 24 species. 

Among these four species, selectivity was split between two disparate communities, 

resident Gulf coast biofilms (SG) and imported biofilms transported under flow-through 

conditions (TW).  

 The results in this study indicate that most macrofoulers will recruit 

opportunistically to a variety of microbial communities. Furthermore, biofilms that do 



101 
 

 

affect recruitment are probably limited to those that are very divergent, such as 

assemblages developed on different coating types or between distant locations. In practice, 

cues from hull coatings shape unique fouling communities on transiting vessels, and are 

likely a driving force behind the transport and establishment of both microbes and 

macrofouling species.  
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