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Abstract 

Non-native marine species thrive on artificial habitat. Expanding coastal infrastructure 
has led to concerns that increasing artificial habitat will facilitate the spread of non-
native species overall and to natural ecosystems. In the Santa Barbara Channel 
(SBC), California, USA, the non-native bryozoan Watersipora subatra (Ortmann, 
1890) has previously been reported only in harbors and on offshore oil platforms. 
To assess the distribution and potential for spread of W. subatra between coastal 
infrastructure and natural habitat in the SBC, we surveyed 61 open coastal sites, 
including natural and artificial habitat, and evaluated the potential dispersal 
connectivity of W. subatra larvae from harbors and oil platforms to natural reefs 
using survey results and three-dimensional biophysical modeling. We discovered 
that this bryozoan has invaded natural reefs in the region. W. subatra was present 
on approximately 50% of the oil platforms and mainland reef sites, but only 17% of 
offshore island reef sites. Modeling indicated high potential connectivity from one 
harbor to the closest reef with W. subatra, 4–5 km distant from the harbor mouth, 
but dispersal to the more distant sites would likely require intermediate stepping 
stone sites or anthropogenic transport of spawning adults. Populations on offshore 
platforms, in contrast, were virtually unconnected to reef sites through ocean 
circulation. The survey data indicated potential opportunities to manage current and 
future invasions through the control of larval sources. In particular, manual removal 
of small isolated populations on reefs at the northern Channel Islands would reduce 
this source of larvae to uninvaded areas. Consideration of potential connectivity in 
the placement of mariculture infrastructure along the coast with respect to harbors 
and other sources of non-native propagules could also help to reduce the potential 
for stepwise spread of non-natives to natural reef habitat. 

Key words: marine infrastructure, rocky reefs, biophysical modeling, non-native 
species 

  

Introduction 

The introduction and spread of non-native species is a widely recognized 
threat to the functioning of biological communities and ecosystems 
worldwide (Ruiz et al. 1997; Mooney and Cleland 2001). Managing the spread 
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of these species requires information on their distribution and potential for 
dispersal into new areas (Williamson 1996; Mack 2000; Hui et al. 2011). In 
the marine environment, harbors and protected embayments are well known 
sites of successful primary invasion by non‐native marine invertebrates and 
algae as a result of high propagule pressure and the availability of suitable 
habitat (Carlton and Geller 1993; Cohen et al. 2005; de Rivera et al. 2005; 
Ruiz et al. 2009). The strong association of non-native taxa, in general, with 
coastal infrastructure has led to concerns regarding the role of this 
infrastructure in facilitating propagule dispersal and the spread of non-
native species into natural habitat (Bulleri and Airoldi 2005; Glasby et al. 
2007; Ruiz et al. 2009; Simkanin et al. 2012; Dafforn et al. 2012; Adams et 
al. 2014; Epstein and Smale 2018). 

Although harbors are potential sources of non-native propagules (Ruiz et 
al. 2009; Simkanin et al. 2012; Epstein and Smale 2018), there have been 
few studies investigating potential larval connectivity of non-native species 
between harbors and coastal reef habitats. One explanation for the scarcity 
of studies could be that although non-native species are prevalent in 
harbors, most of these species are rarely reported either as present or 
abundant from open coastal habitats (Ruiz et al. 1997; Cohen et al. 2005; de 
Rivera et al. 2005; Glasby et al. 2007; CDFG 2008; Dafforn et al. 2012; 
Airoldi et al. 2015; Zabin et al. 2018). An emerging exception, however, is 
the foliose encrusting bryozoan Watersipora, a non-native taxon that was 
likely originally introduced into California coastal waters via hull fouling 
(Cohen 2011). 

Populations of the bryozoan genus Watersipora Neviani, 1896 are now 
reported from harbors and coastal embayments worldwide (Vieira et al. 
2014). Watersipora spp. have been widely reported in southern California 
waters, including in harbors (Cohen et al. 2005; Anderson and Haygood 
2007; CDFG 2008; Santschi 2012) and on offshore oil and gas platforms in 
the Santa Barbara Channel (SBC, Figure 1) (Page et al. 2006; Simons et al. 
2016; Viola et al. 2018). Watersipora has a complex taxonomic history, and 
we follow the revision of the genus by Vieira et al. (2014) that recognizes 
the formerly identified W. subtorquata (d’Orbigny, 1852) as W. subatra 
(Ortmann, 1890) in the SBC, but acknowledge that variation in the genetic 
structure of harbor populations found by Mackie et al. (2012) may signal a 
diversity of genotypes here. Under favorable conditions, W. subatra (hererafter, 
Watersipora) is an aggressive competitor for space capable of forming thick 
three-dimensional masses that alter local community structure by 
overgrowing native epifauna and providing novel habitat for sessile and 
mobile invertebrates (Sellheim et al. 2010). The presence of Watersipora on 
offshore platforms in the SBC to depths of up to 24 m (Page et al. 2006; 
Viola et al. 2018) suggested that this non-native bryozoan could be widely 
distributed in the open coastal environment. However, there are few reports 
of Watersipora on natural subtidal rocky reef or in the rocky intertidal zone 
of the open coast (i.e., Zabin et al. 2018). 
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Figure 1. Santa Barbara Channel (SBC) study area with the locations of MPAs. The northern 
Channel Islands include San Miguel, Santa Rosa, Santa Cruz, and Anacapa Islands. The 
Channel Islands National Park extends 1.8 km from shore around each island. The Channel 
Islands National Marine Sanctuary extends 10.8 km offshore around the archipelago. 

Similar to other common epifaunal taxa in harbors, including ascidians 
and other bryozoans, Watersipora has a short non-feeding larval stage with 
a maximum planktonic larval duration (PLD) of about 24 hours (Ng and 
Keough 2003). Thus, long distance dispersal of Watersipora and other taxa 
with short PLDs is generally considered to be through the transport of 
reproductive colonies attached to boat hulls (Davidson et al. 2010; Floerl et 
al. 2014; Zabin 2014). However, over short distances the extent to which 
ocean circulation could facilitate dispersal of these taxa from harbors to 
natural habitats remains unclear. Such information would be useful for 
managers planning the placement of artificial reefs and aquaculture 
facilities and the control of non-native populations on natural reefs. 
Propagules dispersing from harbors to the open coast could seed and 
sustain populations of non-native taxa and facilitate their spread. For 
example, Epstein and Smale (2018) found a positive association between 
the abundance of the non-native alga, Undaria pinnatifida, on natural reefs 
and distance from harbors in the United Kingdom, suggesting the 
importance of propagule pressure in sustaining this alga on natural reefs. 
Zabin et al. (2018) recently reported a positive association between 
frequency of occurrence of Watersipora in quadrats on reefs and distance 
from Monterey Harbor, California, also suggesting the potential 
importance of harbors as a source of non-native propagules to the open 
coast. However, there have been no studies to our knowledge that have 
investigated the potential role of ocean circulation in dispersing taxa with 
short planktonic larval durations (PLD), such as Watersipora, between 
harbors and open coast reef habitats. 
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Figure 2. Survey locations at oil and gas platforms (squares), harbors (diamonds), and reefs (circles). Red symbols identify the 
locations where Watersipora was present. Green symbols identify the locations where Watersipora was not present. Blue diamonds 
identify the harbors where Watersipora was present. SBH = Santa Barbara Harbor, VH = Ventura Harbor, CIH = Channel Islands 
Harbor, and PHH = Port Hueneme Harbor. The black lines show bathymetry contours in meters. The latitude and longitude of all 
survey points are included in Supplementary material Table S1. 

Oil and gas platforms, the largest offshore infrastructure in the SBC are 
also possible sources of Watersipora larvae to natural reefs. A total of 16 
offshore platforms are located in the SBC between the mainland coast and 
the northern Channel Islands (Figure 2). Since initially discovered on one 
platform in the SBC in 2001 (Page et al. 2006), Watersipora has been found 
on three additional platforms (Simons et al. 2016, Figure 2). Nine of the 16 
SBC platforms had not been surveyed for Watersipora prior to this study. 
Simons et al. (2016) used paired ocean circulation and particle tracking 
models to explore potential larval connectivity of Watersipora among seven 
offshore oil and gas platforms in the SBC (a subset of the 16 total platforms) 
and from four harbors in the SBC to the seven platforms. The modeling 
revealed that transport by ocean circulation provided a possible alternative 
explanation to hull fouling for the spread of Watersipora from one platform 
to three nearby platforms. In this study we extend that analysis to an 
evaluation of potential dispersal from the harbors and platforms to natural 
reef habitats. Due to its short PLD, local retention of Watersipora larvae 
immediately following release is projected to be high, but dispersal 
distances of up to 10 kilometers may be possible over 24 h in open ocean 
conditions (Simons et al. 2016), suggesting that at least some of these 
platforms could provide a source of Watersipora larvae to natural reefs. 

Although offshore infrastructure, such as oil and gas platforms, has been 
hypothesized to provide stepping stone habitat that could facilitate the 
spread of non-native species (reviewed in Macreadie et al. 2011; Mineur et 
al. 2012), few modeling studies have explored possible larval connectivity 
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via ocean circulation between offshore infrastructure and natural habitats. 
These studies have suggested that offshore structures could increase 
connectivity by acting as intermediate stepping stone habitat, thereby 
contributing to species range expansions, but also emphasize the 
importance of local hydrodynamics and PLD in driving observed patterns 
of larval dispersal (Adams et al. 2014; Henry et al. 2018). 

Rocky intertidal and subtidal habitats harboring diverse communities of 
sessile invertebrates, including bryozoans, are plentiful around the northern 
Channel Islands and the SBC mainland, providing suitable habitat for 
Watersipora larvae originating from harbors, platforms, or other sources. 
Shallow subtidal rocky reef outcrops border the mainland coast along the 
northern boundary of the SBC, including within three to four kilometers of 
the Santa Barbara harbor mouth (Figure 2). SBC is the location of the 
Channel Islands National Park and Channel Islands National Marine 
Sanctuary, as well as fifteen Marine Protected Areas and two marine reserves 
(Figure 1). Information on the distribution, abundance, and potential 
vectors of dispersal of non-native species into sensitive rocky habitats in this 
region would help inform the management and control, including possible 
removal, of these populations. 

In this study, we conducted an extensive survey to characterize the 
distribution and abundance of Watersipora on natural rocky reefs, coastal 
artificial habitat, and offshore oil and gas platforms in the SBC. We then 
used a three-dimensional biophysical model to assess potential larval 
connectivity of Watersipora populations directly from harbors and 
offshore platforms to open coast natural and artificial habitat where it was 
detected in the field survey. Using these results, we assess the role of 
offshore oil platforms as sources or stepping stone habitat that might 
facilitate the spread of Watersipora, from harbors to open coast natural 
habitat in the SBC, including the northern Channel Islands. 

Materials and methods 

Distribution and abundance of Watersipora  

To characterize the distribution of Watersipora, we surveyed a total of 61 
open coastal sites in the SBC from 2013 to 2017 that included 22 sites on 
the mainland, 23 sites at the northern Channel Islands, and 16 offshore oil 
and gas platforms. The surveyed coastal sites included 32 subtidal rocky reefs, 
8 artificial structures, and 5 rocky intertidal sites (Table 1 and Supplementary 
material Table S1, Figure 2). 

Fourteen of the mainland sites (natural and artificial) were located to the 
west of Santa Barbara Harbor (SBH), beginning approximately 4.5 km 
from the harbor mouth, and spaced on average 3.6 ± 1.3 km apart (mean ± 
1SD, range 1.1 to 10.8 km). Fewer sites were surveyed to the east of the 
SBH, with the nearest site located approximately 13 km from the harbor 
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Table 1. Summary of sites surveyed for Watersipora subatra in the Santa Barbara Channel 
(SBC), including offshore oil and gas platforms, harbors, other artificial structures, subtidal 
rocky reefs, and rocky intertidal habitats. Details on individual sites provided in Table S1. 

Location Total surveyed Watersipora recorded 
Offshore oil platforms 16 7 
Harbors 4 4 
Other artificial structures   

Mainland 5 3 
Island 3 2 

Subtidal rocky reefs   
Mainland 12 5 
Island 20 2 

Rocky intertidal   
Mainland 5 3 

Total 65 26 

mouth. Rocky reef becomes less common to the east of the harbor, and is 
generally sparser along the mainland coast in the eastern than western SBC 
(Johnson et al. 2013). The 20 subtidal reef sites surveyed at the northern 
Channel Islands were located in areas visited by recreational and commercial 
boats. Surveys were generally conducted in water depths ranging from 6 to 
12 m where Watersipora was previously found to be most abundant 
(Simons et al. 2016; Viola et al. 2018). 

To qualitatively survey the subtidal rocky reefs for the presence of 
Watersipora, two scuba divers swam along a 2 × 100 m belt transect run 
parallel to the shoreline, recording presence/absence of the bryozoan. Where 
possible transects were situated to capture both horizontal and vertical 
topographic relief. If Watersipora was not found along this initial 2 × 100 m 
transect, two additional transects of the same length were qualitatively 
surveyed (up to 600 m2). To quantify Watersipora abundance, paired 
photographs were taken every other meter on both the vertical and 
horizontal surfaces along a 20 m segment in the middle of the transects, 
yielding 20 images for each transect. If Watersipora was found along a 100 m 
transect, the remaining one or two transects were shortened to 20 m in 
length with photographs taken every other meter as above. 

Photographs were taken with a Canon EOS 6D digital camera with a 14 mm 
wide-angle lens enclosed in an underwater housing. The camera and two 
strobes were mounted on a frame 26 cm above a 41 cm × 62 cm (0.25 m2) 
quadrat. From the photographs, we estimated the percent cover of any 
Watersipora occupying the visible layer in each photo plot using point 
contact on a grid of 100 uniformly spaced points superimposed onto each 
digital image using the BisQue online image management and analysis 
system (http://bioimage.ucsb.edu/; Kvilekval et al. 2010). Contacts under 
each point were scored manually, automatically recorded in XML files, and 
subsequently exported for analysis. If large understory algae were present, 
photographs were taken before and after the algae had been removed using 
clippers. GPS locations for the beginning and end of each transect were 
recorded. A total of 1,317 photographs were scored for our surveys. To 
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provide greater geographic coverage, we include additional qualitative 
diver surveys encompassing ~ 660 m2 in water depths of 6 to 12 m at nine 
reef sites at the mainland and Santa Cruz and Santa Rosa Islands 
conducted in association with surveys by the Santa Barbara Channel 
Marine Biodiversity Observation Network (SBC MBON, Table S1). 

We surveyed all 16 offshore oil and gas platforms present in the SBC 
(Tables 1 and S1, Figure 2). The platforms are located across a range of 
water depths (29–363 m) and distances from shore (2.9–15.9 km) (Love et al. 
2003). Qualitative presence/absence surveys of ~ 30 minutes duration were 
conducted by a team of two divers swimming among the conductor pipes 
at depths of 6 m, 12 m, and 18 m systematically searching for Watersipora. 
The conductor pipes (~ 1.6 m in diameter; Page et al. 1999) enclose the 
piping that conveys the oil and gas to the surface for processing. The 
abundance as percent cover of Watersipora on offshore platforms drops off 
dramatically at depths greater than 18 m (Page et al. 2006; Viola et al. 2018). 
To quantify the abundance of Watersipora present on each platform, we 
photographed 48 haphazardedly placed 0.25 m2 plots per platform: one 
each located on the inside and outside of the four corner legs and four 
randomly selected conductor pipes at depths of 6 m, 12 m, and 18 m. The 
platforms were oriented differently such that the photoplots did not 
conform to a specific compass heading. A total of 655 photographs were 
scored from the platform surveys. 

We surveyed eight other artificial structures along the shoreline that 
included the subtidal portions (< 8 m depth) of pier pilings, a constructed 
island, pipelines, and a concrete bird roost (Tables 1 and S1, Figure 2). 
These surveys were qualitative, recording presence or absence based on 
searching during a typical dive of 30 minutes. We also surveyed five rocky 
intertidal sites on the mainland coast (Tables 1 and S1, Figure 2). Intertidal 
sites possessed rock benches with mid to low intertidal pools, ledges, and 
cobbles, and abundant shaded habitat supporting high species richness of 
encrusting benthic epifauna. Intertidal surveys were conducted as 
presence/absence by one of the authors (JHR Goddard) at a site and ranged 
from two to three hours in duration. 

Biophysical modeling of larval dispersal and connectivity 

To estimate potential larval connectivity of Watersipora from the harbors 
and platforms to natural and artificial shoreline habitat, we used a three-
dimensional biophysical model of the SBC. Biophysical models are used 
globally to estimate larval connectivity for a wide range of applications 
including spatial fisheries management, design and placement of marine 
reserves, and evaluating possible effects of offshore infrastructure on habitat 
connectivity (Roberts 1997; Levin 2006; Costello et al. 2010; Adams et al. 
2014). Our biophysical model consisted of a three-dimensional coupled 
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ocean circulation and particle-tracking model, which simulates larval 
transport. Following Watson et al. (2010) and Mitarai et al. (2009), 
potential connectivity was defined as the probability of larval dispersal 
from a source site to a destination site as estimated by the particle tracking 
simulations. 

The three-dimensional ocean circulation model was a Regional Ocean 
Modeling System (ROMS) applied to the Southern California Bight 
(Shchepetkin and McWilliams 2005; Dong and McWilliams 2007). The 
model domain contains the southern California coastline and the eight 
Channel Islands, which includes the SBC (Figure S1), and has one kilometer 
horizontal resolution and 40 vertical levels. Details on the lateral and 
surface boundary conditions are documented in Dong and McWilliams 
(2007) and Dong et al. (2009). The circulation model has been rigorously 
calibrated against field observations and shown to accurately capture 
mean, interannual, and seasonal mesoscale dynamics of the Southern 
California Bight, including the SBC (Dong et al. 2009, 2011; Simons et al. 
2015). Following methods in Carr et al. (2008) and Mitarai et al. (2009), 
six-hour-averaged three-dimensional velocity fields produced by the 
circulation model were used to drive the three-dimensional particle 
tracking model and were available for 12 years from 1996–2007. 

Since our goal was to identify whether harbors and offshore platforms 
could facilitate Watersipora spread to natural habitat via larval dispersal 
within the SBC, source and destination sites selected for the modeling are 
those where Watersipora was found during the surveys, as described in the 
following section (Tables 1 and S1, Figure 2). To estimate larval transport 
and potential connectivity, particles were released from the harbors and 
platforms source sites. In prior work, Watersipora was observed in four 
harbors in the SBC, Santa Barbara, Ventura, Channel Islands, and Port 
Hueneme (Cohen et al. 2005; Anderson and Haygood 2007; CDFG 2008; 
Santschi 2012), and are included as source sites in this study. Following the 
methods from Simons et al. (2016), particles were vertically released from 
the source sites, platforms colonized by Watersipora, and the four harbors, 
from one to 18 m below the surface, the depth range at which Watersipora 
is most abundant (Simons et al. 2016; Viola et al. 2018). 

The particle tracking time representing PLD was set to 12 h and 24 h. 
These PLDs were selected to represent a possible midrange and maximum 
PLD for the taxon (Ng and Keough 2003; Cohen et al. 2005). Typical of other 
bryozoans, newly released Watersipora larvae show positive phototaxis 
(Ryland 1960; HM Page and RJ Miller, personal observation), but the larvae are 
small and weak swimmers (Chia et al. 1984; Bradbury and Snelgrove 2001) 
and are thus unlikely to change their vertical position in the water column 
enough to influence their horizontal transport. Consequently, Watersipora 
larvae were considered passive particles in the model. Particles were released 
from June through October, the estimated reproductive season for Watersipora 
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Figure 3. Examples of Watersipora subatra from (a) offshore oil and gas Platform B, (b) subtidal 
rocky reef at Solimar (M11), (c) subtidal rocky reef at Diablo Point, Santa Cruz Island (SC1), 
and (d) rocky intertidal ledge at Carpinteria (M8). Scale approximate. Photo by B. Doheny. 

based on larval recruitment data collected in the study region from 2014 to 
2017 (Viola et al. 2018). To avoid an under-sampling error that occurs when 
too few particles are used in biophysical modeling studies (Simons et al. 2013), 
a particle release frequency of 3 h was selected, and thus a total of 985,000 
particles were released from each source site over the 12-year model period. 

To quantify the potential extent of larval dispersal from each platform 
and harbor source site, particle tracking results were transformed into two-
dimensional particle density distributions (PDDs) for 12 and 12 h PLDs 
following the methods in Simons et al. (2016). Monthly PDDs were calculated 
using the particles released over one month from a harbor or platform source. 
The monthly PDDs for each source were then averaged over the reproductive 
season of June–October for 12 model years (1996–2007) to obtain a long-term 
monthly average PDD. Potential connectivity was quantified in the form of 
a source-destination matrix by using the values of the monthly averaged 
PDDs from each source site, harbors and platforms, at the destination sites, 
open coastal natural and artificial habitat (Mitarai et al. 2009; Simons et al. 
2016). The values of the potential connectivity in the matrix represent the 
monthly mean number of particles released from a source site that arrived 
at a destination site. 

Results 

Distribution and abundance of Watersipora 

Watersipora was widely distributed in the SBC (Tables 1 and S1, Figure 2), 
occurring at 50% of sites along the mainland coast and 43% of the offshore 
oil platforms. Examples of Watersipora on an offshore platform, subtidal 
rocky reefs, and rocky intertidal habitat are shown in Figure 3. On the 



 Distribution and potential larval connectivity of Watersipora 

 Page et al. (2019), Aquatic Invasions (in press)  

Table 2. Mean percent cover (±1 se) of Watersipora subatra at natural rocky reef and offshore 
platform survey sites. Cover of Watersipora on rocky reefs determined within 0.25 m2 plots 
along a 20 m x 2 m transect. Cover of Watersipora on platforms determined within 0.25 m2 
plots on legs and conductor pipes. Sample size in parentheses. See Methods for details. 

Location 
Orientation 

Vertical Horizontal 
Rocky reef   
Arroyo Burro (M6) 0 (2) 0.1 ± 0.1 (40) 
Diablo (SC1) 6.4 ± 2.4 (32) 1.6 ± 0.4 (32) 
Ellwood (M4) 0.03 ± 0.03 (34) 0 (34) 
Fry’s (SC2) << 1.0 (trace)1 0 
Mohawk (M7) 0.2 ± 0.1 (35) 1.0 ± 0.6 (39) 
Naples (M2)2 13.7 ± 2.3 (32) 2.3 ± 0.7 (32) 
Solimar (M11) 12.7 ± 5.4 (12) 5.3 ± 1.6 (26) 
   
Platforms   
A << 1.0 (trace)1 0 
B 11.9 ± 2.5 (32) 4.6 ± 1.1 (16) 
Gina 11.4 ± 2.5 (32) 6.7 ± 1.7 (16) 
Gail 28.5 ± 5.1 (32) 23.2 ± 6.6 (15) 
Gilda 3.0 ± 1.7 (32) 0.4 ± 0.2 (16) 
Grace 0.5 ± 0.3 (32) 0 (16) 
Harmony << 1.0 (trace)1 0 

1Observed during qualitative swimming surveys only 
2Marine Protected Area 

mainland, Watersipora was present at five out of 12 subtidal rocky reef sites 
(M2, M4, M6, M7, and M11) and on three out of five artificial structures, 
including a roosting platform for seabirds (M3), a pier (M5), and the rock 
revetment of an artificial island (M10). Although Watersipora was present 
at the two subtidal reef sites (M6 and M7) closest (4.5 km) to SBH, it was 
also found at sites quite distant from the harbor, including the Naples Reef 
State Marine Conservation Area (M2, SMCA) and in the rocky intertidal at 
Gaviota (M1), 26.5 and 54 km west, respectively, from SBH (Tables 1 and 
S1, Figure 2). Watersipora was also found in trace amounts at three of five 
rocky intertidal sites (M1, M8, and M9) on the mainland. 

The distribution of Watersipora was more limited at the northern 
Channel Islands, occurring only on Santa Cruz Island at two of the 12 
subtidal reef sites (SC1 and SC2), one of which (SC2) is a boat anchorage, 
and at the two piers (SC3 and SC4), which are used primarily by vessels 
providing transportation to and from the island. Where Watersipora was 
found on rocky subtidal reefs on the mainland and Santa Cruz Island, it 
was patchily distributed, but averaged greater than 10% cover on vertical 
surfaces along the three 20 m transects at the two subtidal rocky reefs (M2 
and M11) (Table 2). 

Watersipora was present on seven of 16 offshore platforms (Figure 2), 
including the cluster of four platforms (Gail, Gina, Grace, and Gilda) in the 
eastern SBC originally reported in Simons et al. (2016), three additional 
platforms (A and B) located 10 km offshore of SBH, and Platform Harmony 
at the western end of the SBC. Cover on offshore platforms varied from 
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Table 3. Potential connectivity statistics for source-destination pairs with greater than zero connectivity (> 0 particles km-2). 

Source Site Destination Site1 Distance from 
Source Site (km) 

PLD (h)
Potential 

Connectivity2
95% Confidence 

Interval2 
Percent time with zero 

connectivity3 
Santa Barbara  M6/7 4.5 12 2,372 2,203–6,837 0 
Harbor (SBH) M6/7 4.5 24 3,182 2,330–8,030 0 

 M5 13.4 24 132 132–546 15 
 M3/4 20.7 24 6 6–45 73 
 M2 25.1 24 1 1–10 85 

Platform A/B M5 21.0 24 1 1–6 92 
Platform Grace SC4 16.4 24 4 4–13 92 

1Sites within 1 km of each other are combined 

2Potential connectivity and 95% confidence interval presented as monthly mean particle density (number of particles km-2)  
3Percent time with zero connectivity over the study period of June–October 1996–2007 

trace amounts on Platform Harmony to exceeding 20% on both vertical and 
horizontal surfaces at Platform Gail (Table 2; Page et al. 2008; Viola et al. 2018). 

Biophysical modeling of larval dispersal and connectivity 

We explored the potential connectivity of 10 source sites to 12 destination 
sites where Watersipora was found in the field surveys. The source sites 
include four harbors (Santa Barbara, Ventura, Channel Islands, and Port 
Hueneme) and six offshore oil and gas platforms (Harmony, A/B, Grace, 
Gilda, Gail, and Gina) (Figure 2). The 12 destination sites included natural 
rocky reefs and shoreline artificial structures along the mainland coast 
(M1, M2, M3/4, M5, M6/7, M8, M9, M10, and M11), and three sites on 
Santa Cruz Island (SC1/2, SC3, and SC4) (Figure 2). Where sites were less 
than one kilometer apart and located in the same model grid cell, they were 
treated as a single site (e.g. platform A/B, M3/4, M6/7, and SC1/2). 

Biophysical modeling quantified as PDDs, revealed that simulated 
Watersipora larvae released from all four harbors are largely retained close to 
their release sites and that larval density decreases sharply with increasing 
distance up and down coast from the harbors (Table 3, Figure 4a, b). There 
was little difference in the results from a 12 h versus 24 h PLD, except that 
PDDs with a 24 h PLD extend farther up and down coast over a slightly 
greater area (Figure 4a, b). 

Assuming a 12 h PLD, highest continuous potential connectivity was 
calculated between SBH and the closest destination reef (M6/7) where 
Watersipora was observed, 4.5 km west of the harbor mouth (Table 3, 
Figure 5a). However, all other mainland and island sites where Watersipora 
was present show no potential connectivity with harbors for a PLD of 12 h 
(Table 3, Figure 5a). By increasing the PLD to 24 h, the potential connectivity 
from SBH expanded to include three other mainland sites (M2, M3/4, and 
M5) in addition to M6/7, that are rocky reefs, a pier, and a constructed island  
(Table S1, Figure 5b). However, potential connectivity was still three orders 
of magnitude higher and continuous for reef sites nearest the harbor 
(M6/7) compared to the other destination sites (M2, M3/4, and M5) and 
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Figure 4. Particle density distributions (PDDs) averaged over 12 years for (a) harbor sources 
and a PLD of 12 h, (b) harbor sources and a PLD of 24 h, (c) platform sources and a PLD of 12 h, 
and (d) platform sources and a PLD of 24 h. Black diamonds are harbors (a, b), white circles are 
destination reef sites (a–d) and black circles identify the platforms (c, d). PDDs from individual 
sources have been added together. Units are in mean monthly number of particles km-2 on a log 
scale. 

 
Figure 5. Potential connectivity matrix (log scale) for (a) 12 h PLD and (b) 24 h PLD for 
Watersipora. For the source sites, (H) identifies a harbor and (P) identifies a platform. Units are 
in mean monthly number of particles km-2. 

decreased precipitously, both in particle density and percentage of time 
connected, for sites with increasing distance from the harbor (Table 3). 

In the offshore high-flow environment occupied by the oil platforms, the 
simulated larvae disperse over a much larger area and with lower particle 
density (Figure 4c, d), as also shown in Simons et al. (2016) for a subset of 
platforms. The smallest ellipses were from platforms A/B and Gina, which 
are the platforms closest to the shoreline and consequently subject to the 
slowest current flows (Winant et al. 2003). The highest particle density 
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came from the area around platforms Gilda, Gail, and Grace, where the 
PDDs overlapped one another. The lowest density came from Platform 
Harmony, where the center of the ellipse was completely advected away 
from the platform. In a water depth of 392 m, Platform Harmony is the 
deepest of the six source site platforms and thus exposed to the strongest 
offshore flows (Winant et al. 2003). For all platforms, PDDs with a 24 h 
PLD were much more dispersed than the PDDs with a 12 h PLD, covering 
larger areas with lower particle densities and advecting predominantly 
towards to the western end of the SBC. This pattern of westward dispersal 
follows the mean characteristic flow patterns observed in the SBC, which 
are driven by the poleward flowing Southern California Counter Current 
(Harms and Winant 1998; Dong et al. 2009). 

There was little evidence from the modeling to support offshore 
platforms acting as intermediate “stepping stones” that would facilitate the 
dispersal of harbor populations of Watersipora to the northern Channel 
Islands. Simons et al. (2016) previously reported “moderate” larval 
connectivity, assuming a PLD of 24 h, between two harbors (Channel Islands 
and Port Hueneme) and Platform Gina, located approximately 6–7 km 
offshore. However, here we found no or extremely weak connectivity 
between the platforms and any of the natural reef destination sites. The 
only potential connectivity recorded from a platform to an island site was 
very weak between Platform Grace and site SC4, a pier on east end of Santa 
Cruz Island, with monthly mean particle density at only 4 particles km-2 

and no connectivity 92% of the time at a 24 h PLD (Table 3). 

Discussion 

Watersipora spp. is widely recognized as an important fouling organism of 
marine vessels (Davidson et al. 2010; Floerl et al. 2014) and has been 
commonly reported in harbors and coastal embayments of California for the 
past two decades (Cohen et al. 2005; CDFG 2008). Despite the prevalence 
of Watersipora on coastal infrastructure in the region, the present study is 
the first, to our knowledge, to report the widespread occurrence of this 
non-native bryozoan on natural subtidal and intertidal rocky reef habitats 
in southern California. Previously, Watersipora has been reported in more 
limited surveys on subtidal rocky reefs in central California near Monterey 
harbor (Zabin et al. 2018), and at rocky intertidal sites in southern (Pister 
2009) and central California ( Zabin et al. 2018). Worldwide, the genus 
appears to be expanding in distribution (e.g., Ryland et al. 2009; Bishop et 
al. 2015; Porter et al. 2017; Marić et al. 2017), but with few reports of its 
occurrence in natural open coast habitats (Malherbe and Samways 2014). 

Although harbors are widely recognized sites of invasion by non-native 
species, the potential for dispersal of non-native propagules from harbors 
to natural habitats via ocean circulation is not clear, and poor larval 
connectivity could provide one explanation for the relative absence or low 
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abundance of these species in natural reef habitats. Our modeling reveals 
high mean and nearly continuous potential larval connectivity between 
Santa Barbara Harbor and reef sites (Arroyo Burro reefs-M6, Mohawk-M7) 
located 4.5 km from the harbor, leading to the conclusion that ocean currents 
could transport Watersipora, and other taxa with PLDs of 12 to 24 hours, 
from the harbor to natural habitats across this distance. Unlike Santa Barbara 
Harbor, natural rocky reef destination sites for Watersipora larvae are much 
less common in the vicinity of the harbor sites in the eastern SBC (Ventura, 
Channel Islands, and Port Hueneme) (Johnson et al. 2013), which would 
limit the ability of Watersipora larvae to spread outside of these harbors. 

Although our biophysical modeling revealed potential larval connectivity 
between SBH and the nearest reef site, there was little to no potential 
connectivity between the harbor and reef sites greater than 4.5 km distant, 
assuming either a 12 h or 24 h PLD. This lack of potential connectivity implies 
that the mean magnitude and direction of current flow was insufficient to 
transport simulated Watersipora larvae distances greater than ~ 4.5 km 
within 24 h. As modeled in this study, potential connectivity provides a 
robust upper bound estimate of potential larval dispersal distance, as it is 
based solely on passive transport by ocean currents and does not include 
nonphysical factors such as larval production and mortality (Mitarai et al. 
2009; Watson et al. 2010) or possible changes in larval condition over time 
that may affect successful settlement and metamorphosis (Marshall and 
Keogh 2003; Sams et al. 2015). For these reasons, we hypothesize that the 
modeling accurately predicts that larvae with PLDs of 24 h or less are 
extremely unlikely to reach destination sites with little to no connectivity to 
source sites solely via ocean circulation. 

The number and frequency with which larvae arrive at a destination site 
over time, or propagule pressure, are important factors in controlling the 
establishment and stability of non-native populations (Lockwood et al. 2005; 
Clark and Johnston 2009). In addition to estimates of mean potential larval 
connectivity, our modeling provides an estimate of the percentage of time 
over the 12-year study period that source and destination sites exhibit zero 
potential connectivity. For four of the seven source-destination pairs (SBH-M2, 
SBH-M3/4, Platform A/B-M5, and Platform Grace-SC4) that show greater 
than zero potential connectivity, the modeling reveals not only very low 
mean potential connectivity with a particle density 1–6 particles km-2, but also 
long periods of time (73–92%) during the study period with no 
connectivity (Figure 5, Table 3). Both the very low potential connectivity 
and high proportion of time with no potential connectivity suggest that 
Watersipora found at these destination sites are unlikely to have originated 
via direct larval dispersal from harbor or platform sites. 

Given the rapid decline in potential connectivity between from SBH to 
natural and artificial sites at distances of > 4.5 km, we hypothesize that 
intermediate stepping stone habitat would be required for the dispersal of 
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Watersipora along the mainland coast beyond this distance. Since 
Watersipora was found 54 km to the west of SBH at site M1, intermediate 
habitat with Watersipora would probably be required for stepwise dispersal 
to these distant sites. Alternatively, hull fouling could have been responsible 
for initial introductions. The attachment and transport of Watersipora on 
boat hulls has been reported in California (Davidson et al. 2010; Zabin 
2014) and elsewhere (Floerl et al. 2014; Ashton et al. 2014), but there are no 
data with which to evaluate this possibility in our area. The introduction of 
Watersipora to natural reefs via boat hulls would be highly stochastic, 
requiring visitation of the site by infested boats during the bryozoan’s 
reproductive period and sufficient propagule pressure to enable 
establishment. In addition, the recipient reef community would need to be 
susceptible to invasion, for example, by having been recently disturbed 
(Needles et al. 2015; Viola et al. 2018). Both stepping-stone habitats and 
hull fouling mechanisms would increase larval connectivity between source 
and destination sites beyond that predicted by the modeling and could 
include source populations outside of our study area. 

We found Watersipora at two of 12 natural reefs surveyed (SC1, SC2) 
and at two piers (SC3, SC4) on Santa Cruz Island within the Channel 
Islands National Marine Sanctuary. The smallest distance across the SBC 
from a harbor or platform source site to a destination site within the 
Channel Islands NMS is ~ 17 km from Platform Grace to the pier at 
Scorpion Anchorage at Santa Cruz Island. Modeled potential connectivity 
between these two sites was extremely low (Table 3, Figure 5b). For this 
reason, we suggest that anthropogenic transport is the most likely dispersal 
vector of Watersipora to Santa Cruz Island. Commercial boat traffic out of 
Santa Barbara, Ventura, and Channel Islands harbors uses the pier sites on 
Santa Cruz Island, and small boats also regularly visit the vicinity of rocky 
reef sites (Cabral et al. 2017). The distance between the closest pier (SC3) 
and reef sites (SC1/2) on Santa Cruz Island is about 8 km, suggesting 
separate Watersipora introductions to these sites, but more information is 
required on the possible existence of intermediate populations that could 
serve as stepping stones. The two reef sites (SC1/2) on Santa Cruz Island 
with Watersipora are separated by < 1 km, suggesting that a single 
inoculation of one of the sites could have provided larvae to the other via 
larval dispersal. Once established, Watersipora on the piers and reefs of 
Santa Cruz Island are potential sources of larvae to other island reef 
habitats, including nearby Marine Protected Areas. The cover of 
Watersipora, in general, at mainland and Channel Island reefs was found 
to be higher on vertical than horizontal surfaces (Table 2). Given that 
island rocky reefs generally possess steeper profiles and more vertical walls 
overall than mainland reefs (Pondella et al. 2015), the establishment of 
Watersipora at new sites may proceed at a faster rate along the island’s 
coast than on the mainland. 
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Offshore platforms provide the main source of hard substrate between 
the mainland coast and the northern Channel Islands (Figure 2), but the 
use of offshore platforms as stepping stone habitat appears to be unlikely to 
account for the occurrence of Watersipora at Santa Cruz Island sites, since 
there was little to no potential connectivity from the platforms to the island 
(Figure 5). Offshore infrastructure has been proposed to increase connectivity 
(Adams et al. 2014; Henry et al. 2018) and offshore oil platforms have been 
implicated in the stepwise spread of a non-native invasive coral (Tubastraea 
coccinea) in the Gulf of Mexico (Sammarco et al. 2004, 2012a). However, in 
the case of platforms in the SBC, the short PLD of Watersipora combined 
with high sustained flows in the open channel quickly dilutes simulated 
larvae, reducing larval connectivity via ocean circulation between the 
platforms and the northern Channel Islands. 

Without further study, the role of anthropogenic vectors in dispersing 
Watersipora within the SBC, though a likely transmission pathway, remains 
ambiguous and undocumented. The probable role of hull fouling as a 
vector of initial Watersipora introduction to one oil platform (Gilda) was 
discussed in Simons et al. (2016). Introduction of Watersipora could have 
occurred via service vessels, including crew boats and barges, that can 
approach and remain in close proximity to a platform, whereas recreational 
boats are not permitted to tie up or closely approach offshore platforms in 
the SBC. However, there is no information on whether Watersipora is 
attached to boats that visit platforms or reefs or on the past frequency and 
pathways of boat traffic that would permit an evaluation of this possible 
transmission pathway. Nevertheless, anthropogenic transport remains the 
most viable hypothesis for the introduction of Watersipora to offshore 
platforms and to the northern Channel Islands given the low probability of 
larval connectivity to possible source populations. 

Another possibility that would increase connectivity beyond modeled 
estimates is the rafting of sexually reproducing colonies into new areas on 
mobile substrates, such as floating kelp or other debris (Kuhlenkamp and 
Kind 2013; McCuller and Carlton 2018). In this rafting scenario, the floating 
substrate with attached Watersipora travels to new suitable natural or 
artificial habitat and establishes Watersipora colonies. In many hours of 
diving, we have not observed Watersipora attached to floating kelp or other 
debris, but this possibility cannot be ruled out. 

The slow flows and complex bathymetry of the nearshore ocean 
reported here and in Simons et al. (2016) appears to favor local retention, 
producing high densities of simulated larvae near the harbors and shoreline 
and high potential connectivity between SBH and reef sites nearest the 
harbor (M6/7). Notable, however, is the absence of a positive association 
between Watersipora abundance (as cover) and potential connectivity 
(Table 3). A positive relationship between Watersipora abundance and 
connectivity might be expected if propagule supply from the harbor is 
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driving abundance (Clark and Johnston 2009). However, Watersipora 
cover along transects at Naples reef (M2) was 50 times higher than at 
Arroyo Burro (M6) and Mohawk (M7) reefs, which are located in much 
closer proximity to SBH (Tables 2 and 3), suggesting the importance of local 
physical and biological factors in influencing Watersipora abundance at 
these sites. 

Our findings of potential larval connectivity between SBH and nearby 
reefs could be extended to other non-native taxa with short PLDs widely 
reported from the harbors of southern California and worldwide, including 
ascidians (e.g., Botrylloides violaceus, Botryllus schlosseri, Ciona spp., and 
Styela clava) and other bryozoans (e.g., Cryptosula pallasiana) (Cohen 2011; 
Santschi 2012). Although our results suggest that propagules of taxa with 
PLDs of 12 to 24 h could disperse from harbors to reach nearby natural 
reefs, these species are rarely encountered along the open coast, including 
artificial structures in the SBC (Page et al., unpublished data on 22 subtidal 
rocky reefs; Santa Barbara Coastal Long Term Ecological Research (SBC 
LTER) annual monitoring 2001 to 2017, unpublished data, http://sbc.lternet. 
edu/data/) or elsewhere (Wasson et al. 2005; Zabin et al. 2018). 

Mechanisms limiting the distribution and abundance of Watersipora on 
natural reefs as well as the establishment of other non-native taxa that 
might show larval connectivity with harbors require study, but probably 
involve forms of biotic resistance to invaders, such as predation on 
planktonic larvae and recent recruits by invertebrates and fish (Mileikovsky 
1974; Cowden et al. 1984; Dumont et al. 2011a, b; Forrest et al. 2013) and 
competition for space with other epifauna and benthic macroalgae (Osman 
and Whitlatch 1995; Levin et al. 2002; Miller and Etter 2011). Previous 
studies have indicated that the existing epifaunal assemblage can inhibit 
the successful establishment of Watersipora. These studies show an 
increase in Watersipora abundance following disturbance that removes this 
assemblage (Clark and Johnston 2009; Needles et al. 2015; Viola et al. 
2018). In addition, our findings of higher Watersipora cover on vertical 
faces suggest that general reef topography could affect the local abundance 
of Watersipora. Substrate slope has been shown to dramatically affect the 
composition of subtidal reef assemblages by mediating competitive 
interactions between benthic invertebrates and macroalgae (Knott et al. 
2004; Miller and Etter 2008, 2011). Understory macroalgae are more 
abundant on horizontal than shaded vertical surfaces, and may physically 
inhibit Watersipora recruitment and reduce the survival and growth of 
newly recruited individuals. It would be valuable to investigate the physical 
and biological mechanisms that enable the establishment of Watersipora 
on SBC coastal reefs, while other non-native epifauna that are also found in 
harbors are apparently unsuccessful in invading these habitats. 

The results of biophysical modeling indicate that potential larval 
connectivity from harbors to mainland natural reefs is generally restricted 
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to reefs closest to the harbor mouth for species with short PLDs like 
Watersipora. Potential connectivity may be enhanced for Watersipora if a 
harbor is seeding local stepping stone habitats that provide propagules to 
more distant sites, or if hull fouling on boats from the harbor provides 
sufficient propagule pressure to enable colony establishment. Although 
resident Watersipora populations on offshore platforms in the SBC have 
little larval connectivity with mainland and northern Channel Island reefs, 
Watersipora on offshore platforms could be a source of propagules to the 
hulls of service vessels, such as crew boats, barges, and mobile drilling rigs, 
that transit to nearshore habitat, enhancing connectivity beyond modeled 
estimates. In this regard, ancillary data, for example from genetic analysis 
(Hellberg et al. 2002; Brooks 2003; Sammarco et al. 2012b; Baguette et al. 
2013), would be extremely beneficial in exploring possible connectivity 
pathways between coastal infrastructure and natural habitats. 

Although Watersipora is more widespread on natural reefs than 
expected, there appear to be opportunities to manage current and future 
invasions through the control of propagule sources via the application of 
best management practices in harbors (Culver et al. 2012; Dafforn 2017) 
and on offshore oil platforms (Viola et al. 2018) and potentially through 
the manual removal or reduction of existing field populations. In particular, 
populations at the northern Channel Islands, which are isolated and 
unlikely to receive regular inputs of larvae, would appear amenable to 
manual removal to reduce the potential for spread to uninvaded areas, 
including MPAs. Biophysical modeling reveals that careful consideration 
of larval connectivity in the placement of mariculture infrastructure with 
respect to harbors and other sources of non-native propagules could also 
help to reduce the potential for stepwise spread of these species to natural 
habitat. Finally, longer-term data on the population dynamics of 
Watersipora on natural reefs are needed to discern whether these 
populations are increasing, which will help inform the urgency of 
management actions. 
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Table S1. Sites surveyed for Watersipora subatra. 
Figure S1. Model domain of Southern California Bight. The Santa Barbara Channel and study area are identified by the red box. 
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