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ABSTRACT 

VARIATION OF LARVAL TRAITS AND COPPER TOLERANCE IN AN 

INVASIVE CRYPTIC SPECIES COMPLEX (WATERSIPORA: BRYOZOA) 

 

Jason Lopiccolo 

 

Many factors contribute to the potential of a non-indigenous species to invade an 

area and become established. For bryozoan colonies of the cryptic species complex 

Watersipora (Neviani, 1896), this may include larval characteristics such as settlement 

rate, competency of metamorphosis, swimming duration, and the ability to tolerate 

copper, a common component in marine anti-fouling paints. Two common groups of 

Watersipora that occur along the California coast are W. subatra Clade A and an 

undescribed new species, Clade N. The goal of this research work was to discover what 

differences, if any, exist in the larval traits and copper tolerances of these two clades. 

Colonies of Clade A and N were collected around Humboldt Bay and induced to release 

larvae. Individual larvae were pipetted into petri dishes with either a circle of copper 

paint or an unpainted control and placed in a common-garden experiment where larval 

characteristics were measured between species and experimental treatments. Both species 

had markedly different larval characteristics, with W. subatra settling faster and at a 

higher rate than Clade N in the control treatment. When exposed to copper anti-fouling 

paint, however, these trends reversed. This study is the first to investigate larval 

differences between these two species. A number of studies on bryozoans are presumed, 
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but not verified, to be Watersipora subatra. This fact, coupled with the strong observed 

differences in larval behavior that these results show, suggests that a Watersipora 

species-specific approach needs to be taken in future work with this cryptic species 

complex. 
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INTRODUCTION 

Non-indigenous species (NIS) are a threat to biodiversity in many ecosystems 

throughout the world (Ruiz et al. 1997; Molnar et al. 2008). NIS also pose significant 

economic costs either directly, through management efforts (Lovell et al. 2006), or 

indirectly through other mechanisms such as loss of ecosystem services, tourism and 

recreation opportunities, and lowered climate resilience (Katsanevakis et al. 2014). 

Despite the importance of combatting the spread of NIS in marine environments, there 

remain numerous challenges to addressing questions of their management. One such 

challenge is the lack of clarity around what the driving factors of invasion patterns are. 

Ruiz et al. (2000) grouped hypotheses addressing observed invasion patterns into three 

main categories: (1) supply and quality of NIS propagules, (2) biases in data, and (3) 

invasibility of environments and resistance by NIS to environmental conditions.  

The supply and quality of propagules involves many factors, both anthropogenic 

and biological. Anthropogenic factors include aspects such as the frequency of shipping 

traffic (Ruiz et al. 1997; Seebens et al. 2013), which can allow “hitchhiking” organisms 

to travel to a new area through either ballast water (Gollasch 2002; Verling et al. 2005) or 

by settling on a ship’s hull and releasing larvae in a new port (Godwin 2003; Piola and 

Johnston 2008a). Ruiz et al. (2015) estimated that upwards of 82 percent of initial 

invasion events over the last three decades were due to commercial shipping and shipping 

traffic continues to be a primary driver of NIS introduction (Iacarella et al. 2020; Costello 

et al. 2022). Biological factors may include the production of numerous larvae (Clark and 
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Johnston 2009; Johnston et al. 2009), the size of those larvae (Marshall et al. 2003; 

Burgess et al. 2009), the duration of larval swimming and thus their ability to passively 

disperse on currents and find appropriate habitats (Orellana et al. 1996; Burgess et al. 

2009). 

Biases in data may be the result of organismal size, as a smaller or less 

conspicuous invader is less likely to be noticed than a large one (Ruiz et al. 2000) and 

invasions may go unnoticed. Another factor is the amount and quality of research work in 

an area. For example, an invader in San Francisco is more likely to be noticed and 

documented than one in a small coastal town (Ruiz et al. 2015). Additionally, species that 

are not easily distinguishable from each other pose a unique challenge as genetic methods 

may be required to resolve identities in cryptic invasive species (Geller et al. 2010; Viard 

et al. 2019). 

 Invasibility and resistance as a driver of invasion patterns can involve biotic and 

abiotic elements. Biotic factors effecting habitat resistance are diversity and predation 

(Noè et al. 2018), resource competition (Comerford et al. 2020), and others.  Abiotic 

factors may be resistance to environmental stressors such as salinity, metal pollution, and 

temperature (Piola and Johnston 2008b; Crooks et al. 2010; Lenz et al. 2011) or the 

ability to withstand heavy sedimentation (Houle 2015). 

In particular, the ability to withstand metallic pollutants such as copper in an 

aquatic environment can confer a major advantage to spreading non-indigenous species 

(Piola and Johnston 2008b; Piola et al. 2009; McKenzie et al. 2011) and may explain why 

some NIS are more successful at invading than others (McKenzie et al. 2011; Mckenzie 
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et al. 2012). This can be especially true for invasion into bays and estuaries, long known 

to be hotspots for NIS (Cohen and Carlton 1995; Carlton 1996; Cohen and Carlton 1998), 

and which may have elevated levels of dissolved copper in the seawater (Valkirs et al. 

2003; Schiff et al. 2004). Much of this copper comes from antifouling paint on boat hulls, 

where it is used to ward off settlement of “fouling” marine invertebrates and algae 

(Valkirs et al. 2003; Schiff et al. 2004; Turner 2010).  

The high copper concentrations of marinas and harbors within bays are associated 

with reduced native diversity and change in fouling community structure (Piola and 

Johnston 2008b; Piola and Johnston 2009; Canning-Clode et al. 2011; Susick et al. 2020). 

While copper tolerance is a frequently observed trait across many NIS, it is less often 

found in native species (Dafforn et al. 2009; Piola and Johnston 2009; Crooks et al. 

2010). Moreover, increased copper levels in the water may actually enhance the success 

of marine invaders (Mckenzie et al. 2012). One particular group of marine invertebrates 

that displays a high degree of invasiveness as well as copper tolerance are Cheliostome 

bryozoans in the genus Watersipora (Ryland et al. 2009; McKenzie et al. 2011; Mckenzie 

et al. 2012). 

Watersipora is a good study group for investigating marine invasions as it typifies 

aspects of all three groups of Ruiz et al.’s explanatory hypotheses: high propagule 

pressure through abundant production of larvae and multiple invasion events (Carlton and 

Geller 1993, Ryland et al. 2009), survivability in new habitats/invasiveness (Mckenzie et 

al. 2012; Houle 2015; Korcheck 2015; Lauer 2016), and it is a cryptic species complex 
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that requires genetic tools to differentiate to species (Mackie et al. 2006; Láruson et al. 

2012; Mackie et al. 2012). 

 The lecithotrophic larvae of Watersipora generally settle within 24 hours of 

release (Lynch 1947; Marshall and Keough 2003; Ng and Keough 2003), although they 

have been observed settling after as long as 72 hours of release in the lab (personal 

observation). Larvae can be introduced to a new area through ballast water (Carlton and 

Geller 1993) or through hull fouling, as adults are tolerant of copper anti-fouling paint 

(Piola et al. 2009). Small levels of copper may even induce settlement (Ng and Keough 

2003; Piola and Johnston 2006; McKenzie et al. 2011). Hence, exposure of Watersipora 

larvae to copper could increase ability of the genus to invade (Mckenzie et al. 2012) by 

increasing the chances of a larva settling on a ship hull, despite the presence of anti-

fouling paint. 

Once Watersipora larvae are on/in a ship, greater rates of boat traffic allow for an 

increased chance of multiple introductions into a new site, and may also help these 

populations overcome an “Allee” effect, by introducing many potentially different 

genotypes which can interbreed (Leung et al. 2004). If larvae have evolved increased 

resistance to the toxic effects of copper and are able to use the presence of copper as a 

settlement cue, this may offer a mechanism for overcoming the Allee effect and explain 

why some Watersipora species are such successful invaders. 

Bryozoan larval traits can have profound effects on settlement (Marshall and 

Keough 2003; Gribben et al. 2006; Burgess et al. 2009; Marshall and Steinberg 2014), 

post-metamorphic success (Marshall and Keough 2003; Marshall and Keough 2004; 



5 

 

  

Marshall and Keough 2008), and geographic range (Watts et al. 1998). In another broadly 

invasive bryozoan, Bugula neritina, (Marshall et al. 2003) found that colonies formed 

from larger larvae have been shown to have numerous life history advantages when 

compared to colonies from smaller larvae. The colonies from larger larvae showed 

greater survivorship, higher growth rates, produced more offspring, and did so sooner 

than colonies grown from smaller larvae (Marshall et al. 2003). A similar study with 

Watersipora subatra (as subtorquata) showed that larger larvae had higher growth rates, 

but overall survivorship varied with the environment they were reared in (Marshall and 

Keough 2004). Thus, larval size may offer another explanation for variable success 

amongst invasive species such as those in the genus Watersipora. 

The taxonomy of the genus Watersipora is uncertain and has been described by 

Gordon (1989) as a “can of worms” due to the lack of distinguishable taxonomic features 

and a history of uncertainty with type specimens. This uncertainty continues today with 

the genus Watersipora continually being revised (see Vieira et al. 2014 for the latest 

revision, though this has also been contested, see Fofonoff et al. 2018). Although the 

taxonomy may be uncertain, the fact that numerous species of Watersipora have recently 

been introduced to many areas necessitates careful species identification, as this genus is 

considered to be one of the most invasive groups of bryozoans in the world (Mackie et al. 

2006; Ryland et al. 2009). 

Clouding matters even further is the fact that one of the most well studied species 

of Watersipora (W. subatra, formerly W. subtorquata), has been found to be a cryptic 

species complex containing three different clades in two separate species. Nucleotide 
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sequence divergence in the COI gene of morphologically similar Watersipora species 

suggested W. subatra (Ortmann, 1890) consists of two putative cryptic species. Initially, 

one colony of W. 'new species' was identifed as distinct from other W. subatra 

("subtorquata") colonies in California, differing by 17% (Mackie et al. 2006). Anderson 

and Haygood (2007) found as much as 14.8% difference over 622 nucleotides between 

samples of the Californian “W. subtorquata” COI cluster (presumably two species). The 

internal portion of COI sequences of five Watersipora species differed by an average 

divergence of 18.5% (Kimura-2 parameter model); further, the Bayesian phylogeny did 

not support clade N / new species as the most closely related sister taxon to W. subatra A 

and B clades (Mackie et al. 2012). Additionally, a microsatellite study performed by 

Wostenberg (2015) found that Clade A and Clade B lineages are interbreeding, whereas 

Clades AB and Clade N were supported as genetically distinct. Clade A was the most 

widely dispersed (introduced) lineage in recent surveys (Ryland et al. 2009; Mackie et al. 

2012). The known distribution of clade N was from Oxnard, California to Humboldt Bay 

California as well as in Bremerton, WA and South Korea.  

 These two species have often been lumped together in previously published work, 

treating them all as W. subtorquata. This represents a major shortcoming in research done 

on Watersipora. The nature of cryptic species often obscures the frequency of 

introduction events due to morphological similarities amongst species (Bastrop et al. 

1998; Holland et al. 2004; Geller et al. 2010). This is a serious problem because 

conflation of sister taxa can muddy our understanding of the evolution and ecology of the 

species concerned and how they are able to invade new habitats, hampering research 
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advancements as well as management efforts. Understanding the role of species-specific 

larval characteristics on the settlement and growth rate of organisms will improve the 

understanding of the ecology of a poorly understood, yet highly invasive, cryptic species 

complex of bryozoans in the genus Watersipora. 

Pilot Studies 

During 2016, I conducted a series of pilot lab studies on the larvae of colonies of 

Watersipora from two different locations in San Francisco Bay: Richmond Marina and 

Treasure Island Marina. Colonies from these two locations were haplotyped to COI clade 

using the same methodology as in Láruson et al. (2012). The first study looked at larval 

size, settlement rate, and mortality in these two species. Following the methodology 

listed below, settlement rate and successful metamorphosis of newly released larvae 

(Fig.1) were recorded at 6 hours, 24 hours, and 1 week after larval release.  

At release, Clade A larvae were smaller (mean: 0.09mm2 95% C.I.: 0.09 - 

0.10mm2) than Clade N larvae (mean: 0.13mm2 95% C.I.: 0.11 - 0.16mm2; t (35.44 ) = 

3.17, N= 60, p= .0016)). Additionally, Clade A settled and began metamorphosis at each 

interval of time (6 hours, 24 hours, and 1 week) sooner than Clade N (2= 3.44, p= 

0.067; 2= 5.49, p= 0.020; and 2= 8.65, p= 0.006, respectively). After 2 weeks, Clade A 

showed a much higher rate of successful metamorphosis, as indicated by a live, fully 

formed ancestrula, relative to Clade N (2= 13.89, N= 24, p= 0.0003). 
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 A separate study was done exposing larvae to copper via anti-fouling paint 

applied as 5 small 30mm2 circles evenly distributed to the bottom of a 60mm diameter 

plastic petri dish. Of the 12 larvae of each species released into each dish, Watersipora 

Clade N preferentially (5 of 11 larvae) settled on the anti-fouling paint compared to Clade 

A, which avoided the paint (0 of 11 larvae settled on copper; 2= 5.60, p= .018). There 

was no statistical difference in the overall number of individuals settling between these 

two clades, however (N=11/12 larvae settled for each species, 2= 0, p= 1.0). 

Research Focus 

Based upon these pilot study results, I focused my research on assessing if there is 

a difference in the invasion potential between these two species of Watersipora (W. 

subatra and W. “new species” / Clade N) with a specific lens towards their larval 

characteristics and copper tolerance. This was done through exposing larvae to either a 

control treatment or copper antifouling paint treatment and measuring: (1) larval size, (2) 

mortality, (3) swimming duration, (4) settling time and rate, (5) metamorphic 

competency, and (6) growth rates of metamorphosed colonies for both W. subatra and W. 

“new species” / Clade N.  

Looking at these characters and correlations across these traits may provide 

evidence of different evolutionary strategies between these two species which may, at 

least in part, account for the different geographic distributions that have already been 

observed (Mackie et al. 2012). For instance, having a life history with fast settlement and 
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growth and with early onset of reproduction may favor invasion in warmer temperatures, 

in contrast to other bryozoans whose growth rates have been shown to increase relative to 

cold water (Amui-Vedel et al. 2007). Conversely, producing larger “choosier” larvae that 

grow more slowly, but ultimately form larger colonies, may be more advantageous when 

invading colder waters, where higher levels of nutrients and dissolved oxygen may 

facilitate the growth of larger zooids and colonies (Amui-Vedel et al., 2007; Hunter 

Hughes, R. N., 1994; Lombardi et al., 2006; O’dea et al., 2007). These larger colonies 

may have a greater level of fitness as colony size has been shown to be a good proxy for 

fitness in several studies (D. Marshall & Keough, 2003; D. Marshall et al., 2006; D. 

Marshall & Keough, 2006). Having a different suite of larval characteristics, and 

potentially different invasion styles, may help explain observed patterns of latitudinal 

separation of these two Watersipora species. 

During the Fall of 2017, I tested the hypotheses that: Clade A larvae would have a 

(1) smaller cross-sectional area, (2) higher survivorship, (3) shorter swimming 

duration/faster settlement, (4) higher settlement rates, (5) higher metamorphosis rates, 

and (6) higher rates of colony growth as adults relative to Clade N. Additionally, given 

the preference Clade N displayed for copper antifouling paint in the pilot studies, I tested 

the hypotheses that the addition of copper antifouling paint would cause a reversal with 

respect to hypotheses (2), (3), (4), (5), and (6). There was no reason to suspect a reversal 

in (1) since it is unlikely the effect of copper exposure would be immediate. 

Since pilot studies suggested a possible difference in larval size between the two 

species of Watersipora, it is possible that a difference in the rate of larvae that settled in 
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the copper treatment could be skewed towards the larger larvae. As larger larvae have a 

lower surface area to volume ratio, they may be receiving lower relative copper exposure. 

Since little is known about the differences between these two species of 

Watersipora, I also performed a series of correlation analyses to investigate what aspects 

of the larval life histories of these two species may be correlated with one another, as 

well as how these relationships may change with the addition of antifouling paint. 
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METHODS 

Collection 

Specimens of Watersipora were collected from locations in Humboldt Bay where 

past research work has shown the presence of both Clade A or Clade N. For Clade A, the 

primary collection site was the Eureka Public Marina across the entrance channel to the 

bay, whereas for Clade N, the primary collection sites were docks and outcroppings along 

the southern bank of the Eureka Channel (Fig. 1). After collection, these bryozoans were 

placed in bubbler-aerated coolers and transported back to the Telonicher Marine 

Laboratory (TML) in Trinidad, CA where individual colonies from each locale were 

placed into separate, closed, and labeled, and aerated aquaria bathed in a recirculating 

seawater table maintained at 12° C. These colonies were maintained separately from each 

other so that I could individually identify the colonies within them genetically using 

PCR-based haplotyping. 

Each aquarium had half of its water drained out and replaced with fresh seawater 

daily.  All colonies were fed a mixture of phytoplankton (T. isochrysis lutea and 

Tetraselmis sp.) daily after these seawater changes. The holding tables surrounding these 

aquaria had large black plastic tarps covering them to prevent light-induced larval release 

as well as the growth of unwanted invertebrates and algae. 
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Figure 1: Location of Humboldt Bay (above right) with the location sites used for 

collecting Watersiopra Clade A (blue) and Clade N (red) with specific locations 

shown for each species (below). Collection sites listed from Left to Right: (1) 

Eureka Public Marina Dock J (Clade N), (2) Eureka Public Marina Dock C (Clade 

N), (3) Eureka Public Marina Dock D (Clade N), (4) Humboldt Bay Aquatic 

Center Dock (Clade A), (5) Bonnie Gool Guest Dock (Clade A), and (6) the 

southern bank of the Eureka Channel (Clade A). 
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Species Identification Using Molecular Genetic Typing 

To determine the genetic identity to A, B or N COI lineage of each Watersipora 

colony collected in the field, a small piece of each colony was taken and placed in 

individually marked microcentrifuge tubes filled with 75% ethyl alcohol. Samples 

underwent a cetyl trimethyl ammonium bromide (CTAB) DNA extraction protocol. 

Isolated DNA was then amplified with PCR using a multiplex primer cocktail of five 

different primer sets that amplify polymorphic segments of cytochrome oxidase I that 

allow differentiation of the A, B, and N clades of Watersipora (Láruson et al. 2012). Of 

the 6 Clade N candidate colonies sampled, 5 were confirmed as being Clade N as 

evidenced by an amplified DNA band of 460 base pairs (see Fig. 2). One Clade A 

candidate colony failed to amplify the COI sequence of interest and was removed from 

the study. Of the 8 Clade A candidate colonies, all 8 were confirmed as being Clade A as 

evidenced by a single DNA band of 177 base pairs (Láruson et al., 2012;  Fig. 2). 
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Figure 2: Electrophoresis gel of 1.5% agarose (weight to volume) run at 100 V for 45 

minutes and stained with ethidium bromide. Hazy bands below the 100bp 

increment ladder are likely primer dimers. Gel wells are labeled with the species 

that corresponds to the band fragment length of the sample, “Unknown” in the 

case of a sample that failed to amplify, “Gel Ladder”, and “Neg. Control” for 

negative control PCR samples run with no DNA present. 

      

      

      

      

      

 
  
   
 
 
  
 
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
 
  
 
 
 

 
  
  
  

 
  

 
  
   
 
 
  
 
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
 
  
 

 
  
  
  

 
  

      
      
      
      
      



15 

 

  

Larval release 

Induction of larval release from colonies was done by exposing these colonies to 

light from 120-Watt incandescent flood light bulbs mounted above the aquaria. Individual 

larvae from each aquarium were then pipetted into uniquely labeled petri dishes that had 

been conditioned with seawater for the previous 24 hours to develop a biofilm then 

emptied and filled with 20mL of filtered sterile seawater. Petri dishes had either no 

modifications (control treatment) or a small circle (approximately 125 mm2
 in area, or the 

size of a standard paper hole punch) of Pettit Paint (Unepoxy Standard Anti-fouling Paint 

1628) which contained 33% cuprous oxide (copper treatment). There were more Clade N 

larvae released by colonies than Clade A larvae during the 1.5-hour larval release 

process, though there was more mass of Clade N parent colonies. 

Due to the low number of larvae initially released from Clade A colonies, (20 

larvae) these larvae were used for an initial control treatment along with 20 larvae 

released from Clade N. A second round of larval release was done two weeks later for 

Watersipora colonies of both clades. This second larval release period produced the 

following combinations: 20 Clade A larvae to the copper treatment group an additional 8 

Clade A larvae to the control group plus 30 Clade N larvae to the copper treatment group 

and an additional 30 Clade N larvae to the control group. 

The larvae from different trials were grouped together for statistical analyses but 

records of the trial and timing of larval release were kept to standardize the amount of 
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time passed since larval release between the two trials. This yielded a total of 48 

Watersipora Clade A larvae and 80 Clade N larvae in these experiments (see Table 1). 

 

Table 1: Number of individual larvae of each Watersipora clade collected and separated 

into individual petri dishes in both the control and copper treatment. 

Clade Control Copper Treatment Total Larvae 

Clade A 28 20 48 

Clade N 50 30 80 

 

 

Measurements of Larval and Colony Sizes 

To measure the size (area) of larvae from each Watersipora clade, several 

photographs of each larva were taken with an Infinity 2 digital camera and Infinity 

Capture software through a dissecting microscope with discrete magnification factors 

allowing for repeated measurements to be taken. Photos where larvae displayed the 

largest and clearest projected area were used to measure their cross-sectional area. This 

was done by photographing a 0.01mm calibration slide and calculating a pixel to mm 

conversion factor. Adobe Photoshop CS5 was used to outline the perimeter of the 

Watersipora larvae, set the conversion factor, and then measure the actual cross-sectional 

area of the inside bounds of the perimeter. Similar methodology was used for photos of 
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individual Watersipora colonies at 3 different time points during their development: (1) 

during settlement but before metamorphosis, (2) after metamorphosis, and (3) once every 

week for 14 weeks for adult Watersipora colonies.  

Differences in larval size between the two Watersipora clades were analyzed with a t-

test. Larvae were not separated according to control and copper treatment, since there 

was no expectation that copper has an instantaneous effect on larval size. 

 

Time Until Settlement 

After single larvae were released, separated, pipetted into individual petri dishes, 

and photographed, petri dishes were monitored every 4 hours for signs of settlement, 

determined by a change in morphology (Fig. 3) as well as the ability of a larva to remain 

attached when subjected to a gentle squirt of water from a pipette (Marshall and Keough 

2003). Larvae not settled after 72 hours were removed from the experiment and assumed 

to be non-competent. A 2-way ANOVA was used with time until settlement as the 

response variable and copper/control treatment and species as the 2 fixed factors. 
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Figure 3: Morphological changes used to define stages of settlement and metamorphosis 

in Watersipora larvae. In the “Larval” stage, the larvae are actively moving and 

have a band of cilia still present and an apical furrow present (above left). In the 

“Settled” category, the larvae have adhered down to the surface and lost their cilia 

(above center). The individual larva’s shape changes to one akin to either a pair of 

lips or a volcano at this stage. The “Metamorphosed” category (above right) is 

characterized by a fully formed ancestrula with a complete operculum (black) 

clearly present. The lophophore may or may not be extended but the edges of the 

zooecium and operculum appear darkened. 

 

Rate of Larval Settlement and Metamorphosis 

At every time interval each larva was scored with a discrete “yes/no” for each 

category (settlement, metamorphosis) and these data were analyzed with a Fisher’s Exact 

Test to examine the difference between species and the effect of the copper treatment. 
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Individuals that had not successfully settled were excluded from the metamorphosis 

analyses. 

 

Time Until Settlement and its Effect on Size Increase Post-Metamorphosis 

 To measure the effect of timing of larval settlement on post-metamorphic size 

change in these larvae, the ratio of the size of the metamorphosed ancestrula relative to 

the pre-metamorphosed, settled larva’s cross-sectional area was taken for each larva that 

successfully metamorphosed, and these data were compared to the time it took for 

settlement of each larva (from release to settlement) using a linear regression analysis. 

 

Effect of Size, Treatment, and Clade on Settlement Probability 

 To see if the size of the larva, treatment, and clade had an effect on the probability 

of settlement as well as to control for differing surface area to volume ratio differences in 

the copper control treatment, I performed a quasibinomial logistic regression using a logit 

link function. The model looked at the probability of settlement as a function of size (as 

cross-sectional area), clade, treatment, and the interaction of clade and treatment. 
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Colony Growth 

For the 14 weeks following larval release, Watersipora colonies were maintained 

in a common garden setting in their individual petri dishes at 12° C, maintained by a 

temperature-controlled chiller, with daily exchanges of ultraviolet-sterilized seawater and 

approximately 5 mL of microalgal mix of T isochrysis lutea and Tetraselmis sp. added 

daily after the seawater exchange. Colonies also had twice-weekly cleanings to remove 

built-up feces in their dishes as well as any motile ciliates that had made their way into 

their petri dishes. This was done by using a fine-haired paint brush to dislodge any 

accumulated material around the colony and the periphery of the petri dish while viewing 

the colony under a dissecting scope. Cleaning was followed by a squirt of sterile seawater 

from a pipette, allowing the water and detritus to flow out of the petri dish. Petri dishes 

were then filled with sterile seawater and microalgae (as above). Photographs were taken 

of colonies (exactly as described for Larval and Colony Measurements above) every 

other week. 

. 
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RESULTS 

Larval Size 

Mean larval size of Watersipora Clade N larvae (0.107mm2; 95% C.I.: 0.103-

0.112 mm2) was approximately 33% bigger, significantly larger than that of Clade A 

(0.080 mm2, 95% C.I.: 0.076-0.085 mm2; T=-8.40, DF=114.23, p < 0.0001).  There was 

no difference in the size of larvae between the control and experimental copper treatment 

for either clade of Watersipora, however (Clade N: p=0.859, Clade A: p=0.762; Fig. 4). 
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Figure 4: Cross-sectional area of Watersipora Clade N and Clade A larvae. Error bars 

represent a 95% confidence interval of the mean (T=-8.40, DF=114.23, 

p<0.0001). 

 

Larval Size Between Larval Release Groups 

There was a slight but significant difference in larval size between the two 

batches of larvae released for Watersipora Clade N (T=-2.89, DF=55.84, p=0.0055) with 

those from Trial 1 being roughly 11% larger than larvae from Trial 2 (0.116 mm2; 95% 

C.I.: 0.110-0.112 mm2 and 0.104 mm2; C.I.: 0.099-0.110 mm2, respectively). Although 
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there was a difference in larval size between the two larval release batches of Clade N, 

the difference in average size between the two Clade N trials was less than half the 

degree of difference between the average size of each species. There was no difference in 

the size of larvae between the two trials of Watersipora Clade A larvae, however (T=-

0.097, DF=31.4, p=0.923; Fig. 5).  

 

 

Figure 5: Comparison of cross-sectional area of larvae of the two Watersipora clades in 

each of the two trials. There was a small difference in the size of Clade N between 

the two trials (T=-2.89, DF=55.84, p=.0055) but no difference in the size of Clade 

A (T=-0.097, DF=31.4, p=.923).  Error bars represent a 95% confidence interval 

from the mean 
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Settlement and Metamorphosis Rates 

The rate of larval settlement for Clade N was much lower than Clade A in the 

control treatment (42% versus 81%, respectively; N=76, DF=1, p=0.0011), but with the 

addition of copper, the pattern reversed and considerably more Clade N settled than 

Clade A (83% versus 55%, respectively; N=49, DF=1, p=0.0370; Fig. 6). 

 

 

Figure 6 Contingency table of the percentage of each Clade in either the control (N=76, 

DF=1, p=0.0059) or copper treatment (N=49, DF=1, p<0.0001) that settled during 

the first 72 hrs. of the experiment. The colored bars represent the percentage of 

settled larvae from each clade with Clade N in red and Clade A in blue. The black 

bar represents the percentage of each clade that failed to settle. The width of each 

bar corresponds to the percentage of total individuals in each category. 
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 Of the larvae that settled in the control treatment, only 40% of Watersipora Clade 

N successfully metamorphosed compared to 73% of Clade A (N=76, DF=1, p=0.0059). 

Of the larvae exposed to copper, 76% of settled Clade N metamorphosed compared to a 

mere 15% of Clade A (N=49, DF=1, p<0.0001; Fig. 7). 

 

 

Figure 7: Contingency table of the percentage of larvae that settled and went on to 

successfully metamorphose between Watersipora clades in the control (N=76, 

DF=1, p=0.0059) and copper (N=49, DF=1, p<0.0001) treatments. The colored 

bars represent the percentage of metamorphosed larvae from each clade with 

Clade N in red and Clade A in blue. The black bar represents the percentage of 

each clade that failed to metamorphose. The width of each bar corresponds to the 

percentage of total individuals in each category. 
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Time Until Settlement 

There was a marked effect of species and treatment on settlement time. Clade A 

larvae settled over 135% faster than Clade N in the control treatment with Clade A 

settling an average of 12.1 hours after larval release (95% C.I.: 7.0-17.2 hrs) versus 28.5 

hours for Clade N (95% C.I.: 18.3-38.7 hrs). There was no significant difference in the 

time until settlement between Clades A and N for the copper treatment, with Clade A 

exposed to copper settling at an average time of 33.8 hours after larval release versus 

29.5 hours after larval release for Clade N (95% C.I.: 26.3-41.4 hrs. and 23.9-35.0 hrs., 

respectively). However, for Clade A larvae exposed to copper, time to settlement 

increased over 100% compared to Clade A larvae not exposed to copper (Table 2., Fig. 

8). However, there was no interaction effect between species and treatment in their 

settlement time (p= 0.12; see Table 2). 

 

Table 2: Two-way ANOVA of the effect of Watersipora clades and experimental 

treatment on the time (in hrs.) until settlement (F(3, 74) = 7.68, p= 0.0002). 

Term Estimate Std Error t Ratio Prob>|t| 

Clade 5.1916017 1.895112 2.74 0.0077* 

Treatment -5.680779 1.895112 -3.00 0.0037* 

Clade*Treatment 2.9988745 1.895112 1.58 0.1178 
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Figure 8: Comparison of cross-sectional area of larvae of the two Watersipora clades in 

each of the two trials. There was a small difference in the size of Clade N between 

the two trials (T=-2.89, DF=55.84, p=.0055) but no difference in the size of Clade 

A (T=-0.097, DF=31.4, p=.923).  Error bars represent a 95% confidence interval 

from the mean 
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Time Until Settlement and its Effect on Size Increase Post-Metamorphosis 

In the control treatment, the overall gain in size (measured as cross-sectional area) 

from settled larvae to metamorphosed adult zooids was dependent on the time it took for 

the larvae to settle in Clade N but not in Clade A (p<0.0095, and p=0.91, respectively). 

There was no difference in the rate of increase in cost to the ancestrula between 

treatments (Table 3), but ancestrula exposed to copper had a lower initial size-increase 

during metamorphosis (Fig. 9). 

 

Table 3: ANCOVA for the reduction in post-metamorphosis size increase of Watersipora 

“new species” / Clade N as a function of time taken until settlement, the 

treatment, and the interaction of time taken until settlement and treatment (F(2,50) 

= 12.76, p < 0.0001). 

Term Estimate Std. Error t-Ratio P 

Intercept 219.04 28.7 7.65 <0.0001 

Time Until Settlement -2.42 0.90 -2.70 0.0095 

Treatment 58.62 16.1 3.66 0.0006 

Time Until Settlement * 

Treatment 

-0.52 0.90 -0.58 0.564 
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Figure 9: ANCOVA of the size increase from settled larvae to metamorphosed ancestrula 

exposed to copper and the control treatment for Watersipora Clade N (F(2,50) = 

12.76, p = <0.0001, R2 = .43). Size change post-metamorphosis was dependent 

upon time settled (p = 0.0095) and clade (p = 0.0006), but there was no 

interaction effect (p = .56). 

 

Unfortunately, there were too few successfully metamorphosed Clade A larvae in 

the copper treatment to analyze the effect of time until settlement on the increase in size 

post-metamorphosis (N=3). 
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Effect of Size, Treatment, and Clade on Settlement Probability 

The size of the larvae had no effect on the probability of settlement in Watersipora when 

controlling for other aspects (p = 0.10). There was a small increase in the log odds ratio 

of settlement for the copper treatment and a larger increase in the log odds ratio of 

settlement for Clade A, but a considerable decrease in the log odds ratio of settlement for 

Clade A larvae exposed to copper (see Table 4). 

 

Table 4: Quasibinomial model of larval traits’ effect on settlement probability. The 

dispersion parameter of this model is 1.05. The treatment, clade, and interaction 

of treatment and clade all had an effect on a larva’s probability of settlement (p = 

0.001, 0.001, and < 0.0001, respectively). There was no effect of size on 

settlement probability (p = 0.10). 

Coefficients Intercept Std. Error T-value p 

Intercept -2.41 1.29 -1.86 0.06 

Larval size 19.27 11.48 1.68 0.10 

Copper Treatment .1972 .60 3.30 0.001 

Clade A 2.35 .71 3.3 0.001 

Copper*Clade A -3.26 .92 -3.54 < 0.001 
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Colony Growth 

Control colonies of both Clade A and Clade N showed similar rates of growth 

through the 14 weeks of the experiment. However, the Clade N colonies grown in the 

presence of copper exhibited reduced growth (Fig. 10). Clade N colonies not exposed to 

copper were 230% larger (3.07 mm2, 95% C.I : 1.39-4.75 mm2) than colonies in the 

copper treatment (0.93 mm2, 95% C.I : 0.31-1.56 mm2) at the conclusion of the 

experiment . Too few Clade A colonies that were exposed to copper survived (n=3) to 

include in this analysis. 
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Figure 10: Mean surface area (in mm) of Watersipora colonies during the course of 14 

weeks. Clade A grown in the copper treatment were excluded from the analysis 

since there were too few samples that successfully metamorphosed. Error bars 

represent +/- 1 standard error from the mean. 
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DISCUSSION 

This study’s intent was to determine what, if any, differences exist in a suite of 

larval traits between two cryptic species of Watersipora: (1) W. subatra Clade A and (2) 

W. “new species” Clade N. The results of this study show that these two species differ 

drastically in their larval size, rate and speed of settlement, survivorship, and behavioral 

responses to copper anti-fouling paint. 

Clade A larvae were generally smaller (75% the size of W. “new species”) and 

settled faster (135% faster) than Clade N larvae. Clade A larvae also successfully settled 

at a rate 92% greater and metamorphosed at a rate 83% greater than Clade N in the 

control treatment. However, a reversal occurred in the copper treatment: Watersipora 

Clade N larvae either outperformed or performed at the same rate as their congeners in 

the presence of copper. The following summarizes the results of the different larval traits 

studied herein and discusses the implications for these life history differences between 

larvae of these two Watersipora species. 

Control Treatment 

The larvae of Watersipora Clade N were roughly 33% larger than those of Clade 

A, having an average cross-dimensional area of 0.107mm2 versus 0.080mm2, respectively 

(Fig. 7). According to the “desperate larva hypothesis” (Toonen and Pawlik 1994), 

lecithotrophic larvae become less choosy about substratum as their size and energetic 
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reserves dwindle. Smaller larvae that have been less well provisioned therefore ought to 

be less picky about where they settle, especially after having spent some time swimming.  

The Watersipora Clade N larvae, with larger energetic reserves, as evidenced by 

their larger size, certainly took longer to settle, taking on average 28.5 hours after larval 

release compared to only 12.1 hours with Clade A (Fig. 8).  At face value, this result 

supports the “desperate larva hypothesis” (Toonen and Pawlik 1994; Gribben et al. 2006; 

Burgess et al. 2009)  However, a considerably lower percentage of Clade N larvae 

actually settled:  Clade A larvae settled nearly twice as frequently as Clade N larvae in 

the control treatment (81% compared to 41% settling; Fig. 6). This contradicts the idea 

that the Clade N can “afford” to be choosy in their settlement search, perhaps despite 

having the energetic reserves to do so, since 58% of Clade N larvae failed to settle at all, 

even after 72 hours. 

Even the Watersipora Clade N larvae that did settle showed relatively low rates of 

successful metamorphosis, with only 40% of their settled larvae going on to competently 

metamorphose into adults. Of the settled individuals that failed to metamorphose 

successfully, some simply never fully developed into an ancestrula while others 

metamorphosed into deformed adults with non-functioning lophophores.   

Despite being smaller, Watersipora Clade A larvae out-performed Clade N larvae 

in the control treatment for most metrics investigated in this study in the absence of 

copper (control treatment). In fact, while 59.1% of newly released Clade A larvae went 

on to become functioning adult ancestrulae (ancestrulae that survived metamorphosis and 
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developed a feeding lophophore), only 16.3% of Clade N larvae successfully 

metamorphosed into functioning, feeding adults. 

Copper Treatment 

Behavior of the larvae tested changed drastically with the addition of copper anti-

fouling paint to the experiment. While copper had no effect on time to settlement for 

Watersipora Clade N larvae, Clade A took substantially longer to settle than they did in 

the control treatment and were no different in settlement timing than Clade N in the 

copper treatment (Fig. 8). 

Other patterns reversed entirely from that in the control treatment, such as W. 

subtorquata settling much less than Clade N, with 55% versus 83% of their larvae 

settling, respectively, in the presence of copper (Fig. 7). Of the larvae that settled in the 

copper treatment, a higher proportion of Clade N also successfully metamorphosed (76%) 

while barely any of the already paltry few Clade A larvae that settled metamorphosed 

into adult zooids (15%). 

Hence in the presence of copper, the larger Watersipora Clade N larvae fared 

much better with 63.1% of the released larvae successfully metamorphosing into adults 

whereas a mere 8.2% of Clade A larvae made it through metamorphosis. Despite the 

larger surface area to volume ratio Clade N larvae compared to Clade A larvae and 

commensurate copper exposure (though this study did not measure actual copper 

exposure), the size of larvae had no effect on the probability of settlement of Watersipora 

larvae (Table 4). 
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Differences Between the Two Clades 

The presence of copper seems to dramatically change the larval response of these 

two species, swapping many of their respective outcomes. General awareness of this 

phenomenon in Watersipora goes back as far as the 1950s (Wisley 1958). There have 

been a number of studies showing increased settlement in Watersipora subatra (as 

subtorquata) larvae that were exposed to copper, either by exposure to anti-fouling paint 

(Piola and Johnston 2009; Mckenzie et al. 2012) or dissolved copper in the water 

(McKenzie et al. 2011; McKenzie et al. 2012), although oftentimes settlement resulted in 

non-competent adults (Ng and Keough 2003; Piola and Johnston 2006; Mckenzie et al. 

2012). While this study observed similar results, there were important Clade-specific 

differences which were not examined previously. Clade N in the presence of copper 

seemed to have a higher number of competent settlers compared to the Clade A control 

treatment, though this came at the cost of a decreased growth rate in adult colonies (Fig. 

10). 

There was a markedly different response of Watersipora subatra Clade A to 

copper, resulting in numerous mortalities and greater percentages of failed settlement and 

metamorphosis in contrast to the previously reported increases in settlement of 

Watersipora subatra found in other studies (Piola and Johnston 2009; McKenzie et al. 

2011; Mckenzie et al. 2012). A possible reason for this could be the lack of 

differentiation between these two cryptic clades of Watersipora.   
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A possible reason for the different response of W. subatra Clade A to copper 

found in this study could be due to regional differences between colonies found in 

Humboldt Bay and those found in Australia. Previous research has shown that there are 

both genetic (Wostenberg 2015) and life history trait (Korcheck 2015) differences 

between W. subatra colonies from different geographically separated populations. Still, 

the results of this study show a clear difference in the response to copper between 

Watersipora Clade A and Clade N within Humboldt Bay. This coupled with the results of 

pilot research work on these two species in San Francisco Bay suggest the pattern may be 

more broad spread. 

Watersipora Clade N could be using the presence of copper as a settlement cue, 

eschewing otherwise suitable copper-free surfaces. But what benefit might settling on or 

near a copper antifouling paint-rich surface confer? It may be that the presence of copper 

is a good indicator of available space, since few other organisms are able to successfully 

settle on it. It also seems likely that settling on copper hull paint confers an advantage in 

spreading to new environments. Since copper antifouling paint is so ubiquitous on ship 

hulls, and has been for many years with the earliest reported usage of copper as an 

antifouling agent in 1625 (Woods Hole Oceanographic Institution 1952) settling and 

surviving on it may facilitate transport and spread to new harbors where it could further 

proliferate.  

Watersipora Clade N in the control treatment showed substantially larger gains in 

size after metamorphosis compared to the copper treatment. It seems that a similar pattern 

might be found with Clade A, but too few larvae of this species survived the copper 
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treatment to allow meaningful insights about changes in post-metamorphic size. 

Nevertheless, in addition to taking longer to settle, Watersipora Clade N also incurred a 

greater “cost” to its lengthy settling behavior versus Clade A. The longer Clade N larvae 

took to settle, the smaller the post-metamorphic ancestrulae became. There was no 

difference in the rate of increase in cost to the ancestrula between treatments (Table 3), 

but ancestrula exposed to copper had a lower initial size-increase during metamorphosis 

(Fig. 9). A smaller ancestrula may reflect the energetic and physiological costs of dealing 

with copper, both during metamorphosis and as a larva. These sub-lethal effects of 

copper exposure are found within bryozoans (Ng and Keough 2003; Piola and Johnston 

2006) and other marine invertebrates (Pease et al. 2010; Rouchon and Phillips 2017). 

 

Different Life Histories Resemble Traits of r- and K- selected species 

Many invasive organisms exhibit traits of r-selected or “weedy” organisms 

(Williamson and Fitter 1996; McMahon 2002; Davis 2005; Lagos et al. 2017). These 

include: fast growth, short-lives, early reproduction, less parental investment (either in 

rearing effort or larval provisioning), etc. (Eric R . Pianka 1970; Gadgil and Solbrig 

1972) whereas K-selected species are often more long-lived, reproduce later and 

repeatedly, and have greater parental investment in their offspring (Grosberg, 1988; 

Grosberg, 1982). While this binary model is an overly simplistic view and, in actuality, 

life history characteristics vary along a continuous spectrum, the two Clades of 

Watersipora investigated herein seem to represent two different points along this 
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spectrum. Clade A is a species that has smaller, presumably less well-provisioned larvae 

(Marshall and Keough 2004; Marshall and Keough 2007; Marshall and Keough 2008), 

that settle and metamorphose quickly. There is some evidence that W. subatra may begin 

to brood larvae sooner (Korcheck 2015) and anecdotal evidence that there is some 

seasonal die-off of Watersipora subatra colonies during the winter (Mackie, Personal 

Communication 2017). 

Watersipora Clade N colonies, however, grow to larger sizes, forming much 

larger, three-dimensional lettuce-like “heads” in Humboldt Bay (personal observation). 

Though W. subatra can cover extensive areas of substrate, they generally occur in a 

predominately encrusting two-dimensional form with limited vertical growth (personal 

observation). Whether the larger three-dimensional form of a Clade N colony is a 

character trait of this species or an inherent consequence of continued growth of the 

colony long past what we normally see in W. subatra, is unknown. Since larval 

production in bryozoans is directly related to the number of zooids in a colony which, in 

turn, is proportional to their surface area (Hayward and Ryland 1975), the larger, more 

complex, “fractal-like” heads of Clade N may be able to produce considerably more 

larvae per colony, though larval output was not looked at in this study. It is also possible, 

however, that Clade N larvae settle in aggregate more often and that large, 3-D growth 

“heads” of this species represent cases of intense competition between multiple genets. 

The modus operandi of Watersipora subatra seems to be: settle fast, settle in large 

numbers, do not provision your lecithotrophic larvae very well, and do not settle on 

copper. The strategy for Watersipora Clade N appears to be: release plump larvae into 
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the water that swim around but largely don’t settle unless there is a copper cue, then settle 

on or near it, grow to a larger size while continuing to produce numerous larvae at a 

much later point in time (Korcheck 2015).  

This may help Watersipora Clade N proliferate in polluted bays and harbors 

where it is often found. If this strategy is indeed reflective of a more “K-selected” 

species, we can expect that over long stretches of time, Watersipora Clade N may 

eventually outcompete its congener. In fact, despite W. subatra being found fairly 

ubiquitously as recently as 2015 in Humboldt Bay, especially on the Eureka Marina near 

the Wharfinger building, very few locations were found to have any W. subatra during 

sampling and subsequent genotyping in either Humboldt Bay, Santa Cruz Harbor, 

Monterey Harbor, or San Francisco Bay back in 2017-2018. Potential ramifications of 

this are that Clade N may become a more established NIS in areas where it overlaps with 

W. subatra, due to its increased ability to settle and grow on copper antifouling paint. 

This may also confer an advantage to further introduction events if these traits also allow 

it to better “hitchhike” to new locations on boat hulls.  

One factor that may help to control the spread of Waterispora Clade N is that 

Korcheck’s work (2015) on Watersipora subatra (as subtorquata) Clades A, B, and W. 

“new species” Clade N showed that W. subatra clades had higher growth and 

survivorship in warmer waters than Clade N. With the heat of the ocean continuing to 

increase (United States Environmental Protection Agency 2021), Clade N’s range may be 

limited by higher sea surface temperatures. Mackie et al. (2012) also found a latitudinal 
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separation amongst the two species, suggesting a possible temperature hurdle that Clade 

N would need to overcome to expand its range. 

 

Issues with Cryptic Species 

The results of this study conflict with some of the body of work that has been 

done on the effect of copper and copper tolerance in Watersipora subatra. Ng and 

Keough (2003) found that exposure to copper in W. subatra (as subtorquata) larvae sped 

up and increased their percentage of attachment, although there were some seasonal 

differences and copper exposure did slow their metamorphosis. McKenzie et al. (2012) 

saw increased settlement on panels that had copper antifouling paint painted around the 

border, and although they also found greater mortality in what was presumed (there was 

no molecular genotyping performed) to be W. subatra on copper panels, overall 

recruitment was still higher in the copper treatments. 

These discrepancies and inconsistencies may be caused by the cryptic nature of 

these two species, Watersipora subatra and Watersipora “new species” / Clade N. 

Because few, if any, of these other studies differentiate between these two species, it may 

be that they are commonly and incorrectly assumed to all be W. subatra and traits of one 

species’ larvae are being attributed to the other (or vice-versa). This research study is the 

first of its kind, to my knowledge, that directly looks at differences in the larval traits and 

behaviors of these two species and it has shown that there are significant differences 

between W. subatra and W. “new species” / Clade N larvae.  
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There is significant overlap between the ranges of these two species (Mackie et al. 

2012) and a paucity of work done on genotyping populations of Watersipora to 

determine the occurrence and relative abundance of these different cryptic species in 

most bays. Much of the work that has been done to determine the makeup of Watersipora 

species in invaded bays has been done on the California coastline (Blackwell III and 

Craig 2012; Mackie et al. 2012; Wostenberg 2015). There is a serious risk of conflating 

species that appear to have markedly different traits here. In fact, there is little mention of 

W. “new species” / Clade N in the literature despite numerous studies being performed on 

what is purported to be W. subatra, and the majority of studies do not mention 

genotyping specimens in areas where both species may be found, or even where W. “new 

species” / Clade N is the dominant invader (Sellheim et al. 2010; Edwards and 

Stachowicz 2011; Simons et al. 2016; Page et al. 2019; Scott and terHorst 2019; Scott 

and terHorst 2020).  

Although there are numerous biodiversity concerns with misidentifying cryptic 

species (Bickford et al. 2007), the main issues with failing to account for a cryptic species 

within NIS are those of management and control, including identifying the frequency and 

spread of invasions (Geller et al. 2010; de Barro and Ahmed 2011; Rius et al. 2015; Viard 

et al. 2019). This is especially true if a cryptic species complex contains species that 

differ considerably in their life histories, as I have shown to be the case here in 

Watersipora subatra and W. “new species” / Clade N larvae. Without knowing the 

identity and life history traits of invaders the potential means of control and management 

efforts risk inefficiencies or even failing in their objectives. For example, copper-based 
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anti-fouling paints may not be the best preventative measure for stopping the spread of 

W. “new species” / Clade N, due to its resistance and settlement response to copper.  

Perhaps other anti-fouling paints are needed for this species, because the results of this 

study suggest that Clade N may have already adapted to take advantage of the presence 

of copper. Without properly identifying the species of note and/or species composition of 

invaders, management decisions may be shots in the dark. 

This is of particular concern with Watersipora species given the extent to which 

they have already invaded all around the world. While Watersipora spp. are generally 

limited to bays and harbors, (Mackie et al. 2012; Wostenberg 2015) areas which are 

already subject to intense NIS establishment (Ruiz et al. 1997; Crooks et al. 2010), 

Watersipora spp. are being found with increased frequency in the rocky intertidal on the 

outer coast of California (Zabin et al. 2018; Myron et al. 2019; Page et al. 2019). Given 

the propensity for Watersipora species to hold space and over-grow competing benthic 

organisms (Wilson 2011; Liu et al. 2017), this poses a threat to recently established 

Marine Protected Areas (MPAs) in intertidal areas near heavily invaded bays including 

Bodega Bay, San Francisco Bay, Humboldt Bay, Crescent City, and Monterey Bay. The 

rocky intertidal zone is an invaluable ecosystem heavily used in both biodiversity studies 

and ecological research and many important ecological theories have been discovered 

and tested in these habitats (Connell 1961; Paine 1966; Dayton 1971). The spread of 

Watersipora “new species” may also jeopardize restoration and recovery efforts in 

estuaries (DeRivera et al. 2005; Lonhart et al. 2019) and kelp beds (Lonhart 2012) 

already hampered by anthropogenic disturbances and climate impacts. To combat the 
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slow creep of Watersipora spp. outward from bays and harbors, we must first know more 

about the two most common species of Watersipora in these areas, given their very 

different life histories and larval characteristics. Genetic analysis is an important tool for 

differentiating Watersipora subatra and Watersipora “new sp.” to determine which 

species are actually spreading outwards to the open coast of California. 

 

 



45 

 

  

REFERENCES 

Amui-Vedel AM, Hayward PJ, Porter JS. 2007. Zooid size and growth rate of the 

bryozoan Cryptosula pallasiana Moll in relation to temperature, in culture and in 

its natural environment. Journal of Experimental Marine Biology and Ecology. 

353(1):1–12. 

 

Anderson CM, Haygood MG. 2007. α-proteobacterial symbionts of marine bryozoans in 

the genus Watersipora. Applied and Environmental Microbiology. 73(1):303–311. 

 

de Barro P, Ahmed M. 2011. Genetic networking of the Bemisia tabaci cryptic species 

complex reveals pattern of biological invasions. PLoS ONE. 6(10): 1-15. 

 

Bastrop R, Jürss K, Sturmbauer C. 1998. Cryptic species in marine polychaete and their 

independent introduction from North America to Europe. Molecular Biology and 

Evolution. 15(2):97–103. 

 

Bickford D, Lohman DJ, Sodhi N, Ng PK, Meier R, Winker K, Ingram KK, Das I. 2007. 

Cryptic species as a window on diversity and conservation. Trends in Ecology 

and Evolution. 22(3):148–155. 

 

Blackwell III R, Craig S. 2012. Picture of an Invasion: Watersipora spp. within Humboldt 

Bay, California. In: SACNAS Conference. Seattle, WA. 

 

Burgess SC, Hart SP, Marshall DJ. 2009. Pre-settlement behavior in larval bryozoans: 

The roles of larval age and size. Biological Bulletin. 216(3):344–354. 

 

Canning-Clode J, Fofonoff P, Riedel GF, Torchin M, Ruiz GM. 2011. The effects of 

copper pollution on fouling assemblage diversity: A tropical-temperate 

comparison. PLoS ONE. 6(3): 1-11. 

 

Carlton J. 1996. Biological Invasions and Cryptogenic Species. Ecology. 77(6):1653–

1655. 

 

Carlton JT, Geller JB. 1993. Ecological Roulette : The Global Transport of 

Nonindigenous Marine Organisms. Science. 261(5117):78–82. 

 

Clark GF, Johnston EL. 2009. Propagule pressure and disturbance interact to overcome 

biotic resistance of marine invertebrate communities. Oikos. 118(11):1679–1686. 

 



46 

 

  

Comerford B, Álvarez-Noriega M, Marshall D. 2020. Differential resource use in filter-

feeding marine invertebrates. Oecologia. 194(3):505–513. 

 

Cohen A, Carlton J. 1995. Nonindigenous Aquatic Species in a United States Estuary: A 

Case Study of the Biological Invasions of the San Francisco Bay and Delta. 

Washington, D.C. 

 

Cohen A, Carlton J. 1998. Accelerating Invasion Rate in a Highly Invaded Estuary. 

Science. 279(5350):555–558. 

 

Connell JH. 1961. The Influence of Interspecific Competition and Other Factors on the 

Distribution of the Barnacle Chthamalus stellatus. Ecology. 42(4):710–723. 

 

Costello KE, Lynch SA, McAllen R, O’Riordan RM, Culloty SC. 2022. Assessing the 

potential for invasive species introductions and secondary spread using vessel 

movements in maritime ports. Marine Pollution Bulletin. 177:1–10. 

 

Crooks JA, Chang AL, Ruiz GM. 2010. Aquatic pollution increases the relative success 

of invasive species. Biological Invasions. 13(1):165–176. 

 

Dafforn KA, Glasby TM, Johnston EL. 2009. Links between estuarine condition and 

spatial distributions of marine invaders. Diversity and Distributions. 15(5):807–

821. 

 

Davis HG. 2005. r-Selected Traits in an Invasive Population. Evolutionary Ecology. 

19(1):255–274. 

 

Dayton P. 1971. Competition, Disturbance, and Community Organization: The Provision 

and Subsequent Utilization of Space in a Rocky Intertidal Community. Ecological 

Monographs. 41(4):351–389. 

 

DeRivera C, Ruiz G, Crooks J, Wasson K, Lonhart S, Fofonoff P, Steves B, Rumrill S, 

Brancato M, Pegau S, et al. 2005. Broad-scale Non-indigenous Species 

Monitoring Along the West Coast in National Marine Sanctuaries and National 

Estuarine Research Reserves: Report to National Fish and Wildlife Foundation: 

1–24. 

 

Edwards K, Stachowicz J. 2011. Spatially stochastic settlement and the coexistence of 

benthic marine animals. Ecology. 92(5):1094–1103. 

 

Eric P. 1970. On r- and K-Selection. The American Naturalist. 104(940):592–597. 

 



47 

 

  

Fofonoff PW, Ruiz GM, Steves B, Simkanin C, & Carlton JT. 2018. National Exotic 

Marine and Estuarine Species Information System. 

http://invasions.si.edu/nemesis. Access Date: 4/19/22. 

 

Gadgil M, Solbrig  O. 1972. The Concept of r- and K-Selection: Evidence from Wild 

Flowers and Some Theoretical Considerations. The American Naturalist. 

106(947):14–31. 

 

Geller JB, Darling JA, Carlton JT. 2010. Genetic Perspectives on Marine Biological 

Invasions. Annual Review of Marine Science. 2(1):367–393. 

 

Godwin L. 2003. Hull fouling of maritime vessels as a pathway for marine species 

invasions to the Hawaiian Islands. Biofouling. 19(S1):123–131. 

 

Gollasch S. 2002. The importance of ship hull fouling as a vector of species introductions 

into the North Sea. Biofouling. 18(2):105–121. 

 

Gordon D. 1989. The marine fauna of New Zealand: Bryozoa: Gymnolaemata 

(Cheilostomida ascophorina) from the western South Island continental shelf and 

slope. Wellington, New Zealand. New Zealand Department of Scientific and 

Industrial Research:1-158. 

 

Gribben PE, Marshall DJ, Steinberg PD. 2006. Less inhibited with age? Larval age 

modifies responses to natural settlement inhibitors. Biofouling. 22(1–2):101–6. 

 

Grosberg R. 1982. Ecological, Genetical and Developmental Factors Regulating Life 

History Variation Within a Population of the Colonial Ascidian Botryllus 

schlosseri (Pallas) Savigny [dissertation]. Yale University 

 

Grosberg RK. 1988. Life-history variation within a population of the colonial Ascidian 

Botryllus schlosseri. Evolution. 42(5):900–920. 

 

Hayward PJ, Ryland JS. 1975. Growth, reproduction and larval dispersal in Alcyonidium 

hirsutum (Fleming) and some other Bryozoa. Pubblicazioni della Stazione 

Zoologica di Napoli, Suppl. 39(4):226–241. 

 

Holland BS, Dawson MN, Crow GL, Hofmann DK. 2004. Global phylogeography of 

Cassiopea (Scyphozoa: Rhizostomeae): Molecular evidence for cryptic species 

and multiple invasions of the Hawaiian Islands. Marine Biology. 145(6):1119–

1128. 

 



48 

 

  

Houle KC. 2015. The effects of suspended and accreted sediment on the marine 

invertebrate fouling community of Humboldt Bay [thesis]. Humboldt State 

University. 

 

Hunter  E, Hughes R. 1994. The influence of temperature, food ration and genotype on 

zooid size in Celleporella hyalina. Biology and Paleobiology of Bryozoans: 

Proceedings of the 9th International Conference of Bryozoology Conference: 83-

86. 

 

Iacarella JC, Lyons DA, Burke L, Davidson IC, Therriault TW, Dunham A, DiBacco C. 

2020. Climate change and vessel traffic create networks of invasion in marine 

protected areas. Journal of Applied Ecology. 57(9):1793–1805. 

 

Johnston EL, Piola RF, Clark GF. 2009. The Role of Propagule Pressure in Invasion 

Success. In: Rilov G, Crooks J, editors. Biological Invasions in Marine 

Ecosystems. Vol. 204. 1st ed. Berlin. p. 133-151  

 

Katsanevakis S, Wallentinus I, Zenetos A, Leppäkoski E, Çinar ME, Oztürk B, 

Grabowski M, Golani D, Cardoso AC. 2014. Impacts of invasive alien marine 

species on ecosystem services and biodiversity: A pan-European review. Aquatic 

Invasions. 9(4):391–423. 

 

Korcheck K. 2015. Variation in temperature tolerance in a widely invasive bryozoan 

species complex (Watersipora spp.) [thesis]. Humboldt State University. 

 

Lagos ME, White CR, Marshall DJ. 2017. Do invasive species live faster? Mass-specific 

metabolic rate depends on growth form and invasion status. Functional Ecology. 

31(11):2080–2086. 

 

Láruson ÁJ, Craig SF, Messer KJ, Mackie J a. 2012. Rapid and reliable inference of 

mitochondrial phylogroups among Watersipora species, an invasive group of 

ship-fouling species (Bryozoa, Cheilostomata). Conservation Genetics Resources. 

4(3):617–619. 

 

Lenz M, da Gama BAP, Gerner N V., Gobin J, Gröner F, Harry A, Jenkins SR, 

Kraufvelin P, Mummelthei C, Sareyka J, et al. 2011. Non-native marine 

invertebrates are more tolerant towards environmental stress than taxonomically 

related native species: Results from a globally replicated study. Environmental 

Research. 111(7):943–952. 

 

Lauer A. 2016. Watersipora subtorquata and the Possible Role of Its Associated 

Microbes: An Attempt to Explain the Extraordinary Invasion Success of This 

Marine Bryozoan Species. In: Hurst CJ, editor. The Mechanistic Benefits of 



49 

 

  

Microbial Symbionts, Advances in Microbiology. 2nd ed. Switzerland: Springer 

International Publishing. p. 239–268. 

Leung B, Drake J, Lodge D. 2004. Predicting Invasions: Propagule Pressure and the 

Gravity of Allee Effects. Ecology. 85(6):1651–1660. 

 

Liu H, Zágoršek K, Wang S, Ma S, Taylor PD. 2017. Interactions between Cryptosula 

and Watersipora (Bryozoa: Cheilostomata) on a ship’s hull in Qingdao Harbour 

(South Yellow Sea) after five and a half years of immersion. Chinese Journal of 

Oceanology and Limnology. 35(5):1179–1188. 

 

Lombardi C, Cocito S, Occhipinti-Ambrogi A, Hiscock K. 2006. The influence of 

seawater temperature on zooid size and growth rate in Pentapora fascialis 

(Bryozoa: Cheilostomata). Marine Biology. 149(5):1103–1109. 

 

Lonhart S. 2012. Growth and Distribution of the Invasive Bryozoan Watersipora in 

Monterey Harbor, California. In: Steller D, Lobel L, editors. Proceedings of the 

American Academy of Underwater Sciences 31st Symposium. Dauphin Island, 

AL. p. 89–98. 

 

Lonhart SI, Jeppesen R, Beas-Luna R, Crooks JA, Lorda J. 2019. Shifts in the 

distribution and abundance of coastal marine species along the eastern Pacific 

Ocean during marine heatwaves from 2013 to 2018. Marine Biodiversity Records. 

12(1):1–15. 

 

Lovell SJ, Stone SF, Fernandez L. 2006. The economic impacts of aquatic invasive 

species: A review of the literature. Agricultural and Resource Economics Review. 

35(1):195–208. 

 

Lynch W. 1947. The behavior and metamorphosis of the larva of Bugula neritina 

(Linnaeus): experimental modification of the length of the free-swimming period 

and the responses of the larvae to light and gravity. The Biological Bulletin. 

92(2):115–150. 

 

Mackie J, Darling J, Geller J. 2012. Ecology of cryptic invasions: latitudinal segregation 

among Watersipora (Bryozoa) species. Scientific Reports 871(2):1–10. 

 

 

Mackie J, Keough M, Christidis L. 2006. Invasion patterns inferred from cytochrome 

oxidase I sequences in three bryozoans, Bugula neritina, Watersipora 

subtorquata, and Watersipora arcuata. Marine Biology. 149(2):285–295. 

 



50 

 

  

Marshall DJ, Keough MJ. 2003. Variation in the dispersal potential of non-feeding 

invertebrate larvae: the desperate larva hypothesis and larval size. Marine 

Ecology Progress Series. 255(2001):145–153. 

 

Marshall DJ, Bolton TF, Keough MJ. 2003. Offspring size affects the post metamorphic 

performance of a colonial marine invertebrate . Ecology. 84(12):3131–3137. 

 

Marshall DJ, Cook CN, Emlet RB. 2006. Offspring size effects mediate competitive 

interations in a colonial marine invertebrate. Ecology. 87(1):214–225. 

 

Marshall DJ, Keough MJ. 2004. Variable effects of larval size on post-metamorphic 

performance in the field. Marine Ecology Progress Series. 279:73–80. 

 

Marshall DJ, Keough MJ. 2006. Complex life cycles and offspring provisioning in 

marine invertebrates. Integrative and Comparative Biology. 46(5):643–651. 

 

Marshall DJ, Keough MJ. 2007. The Evolutionary Ecology of Offspring Size in Marine 

Invertebrates. Advances in Marine Biology. 53(07):1–60. 

 

Marshall DJ, Keough MJ. 2008. The relationship between offspring size and performance 

in the sea. The American Naturalist. 171(2):214–24. 

 

Marshall DJ, Steinberg PD. 2014. Larval size and age affect colonization in a marine 

invertebrate. Journal of Experimental Biology. 217(22):3981–3987. 

 

Mckenzie LA, Brooks RC, Johnston EL. 2012. A widespread contaminant enhances 

invasion success of a marine invader. Journal of Applied Ecology. 49(4):767–773. 

 

McKenzie LA, Brooks RC, Johnston EL. 2011. Heritable pollution tolerance in a marine 

invader. Environmental Research. 111(7):926–32. 

 

McKenzie LA, Johnston EL, Brooks R. 2012. Using clones and copper to resolve the 

genetic architecture of metal tolerance in a marine invader. Ecology and 

Evolution. 2(6):1319–1329. 

 

McMahon RF. 2002. Evolutionary and physiological adaptations of aquatic invasive 

animals: r selection versus resistance. Canadian Journal of Fisheries and Aquatic 

Sciences. 59(7):1235–1244. 

 

Molnar JL, Gamboa RL, Revenga C, Spalding MD. 2008. Assessing the global threat of 

invasive species to marine biodiversity. Frontiers in Ecology and the 

Environment. 6(9):485–492. 

 



51 

 

  

Myron K, Duncan M, Stone J, Cohen S. 2019. Abundance and Community Composition 

of Invasive Intertidal Watersipora on the San Francisco Bay Outer Coast. In: 

STAR Program Research Presentations. 

 

Ng T, Keough M. 2003. Delayed effects of larval exposure to Cu in the bryozoan 

Watersipora subtorquata. Marine Ecology Progress Series. 257:77–85. 

 

Noè S, Gianguzza P, Di Trapani F, Badalamenti F, Vizzini S, Fernández TV, Bonaviri C. 

2018. Native predators control the population of an invasive crab in no-take 

marine protected areas. Aquatic Conservation: Marine and Freshwater 

Ecosystems. 28(5):1229–1237. 

 

O’dea A, Rodríguez F, Romero T. 2007. Response of zooid size in Cupuladria 

exfragminis (Bryozoa) to simulated upwelling temperatures. Marine Ecology. 

28(2):315–323. 

 

Orellana MC, Cancino JM, Hughes RN. 1996. Is settlement in lecithotrophic bryozoan 

larvae constrained by energy reserves? In: Bryozoans in Space and Time - 

Proceedings of the 10th International Bryozoology Conference. p. 221–226. 

 

Page HM, Simons RD, Zaleski SF, Miller RJ, Dugan JE, Schroeder DM, Doheny B, 

Goddard JHR. 2019. Distribution and potential larval connectivity of the non-

native Watersipora (Bryozoa) among harbors, offshore oil platforms, and natural 

reefs. Aquatic Invasions. 14(4):615–637. 

 

Paine R. 1966. Food Web Complexity and Species Diversity. The American Society of 

Naturalists. 100(910):65–75. 

 

Pease CJ, Johnston EL, Poore AGB. 2010. Genetic variability in tolerance to copper 

contamination in a herbivorous marine invertebrate. Aquatic Toxicology. 

99(1):10–16. 

 

Piola RF, Johnston EL. 2006. Differential resistance to extended copper exposure in four 

introduced bryozoans. Marine Ecology Progress Series. 311:103–114. 

 

Piola RF, Dafforn K, Johnston EL. 2009. The influence of antifouling practices on 

marine invasions. Biofouling. 25(7):633–644. 

 

Piola RF, Johnston EL. 2008a. The potential for translocation of marine species via 

small-scale disruptions to antifouling surfaces. Biofouling. 24(3):145–155. 

 



52 

 

  

Piola RF, Johnston EL. 2008b. Pollution reduces native diversity and increases invader 

dominance in marine hard-substrate communities. Diversity and Distributions. 

14(2):329–342. 

 

Piola RF, Johnston EL. 2009. Comparing differential tolerance of native and non-

indigenous marine species to metal pollution using novel assay techniques. 

Environmental Pollution. 157(10):2853–2864. 

 

Rius M, Turon X, Bernardi G, Volckaert FAM, Viard F. 2015. Marine invasion genetics: 

from spatio-temporal patterns to evolutionary outcomes. Biological Invasions. 

17(3):869–885. 

 

Rouchon AM, Phillips NE. 2017. Short larval exposure to low level of copper has long-

lasting latent effects on juvenile performance in the sea urchin Evechinus 

chloroticus. Marine Ecology Progress Series. 579:67–79. 

 

Ruiz G, Carlton J, Grosholz E, Hines A. 1997. Global invasions of marine and estuarine 

habitats by non-indigenous species: mechanisms, extent, and consequences. 

American Zoologist. 37:621–632. 

 

Ruiz G, Fofonoff P, Carlton J, Wonham M, AH H. 2000. Invasion of Coastal Marine 

COmmunities in North America: Apparent Patterns, Processes, and Biases. 

American Journal of Botany. 31:481–531. 

 

Ruiz GM, Fofonoff PW, Steves BP, Carlton JT. 2015. Invasion history and vector 

dynamics in coastal marine ecosystems: A North American perspective. Aquatic 

Ecosystem Health and Management. 18(3):299–311. 

 

Ryland J, Blauwe H De, Lord R, Mackie J. 2009. Recent discoveries of alien 

Watersipora (Bryozoa) in Western Europe, with redescriptions of species. 

Zootaxa. 2093:43–59. 

 

Schiff K, Diehl D, Valkirs A. 2004. Copper emissions from antifouling paint on 

recreational vessels. Marine Pollution Bulletin. 48(3–4):371–377. 

 

Scott ZR, terHorst CP. 2019. The effect of an invasive bryozoan on community diversity 

and structure varies across two locations. Community Ecology. 20(3):258–265. 

 

Scott ZR, terHorst CP. 2020. The effect of an invasive foundation species on diversity is 

due to increased habitat availability. Journal of Experimental Marine Biology and 

Ecology. 528(April):151384. 

 



53 

 

  

Seebens H, Gastner MT, Blasius B. 2013. The risk of marine bioinvasion caused by 

global shipping. Ecology Letters. 16(6):782–790. 

 

Sellheim K, Stachowicz J, Coates R. 2010. Effects of a nonnative habitat-forming species 

on mobile and sessile epifaunal communities. Marine Ecology Progress Series. 

398:69–80. 

 

Simons RD, Page HM, Zaleski S, Miller R, Dugan JE, Schroeder DM, Doheny B. 2016. 

The effects of anthropogenic structures on habitat connectivity and the potential 

spread of non-native invertebrate species in the offshore environment. PLoS 

ONE. 11(3):1–16. 

 

Susick K, Scianni C, Mackie JA. 2020. Artificial structure density predicts fouling 

community diversity on settlement panels. Biological Invasions. 22(2):271–292. 

 

Toonen RJ, Pawlik JR. 1994. Foundations of gregariousness. Nature. 370(6490):511–

512. 

 

Turner A. 2010. Marine pollution from antifouling paint particles. Marine Pollution 

Bulletin. 60(2):159–171. 

 

Valkirs AO, Seligman PF, Haslbeck E, Caso JS. 2003. Measurement of copper release 

rates from antifouling paint under laboratory and in situ conditions: Implications 

for loading estimation to marine water bodies. Marine Pollution Bulletin. 

46(6):763–779. 

 

Verling E, Ruiz GM, Smith LD, Galil B, Miller  AW, Murphy KR. 2005. Supply-side 

invasion ecology: characterizing propagule pressure in coastal ecosystems. 

Proceedings of the Royal Society B: Biological Sciences. 272(1569):1249–1256. 

 

Viard F, Roby C, Turon X, Bouchemousse S, Bishop J. 2019. Cryptic Diversity and 

Database Errors Challenge Non-indigenous Species Surveys: An Illustration With 

Botrylloides spp. in the English Channel and Mediterranean Sea. Frontiers in 

Marine Science. 6(10):1–13. 

 

Vieira LM, Jones MS, Taylor PD. 2014. The identity of the invasive fouling bryozoan 

Watersipora subtorquata (d’Orbigny) and some other congeneric species. 

Zootaxa. 3857(2):151–182. 

 

Watts P, Thorpe J, Taylor P. 1998. Natural and anthropogenic dispersal mechanisms in 

the marine environment: a study using cheilostome Bryozoa. Philosophical 

Transactions of the Royal Society of London: Biology. 353:453–464. 

 



54 

 

  

Williamson MH, Fitter A. 1996. The characters of successful invaders. Biological 

Conservation. 78(1–2):163–170. 

 

Wilson EE. 2011. The facilitative role of an introduced bryozoan (Watersipora spp.): 

structuring fouling community assemblages within Humboldt Bay. Humboldt 

State University. 

 

Wisley B. 1958. The settling and some experimental reactions of a bryozoan larva, 

Watersipora cucullata (Busk). Marine and Freshwater Research. 9(3):362–371. 

 

Woods Hole Oceanographic Institution. 1952. Marine fouling and its prevention ; 

prepared for Bureau of Ships, Navy Dept. 

 

Wostenberg DJ. 2015. Investigation of Population Structure and Distribution of the 

Invasive Bryozoan Watersipora Species along the California Coast using Nuclear 

and Mitochondrial DNA [thesis]. San Jose State University. 

 

Zabin CJ, Marraffini M, Lonhart SI, McCann L, Ceballos L, King C, Watanabe J, Pearse 

JS, Ruiz GM. 2018. Non-native species colonization of highly diverse, wave 

swept outer coast habitats in Central California. Marine Biology. 165(2):1-18. 

 


