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CHAPTER 1. LITERATURE REVIEW 

BACKROUND   

The Hawaiian archipelago is the most isolated landmass on the planet, located in the 

North Pacific, it is 43,000 km from North America and 64,000 km from Japan (Coles et al. 1999). 

The species found here today exist from a limited number of colonization events that resulted in 

reproductive isolation (Price 2004). Over time these species evolved, adapted to Hawaiian 

habitats and new species emerged. Adaptive radiation is the divergence from an ancestral 

species to unique descendants that can better exploit different ecological opportunities (Glor 

2010).  It is this process that explains why the Hawaiian ecosystems have high rates of 

endemism in terrestrial and aquatic ecosystems with species that occur nowhere else in the 

world (Eldredge and Smith, 2021, Smith et al. 2004). For a long time, many Hawaiian marine 

ecosystems were thought to be much less diverse than similar reefs found in the South Pacific 

(Tsuda, 2014). Recent studies of deeper water algae (Sherwood and Guiry, 2023, Pyle et al. 

2016) have flipped that assessment; new genera and species of algae from mesophotic depths 

have been estimated as high as 40 % of the deeper water flora.  

Because native species in Hawaiian marine ecosystems evolved with less pressure of 

competing against aggressive non-native species, non-natives may have advantages in resource 

competition, release from predators in addition to the nature of the interspecific competition 

present with in the ecosystem (Davidson et al. 2018; Davidson and Shoemaker 2023). In 

addition to the timing or repetitive inoculation of an introduced species, introduced species 

may have broader habitat tolerances from their home regions as well as higher reproductive 

output that further their success rate against predation pressures (Carlton 1996, Inglis et al. 

2006; Williams and Smith 2007). Further, because our Hawaiian flora lacks large canopy-forming 

submerged aquatic vascular species (SAV) such as Thalassia, competition among the existing 

functional groups present in Hawaiian marine settings can be seen as fundamentally distinct 

from successional trajectories in other Pacific Islands. The consequences of our unusual 

disharmonic distribution of species (Carlquist 1966; Wagner et al. 1990; Midway and Stephan 

1996) may have shaped shallow-water coastal communities across the Hawaiian archipelago. 

Finally, because of this combination of factors, Hawaiian reefs are susceptible to marine 

invasions. 

Marine algal introductions threaten the biodiversity of Hawaiian reefs (Conklin and 

Smith, 2005; Smith et al., 2004; Wade et al., 2018). With heavy shipping traffic occurring on the 

south shore of Oʻahu, hull foulers, ballast water hitch-hikers and anchor snagged plants are 

transported to near shore habitats (Carlton, 1985, 1994) because the south shore of Oʻahu is 

also the main metropolis for commerce, tourism, shipping, and urban development (State of 

Hawaiʻi 2024; Wade et al. 2018). Coastal development and extreme use has impacted the native 

Commented [CS1]: Copy this introduction and insert it 
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benthic communities by reducing coral cover, removing key fish species, and severely impacting 

sea grass habitats (Littler et al., 2006, Peyton 2009) as well as increasing nutrient inputs to these 

regions (e.g. Amato et al., 2016; Gibson et al. 2024). Undisturbed Hawaiian fringing reefs 

typically have low nutrients and high herbivory intensity – a combination that favors coral 

species as dominant cover for the 41% of coastal reef that these hard-bottom benthic 

communities cover in Hawaiʻi (Coyne et al., 2003). In fact, this combination is one of four 

combinations of herbivory intensity and nutrient availability that are found on most reefs 

Strikingly, the authors, Diane Mark and Diane Mark Lilttler, proposed that characteristics 

incorporated into the Relative Dominance Paradigm (RDP) (Littler and Littler 1984, 1991) predict 

which component of the benthic cover is likely to be dominant (Littler et al., 2006), based on 

the number of herbivores that visit an area, coupled with the concentrations of nutrients that 

are available to primary producers. 

INVASIVE SPECIES AND RELATIVE DOMINANCE PARADIGM HYPOTHESIS  

The effectiveness of the RDP as a generalizeable model was first tested in experiments at 

Puakō, Hawaiʻi where the newly settled benthic communities were manipulated by exposing 

them to one of four nutrient/herbivory regimes creating a four-state framework that included 

ambient controls (Smith et al., 2001). The results from the 12-month study’s community 

development and outcomes strongly supported Littler and Litter’s RDP in proposing their 

conceptual model. Both nutrient enrichment and herbivore exclusion had significant effects on 

the development of different benthic community structures and biomass compared to the 

control (Smith et al., 2001, 2010). Where herbivores were excluded, filamentous algae 

dominated on experimental tiles; where nutrients were elevated despite continued intense 

herbivory, coralline algae dominated on the experimental tiles. When herbivores were excluded 

and nutrients were elevated, a diverse set of macroalgae dominated experimental tiles. This was 

the first experimental effort to combine herbivory - a top-down force and nutrient availability as 

a bottom-up force. 

The RDP has become a helpful tool to infer reef health when observing the dominant 

benthic community and can help further when asking questions about why the reef is 

structured in a particular way. However, reef communities are best seen as multiple stable 

states of these four functional groups – macroalgae, turf algae, crustose coralline algae and 

corals. Species are likely to cycle throughout a year associated with seasonal inputs of nutrients, 

herbivore recruitment or die off, as well as competition among algae and corals, and life history 

cycles. The reef itself is influenced by the greater marine system that helps to influence the 

presence and absence of the top-down and bottom-up forces. An important part of this broader 

marine system is the sand-dwelling, or psammophytic communities.  
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Psammophytic sea grass / algal meadows adjacent to coral reefs occupy as much as 50 % 

of benthos in Hawaiian shallow waters (<30m) (Coyne et al., 2003). These communities provide 

refuge and food, and absorb organic nutrients that enhance the health of neighboring hard-

bottom reefs (Waycott et al., 2009, Bulmer et al., 2018, Pereda-Briones et al., 2018). The health 

of the meadow is important to the larger coastal ecosystem because psammophytic 

communities sequester carbon, recycle organic nutrients and provide habitat for fish and 

invertebrates (Bulmer et al., 2018, Pereda-Briones et al., 2018).  

EXAMPLES OF RDP 

The patterns of dominance described by the RDP have been observed on reefs around 

the world under similar large-scale impacts. One example is the effects of nutrient input on 

coral reef community structure in Kāneʻohe Bay, Oʻahu in the mid 1970’s (Smith et al., 1981). 

Effluent had continuously been discharged into the bay as the surrounding suburban 

community was growing. As a result of increased nutrients, the green alga Dictyosphaeria 

cavernosa (Forsskål) Børgesen became prolific and smothered the coral colonies that once 

dominated patch reefs (Done 1992, Stimson 2015, Stimson, 2018). This community reverted to 

a mix of algal / coral dominance after the effluent was diverted from the bay. 

An example of herbivory exclusion effects on algal overgrowth occurred in Jamaica after 

the loss of a keystone herbivore, the long spine sea urchin, Diadema antillarum (Philippi, 1845) 

in 1983. The loss of this dominant herbivore along with heavy fishing pressures allowed 

macroalgae to grow unchecked and began a phase shift, a change of the dominant functional 

form from a coral reef to algal meadows (Mumby, 2009; Mumby et al., 2007).  

To give an example of nutrient enhancement and herbivory suppression, we can turn to 

the invasion of Caulerpa taxifolia Vahl C. Agardh (Order Bryopsidales). C. taxifolia was 

accidentally introduced to the Mediterranean Sea in 1984 (Jaubert et al., 2003; Meinesz et al., 

2001). In just under 20 years this alga covered 121 km2 of benthos and spread across the 

coastlines of six countries (Meinesz et al., 2001). This strain was also identified in southern 

California in 2000 (Williams and Schroeder, 2004) likely as an accidental hobby aquarist release. 

This species is one of the top 100 invasive algal species (International Union for the 

Conservation of Nature, www.issg.org/ booklet.pdf). The success of C. taxifolia may have to do 

with multiple factors represented in RDP. However, the suitable habitat and lack of herbivory in 

a new environment strongly suggest that this is an aggressive competitor (Thibaut et al., 2004). 

Other Bryopsidalean algae have successfully invaded cooler waters such as Codium fragile (Sur.) 

Hariot spp. tomentosoides (Vvan Goor) Silva in the Eastern United states and Canada (Chapman, 

1998). Additionally, Avrainvillea lacerata J. Agardh has established itself within sub-tropical 

habitats Hawaiʻi most notably, the shallow reefs of Oʻahu replacing seagrass habitat with 

homogenous meadows of A. lacerata (Van De Verg and Smith, 2022). Coastal areas with high 

Commented [A3]: species authority needed 
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development may have increased nutrient input, and once characteristic of invasive species is 

the lack of predation.  

ALGAL INVASIONS IN HAWAII 

The main Hawaiian islands have probably received many introductions, 19 of which have 

been documented ; however, only a subset exhibit invasive traits (Smith et al., 2001; Smith et 

al., 2004). These weedy species in Hawaiʻi include the rhodophytes Acanthophora spicifera 

(Vahl) Børgesen, Gracilaria salicornia (C. Agardh) E. Y. Dawson, Hypnea musciformis (Wulfen) J. 

V. Lamouroux, Kappaphycus alvarezii (Doty) Doty ex P. C. Silva, K. striatum (F. Schmitz) Doty ex P. 

C. Silva, and the chlorophyte Avrainvillea lacerata (J. Agardh). Of these introductions, H. 

musciformis, Kappaphycus spp. and G. salicornia were a result of experimental aquaculture 

farming for carrageenanagar, or agar or carrageenan production in the mid 1970’s (Smith et al., 

2004). In addition, the hull fouler A. spicifera was brought to Pearl Harbor from Guam in 1950 

via a military fuel barge (Doty, 1961) and has spread to other Main Hawaiian islands (Weijerman 

et al., 2008). 

For invasive benthic algae living on rock or coral substrates, the RDP easily explains their 

dominance under conditions of low herbivory pressure and elevated nutrients.  OʻahuThe 

impacts of these invasivesinvasive algae is exacerbated by Oʻahu waters being are increasingly 

susceptible to invasions partly associated with degradation of reef habitat from urbanization 

and over fishing. Further, , and partly because of Honolulu harbor being is a heavily traffickedan 

international port - a hub forhub in the Pacific, and there ishas a near - continual delivery of 

new non-native taxa delivered by a variety of vessels arriving from diverse locations (Carlton, 

1996). 

AVRAINVILLEA 

In marked contrast to those multicellular, saxicolous taxa that arrived as part of 

mariculture or hull fouling, siphonous Avrainvillea lacerata was discovered in 1980’s by Brostoff, 

originally reported as A. amadelpha (Mont.) Gepp and Gepp (Brostoff 1989) in deeper water 

locations at two Oʻahu locations, Portlock and Ewa Beach. The mode of introduction is still 

unknown for A. lacerata but because of this plant’s large size and preference of soft bottom 

habitats, A. lacerata was an unlikely hull fouler or ballast water species. Perhaps this species 

arrived via solid ballast, on anchor chain or in anchor holds of earlier maritime vessels. Its origin 

of discovery near the Portlock, near the Hawaiʻi Kai Harbor  or Ewa, close to Pearl Harbor, where 

boats landed after traveling from other Pacific Islands might suggests it A. lacerata did arrive from 

vessel transport. T; further, this plant dominates large regions in deep water off Ewa Beach, suggesting 

that the arrival of this alga was not recent (Brostoff 1989). Peyton added important perspectives 

for A. lacerata with her research that documents slow growth of this species at Paikō reef as 

well as its ability to occupy hard and soft-bottom areas (Peyton 2009). In more recent studies, 
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this alga was recognized as Avrainvillea lacerata J. Agardh (Wade et al., 2018). The siphonous 

organization of this alga, along with Caulerpa taxifolia and Codium, introduced earlier seems an 

unusual coincidence and aligns with the suggestion that siphonous algae in the Order 

Bryopsidales may be more invasive than expected (Williams and Smith, 2007). This morphology 

will be discussed in another section below. 

MARINE PLANTS IN PSAMMOPHYTIC HABITATS: SIPHONOUS ALGAE AND SEAGRASS 

Little is known about how top-down and bottom-up forces affect psammophytic (soft 

bottom) habitats that are dominated by submerged aquatic vascular plants (SAV) – our 

seagrasses Halophila hawaiiana and H. decipiens (Order Hydrocharitaceae) are two that inhabit 

the near shore sandy bottom habitats on Oʻahu (Abbott and Huisman 2007; Nordlund et al., 

2016, Peyton 2009). Their ecosystem services range from contributing to sea turtles’ diet and 

detritus-based food webs by oxygenating the upper sediment layer and up taking inorganic 

nutrients. These meadows also provide refugia for juvenile fish and invertebrates and breeding 

grounds for shellfish (Bulmer et al., 2018, Pereda-Briones et al., 2018), and stabilizing sediment 

while contributing to carbon and nutrient assimilation and cycling (Waycott et al., 2009, Peyton 

2009).  

In contrast to the SAV in these communities, a dominant canopy-forming plant in 

psammophytic habitats is the native siphonous alga, Halimeda kanaloana Vroom. This alga is 

another member of the Order Bryopsidales (Vroom and Smith 2001, Vroom et al., 2003). Plants 

in this order are single cell macro-organisms that will be discussed later within this first chapter. 

Species of Halimeda generally form large bulbous holdfasts to anchor in sand, as seen with 

native H. kanaloana anchoring and forming large meadows extending from 18 to 90 m (Littler et 

al., 1985, Vroom et al. 2002, Spalding 2012,). This ~ 30 cm tall species contributes to fish and 

invertebrate habitat, sand production, sediment stabilization, and carbon sequestering as 

ecosystem services (Beach et al., 2003; Vroom et al., 2002).  

Until recently, H. kanaloana was absent from Oʻahu’s south shore (Spalding 2012). Since 

early 2000, University of Hawaii Diving Safety Program has been using the south shore of Oʻahu 

as a training site for open circuit SCUBA and closed-circuit rebreather technologies. The depths 

that former Diving Safety Officer D. Pence covered range from 10 m to approx. 100 m. His 

extensive personal observations are not published but are credible as a source of historical 

information and a starting point from which to measure change. Since 2014, meadows have 

expanded in the south shore area, providing an increasingly lush “lei” that likely stabilizes sand 

along0 the coastline (D. Pence pers. comm.). The psammophytic habitats can help increase fish 

populations, enhance nutrient absorption and recycling. Though there are not many studies of 

the interaction between the coral reef and psammophytic habitats within the Hawaiian Islands, 

there is community interaction and energy exchange between the two habitats that is 
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important to the health of both ecosystems (Peyton 2009, Langston and Spalding, 2017). The 

presence of these co-occurring marine plants off the coast of the Honolulu metropolis could 

bring a positive influence on the adjacent heavily impacted reef, supporting juvenile 

herbivorous fish and invertebrates. It is important to monitor the health and community 

structure including seasonal shifts to understand the role this habitat plays in the health of our 

coastline. 

 

PSAMMOPHYTIC ECOLOGY AND INTRODUCED SPECIES 

Besides the factors identified in the RDP, other complexity comes with the balance 

between disturbance and stress in the environment. Dominant species may be seasonal on a 

reef depending on the cycles in that area. However, when an aggressive new species arrives, the 

natural ebb and flow of benthic community structure starts usually with subtle changes that 

eventually reveal the introduced species as weedy and thus categorized as invasive. Invasive 

species can have devastating effects on native communities (Bax et al. 2003, Smith et al. 2004, 

Martinez et al. 2012, Wade et al. 2018). Invasive organisms can alter the community structure, 

disrupt the food web, and ultimately change the functional role of the ecosystem (Carlton, 

1994; Epstein and Smale, 2017; Littler et al., 2006; Van De Verg and Smith, 2022; Wade et al., 

2018). Hawaiʻi has seen several multiple algal invasions in the last 60 years that led to phase 

shifts - : the change in the stable state of an ecosystem that abruptly shifts to a different stable 

state, favoring a different set of organisms, such as coral dominated to algal dominated 

communities (Martinez, 2012, Mumby, 2009; Smith et al., 2002).   

INVASIVE ALGAE CONTROL TECHNIQUES 

Managing algal blooms is not a new problem. Whether it’s weeding your garden or 

managing a forest, historically pulling out undesirable plants has been a common, inexpensive, 

and easy to implement method. However, the success of this technique in the marine 

environment is dependent on a species’ ability to regrow from fragments versus success in 

removing a vast majority of fragments.  

Unlike invasive terrestrial plants that can grow back from fragments of roots and 

rhizomes, algae have the ability to grow back from fragments of thalli that can be transported to 

new locations through the water column (Smith et al., 2002, 2004). During the Smith et al.et al., 

study in 2003 to 2004 there were five major clean up events for the invasive Gracilaria 

salicornia resulting in 20,000 kg of wet algal biomass being removed from the reef seaward of 

the Natatorium War Memorial in Waikīkī. There was maximum effort to reduce fragments of 

biomass in the water column. However since its introduction in the 1970’s the alga has spread 

both up and down to Ala Moana and to Diamond Head (Smith et al., 2004). Because of limited 

Commented [KP6]: Do you mean undesirable plants? 
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workforce to remove algal biomass and the vegetative propagation success of this species, G. 

salicornia has become ubiquitous among Oʻahu’s south shores.  

In the case of Acanthophora spicifera, multiple control methods were used in 

comparison of efficacy within the Kaloko fishpond on Hawaiʻi Island (Weijerman et al., 2008). 

Using effectiveness and effort as a measurement of success to inform managers, the 

researchers were able to quantify techniques of physical removal strategies, shading and 

increasing herbivory through native fish. The RDP state that best characterized the fishpond was 

high nutrients and low herbivory, a perfect combination to produce large macroalgal blooms. In 

this case the absence of herbivory was a key factor in the abundance and growth of the red alga 

A. spicifera, and using a biocontrol technique of native reef fish had the most success in 

reducing biomass over time (Weijerman et al., 2008). Another study in Puerto Rico looked at 

Diadema antillarum (long spine sea urchin) as a biocontrol. The D. antillarum removed 46% of 

the red encrusting alga Ramicrusta spp. and 37% of the brown fleshy algae Dictyota spp. over 

the course of two months of observations (Williams, 2022).  

When feasible, biocontrol is a natural way to control algal biomass. However, a 

characteristic of being invasive is being chemically defended, having unpalatable taste, or having 

no native predation (Carlton, 1996). The marine alga Caulerpa taxifolia, one of the top 100 most 

invasive species, was discovered in Southern California (Jaubert et al., 2003; Meinesz et al. 

2002). A quick response led to an experiment for eradication using high concentrations of 

chlorine. In the lab, it required 125 ppm for a minimum of 30 min to kill the entire plant 

(Williams and Schroeder, 2004). In the field, a tarp was secured on the benthos to keep the 

concentration of chlorine solution near the algae for the minimum time. It is unknown if the 

concentration was sufficient, or the combination of tarping-light reduction and chlorine made 

the experiment successful in situ. However, the casualties to the seagrass and other benthic 

organisms were great and cost of chlorine was high (Williams and Schroeder, 2004).  

A more localized approach with less impact on the established ecosystem is described in 

Van De Verg and Smith (2022), as they explored hydrogen peroxide effects on intertidal 

populations of Avrainvillea lacerata. This study uses injection methods delivering hydrogen 

peroxide to the fibrous parts of the plant, to reduce the negative effects of hydrogen peroxide 

on the surrounding community. The use of hydrogen peroxide as a photosynthetic inhibitor has 

been tested on A. lacerata and produces a byproduct of oxygen and water (Van De Verg and 

Smith, 2022), while impairing photosynthetic capacity that started at 15 rETRmax µmols electrons 

m-2s-1 for the controls to 10 rETRmax µmols electrons m-2s-1 to treated plants. This type of 

management technique can address the plant above and below the substrate while physical 

removal and biocontrol does not necessarily address below the sand or remnant rhizoids.  

MARINE MEADOWS and the MEADOW SUPPRESSION HYPOTHESIS 
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Meadows in sandy settings can be extensive single or mixed species covering over six km 

at 10%-40% cover of coastal soft bottom habitat (Lyons et al., 2012). The meadow suppression 

hypothesis states that in habitats suitable for seagrass, green algae are restricted to understory 

canopy cover and algal meadows without seagrass occur in habitats unsuitable to support 

seagrass meadows. This is because to become successful among green algae, seagrass had to 

evolve mechanisms that could out compete the older macroalgae meadows that were already 

established (Davis and Fourqurean 2001, Peyton 2009). Green algae, specifically bryopsidalean, 

siphonous algae, have been established in the marine ecosystem for over 750 million years 

(Vroom and Smith, 2003). As an angiosperm evolving traits to live on land, seagrass evolved 

traits to return to the marine environment only 70-90 mya (Les et al., 1997). Deriving originally 

from freshwater habitats, seagrasses developed competitive traits, such as nutrient acquisition 

to outcompete the established bryopsidalean algae (Davis and Fourquean, 2001). The meadow 

suppression hypothesis supports that over time, seagrass has become a dominant species in the 

psammophytic near-coastal habitats over macroalgae. (Hillis-Colinvaux, 1988). Previous 

research on Oʻahu, conducted by Dr. Kim Peyton compared the competitive nature of Halophila 

spp. with Avrainvillea lacerata and found support for the Meadow Suppression Hypothesis 

(Peyton 2009, Tussenbroek et al., 2006, Williams, 1990). But with current anthropogenic 

pressures such as increased sedimentation, pollution, and disturbances from anchoring and 

bottom fishing it is important to monitor the community composition between native 

seagrasses, native psammophytic algae, and their resilience to invasive algae.  

On the south shore of O‘O‘ahu, just past the end of the shallow fringing reef, the 

psammophytic ecosystem begins. This is a sandy rubble zone that extends from about 18-60m. 

This area supports plants that grow in the sand and rubble.  One species of native limu, 

Halimeda kanaloana has become ubiquitous in this habitat over the last 10 years and can create 

extensive meadows. It has a wide depth range from 15-60 m (Spalding 2012). Extensively 

studied on the deep reefs of Maui, H. kanaloana was not reported to be on the south shore of 

Oʻahu until recently. In the summer of 2018, it was observed on reconnaissance dives from 15-

65m by University of Hawaiʻi Diving Safety personnel. This expansion of native limu is important 

to monitor because of the services it provides, forming canopy structure for fauna, stabilizing 

the sandy substrate, while simultaneously producing sand from its calcareous thallus. 

Additionally, the native seagrass Halophila hawaiiana also inhabits the upper ranges of the 

psammophytic area adjacent to the fringing reef. Meadows of H. hawaiiana have been 

observed to about 32m and co-occur with H. kanaloana creating a diverse habitat to help 

support the complex trophic food web (Hillis-Colinvaux 1974). Concurrently a newly introduced 

species has also been recorded off the south shore of Oʻahu, Avrainvillea erecta. Little is known 

about the ecology of this species and how it will interact with the native psammophytic species. 

It has been observed in overlapping habitats with H. kanaloana and H. hawaiiana from 15–60 m 

(Wade et al. 2018). Previous work on the invasive Avrainvillea lacerata indicated that this 
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species could also have weedy qualities and monitoring its range and abundance is important 

for coastal management and habitat conservation.  

UNICELLULAR, MULTINULCEATE ALGAE AS REMARKABLE COMPETITORS 

This thesis research will test novel techniques to remove Avrainvillea erecta from mixed 

meadows of two dominant natives, the psammophytic plants  Halimeda kanaloana and 

Halophila hawaiiana. Both algal species, A. erecta and H. kanaloana, are siphonous algae within 

the Order Bryopsidales. Siphonous algae are unicellular and multinucleate (Vroom and Smith 

2001). Their cell is tube shaped but can be ornately branched to form complex and 

differentiated bodies. (Littler and Littler 1992, Vroom and Smith 2001). The chloroplast and 

nuclei are contained within the cytoplasm that surrounds a large central vacuole within the cell, 

resembling a garden hose (Vroom and Smith 2001). To expand, these plants use sea water’s 

osmotic constituents to create turgor pressure from the central vacuole and expand the cell wall 

to create more segments or branches. The chloroplast and nuclei can be moved freely to 

specific areas of the plant to adjust for photosynthesis or to sequester after damage has 

occurred (Vroom and Smith 2001). If damage occurs to the alga a quick response is triggered, 

and the wound can be plugged before too much cytoplasm is lost (Barsanti and Gualtieri 2014). 

Many siphonous species can regrow entire plants from small fragments of tissue (Barsanti and 

Gualtieri 2014). This can lead to a competitive advantage over other algae and has 

demonstrated weedy characteristics when introduced to non-native habitats (Smith et al., 2004, 

Barsanti and Gualtieri 2014). 

SPECIES DESCRIPTIONS  

Avrainvillea erecta (Berkeley) A. Gepp & E.S. Gepp has a native range of the Philippines, 

Micronesia, South-east Asia, Australia, New Zeland, South China Sea and Indian Ocean (Guiry 

and Guiry, 2024). It is an uncalcified siphonous green alga within the order Bryopsidales.  

Each plant has one holdfast, a stipe and one to multiple upright blades (Littler and Littler 

1992). A holdfast can produce one of two kinds of bodies (1) Blade like with tightly woven 

siphons to produce a paddle/ fan shaped blade above the substrate (2) Loose aggregates of 

siphons, unwoven assemblages attached by a single holdfast, which could be a juvenile stage 

(Wade et al. 2018). Depending on the size of the plant, the holdfast can protrude above ground 

creating a mound 1-5 cm high. The holdfast can be up to 46% of the total plant height. A single 

blade can be up to 10 cm tall (Wade et al. 2018). Although reproductive structures in either 

introduced Avrainvillea species are yet to be confirmed in Hawaiʻi, Avrainvillea probably 

undergoes gametic meiosis with holocarpic reproduction (Guiry & Guiry 2024). Asexual 

reproduction is a non-sexual reproduction, either through fragmentation where a broken piece 

from an adult can sprout a new individual or an adult individual can bud a new plant from its 

thalli (Vroom and Smith 2001).  
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The preferred habitat for A. erecta is psammophytic meadows; this alga inhabits loose 

sediment substrate and deep sandy bottoms. However, at the base of many observed holdfasts 

it has a piece of rock or coral attached, suggesting it is saxicolous in its early life stages using 

rocks to anchor via a holdfast network within the sandy substrate. This alga has been observed 

from 12 – 60 m on O’ahu (Pyle et al. 2016). The ecology of A. erecta suggests it does stabilize 

substrate by binding sand into its holdfast and provides structure for invertebrates to occupy. It 

is also likely to be chemically defended by producing a brominated diphenylmethane compound 

called avrainvilleol, that was originally reported by Hao et al. from another species, A. 

longicaulis as a feeding deterrent (Hao et al. 1983, Littler and Littler 1992, Martinez et al. 2012). 

These species can entrap silt and sediment and create low oxygen environments (Littler et al. 

2004). Other species of Avrainvillea have been reported to sequester nitrogen from submarine 

ground water discharge, increasing their competitive advantage among other plants that do not 

(Albright 2017). The ecology of Avrainvillea erecta in Hawai‘Hawai ‘i is largely unknown as it is 

newly introduced.  

Halimeda kanaloana Vroom is a native species with a range spanning from Japan, 

Central Polynesia and including the Hawaiian archipelago (Guiry and Guiry, 2024). This calcified 

green alga is in the order Bryopsidales and forms multiple erect branches of disc-like segments 

(Vroom and Smith, 2003). The thallus is made of filaments that lack cellular cross walls and are 

laterally inflated. Between the disc segments are flexible joints called utricles. This algaIt has a 

fibrous holdfast that binds the sand and silt to form a solid bulbous clump and can be half the 

size as the erect photosynthetic thallus (Huisman et al., 2007). Size can reach 15 cm with a 

maximum of ~ 30 cm (Fukunaga, 2008). When going through sexual reproduction H. kanaloana 

is holocarpic (the entire plant dies in the process of gamete formation) creating compound 

gametangia resembling broccoli like clusters (Abbott and Huisman 2004). Plants have 

anisogametes (unequal sized gametes) and follow the gametic meiosis life history. When the 

plant has released photosynthetic gametes, the calcified remains of the plant axes are bright 

white and contribute to sand formation (Huisman et al., 2007). Living plants likely undergo 

fragmentation where a segment will break off, heal wounds, form rhizoids, anchor and regrow 

(Vroom and Smith 2001). The preferred habitat for H. kanaloana is soft sediment with fine sand 

grains, in shallow and mesophotic (10 – 90m) environments around the Hawaiian Islands 

(Fukunaga 2008, Spalding 2012).  

The ecology and ecosystem benefits of H. kanaloanakanaloana are that it creates 

structural habitat for fish (Fukunaga 2008, Spalding 2012) and provides a food source for 

multiple species such as sea urchins, parrot fish and sea turtles (Spalding 2012), and is substrate 

for other epiphytic algae (Beach et al. 2003, Vroom et al. 2003, Spalding 2012). Holdfasts help to 

stabilize the substrate while the thallus above reduces water motion (Fukunaga 2008). The 
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calcareous skeleton of H. kanaloana is an important producer of sediment for reef lithification 

and sand production.  

Halophila hawaiiana Doty & B.C. Stone is an endemic species only found within the 

Hawaiian Islands (Guiry and Guiry, 2024). As with all seagrasses, this marine angiosperm has a 

complex internal anatomy with xylem, phloem and produces flowers and seeds. Its leaves are 

ovate, approximately 3-5 cm long with smooth edges (Doty and Stone 1966). This seagrass has 

true roots and rhizomes that are buried under a muddy or sandy substrate, often leaving only 

the blades exposed. It forms large ranging meadows connected by many rhizomes. Flowers are 

produced infrequently, and on separate male and female plants. After pollination, the female 

will produce a seed that will germinate in the sand and regrow a new individual. Its preferred 

habitat is sand.  

Halophila hawaiiana has many ecologically important roles. It provides habitat for leaf 

dwelling organisms as well as organisms found in the sediments. It also provides food for more 

mobile organisms such as grazing sea turtles, fish, and crustaceans, and it stabilizes substrate 

(Doty and Stone 1966). In an area where large canopy forming plants do not exist, H. hawaiiana 

is important for providing structure in an otherwise barren habitat. This seagrass also helps to 

stabilize substrate that allows organisms to create more permanent residence.  

In the next chapter of this thesis, I will address three objectives: 

1) Monitor Avrainvillea erecta density within co-occurring meadows as Avrainvillea 

erecta changes over summer south swell. 

2) Apply novel physical and chemical removal treatments to Avrainvillea erecta. 

3) Measure recovery and changes in numbers of plants of Avrainvillea erecta in 

experimental quadrats before and after treatment(s).  
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CHAPTER 2. TESTING NOVEL TECHNIQUES TO MANAGE Avrainvillea erecta IN COASTAL 

WATERS OF OʻAHU 
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ABSTRACT 

Marine algal introductions threaten the biodiversity of Hawaiian reefs. With heavy 

shipping traffic occurring on the south shore of Oʻahu, plants are transported to near shore 

habitats. Coastal development and extreme use have impacted the native benthic communities.  

Psammophytic, or soft bottom habitats occur adjacent to Hawaiʻi fringing reefs, starting at 

about 15-18 mmeters depth. Sea grass / algal meadows adjacent to coral reefs occupy as much 

as 50 % of benthos in Hawaiian shallow waters (<30 m). This study focuses on the meadows 

formed within these habitats. A newly introduced species of green alga called Avrainvillea 

erecta has been establishing and spreading in these meadows. It is the goal of this research to 

monitor the growth and spread of A. erecta and investigate management techniques to control 

its populations. Physical removal treatments were applied in 2020-2022. None of the removal 

treatments were able to significantly reduce the recovery of the plant. However, initial 

abundance positively influenced the number of plants that did recover in a 1m2 plot. Chemical 

management, using 10 ml of 3% hydrogen peroxide, were injected into plants at the Ānuenue 

Fisheries Research Center (AFRC) mesocosms and in situ off Kewalo Basin Oʻahu.  While the 

mesocosm experiment did not result in a significant outcome, the in situin-situ [does this 

combine Ala Moana and Keʻehi sites?] experiment did result in a significant negative impact on 

plant densities.  After analyzing these results and monitoring the spread of this plant across the 

main Hawaiian Islands, it is advised to categorize this plant as invasive. Areas frequented by 

boat anchors are at risk of transporting fragments of plants that can still be viable and 

propagate in new areas. Hawaiian shores that do not receive an annual storm surge should also 

be monitored.. These quiet water locations specifically within Maui Nui complex are at high risk 

for invasion by A. erecta. Early detection via monitoring and rapid response appears to be the 

most critical action managers should consider. 
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INTRODUCTION 

The Hawaiian archipelago, located in the North Pacific is 43,000 km from North America 

and 64,000 km from Japan (Coles et al. 1999). The species found here today exist from a limited 

number of colonization events that resulted in reproductive isolation from other populations 

(Price 2004). Over time these species evolved, adapted to Hawaiian habitats and new species 

emerged. Adaptive radiation is the divergence from an ancestral species to unique descendants 

that can better exploit different ecological opportunities (Glor 2010). Thus, not surprisingly, 

Hawaiian ecosystems have high rates of endemism in terrestrial and aquatic ecosystems with 

species that occur nowhere else in the world (Eldredge and Smith, 2021, Smith et al. 2004) For a 

long time, many Hawaiian marine ecosystems were thought to be much less diverse than similar 

reefs found in the South Pacific (Tsuda, 2014). Recent studies of deeper water algae (Sherwood 

and Guiry, 2023, Pyle et al. 2016) have flipped that assessment; new genera and species of algae 

from these depths have been estimated as high as 40 % of the deeper water flora.  

Because native species in Hawaiian marine ecosystems evolved without aggressive non-

native species, natives may not be as effective when competing for resources. When released 

from predators in home ranges, many non-native species benefit from reduced grazing or other 

biotic interactions; these changes manifest as advantages, allowing non-natives to again 

outcompete native species even in native ecosystems (Davidson et al. 2018; Davidson and 

Shoemaker 2023). In addition to the timing or repetitive introduction of an introduced species, 

introduced species may also have broader habitat tolerances from their home regions as well as 

higher reproductive output because changes in grazing / predation pressures, that further their 

success rate in a new environment (Carlton 1996, Inglis et al. 2006; Williams and Smith 2007).  

In particular, because the Hawaiian flora lacks large canopy-forming Submerged Aquatic 

Vascular species (SAV) such as Thalassia, competition among the existing functional groups, e.g. 

macro and turf algae present in Hawaiian marine settings can be seen as fundamentally distinct 

from successional trajectories in other Pacific Islands. The consequences of this usual 

disharmonic distribution of species (Carlquist 1966, Midway and Hodge 2012) may have shaped 

shallow-water coastal communities across the Hawaiian archipelago. Finally, because of this 

combination of factors, Hawaiian reefs are susceptible to marine invasions. 

Human impacts over the last century have likely accelerated invasions in two ways. First, 

non-native tropical and subtropical plants that are associated with aquaculture are purposefully 

introduced with intentions to farm them (Gracilaria tikvahiae; species of Eucheuma and 
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Kappaphycus). Secondly, species that were intentionally introduced to our reefs for fisheries 

(invasive fish, Peacock Hind or Roi (Cephalopholis argus; Giddens et al. 2014) Taʻape (Lutjanus 

kasmira; Gaither 2012; The Blacktail Snapper, Toʻau (Lutjanus fulvus; Gaither et al. 2012)). These 

introductions have substantial continued impacts (see citations above).  

An underappreciated vector for the spread of invasive algae is transportation associated 

with commercial maritime activities including entanglement with fishing or anchoring gear, 

marine debris, hull fouling and solid ballast (Carlton 1994). The most recent example is Chondria 

tumulosa - a newly described species that may have arrived in Papāhānaumokuākea Marine 

National Monument, via marine debris, or other flotsam (Sherwood et al., 2020; Fumo et al. 

2024).  

RELATIVE DOMINANCE PARADIGM 

The photosynthetic benthic communities of tropical reefs compete for abiotic factors; 

the type of substrate for settlement, sunlight for photosynthesis, availability to nutrients for 

growth. Disturbances such as intensity of herbivory or wave action as well as nutrient 

availability combine to create a four-state matrix first proposed by Mark and Diane Littler (Littler 

and Littler 1984), now known as the Relative Dominance Paradigm (RDP). Complex benthic 

communities found on shallow reefs were predicted to fall into one of four states based on two 

levels of these two factors (Figure 1; from Littler and Littler 1984).  

 

Figure 1. The Relative Dominance Model – Four 

potentially predominant space-occupying groups of 

sessile reef organisms are hypothesized to interact 

as a function of (1) long-term nutrient levels, 

referred to as bottom-up factors and (2) 

disturbances such as herbivore activity, referred to 

as top-down factors. The latter is considered the 

more important direct controller of standing stocks 

on undisturbed reefs (Littler and Littler 1984)  

 

A later version of the RDP included intense physical disturbances with the removal of 

biomass via herbivory (Littler and Littler 1985). While physical disturbances such as wave force 

can remove plants from a habitat, this force is neutral in the sense that the energy that disrupts 

a plant is not selective based on palatability or other physiological traits of the plant. 

Palatability, however, is a consideration with herbivory (Weijerman et al. 2008, Van De Verg and 

Smith 2022). Both removal types, neutral and biological are complex interactions that could 
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provide strong selective pressures in longer term evolution of psammophytic (or sand dwelling) 

species.  

Considering the RDP for reef taxa, we can expect that selective responses to tolerate 

high wave energy combined with elevated nutrients could favor the dominance of heavily 

calcified algae such as crustose coralline algae as well as articulated coralline algae. Selective 

responses to withstand intense herbivory of reef plants (but not wave energy) and ambient 

(low) nutrient inputs could favor branching corals. Selective responses to intense herbivory (but 

not wave energy) and ambient nutrients could favor green, brown and red algal turfs. Finally, 

selective responses to low herbivory or wave energy and elevated nutrients could favor green, 

brown and red macroalgae (Littler and Littler 1984, 1985). While Smith et al. (2001, 2010) 

support the general application of RDP, there has been little crossover of this paradigm to the 

psammophytic community. Are there other factors that we can identify that favor functional 

forms that dominate sandy communities?  

MEADOW SUPRESSION HYPOTHESIS 

Meadow Suppression Hypothesis was first stated by Fourqurean (Davis and Fourqurean, 

2001) and proposed that the evolutionary success of SAVs was in part the evolution of traits 

that enabled SAVs to outcompete the diverse and well-established 650-million-year-old 

bryopsidalean species (Peyton 2009, Tussenbroek et al. 2006, Williams, 1990).  

 

Previous work on Oʻahu comparing the competitive nature of Halophila with Avrainvillea 

supported the Meadow Suppression Hypothesis (Peyton 2009). Some of these traits could be 

broader and more efficient photosynthetic ability, seed storage and nutrient uptake from roots 

(Les et al. 1997). However, the local Halophila species are small in stature and have been in 

decline around Oʻahu’s nearshore reefs (Peyton 2009, WacottWaycott et al. 2009). It is not clear 

if species in this genus are able to out compete plants in the genus Avrainvillea in the long term. 

Additionally, the increased range of large stature Halimeda kanaloana now present on Oʻahu’s 

south shore increases the competition; H. hawaiiana is now competing with two much taller, 

canopy-forming algae. The seagrass reaches no more than 5cm tall while both algal species are 

upwards of 30 cm tall (Wheeler, pers. obs.). In Hawaiʻi, these seagrasses are understory to algal 

canopies (Davis and Fourqurean, 2001), reversing the traditional roles formed in the Meadow 

Suppression Hypothesis. However, the large holdfast of these algae and their overstory could 

also provide sediment stabilization and reduce wave energy to benefit the seagrass. It could also 

provide physical structure to enhance root development and anchoring (Pereda-Briones et al. 

2018). Monitoring the change in plant density over time will help us understand how these 

three species interact in this novel community and if one becomes dominant over the others.  
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PLANT BIOLOGY 

Individual plant biology within the ecosystem plays a role in the success of the 

competitive dominance between species. Avrainvillea erecta has a very different blade structure 

than Halimeda kanaloana. A. erecta is phenotypically plastic and can present as a blade like 

paddle that is leathery and spongy, or as an assemblage of diffuse siphons that is more like 

Bryopsis (Wade et al 2018, Peyton and Wheeler field observations). When observed under a 

dissecting microscope, blades provide habitat for annelids and mollusks, yet do not seem to 

collect epiphytic plants. A study in Belize on different Avrainvillea species showed that the 

plants readily abandon and re-grow their blades to rid them of epiphytes through cytoplasmic 

streaming and translocation of chlorophyll through their siphons (Littler and Littler, 2004). This 

contributes to the idea that these plants readily undergo asexual propagation and are clonal in 

Hawaiʻi. One stipe may appear to have lost its blade while a stipe with a new blade will have 

emerged next to it. Upon digging up the two plants it is common to find their underground 

holdfasts attached. This would be a form of asexual propagation, where adult individuals can 

bud a new plant from their thalli. This is supported by the Perennation Hypothesis from Littler 

and Littler, adding to a robust and bulbus holdfast that acts as a storage organ that has 

subterranean rhizoids that spread out laterally connecting many plants together (Littler and 

Littler 2004). Similar observations were made by Wheeler, when first examining A. erecta near 

Keʻehi channel. Up to nine individual stipes were connected below the sand by rhizoids. The 

viability of the below ground rhizoidal connections to bud new plants after large disturbances is 

part of the current goals of this study to understand. 

 This blade abandonment trait is not shared by the H. kanaloana which co-occurs with A. 

erecta. The native H. kanaloana attracts many epiphytes and becomes laden with numerous 

species. However, the reproductive strategy of H. kanaloana is holocarpic, which means the 

entire plant dies after the gametangia are released. (Verbruggen et al 2006) H. kanaloana plants 

can also reproduce via asexual propagation and fragmentation. It appears that they are 

multiyear plants until they become fertile (Drew and Able 1988, Verbruggen et al 2006). After 

the photosynthetic gametes are released all that is left is the white calcium carbonate blades 

that then contribute to sand production (Drew and Able 1988). H. kanaloana meadows spread 

quickly and use both asexual and sexual reproduction strategies. The cues for sexual 

reproduction of H. kanaloana are not part of this study however understanding the mechanisms 

that initiate this behavior would be important to the whole patch dynamics of this 

psammophytic ecosystem.  

 

PHOTOSYNTHESIS AND THE LIGHT REACTIONS  

Light penetration and harvesting are one factor that marine plants must compete for. 

Photosynthetic Active Radiation (PAR) is the irradiance that a plant can absorb and use for 

photosynthesis (Davis and Fourqurean 2001). It is also referred to as actinic light – light that can 
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drive photochemistry. Plants are able to absorb within the visual spectrum between 400 and 

700 nm. The light seen at 400 nm appears blue to violet in color to the human eye. These are 

shorter wavelengths that penetrate more deeply into coastal waters; from 600 to 700 nm are 

orange, yellow and red wavelengths. These wavelengths are longer, have less energy and are 

absorbed by water as light penetrates.  

When light hits the water, attenuation occurs exponentially with depth, according to the 

Lambert-Beer Law: 

   Id = Io
e -kd  

 

Where d is depth and Io isare the incident radiation upon the surface of the water, Id is the 

photon flux density at depth and kd is an extinction coefficient. As light waves pass through the 

water the lower energy light, red, orange, yellow (650-700nm) are lost at about 10 m (Krause 

and Weis 1991). The plants in the psammophytic habitat thrive at 20m and below. The 

spectrum of light they receive is between 400-and 500nm. This type of light limitation affects 

plants photosynthetic output. When plants photosynthesize, the chlorophyll or other pigments 

can absorb only a portion of the light spectrum which dictate if it thrives in “sun” high light, or 

“shade”, low light (Hamel and Smith 2020). These pigments are located within the chloroplast. 

Photons of light energy absorbed by pigments such as chlorophyll require the cooperation of 

two complexes, known as the antenna complex, before they can be converted and stored as 

chemical energy. The antenna complex is where the pigments absorb and transfer the light 

energy to the reaction center where chemical oxidation and reduction reactions take place to 

form the energy building blocks NADPH and ATP (Richardson et al. 2021). Within the reaction 

center there are two photosystems, Photosystem II (PSII) and Photosystem I (PSI). PSII is 

important because when the photons are absorbed within the antennae complex this system 

produces a strong oxidant that strips an electron from the water molecule, this releases 4 

electrons that are carried from PSII to PSI through the Electron Transport Reaction (ETR) where 

they are eventually converted to NADPH and ATP (Krause and Weis 1991). This process allows 

plants to use the sun’s energy with the available water to create and store carbon in the form 

of sugars and starch. The higher the rate of maximal electron transport via photosynthesis, the 

more energy it can produce to grow and reproduce. As marine plants compete in low light 

areas the Electron Transport Rate is important to maximize energy production. In this study we 

will use maximum capacity of the Electron Transport Rate in a calculation called ETRmax using 

Pulse Amplitude Modulated chlorophyll fluorometry (PAM). This device allows us to estimate 

the plants’ photosynthetic ability after different treatments in the lab and in situ. 

 

Hydrogen peroxide is a source of Reactive Oxygen Species (ROS) that can damage the 

membranes within the photosynthetic organelle of plants. Hydrogen peroxide also passes 

quickly through membranes by diffusion, inhibits many of the enzymes within the electron 
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transport system and damages the cellular structures of lipids, proteins, and nucleic acids 

leading to cell death (Dummermuth et al. 2003). Hydrogen peroxide was tested on the species 

Avrainvillea laceratae J. Agardh, another invasive green alga to Hawaiʻi. In a study by Scott Van 

De Verg, both 10% and 3% H202 had a negative effect on the output of rETRmax. Both 10% and 

3% concentrations were able to impair the plant to the point that the plantsy lost their blades 

(Van De Verg and Smith 2022). This study builds upon the results that 3% H202 at 10 ml volumes 

can damage Avrainvillea erecta and be used to control population densities. 

 

RESEARCH FOCUS 

Guided by the possibility that A. erecta has invasive qualities similar to other weedy 

species such as A. lacerata, I anticipate that A. erecta will increase in per-cent cover and 

eventually dominate available niche space regardless of the occurrence of Halophila spp. and 

Halimeda kanaloana. In this thesis I propose to test two emerging approaches to examine 

vulnerabilities of A. erecta through manipulations that could aid management. In this way, this 

thesis provides context for the possibility that A. erecta poses a threat to the existing meadows 

of native H. kanaloana and H. hawaiiana. 

This work will be guided by three research hypotheses:  

1) A. erecta will not grow back after its blade or stipe have been removed. 

2) If the plants’ holdfast is removed, A. erecta will not grow back from remnant rhizoids. 

3) If hydrogen peroxide is injected into A. erecta, A. erecta will sustain long-term (> 1 wkwk.) 

reductions in photosynthesis.  

MATERIALS AND METHODS 

STUDY AREA 

In the fall of 2018, we began our reconnaissance of the south shore of Oʻahu for 

Avrainvillea erecta based on sightings that had been reported earlier that year from colleagues 

in the field. We systematically searched from about 13 to 25 m depths between Ala Wai channel 

and Keʻehi channel (approx. 10 km). From this extensive survey we chose our locations to 

implement the physical removal experiment in the Fall of 2019. Two depths, 20 and 25 m, were 

chosen based on the plant's abundance (Figure 2). These were where we observed the plants to 

be well established and were within reasonable diving accessibility. The two depths also 

accounted for potential differences in light attenuation and wave energy. At each depth four 

transects were established spanning from Ala Wai to Keʻehi channel. We chose to span across 

that area of the south shore to capture different influences of wave events. The sites also are on 

either side of the original sighting of A. erecta which was Honolulu Harbor.  
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Figure 2.  Locations for two research sites on the south shore of Oʻahu. Ala Moana reef has two 

locations marked in yellow: 20 m: N 21 16.6323ʻ, W 157 51.071ʻ; at 25 m: N21 16.179, W 

157 51.302ʻ). Keʻehi reef has two locations marked in purple: 20 m: N 21 17.236ʻ W 157 

53.904ʻ; at 25 m:   N 21 17.173ʻ W 157 53.941. Each star represents a meadow that received 

treatments. Stars that are near shore are 20m depth and the offshore stars are 25m depth 

respectively. 

PHYSICAL REMOVAL EXPERIMENT 

Four replicate transects were established at 20 and at 25m along Oʻahu’s south shore. 

The number of replicates of treatments were unevenly distributed due to meadow density, size 

of a meadow and dive team accessibility. Because of this, three replicate transects were placed 

at Keʻehi 20 m, and Ala Moana 25 m, and only one replicate transect was established at Keʻehi, 

25 m and Ala Moana 20 m. The sites located in front of Keʻehi Harbor were monitored by 

Division of Aquatic Resources (DAR), Department of Land and Natural Resources (DLNR), State 

of Hawaiʻi. The 20 and 25 m depths in front of Ala Moana Beach Park were monitored by 

University of Hawaiʻi in compliance with the University of Hawaii Diving Safety Program. The 

transect locations were marked with GPS (Figure 2). At each transect, four different treatments 

of physical removal were tested as possible management tools for use with the invasive green 

alga A. erecta. Each treatment was imposed on all A. erecta plants above 1 cm in stature within 

a 1 m2 quadrat. Each treatment physically removed a portion of the plant and measured 

effectiveness and possible rate of regrowth after treatment.  
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Treatments for Physical Removal Experiment (Figure 3.) 

Treatment 1: Cut algae blade off above the top of the stipe shown in Figure 3, includes removal 

of photosynthetic portion of above ground biomass, leaving stipe and below ground biomass in 

place. 

Treatment 2: Removal of the stipe and blade Shown in Figure 3, includes removal of all above 

ground biomass, leaving below ground biomass intact. 

Treatment 3: Removal of the entire plant shown in Figure 3, includes removal of above ground 

and below ground biomass, but not all the rhizoids. 

Treatment 4: Procedural Control Shown in Figure 3, includes physically touching the blades 

between thumb and pointer finger and gently rubbing them. Mimicking other disturbances 

created by divers deploying the experiment such as sediment movement, kneeling, laying out 

transect, and handling of thalli. 
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Treatment 1 

 Blade cut 

Treatment 2 

Stipe cut 

Treatment 3 

Control (positive) 

Treatment 4 

Plant removal 

    

 

Figure 3. Four treatments were imposed on plants to test the effectiveness of physical removal as management tool to control 

Avrainvillea erecta. Treatment #1 Cut blade above the stipe, Treatment #2 Cut stipe just above the sand, Treatment #3 Pull the entire 

holdfast out of the sand removing the whole plant, and Treatment #4 Rub blade between fingers: Control.  
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Site Set up and follow up for physical removal experiment 

  A full-size concrete block was placed at depth, for 25 months.  Each concrete block had laminated tags for identification and 

marked the start of each transect/s. From the concrete block the 30m transect was deployed on a bearing that traversed through the 

meadow (bearing changed with each site). At the end of the 30m transect, a corkscrew dog stake was inserted into the sand with a 

floating buoy attached. The bearing for that specific transect was recorded to reestablish it at each follow up dive. Keehi 20 and Ala 

Moana 25 both had two additional transects running perpendicular to the primary transect. These were placed at 15m and 25m 

marks along the transect to avoid proximity to any quadrats. 

Once the transect was established, a 1m2 quadrat was placed every 10 meters, in total each transect received four quadrats. 

One of the four treatments were applied within each quadrat. Custom made 0.75m long aluminum with ¼ inch diameter were 

hammered into the deep sand to mark the corners of each of the quadrats. Two photos were taken before the treatment was 

applied. One photo was taken from approximately 1 m away from the top view  and one photo from the side view at the level of the 

sandy substrate. The same photos were repeated on every follow-up dive to visually capture the change in the benthic composition. 

Plants of A. erecta were counted and the average height was measured by using a ruler to measure at least 1/3rd of the plants 

present and then averaged the height during data entry. Within the quadrat the percent cover of Halophila hawaiiana and the 

number of co-occurring Halimeda kanaloana were also enumerated. Follow up dives planned to occur monthly and spanned across 

25 months.  

The COVID pandemic did present some challenges with consistency of sampling, which left some gaps in the first year of data 

collection when all diving activity was halted until safe procedures were established. Because we were interested in seasonal effects, 

we extended our data collection out an extra year (Table 2.). Our original goal was 11 months of consistent sampling however, we 

ended up with 25 months. By extending data collections, objectives were met by capturing seasonal changes, periods of growth and 

senescence among the three co-occurring dominant species of this benthic community.  
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Table 1.  The dates that the physical removal experiment was conducted and when the COVID-19 shutdown overlapped and when 

dive restrictions were implemented and then removed. 

    Key for colors: Start/End 
Normal 

Dive No Diving Restricted   

             

Year Jan Feb March April May June July Aug Sep Oct Nov Dec 

2020 
Start data 

1/5 
Normal 
diving 

Covid no 
diving 

Covid no 
diving 

Covid no 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

2021 
Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Covid 
diving 

Normal 
diving 

Normal 
diving 

Normal 
diving 

Normal 
diving 

Normal 
diving 

2022 
Normal 
diving 

Normal 
diving 

Normal 
diving 

End data 
4/22         
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METHODS FOR HYDROGEN PEROXIDE APPLICATION IN MESOCOSM  

 The Ānuenue Fisheries Research Center (AFRC) run by Department of Aquatic Resources 

(DAR) is located on Sand Island, Oʻahu. Partnership between invasive seaweed research in the 

Limu Lab, University of Hawaiʻi and DAR has allowed student access to the facilities to run 

experiments using an Open Flow Sea Water System designed after another flow through 

mesocosm built for algal studies (e.g. Larned 1990). The AFRC system pulls water from 8 m 

below the surface of Honolulu Harbor. Water is pumped through a sand filter before it is filtered 

again through a three-stage cartridge filter system of 5, 20 and 20 µm filters. After filtration, 

water runs through five different headers that lead to 2-inch PVC piping that is perforated with 

1/8 in flexible black tubes that deliver the water into desired aquaria. 

 

Figure 4. Facilities at AFRC Mesocosm use an Open Flow Sea Water System. From left to right; 

Pump house that takes in sea water from an 8 m depth. Mesocosm with PVC piping to distribute 

filtered sea water. Aquaria within mesocosm that housed plants during experiment.   

One mesocosm was filled with sea water. Within that mesocosm, eight 1 gal aquaria 

were placed inside and also filled (Figure 4). Aquaria were constantly filled and spilled into the 

mesocosm which drained back into the harbor. Each aquarium was used to house one A. erecta 

plant. This isolated the plants from each other but kept them all at a constant temperature. Two 

layers of 1 mm black mesh net were placed over the bath to mimic the same Photosynthetic 

Active Radiance (PAR) the plants received at depth (see Li Cor measurements sectionfor 

procedures). 

Li Cor measurements 

The LiCor 1500 data logger with a LicorLiCor 4 pi sensor Logger (SPQA 6035) and a 30 m cable 

were used to measure PAR on Mar 5, 2021. The LiCor 1500 sensor was attached to a metal 

rigging that allowed the sensor to sit upright as it was lowered overboard the 19ft UH Boston 

Whaler at the Ala Moana 20 m site. The conditions for the day were fair, light winds, calm seas, 

mostly clear with occasional clouds. At 13:52 we deployed the sensor. At 10 m we obtained an 

average reading of 538.6 PAR. The same sensor and logger were used at AFRC to quantify the 
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PAR in each aquaria filled with seawater within the mesocosm under the 1mm shade tarp that 

we used to cover the plants. This allowed us to approximate the PAR the plants received at 

depth.  

Plant collection/ injection procedures 

During field observation days, plants that were not in the experimental quadrats were 

collected at a minimum of 5m away from the transect line and placed into a zip lock bag and 

then placed into a black plastic bag to avoid sun overexposure. Upon surfacing the plants were 

put into a cooler filled with sea water and then taken to AFRC. Plants were collected around 

experimental sites for Keʻehi 20, Ala Moana 20 and Ala Moana 25 meters. In total 24 plants 

were collected 8 at each site. Each set of 8 plants were monitored for three weeks. After the 

plants were collected, they were given three days to acclimate in the mesocosm. On the fourth 

day their photosynthetic output was measured using the Jr. Walz Pulse Amplitude Fluorometer 

(Jr. PAM). The Jr. PAM measures the Electron Transport Rate (ETR max) among many other 

parameters. This rate helps to understand the plant’s capacity to photosynthesize (See section 

Photosynthesis and Light reactions).  After this initial measurement four of eight plants had 10 

ml of sea water taken directly from the filtered mesocosm and injected into their thalli just 

below the blade of the plant. This acted as a control for effects of the puncture on plant health 

and osmoregulation. The other four plants were injected with 10ml of 3% hydrogen peroxide 

(See Dilution of H2O2 and applicator, below). Jr. PAM was used to measure ETR max, four days 

after both injections. Photographs and ETRmax measurements were taken twice a week for three 

weeks, ~ approx. four days apart. A total of 12 plants were injected with 3% H2O2 and a total of 

12 plants were injected with filtered Sea Water.  

 

METHODS FOR HYDROGEN PEROXIDE APPLICATION IN SITU 

Site Set up 

In the summer of 2021, a new meadow was discovered at 23 m off the Kewalo channel (Fig 5.). 

This site was thick with all three species of plants (Avrainvillea erecta, Halimeda kanaloana, 

Halophila hawaiiana). It was also an in between depth from the other two sites at 23 meters. 

This gave an opportunity to observe the plants at a new depth. 
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Figure 5. Location at 23 m, outside of Kewalo Basin Harbor channel. This site was used to 

observe wave influence on meadow composition and conduct chemical removal experiment.  

Scientific Divers laid a 30 m transect at 23 m depth within the co-occurring meadow. 

Four quadrats were placed randomly to capture the relative plant composition along the 

transect. 0.75m aluminum stakes were hammered into the deep sand to mark each quadrat. 

Once the site was established the south shore swells started to arrive on Oʻahu. During the 

months of May - August 2022 there were four big swell events with wave height >3 meters 

(https://www.pacioos.hawaii.edu/waves/buoy-pearl/).  

This four-month period was used to monitor the change in plant density without 

administering any removal treatment. In between each swell event we counted the number of 

A. erecta, H. kanaloana and H. hawaiiana. This provided data to compare with the physical 

removal experiment and the hydrogen peroxide experiment. This unique time of year can bring 

upwards of 7m waves. This has profound effects on the species in the psammophytic habitat as 

the sand shifts many centimeters to bury or uncover entire plants. Once the south swells had 

subsided, we began our hydrogen peroxide experiment on both adult plants and juveniles.  

Dilution of Hydrogen Peroxide and application 

Hydrogen peroxide was diluted from a 30% concentration to a 3% concentration from 

Reagent grade H2O2 using deionized water (formula: V1C1=V2C2, V=volume and C=concentration 

Hydrogen Peroxide). One liter of the 3% solution was poured into a camelback bladder and 

attached to a ¼ inch tubing that led to a horse injector with a 16-gauge needle. This system 
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allowed for direct application of 10 ml of 3% H2O2 to be injected into each plant. The site of 

injection was into the stipe below the photosynthetic part of the blade.  

Constructing an injector included camelback bladders available via Amazon: CKE-

Hydration-70-Ounce to 100-Ounce Backpack);  Rofferflex Crystal tubing ½ inner diameter to 

5/8th inch outer diameter (available via Amazon: Rollerflex-Crystal-Tubing-2-Inch-8-

Inch/dp/B07D9BZHKG?th=1); a Dectomaz Injector (available online via: 

https://www.qcsupply.com/540165-dectomax-injector.html); with stainless 16 gauge needles 

(available via Amazon: https://www.amazon.com/12-Pack-Dispensing-Needle-

Stainless/dp/B01LM8LTTO). 

 

Monitoring of injected plants 

In September of 2022, after the south swells had subsided we began our hydrogen 

peroxide experiment at the Kewalo site. We used two different sized quadrats to closely 

monitor each plant’s response after injection. The 1 m2 quadrat was used to define the plot, 

while a smaller 0.25 m2 strung quadrat was used inside the 1 m2 quadrat to systematically 

organize the plants into four quadrants. The 0.25 m2 quadrat was strung with evenly spaced 

strings at 4 cm increments crisscrossing to form 16 squares. The 0.25 m2 quadrat was placed in 

the lower left (LL) corner of the 1 m2 quadrat from the perspective of the transect. Within each 

5 cm square of the 4 quadrants, the A. erecta were counted, measured in height, and injected 

with 10ml of 3% H2O2 (Figure 5). The injection targeted the stipe close to where it joined the 

photosynthetic part of the blade. From there the 0.25 m2 quadrat was flipped clockwise to the 

upper left (UL) of the 1 m2 quadrat, then to the upper right (UR) and finally to the lower right 

(LR). Follow up dives occurred weekly to record the state of the plants. A photograph of the 

main quadrat with the 0.25 m2 quadrat was taken from above to capture each time the 0.25 m2 

quadrat was flipped. A side view was also taken before each flip of the 0.25 m2quadrat to better 

see individual plants (Figure 5). These photos were repeated on every follow up dive. Each 

quadrat was monitored for six weeks,  a total of 10 weeks for the experiment. 
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https://www.amazon.com/Rollerflex-Crystal-Tubing-2-Inch-8-Inch/dp/B07F1YR3DM
https://www.qcsupply.com/540165-dectomax-injector.html
https://www.amazon.com/12-Pack-Dispensing-Needle-Stainless/dp/B01LM8LTTO
https://www.amazon.com/12-Pack-Dispensing-Needle-Stainless/dp/B01LM8LTTO
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Figure 6. Injection of hydrogen peroxide into an A. erecta plant (left) within the dual quadrat 

system (right). 

USING PULSE AMPLITUDE MODULATED FLOUROMETER (PAM) TO MEASURE PHOTOSYNTHESIS 

IN TREATED AND CONTROL PLANTS 

Scientific Divers placed a 1 m2 quadrat randomly within a meadow of A. erecta. 0.75 m 

aluminum stakes were driven into the deep sand to mark the quadrat. Pre-labeled plant tags 1-

five were placed around five individual A. erecta plants. The plant tags were made with two 3 

gm fishing weights using two zip ties to connect them. Before injection, photosynthetic rates 

were measured using a Diving Pulse Amplitude modulated Fluorometer (Walz Co. with blue 

actinic light, DPAM) to determine relative Maximum Electron Transport Rate (rETR max). Each 

plant received an injection of 10ml of 3% H2O2 into the upper stipe close to the photosynthetic 

part of the plant. Measurements of DPAM and photographs of the plant’s physical decline were 

taken on weekly increments for three weeks (Figure 6). Three replicate quadrats with five plants 

injected occurred resulting in 15 plants having DPAM data pre and post Injection. 

 

  

Figure 7.  Diving PAM being used by a diver in the field (left) with a close up of the fiber optic 

cable clipped on a blade of A. erecta (right).  

 

TOOLS FOR ANALYSIS 

R with RStudio Markdown was used to analyze the data that came from the physical 

removal experiment. The package gglmmTMB was used for the models and Akaike’s 

Information Criterion (AICc) for model selection based on the distribution for the data. Model 

selection was between Poisson, Quasi-poisson, and Negative Binomial as the data were count-

based but frequently over dispersed (quasi-poisson mixed effects model, X2 = chijsqr, P = p-

value). Model assumptions were checked using DHARMAa. In cases where Halimeda kanaloana 

or Halophila hawaiiana were absent or scarce, that variable was dropped from the model, 
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otherwise Avrainvillea abundance and treatment effect were also correlated to abundance of 

the other native plants. 

The number of A. erecta, H. kanaloana individuals as well as the percentage of Halophila 

cover were all treated as factors within the statistical analysis. Percent cover of Halophila was 

converted from 0-100% to 0-1 for modeling purposes. To check for sampling evenness a table 

was created for all sites and number of observations of each treatment for each time point (See 

Appendix 1. in Supplemental Materials.)  

 

 

RESULTS 

Physical removal experiment 

There was a significant effect of initial abundance of A. erecta before treatment on the 

outcome of A. erecta abundance after recovery over 25 months post-treatment (Poisson 

General Linear Model, X2 = 15.7485, Df = 1, P value = 7.235e-05]. This had a negative impact on 

plant numbers, decreasing the density per 1m2. In marked contrast, no treatment had a 

significant impact on A. erecta abundance, regardless of the location on the south shore or the  

depth (Table 1). 
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Table 2. Statistical analysis used General Linear Mixed Model. AIC guided which type of Poisson family to use within the model. For Ala 

Moana 20 meters there were no significant findings from the ‘Treatment effect on A. erecta’ numbers. At Ala Moana 25 meters the 

‘Initial numbers of A. erecta’ had a significant effect on the density of A. erecta post treatment. However, ‘Treatment effects on A. 

erecta’ were not significant nor were ‘Treatment effects on numbers of Halimeda’. Keʻehi 20 meters also had a significant effect from 

the ‘Initial numbers of A. erecta’, and no significant effects from the treatments. Keʻehi 25 meters had no significant effects from the 

initial A. erecta nor the treatments. 

Site  
Location Ala Moana, 20 m 

 
Ala Moana, 25 m 

 
Keʻehi, 20 m 

 
Keʻehi, 25 m   

Type of test 
used QuasiPoisson Df p value QuasiPoisson Df p value 

Negative 

Binomial Df p value QuasiPoisson Df p value 

Initial 
numbers of 

A. erecta  0.67 1 0.4 9.45 1 0.002 5.9 1 

                 

0.01 0.005 1 0.94 

Treatment 
effect on           
A. erecta 3.16 2 0.2 1.81 3 0.61 5.75 3 0.12 1.69 2 0.42 

Initial 
numbers of 
Halimeda -       -  0.07 1 0.78 - - - - - - 

Treatment 
effects on 

numbers of 
Halimeda  -         -  4.78 3 0.18 - - - - - - 
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Monitoring the impact of the south swell on plant densities.  

Four quadrats were established along a transect to monitor the effects of large wave energy on 

the meadow composition (Figure 7). Densities of A. erecta decreased after significant (>3 m) 

swell events during the months of May- Aug 2022 [Poisson GLMR#X2 = 4.9, P = 0.02]. In 

contrast, initial assessment densities of Halimeda kanaloana and Halophila hawaiiana densities 

did not change after the same swell events (Halimeda # X2 = 0.06, P = 0.8; Halophila 2X = 0.9, p 

= 0.3). 
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Figure 8. Surge effects on density of A. erecta. Average density of A. erecta significantly changed 

from before the swell on May 15th to after each swell. The first panel of the figure is the change 

in A. erecta abundance over the four-month period of observation. The second panel is the 

height of the waves in meters from the Pearl Harbor buoy on the south shore. The third panel is 

the period of waves in seconds. The last panel is the directionality of the waves coming from the 

south and running into the shores of Oʻahu 

Impacts from application of hydrogen peroxide.  

Hydrogen peroxide injections in mesocosm: We compared treatments and controls using a 

paired T test. There was no significant effect of H2O2 injection (Response variable: change 

ETRmax.  P = 0.166). However, while treated plants did decrease in ETRmax within the first four 

days of treatment, some experienced a rebound despite their appearance of degrading blade 

tissue (Figure 9 ). When taking baseline samples of A. erecta photosynthetic parameters, we 

also sampled the two native plants when dive time permitted. There was a significant difference 

between the mean calculated ETRmax (Figure 10). When H2O2 was applied in the field and 

number of A. erecta m-2 were counted there was a significant decrease in numbers of A. erecta 

over 10 weeks (Figure 11). Using a linear regression model, we detected a significant decrease 

in A. erecta over 10 weeks (p = 0.003, n = 4, df = 1). 

 

``
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Figure 9. AFRC mesocosm experiment. Average ETRmax  µmols electrons m-2s-1
 measurements for 

trial 1 with plants collected at the 20 -meter Keʻehi site. Data from four individual plants 

injected with H2O2. This figure shows a phenomenon of ETRmax bouncing back after an initial 

marked decline four days after injection and then in some cases increasing  ETRmax   µmols  

electrons   m-2s-1
 after 7 days.  
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Figure 10. Differences in ETR max    among co-occurring species in plots are significant (df = 1, F 

value = 5.05, P value = 0.008). Baseline ETRmax values for Avrainvillea erecta, Halophila 

hawaiiana and Halimeda hawaiiana using Anova Type II test.  
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Figure 11. Impacts of in situ injections of hydrogen peroxide on densities of A. erecta over ten 

weeks. Trendline represents a model fit (± 95% Confidence Interval) using a linear regression. 

Four replicate quadrats were sampled for A. erecta densities across a 30m transect, (n=4). 
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DISCUSSION  

Overview of recent history 

Since the extreme d development of south shore of Oʻahu starting in 1920, coastal reefs 

have been increasingly impacted by urban pollution growth and increased sedimentation. 

Native reef communities suffered reduced coral cover, loss of key fish species and sea grass 

habitat (Littler et al., 2006, Peyton 2009). Interestingly in 2012, meadows of Halimeda 

kanaloana on the south shore of Oʻahu were barely detectable (Pence pers. comm; Spalding 

2012). The only meadows that were established at that time consisted of Halophila spp. By 

2014, there were some small stands of H. kanaloana starting (D. Pence pers. comm) which 

ironically is the same time when the first A. erecta plants were noticed in the Honolulu Harbor 

channel by Dr. Kim Peyton. Over the next four years this novel psammophytic meadow 

community began to mature, and meadows began to spread along Oʻahu’s south shore as single 

and mixed species assemblages. 

A 2018 dive conducted to the 60m isobath during which video footage was taken, 

captured both H. kanaloana and A. erecta co-occurring in a meadow (Wheeler pers. obs.). From 

this observation, the call went out to researchers from other organizations to report their 

sightings of A. erecta. Photographs with GPS points were reported from the south Shore up to 

Kahe point, West Oʻahu. Within a span of six years this area had been colonized by these 

canopy-forming algae and are now co-occurring within the seagrass meadows and establishing 

new meadows. 

This psammophytic community is aa novel community benthic community into 

Hawaiʻi’sHawaiʻ’i’s marine systems. However, the psammophytic environments in Hawaiʻi are an 

understudied part of our coastal ecosystems; these soft sediment habitats provide many 

services to the adjacent coral reef habitats.  The two bryopsidalean algae and the marine 

angiosperm all have benefits they offer the community, such as primary productivity, supporting 

detritus-based food webs (NordlandNordlund et al. 2018), sediment stabilization; sand 

production, nutrient cycling and carbon sequestering (Beach et al., 2003; Vroom et al. 2003). 

They also provide food and habitat for many fish and invertebrates (Bulmer et al., 2018, Pereda-

Briones et al., 2018, Waycott et al., 2009, Peyton 2009).  

Our native plant species within this habitat are now competing for energy in the form of 

light, nutrient uptake and space with the newly introduced Avrainvillea erecta. Historical data 

from Hawaiʻi’sHawai’i’s previous introduction of the species Avrainvillea lacerata classifies it as 

an ecosystem engineer, modifying native habitats which can have significant impacts on the 

health and stability of psammophytic the environments (Van De Verg and Smith, 2022). As A. 

erecta becomes more established there is more potential for it to move into different habitats. 
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For now, at least 10 years after its introduction, we only observe it in soft bottom habitats. 

However, when removing the holdfast of an entire plant very often there is a rock or coral 

rubble nested within the holdfast (Per Wheeler commsWheeler pers. obs.). It is possible that 

the young plant uses the rubble as an initial anchor to then build a siphonous holdfast to anchor 

itself to the benthos. If this is true, then it could be feasible for these plants to move into coral 

reef areas where sediment has gathered in depressions of live coral colonies. Avrainvillea 

lacerata is has been observed for this type of intrusion specifically at Makai pier, Oʻahu, and it 

damages the living tissues of the coral colony (Wheeler pers. obs.). The plasticity of the 

Avrainvillea genus should not be underestimated. Because the full ecology of A. erecta is 

unknown, it is prudent to monitor even our coral habitats for invasion. The next 5 years will be 

critical for managers to begin monitoring and prevent further spread across critical habitat.  

Here we sought to investigate the weedy qualities of Avrainvillea erecta. Our expectation 

was: If A. erecta has similar traits to Avrainvillea lacerata, then A. erecta will have greater ability 

to occupy and dominate available niche space among co-occurring natives Halophila hawaiiana 

and Halimeda kanaloana.  

PHYSICAL REMOVAL 

The original density of A. erecta prior to treatment was the strongest determinant on 

the number of plants that would regrow after treatment; if the meadow had high density of A. 

erecta, then the plants would regrow to a similar density, and if the density was low, it remained 

low regardless of treatment. This indicates that Early Detection and Rapid Response (EDRR) is 

one potential strategy in reducing spread (Fumo et al. 2024).  

None of the physical removal treatments significantly impacted the density of A. erecta, 

H. kanaloana or H. hawaiiana regardless of treatment. Plants were able to regrow from each of 

the three types of treatments. Because the treatments were intended to mimic natural 

disturbances that might occur at different frequencies, it would seem that A. erecta has adapted 

great resilience to such disturbances. Natural blade abandonment would account for why it 

could regrow after treatment 1 (cut blade) (Littler and Littler 2004). This seems to allow it to 

survive large swell events as well. The ability for it to regrow from fragments of siphons within 

the substrate also explains why it can regrow after treatment number 2 and 3. Because of 

cytoplasmic streaming, the chloroplast and nuclei can be stored in any part of the plant, 

including rhizoids underground, until the plant can regrow new siphons (Smith and Walters 

1999, Vroom and Smith 2001). 

The Meadow Suppression Hypothesis recognizes the competitive traits needed by 

seagrasses to out compete green algal species specifically Bryopsidalean algae (Davis and 

Fourqurean, 2001, Peyton 2009). This hypothesis suggests that H. hawaiiana could have 

competitive advantage(s) over other Bryopsidalean groups and is supported by H. hawaiiana 
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having higher average ETR max than both algal species. Higher rates of photosynthesis could link 

to higher growth rates – a competitive advantage for an understory species as long as incidental 

irradiances are above Ek. The outcome of no significant effect of treatments to A. erecta on the 

densities of H. hawaiiana suggest either there was not enough suppression of A. erecta growth 

to have indirect positive growth of the seagrass, or that A. erecta is not suppressing the seagrass 

growth. As proposed earlier by Davidson and Shoemaker 2023, the presence of other algae 

could provide more anchor points and structure for the roots of the seagrass to keep it from 

being torn up by wave energy. During the swell observations, the native, H. hawaiiana, had no 

significant changes in plant density following wave energy; A. erecta was dramatically impacted. 

This would take more investigation to answer why, but another indication that H. hawaiiana 

may be more adapted to disturbances including the arrival and spread of a novel species.     

A. erecta and H. kanaloana densities showed somewhat cyclical growth patterns, 

possibly indicating seasonality. H. kanaloana is holocarpic and regularly goes through periods of 

reproductive die-off and regrowth (Drew and Abel 1988). We also frequently observed A. erecta 

regrowth from both treatment and large swell events, often growing a new blade onto the side 

of an older holdfast where the old blade was either shed, or clearly discolored and being shed 

(LW pers obob., Littler and Littler, 1999). Blade abandonment was the theory behind 

Avrainvillea plant’s ability to shed epiphytic growth and regrow a clean new blade. Both plants 

undergoing periodic growth and senescence would need more observations to discern if they 

had any synchrony or pattern to them. There was a non significant trend that correlated 

treatment #1 with increasing H. kanaloana numbers. This could mean that while A. erecta 

regrows its blade, H. kanaloana may have an advantage to increase in density. Regardless, the 

mechanisms governing competitive outcomes and coexistence between the invasive and native 

species pairing warrants further investigation and could provide insight for managers to assist in 

promoting more H. kanaloana in areas where H. kanaloana is already established with A. 

erecta. 

On Oʻahu, we have observed that high swell events will decrease the A. erecta densities. 

However, in locations such as west Maui, there are no seasonal swell events. This is a protected 

area with quiet waters. Since the sighting of A. erecta in 2019 off Olowalu our source (Botany 

Graduate, Donna Brown pers. comm, M.S.) has reported a drastic shift in the depth and 

composition of the native H. kanaloana meadow. She observed in this location the depth of the 

meadow which previously started at 12 m now starts at 20 m. The composition that was once 

thick H. kanaloana is now much sparser meadow of H. kanaloana and denser A. erecta (D. 

Brown pers. comms). It is possible that without the seasonal swell energy to reduce A. erecta 

densities, A. erecta can outcompete native meadows in quiet water locations. This increases the 

risk of spread to other protected quiet water areas within the Maui Nui complex. EDRR would 
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be the best solution for prevention. Cooperation across agencies and islands should be 

discussed to unify the effort. 

 

 

 Injecting 10 ml of 3% hydrogen peroxide into the thalli of A. erecta did decrease the 

density in the 1 m 2 quadrat over six weeks. This technique is localized in its effects and there 

were never any observed negative effects on the benthic community beyond the treated thalli. 

It might therefore be an effective method for invasive bryopsidalean algal management. 

Compared with other strategies that target the entire benthic community, such as the chlorine 

tarping that was used to remove invasive algae Caulerpa taxifolia in California (Williams & 

Schroeder 2004), the injection technique does not impact the entire benthic community. There 

are no other mortalities besides the target species that we observed. Initial DPAM readings of A. 

erecta and adjacent algae were taken before and after injections. This protocol was terminated 

after it became evident that the D-PAM would not be used for detecting mortality in A. erecta. 

However, those photosynthetic calculations revealed that adjacent plants did not suffer effects 

from the injection to A. erecta. When using this technique, it is best to time it with a strong 

swell event preferably an injection four to seven days before the swell arrives and one to two 

weeks after. Using the storm surges to rip out already injected plants, and then inject whatever 

grows back could take full advantage of the natural perturbations in combination with this novel 

technique. Additionally, there was a pilot study that was informed by this experiment that 

increased the volume of H2O2 and found that 20ml of 3% H2O2 had a greater negative effect on 

A. erecta (G. Lewis unpublished undergraduate research, 2022). This injection method is 

volumetric, as volume increases, a higher concentration of H2O2 perfuse through the plant. A 

consideration for managers to take when developing the management strategy. This will be 

further discussed in Chapter 3. 

The injection method does require extra equipment. It requires supplies of concentrated 

30% hydrogen peroxide to be diluted to 3% and that comes with its own restrictions. It also 

requires some extra training in the field to prepare the injection bladder for underwater use. 

The application of hydrogen peroxide into the plant can sometimes be difficult due to the tight 

tangle of siphons in the stipe. In cases where the treatment was ineffective, it may have been 

due to diver error. Sometimes the plant was small, or the stipe was narrow and the injection 

pushed out the other side of the thalli. This can be accounted for and additional injections can 

be applied.  

MECHANISM OF INTRODUCTION OF A. ERECTA TO HAWAIʻI 
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The role that Avrainvillea erecta will play within our Hawaiian near shore ecosystems still 

needs investigation. It seems to have weedy characteristics through its ability to spread and 

colonize new areas, it doesn’t seem to have any native herbivore that will eat the entire blade 

of the plant, and being physically resilient to disturbances in the environment, it is yet to be 

classified as invasive. It is possible in some locations such as south shore Oʻahu, that A. erecta 

may not out-compete the native meadow community because of periodic large swell events 

reducing A. erecta densities. But in areas such as west Maui and other quiet water locations 

around Maui Nui such as Kāhoʻolawe, Molokaiʻi and Lanaiʻi, the lack of periodic disturbance 

could give it a competitive advantage; A. erecta could quickly out-compete native meadow 

communities. This is why EDRR in sensitive areas is important. From the time this study began 

the population density in West Maui went from sparse in 2019 to dense in 2024 (D. Brown pers. 

comm) in just five years. This type of establishment and spread leans toward the outcome that 

this plant is highly weedy and given time will be classified as invasive. From 2014-2018 A. erecta 

was not monitored and had only been sighted in Honolulu Harbor. Once this study began to 

track where it was in 2019, four years after its initial discovery, it had spread along Oʻahu's 

south and west shores (Wheeler pers. obs. 2018). In just five years (2019-2024) it is now on two 

outer islands and creeping around to east Oʻahu. The mechanism for spread is part of the puzzle 

that needs further investigation to prevent future invasions into our quiet water locations.   

To begin to understand how A. erecta is able to spread so quickly and across deep 

channels further investigation on the ecology of A. erecta needs to be understood. The native 

range of A. erecta is quite broad throughout the Philippine Islands, Micronesia, Southeast Asia, 

Australia, New Zealand, and China Sea (Guiry and Guiry, 2024). Because of this broad home 

range, it is difficult to pinpoint the origin of the introduction. However, it is likely that it was 

brought over via an international vessel because it was originally found in Honolulu Harbor, a 

main hub for international commerce, tourism, recreational boating, and shipping (Martinez et 

al. 2012, Wade et al. 2018). The invasive algae Acanthophora spicifera was brought via hull 

fouling to Pearl Harbor from Guam in 1950 (Doty 1961; Weijerman et al., 2008) and it could be a 

possibility that A. erecta was transported in a similar fashion. A. erecta is not reported to have  

hull fouling qualities; however, one other theory is that it is transported via anchors that are 

deployed in psammophytic habitats. A foreign vessel that had pulled up anchor from an A. 

erecta algal meadow could bring rhizoids attached to the anchor or chain and kept in the anchor 

hold as viable fragments, then redeployed near Honolulu Harbor as the vessel waits to enter. 

This last theory helps explain the pattern of interisland spread of A. erecta to Maui and Hawaiʻi 

island, both sightings were located near main harbors. Following Conklin et al. 2004, successful 

introductions may take many “attempts”. It might not have been the first time that A. erecta has 

been brought to Hawaiʻi, but it was the first time that all the situational events lined up to have 

a viable introduction that led to establishment and spread.  

Commented [KP31]: Better to say: this species has 
not been recorded as a hull fouler previously. 
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 There are a lot more questions coming from this study than when we started. The 

overarching goal was met by testing novel removal strategies that could help managers control 

A. erecta populations, to be further discussed in Chapter 3. The ecological strategies of A. erecta 

support the label of “an invasive species”, and given time, appears to have strong competitive 

traits against our native psammophytic community.  
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Several recommendations emerge from this study:  

1. Increase surveillance for A. erecta in vulnerable areas within the main Hawaiian Islands 

such as quiet water locations within Maui Nui and nearby harbors as well as heavily 

anchored areas. DAR has an Aquatic Invasive Species team (AIS) that directly focuses on 

early detection and rapid response.  

2.  In areas of high density (>20 plants m-2), I recommend using 30 ml of hydrogen 

peroxide diluted to 3% solution to treat A. erecta plants. Based on further research that was 

not part of this study, greater volumes have been shown to have greater success in reducing 

A. erecta density within a meadow.  Preliminary injections should occureoccur with monthly to semi-

 monthly follow up injections until the population is below 4 plant/ m2- 

3.2. Pairing the injection method with natural high wave energy could increase 

effectiveness and reduce human effort. In areas of quiet water locations, it may not be 

possible to time injections with seasonal high wave energy. However, using storm surges or 

periods of elevated wind could also prove to have a similar effect, though the timing may be 

less predictable; PacIOOS site may prove to be a good source for this information for south 

shore Oʻahu. For application and follow up, it is best to inject four to seven days before the 

swell hits, and then seven to 14 days after.  

4.3. If chemical removal is not immediately available or other constraints exist, then 

physical removal would work temporarily until chemical removal became available. I 

recommend treatment 3 (holdfast removal), over the other two physical removal strategies.  

It is very important to retain or capture all algal material to reduce potential spread to other 

locations through fragmentation. Biomass that is collected can be disposed of via green 

waste, or other available composting options.  

Capacity building in the longer term: 

1. Continue to collaborate with the Limu Lab to acquire / modify / build out injection kits or 

other methods and secure concentrations of hydrogen peroxide to help the AIS team to be 

prepared to initiate surveys and be ready to respond to any sightings of A. erecta.   
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2. Develop a collaborative dive plan that could provide more dive support for locations on 

neighbor islands.  With newly detected populations, chemical removal would be preferred 

using the technique and methods described in Chapter 2.  

These strategies require follow up treatments. Optimal follow ups would occur monthly, 

but if the meadows are being reduced in density, then revisits could extend to two to three 

months. It would be prudent to continue site visits and applications every six months or until A. 

erecta is either undetectable or at low densities (< 4 plants/ m2). 

 Further research is needed in areas of reproduction for A. erecta. No reproductive 

structures were found as part of this study, and it would be important to understand this critical 

life stage. Algae that haves moved into a new area that has not yet been colonized has been 

known to revert to asexual reproduction. This allows the plant to establish a population when 

viable mates are a limiting factor (Thornton 2024), also known as Bakers Law (Baker 1955).  The 

fragmentation ability would also be a very important aspect to investigate as an escape from 

limited sexual reproduction.  

This study looked superficially at the prospect of fragmentation with no significant 

result, but a more in-depth study to look at how if this plant is using fission, budding, or if it is 

capable of parentheses would help elucidate how this plant is spreading up and down the 

coasts of Oʻahu. Additionally, the distance that one plant’s rhizoids can extend and its 

connectivity to other plants would be important to investigate based off the Perennation 

Hypotheses from Littler and Littler (2004). Core samples using e-DNA could assist in detecting 

how far the rhizoids can reach horizontally under the sand and if individuals are connected 

through them and can stream cytoplasm to one another.  

Many new questions have come from what has been learned through this research 

including two related projects. At a larger ecological scale, the energy exchange between the 

psammophytic habitat and adjacent coral reef would be extremely informative to assess how 

they are integrated. Looking at the species found in the meadow and comparing them to the 

reef would help to determine which animals are using both habitats. Additionally, looking at the 

fish and invertebrates that only inhabit the psammophytic meadow and their status as native or 

non-native would also be beneficial to determine the ecosystem that is being supported by the 

novel community. This may shed new light on how we can help support biodiversity in our 

coastal habitats and build resilience within our ecosystems. The long-term goal is to protect the 

biodiversity of Hawaiian marine ecosystems, we must continudcontinue to explore, question, 

and learn. 
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Appendix 1.  Additional Data from Physical Removal and Chemical Experiments. 

 

 

Fig aA. A graphical representation of the Quasi Poisson General Linear Mix Model results. The 
upper graph is the model’s predicted distribution in gray and the actual distribution with black 
dots and a black line. The lower graph is the variance of each treatment at that sight.  
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Fig bB. A graphical representation for the Quassi Poisson General Linear Mix Model applied to 
data from the Ala Moana 25m site. The upper graph shows the predicted abundance of A. 
erecta in gray and the actual abundance in black dots with a black line fitted. The lower graph is 
the treatment effects of A. erecta on H. kanaloana abundance. With model predictions in solid 
color and actual trends in colored lines. 
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Fig cC. A graphical representation for the Negative Binomial General Linear Mix Model applied 
to data from the Keʻehi 20 m site. The upper graph shows the model predictions in gray and the 
actual densities in black dots with a black line fitted. Lower graph shows the treatment effects 
variance on A. erecta densities. 

  

. 
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Fig dD. A graphical representation of the Quassi Poisson General Linear Mix Model applied to 
data from the Keʻehi 25 m site. The upper graph shows the models predicted distribution of A. 
erecta abundance in the gray, and the actual abundance represented by the black dots fitted to 
a black line. The lower graph is the models’ Treatment effects from A. erecta on the number of 
H. kanaloana numbers with the variance included on either side of the colored dot. 
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Figure 9E. Hydrogen peroxide impacts compare to saltwater impacts on A. erecta photosystems 

as revealed by measures of ETRmax  (ETRmax (µmols electrons m-2s-1
) before the injections were 
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applied and 4, 7, 11,  and11, and 15  days15 days after the injections. No significant difference 

between the treatment and control waswere detected 

                                                               

 

 

 

 

 

Appendix 2. PRELIMINARY BIOMECHANICAL TESTS FOR Avrainvillea erecta (BOT 682 lab work)  

This Lab was undertaken to examine some of the physical properties of this species. 

Understanding how some of the dynamic forces of wave energy, herbivory, and potential spread 

through fragmentation will help describe how this plant survives and competes with other 

native plants in our psammophytic habitats. 

  

Figure e. Biomechanical experiment (From left to right) Plant Flexure of the blade, Fragment 

viability tests.; Penetrometer used to estimate thallus integrity and specimens used. 

Estimates of plant flexure: A plant’s flexure is an adaptive strategy for hydrodynamic conditions. 

If a plant is adapted to high amounts of water energy that species should be able to flex or 

bend. For many species the flexure is proportional to the amount of water energy the species 

can tolerate before the plant is damaged. To test this idea, the plant blade will be bent around 

rods of decreasing diameter (eg. 8.0, 6.5, 5.0, 3.5, 2.0, 1.0, 0.5 mm) to quantify the extent the 

plant can bend back on itself self. If tissue is intact after the smallest diameter rod, then the 

algae is scored as fully flexible. Flexure = fully flexible. This outcome supports that A. erecta is 

adapted to highly dynamic environments that includes high wave energy and surge.360 degrees 

in all samples 
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Fragment sinking rate: Plants were cut to specific diameter sizes using the same rods that were 

used in Plant Fragments. Each fragment was patted dry and weighed by size class. A 500 mL 

graduated cylinder was filled with sea water. Using a stopwatch with second hand, the rate at 

which each fragment sank to the bottom was timed from the top of the water column which 

was approximately 13 cm tall. The height of the water column was measured and with each sink 

time, the rate of sinking was calculated for each fragment size. Each fragment size was tested 

three times and an average sinking rate + SD was calculated. The larger the fragment the longer 

the it took for it to sink to the bottomsink time., with Tthe hypothesisconcept that larger 

fragments could potentially be carried slower sink time could allow for longerfarther before 

sinking to the benthos. If fragmentation is viable than this could increase the distance for 

spread. propagation if fragmentation was viable.   

 

Table s1. Is the three trial runs and the average of those sink times for different sized fragments 

to sink from a 500 ml graduated cylinderbeaker. The larger the fragment the longer the sink 

time, with the concept that slower sink time could allow for longer propagation if fragmentation 

was viable.  

Algae name frag diam cm  time 1 sec time 2 sec time 3 sec Av sink tm 

Q 2 6.8 5.1 6.5 6.1 

R 1.5 4.3 5 4.8 4.7 

S 1.3 6.5 5.6 6.1 6.0 

T 1 5.5 6.2 5.1 5.6 

 

Plant Fragments: Different sized fragments were cut from the growing edge of A. erecta blades 

with a razor-edged circular rod that had diameters of decreasing size (2.1, 1.5, 1.3, 0.9 cm). Each 

fragment was patted dry and then placed in a 10 ml beaker with sea water to measure each 

fragments volume. The fragments were all placed in ice cube trays with filtered sea water from 

AFRC. Each fragment size was labeled and placed in the greenhouse under shade. Follow up 

volumes were taken over 10 days to see if new tissue was produced or lost. All fragments lost 

weight which suggests that the blade fragments of this size are not viable. 

Table s2. Tis the fragmentation trial that took different sized fragments of A. erecta blades and 

measured wet weight before and after 10 days to see if the plants were viable fragments. 

Results showed that all fragments decreased in weight. 
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Algae name frag diam cm wet wt.gm dry vol start dry vol after 10 days 

Q 2 0.309 0.2 0.1 

R 1.5 0.198 0.1 0.05 

S 1.3 0.158 0.05 0.02 

T 1 0.0477 0.01 0.001 

 

  

  .                                                                                                                                                                                      

 

 

 

 

 

 

 

 

Appendix 3. FISH AND INVERTEBRATE COMMUNITY SUPPORTED BY THE MEADOW.  

During this study, divers have seen a diversity of invertebrates found on the blades of A. 

erecta. The groups observed were annelids, mollusks, crustacean and egg sacs (Wheeler pers. 

obs.). Different fish species have also been observed foraging or dwelling within the co-

occurring meadows. Some of the families regularly observed were Blenny, Box Fish, Chubs, 

Flounder, Goatfish, Goby, Trevally, Parrotfish, Porcupinefish, Pufferfish, Sand perch, Sting Ray’s, 

Shark, Surgeonfish, Unicorn fish, Trigger fish, and Razor Wrasse. Some other groups were 

Octopus, Monk seal and Green Sea Turtles (LW,  pers.Wheeler pers. obs). This amount of 

diversity found within the habitat indicates there is an energy exchange between the coral reef 

and the psammophytic meadows. The forces that drive this energy exchange were not a part of 

this study. However, it is an important part of both habitats’ ecology and could inform the level 

of management needed for A. erecta.  
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