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ABSTRACT

Algal blooms on tropical reefs have become increasingly common over the last

several decades. Reduced herbivore pressure, eutrophication and the introduction of

exotic species have all been posited as factors that may drive these transitions in

organism dominance. Several different types of algal blooms have been identified on

reefs in the Hawaiian Islands including multispecies algal assemblages, monospecific

algal blooms and seasonal or ephemeral blooms. This study sought to determine the

causes of these different types of algal blooms by conducting both field and laboratory

experiments and quantitative field assessments.

In a factorial nutrient enrichment and herbivore exclusion experiment conducted

for 6 months on the island ofHawai'i significant changes in algal biomass, community

structure, sediment accumulation and mobile microinvertebrate abundance were found.

Results of this study show that benthic reef communities can change rapidly in response

to changes in both top down and bottom up factors.

From field assessments across the main Hawaiian Islands a total of five

(Acanthophora spicifera, Hypnea musciformis, Graci/aria salicornia, Kappaphycus spp.

and Avranvillea amadelpha) species of nonindigenous algae can now be considered

highly successful. Detailed studies on the ecology of select nonindigenous marine algae

(NIMA) have identified particular concerns and highlighted the need for management

action. In summary management of these invasive species will be challenging as a result

of unique ecological and physiological strategies that each NIMA possesses.
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The ephemeral bloom forming native alga Cladophora sericea was studied during

a bloom cycle during 2001 on the island ofMaui. Results of ambient and sediment pore

water sampling and algal physiological parameters suggest that ground water intrusion is

occurring at this site and the alga appears to be utilizing this terrestrial based nutrient

source.

Upwelling and internal tides can naturally deliver nutrient rich water into coral

reef ecosystems. In an area where internal tidal upwelling occurs in the Florida Keys, one

of the most common benthic reef algae Halimeda tuna reflected patterns associated with

natural nutrient enrichment. This study provides evidence that rich and highly productive

benthic algae may thrive in deep water coral reef environments in response to naturally

elevated nutrient conditions.
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CHAPTER 1:

A REVIEW OF THE LITERATURE ON FACTORS INFLUENCING THE

FORMATION OF ALGAL BLOOMS ON TROPICAL REEFS WITH AN EMPHASIS

ON NUTRIENTS, HERBNORES AND INVASNE SPECIES



INTRODUCTION

Nearly two thirds of the global human population inhabits coastal environments

and each year the number ofpeople moving into coastal cities increases. By the year

2025, nearly 75 percent ofall Americans are expected to live in coastal counties, with

population density doubling in some areas such as Florida and southern California. The

dramatic increase in human population places tremendous pressure on the nearshore

environment and associated marine resources. In particular coral reef ecosystems face

significant threats from a number of impacts including large-scale global processes such

as increases in C02 or global warming and more localized threats such as overfishing,

sewage pollution, runoff, industrial pollution, dredging, mining, deforestation and

subsequent sedimentation, trampling, the introduction of alien species, storm damage etc.

The effects ofmany of these impacts alone or in combination generally lead to a

reduction in coral cover and an increase in the abundance of fleshy, filamentous or

calcareous algae. Such phase shifts from coral to algal dominance have been observed on

tropical reefs around the world (Table 1). The primary causes of these phenomena are

usually difficult to determine and most often remain unstudied until after a shift has

occurred. The purpose ofthis review is to summarize all of the research on the causes of

phase shifts and the factors driving algal blooms on tropical reefs.

During the past few decades, researchers have sought to determine the most

influential forces in driving phase shifts but because of the complex nature ofmany of

these ecosystems the causes remain elusive (McCook 1999, Miller et al. 1999, Lapointe

1999, Lirman 2001, Smith et al. 2001, Stimpson et al. 2001, Thacker et al. 2001, Jompa
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and McCook 2002, Diaz-Pulido 2003). In observational studies it is very difficult to

elucidate factors that cause corals to die; did the algae kill the coral? Or did the coral die

and the algae simply take over the empty space? The answers to these fundamental

questions are usually not addressed in field studies because in most cases phase shifts

occur slowly and it may be five years or so before a monitoring program detects a

significant change, if one has occurred. In either case, algae will increase; the algal

species may either be taking advantage ofopen space (dead coral) or making space of

their own by growing over the corals. These two processes are quite different; in one case

we need to examine coral-algal competition directly and in the other situation we need to

identify the factors that may have killed the coral and then subsequent algal community

development on dead coral surfaces. Surprisingly, there have been very few studies

designed with the specific intent of examining coral-algal competition; most researchers

have looked at bare artificial settlement surfaces placed under different experimental

conditions or have simply documented the decline ofcoral communities over time and

attempted to correlate this to some environmental change. For the purposes here, the

focus will be primarily on factors influencing algal abundance and not those associated

with coral decline although the two may be closely linked (see McCook et al. 2001).

Clearly, not all phase shifts are alike and processes driving shifts on one reefmay

be completely different than those on another (Table 1). Typically, because algae respond

faster, have higher growth rates, and can be manipulated more easily than corals,

researchers study factors that directly influence their abundance or growth. Top-down

effects or removal ofalgal biomass by herbivorous grazers has been a well-studied

phenomenon from the micro to macro scale on reefs from both an observational and
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experimental approach. Additionally, bottom-up factors or specifically, the effects of

elevated nutrients, primarily nitrogen and phosphorous on algal growth have also been

studied, more often in lab settings than in the field. Until very recently, within the last

five years, there were very few studies that examined interactive effects of these factors

in well-replicated field experiments. Even fewer studies have directly examined coral

algal interactions. Finally many other factors can potentially influence the shift ofbenthic

community composition such as the introduction ofexotic species, and a suite ofphysical

factors such as light, water motion, and temperature.

The goals of this review are to: (1) to summarize data regarding the effects of

nutrient enrichment on the community structure ofreef algae (2) to summarize the

existing data regarding the interactive effects ofnutrients and herbivores on reef algae

and how these factors relate to phase-shifts and algal blooms (3) to summarize

information on non-indigenous marine algae around the world and with specific reference

to the tropics (4) to review a well-documented case study of algal blooms, specifically the

history ofKane'ohe Bay, Hawai'i, (5) to summarize information regarding different

bloom types, and (6) based on gaps in the literature, identify the goals of this dissertation.
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(1) Nutrient Dynamics on Tropical Reefs

Bottom-Up Processes: Nutrients

The effects of anthropogenic increases in nutrient concentrations on coral reef

communities have been studieded around the tropics for the last several decades. The

consistency ofthese studies however is quite variable thereby making comparisons across

reefs, regions and oceans difficult. Hydrological studies have shown seepage of enriched

groundwater onto reefs, other studies have shown elevated nutrient concentrations

nearshore in relation to offshore sites, others have documented changes in community

structure over time in apparently eutrophied environments while others have examined

direct effects of enrichment on a specific organism and finally recent research has

documented the occurrence ofnaturally elevated nutrient concentrations in reef

environments. The following summarizes published information regarding elevated

nutrients on tropical reefbenthic communities from a variety of disciplines.

Nutrient Gradients on Reefs

It is generally assumed that most reef ecosystems are oligotrophic in nature where

concentrations of inorganic nitrogen and phosphorous are low. Reef areas that are in

close proximity to coastal development or agriculture may however see pulses ofnutrient

enriched groundwater. Nutrient loading and rates of ground water discharge are

generally correlated and increase with increasing rainfall as shown by Lewis (1985).

Costa et al (2000) observed differences in nitrate concentrations ofgroundwater between

a developed and undeveloped site in Brazil and in conjunction, significantly higher
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benthic algal cover at the impact site. They ruled out herbivore pressure in driving these

differences because fishing pressure was equal between the two sites and concluded that

higher algal cover at the developed site was a direct result of enriched groundwater.

Lapointe (1997) measured extremely high levels ofdissolved inorganic nitrogen (DIN)

and soluble reactive phosphorous (SRP) at Discovery Bay, Jamaica in 1987. These values

decreased with distance from shore and were negatively correlated with salinity

suggesting natural springs as the source of enrichment. In the same study Lapointe

documented elevated DIN and SRP concentrations near the substrate at approximately 27

m depth in comparison to surface waters 2-3 km offshore in West Palm Beach, Florida.

He attributed these differences to submarine groundwater discharge. Clearly some reef

environments experience elevated nutrient concentrations through groundwater

discharge. The depth and location that seepage takes place will be highly dependent on

the geology ofthe location and the subsequent effects will be relative to the structure and

composition of the benthic community (different effects will be observed for seagrass

beds versus coral reef environments).

Szmant and Forester (1996) conducted a large-scale water quality sampling

program throughout the Florida Keys to determine ifonshore-offshore gradients existed

in inorganic nutrient concentrations and to determine whether or not coastal

eutrophication could be a factor influencing the abundance of algae throughout the

Florida Keys. Results of this study showed localized nitrogen (N) enrichment nearshore

especially in harbors or canals. Both water column and sediment N levels decreased with

distance from shore. The gradient ofhigher N concentration in the water column and in

the sediments at inshore sites suggests anthropogenic and other natural sources of
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terrestrial-derived enrichment. Because ofthe steep and rapid decline in N concentration

with distance from shore, they suggest that this enrichment does not reach offshore reefs

and is perhaps absorbed by the dense seagrass and algal beds in the region. Distribution

ofphosphorous (P) was generally opposite that ofN and increased in concentration with

distance from shore. This was attributed to periodic upwelling at the offshore sites. In the

middle Keys, areas where water bodies between Florida Bay and the reef tract are

continuous they found generally higher DIN concentrations and less of an onshore

offshore gradient for either N or P. This observation suggests that enriched water from

Florida Bay is being transported to middle keys locations through passes between the

islands. Finally, concentrations of total nutrients were much higher during winter storms

when sediments were resuspended. More thorough research programs such as the Florida

Keys example above are needed throughout the tropics to understand the complexity of

nutrient dynamics on tropical reefs.

Observed Changes in Benthic Communities

Several studies have documented the changes on reefs apparently as the result of

"eutrophic" conditions. The definition of eutrophic implies "the process by which a body

ofwater becomes enriched in dissolved nutrients (such as nitrates and phosphates) that

stimulate the growth of aquatic plant life usually resulting in the depletion of dissolved

oxygen" and probably originated as follows: German Eutroph eutrophic, from Greek

eutrophos well-nourished, nourishing, from eu- + trephein to nourish (Merriam-Webster

2001). While this phenomenon is commonly observed in enclosed bodies ofwater such

as lakes, standing water in rivers (Wharfe et al. 1984) and irrigation systems (Joska and
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Bolton 1996) and in temperate coastal (Thybo-Christesen et al. 1993, Duarte 1995,

Raffaelli et al. 1998), lagoon (Taylor et al. 1995, Runca et al. 1995) and estuarine

environments (pederson and Borum 1996, 1997, Valiela et al 1997) it is less common and

more difficult to determine causality in tropical coastal conditions.

Because of the belief that coral reef ecosystems worldwide have evolved under

oligotrophic conditions, researchers have typically believed that any significant increase

in nutrient levels above nearly undetectable background levels would lead to an increase

in algal abundance. Degradation ofreefs throughout the tropical regions of the world has

been observed and in many cases attributed to anthropogenic increases in nitrogen and

phosphorous. Primary causes of degradation involve not only enhanced algal abundance,

but elevated nitrogen and specifically phosphorus have been linked to 50% decreases in

coral calcification on the Great Barrier Reef (GBR) (Kinsey and Davies 1979). Several

case studies have documented algal blooms resulting from supposed reduced water

quality in Kane'ohe Bay Hawai'i (Banner 1974, Smith et aI1981), Maui (Hodges unpubl

data), Reunion Island (Nairn 1993), Barbados (Tomasik 1991), Bermuda (Lapointe and

O'Connell 1989), Martinique (Littler and Littler 1993), Jamaica (Lapointe 1997), Florida

Keys (Lapointe et al. 1994), West Palm Beach, Florida (Lappointe 1997), Brazil (Costa

Jr. et a12000) and the Great Barrier Reef, Australia (Bell 1992). Based on the nutrient

concentrations associated with algal blooms in these observational studies, some authors

have proposed a Nutrient Threshold Hypothesis (NTH) (1.0~ for DIN and 0.1 J..1M for

SRP) for reef systems, which if exceeded will lead to algal blooms (Bell 1992, Lapointe

1999). Other authors have suggested that, given the diversity ofnutrient conditions that

reef communities have evolved under, the wide range ofphysiological strategies of
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individual organisms, and the interaction of many other important ecological factors, that

a universal threshold level may not be appropriate (Hughes et a11999, McCook 1999).

While the aforementioned case studies are useful in the documentation of reef decline,

they are primarily observational and do not directly infer mechanistic bases for change.

Direct Effects on Algal Species

The most direct method for determining whether or not algae will respond to

elevated nutrient concentrations is to conduct growth and or physiological nutrient

enrichment assays. Despite much controversy in the literature over the past several

decades regarding the role nutrients have in driving algal blooms on reefs, it is surprising

that more researchers have not taken this approach. Nutrient limitation in algae implies

that an increase in the limiting nutrient will lead to increases in growth and/or

physiology. It is generally accepted that many coral reef algae are indeed nutrient limited

and that differential limitation can occur among species on the same reef as a result of

differing nutrient acquisition strategies and general physiology (Hatcher and Larkum

1983, Stimson et al. 1996, Larned 1998, Shaffelke 1999).

Larned (1998) showed in a laboratory growth experiment that specific growth

rates for nine species ofcommon reef algae in Kane'ohe Bay were all enhanced by

enriched seawater. Positive growth was not sustained in over halfof these species grown

in ambient low nutrient seawater despite the persistence of these species on Kane'ohe

Bays reefs. This suggests that water column nutrient concentrations are not the sole

source ofnutrients for these species; benthic sources such as release ofnutrients from

groundwater seeps, sediment remineralization and macrofaunal excretion have all been

identified as possibly contributing to localized enrichment. All species responded to
9



enrichment in general but some were nitrogen limited while others were phosphorous

limited, again emphasizing different requirements among species. Algae that form

blooms in Kane'ohe Bay, specifically Graci/aria salieornia, Kappaphyeus spp. (Rogers

and Cox 1999) and Dietyosphaeria eavernosa (Stimson et al. 1996) all exhibited positive

growth in ambient low nutrient conditions during growth assays but they all responded

significantly to nitrogen enrichment. Because these bloom-forming species are not

saturated with ambient water column nutrient levels any addition ofDIN or SRP into the

water from terrestrial or other sources has the potential to influence growth rates. Larned

(1998) concluded that nutrient dynamics are complex and species- and location-specific;

species growing at exposed sites where water motion is high primarily depend on

advection for delivery ofnutrients whereas species growing at protected sites will be

primarily dependent on other sources such as sediment release.

Recent evidence indicates that the spatial distribution of algal species on a reef or

along cross-shelf gradients may be directly related to nutrient requirements. Inshore

locations on the Great Barrier Reef receive periodic pulses of elevated nutrients primarily

through rain and river runoff during the wet summer season. It has been suggested that as

a result of increased human activity (agriculture, sewage etc.) increased nutrients from

shore maybe driving algal abundance on the GBR. Schaffelke and Klumpp (1998 a, b)

examined the effects of nitrogen and phosphorus addition on the growth, tissue and

photosynthetic performance of Sargassum haecu/aria. This species is a common

component of the nearshore reef flat communities but is generally absent at offshore

locations; the researchers hypothesized that abundance of this alga was a result of

enhanced nutrient concentrations nearshore. They observed significant enhancement of
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all measured parameters and showed maximal levels ofgrowth in the field during the

summer months when rainfall and runoff were the highest. It was concluded that S.

baecularia was nutrient limited (both N and P) and low to moderate nutrient

enhancement could lead to increases in growth and subsequent abundance if space was

available and herbivore pressure was low. They maintained that the distribution of this

species was limited by nutrient availability nearshore. Further, they pointed out that the

enrichment events that apparently drive S. baeeularia abundance are episodic in nature

and would most likely be missed in any standard water quality sampling programs.

In more comprehensive studies, researchers have sought to determine differential

distribution ofmacroalgae across onshore-offshore gradients associated with terrestrial

nutrient inputs and to determine factors influencing ephemeral blooms of inshore algae.

Schaffelke (1999) used short-term nutrient pulses to assess nutrient limitation in species

distributed solely at inshore locations versus cross-shelf species and between ephemeral

versus perennial species. S. baeeularia, an inshore perennial species had up to 50%

higher photosynthetic rates 40% higher tissue nutrients following enrichment pulses. Net

photosynthetic rates of inshore, ephemeral species Chnoospora implexa, Hydroclathrus

clathratus and Padina tenuis increased between 30 and 50% while tissue nutrient levels

increased by 10-20% after a single pulse. Finally, two perennial species with a cross-shelf

distribution (Chlorodesmis fastigiata and Turbinaria ornata) did not respond

photosynthetically to enrichment but did accumulate 15-20% more tissue nutrients than

untreated thalli. Results of this study indicate important species-specific differences in

nutrient limitation. Species with predominantly inshore distributions or species that are

ephemeral in nature generally show a more pronounced response to nutrient pulses than
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do the typical reef species with broader distributions. This study also indicates that the

response of algae to nutrient enrichment may be manifested in different ways. For

example, even though the offshore species did not show increased photosynthetic rates in

relation to nutrient pulses, there were increases in tissue nutrient levels. Finally, in the

absence ofany other controlling factors, long-term enrichment of sites may lead to

changes in algal community structure; as a result ofcompetition among macroalgal

species, dominance would be achieved by weedy species that are able to respond rapidly

to transient or persistent nutrient sources (e.g. Ulva species).

Similar studies have been conducted in temperate environments to explain

different nutrient requirements for different types of algae. For example Pederson and

Borum (1996, 1997) examined the potential for sustained growth in low nutrient

conditions for six species ofmacroalgae in Denmark, two slow growing perennial (Fucus

vesiculosus and Codium fragile) and four fast growing ephemeral species (Chaetomorpha

/inum, Cladophora sericea, Ceramium rubrum and Ulva lactuca). The nitrogen required

to support maximum growth varied 16-fold among species with the ephemeral, fast

growing species having the highest requirements. The fast-growing species showed

growth rates 13 times as high as and tissue nitrogen 2 to 3 times higher than slow

growers. Faster growing species also took up ammonium and nitrate 4 to 6 times faster

per unit biomass than slow-growers. The researchers concluded that at the algal species

best able to sustain maximum growth rates under conditions ofnutrient limitation will

have the competitive advantage to become dominant in mixed algal communities. At high

and non-limiting nutrient conditions, weedy, fast growing ephemeral algae will be

favored simply because oftheir rapid growth rates, and will outcompete or grow-over the
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slow-growers. Results ofthese studies can be directly applied to coral reef environments;

under low nutrient conditions mixed algal communities thrive (Adey 1998) whereas

under severely enriched conditions we see monospeciefic blooms (Lapointe and

O'Connell 1981, Lapointe 1997) or dominance by a few weedy species.

Macroalgal blooms in temperate and tropical environments share many

characteristics. In temperate, relatively nutrient rich waters, blooms are characterized by

excessive growth and dominance of algae belonging to a small species pool (Raffaelli et

al. 1998). These eutrophic indicator species or nuisance algae are, for the most part either

filamentous (Cladophora) or sheet-like (Ulva) and are predominantly green algal species.

The generally simple morphological forms of these species allow them to take advantage

ofhigh surface to volume ratios where they can take up nutrients rapidly and absorb light

over a large area; they are also generally tolerant to a wide range ofboth temperature and

salinity (Raffaelli et al. 1998). The abundance, growth, and proliferation of these species

does seem to be directly tied to nutrient levels but will also be limited by and dependent

upon propagule availability.

While it is more difficult to determine direct linkage between nutrient enrichment

and algal blooms in the tropics, certainly some algal blooms resemble those oftemperate

ecosystems. Massive blooms of Cladophora glomerata in Bermuda (Lapointe and

O'Connell 1981), Cladophora sericea in Maui (pers. obs.), and Chaetomorpha /inurn in

Jamaica (Lapointe 1999) are all examples of tropical algal blooms where the same

species have been reported as bloom formers in temperate eutrophic conditions. We

cannot dismiss nutrients as a factor in driving tropical algal blooms without examining
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the individual species involved in the bloom and by thoughtfully addressing nutrient

physiology of those species.

In summary, it is clear that not all algal species are alike in their nutrient

requirements and in their capacity to exploit high nutrient concentrations. In general slow

growing perennial algae are able to subsist in low nutrient environments in both

temperate and tropical regions. However, fast-growing and often ephemeral algae seem

to be able to exploit transient or chronic nutrient sources and outcompete other algal

species under elevated nutrient conditions. This situation often ends in dominance by one

or a few species. However, the net standing crop of any algal species (tropical or

temperate) is not only the result ofgains caused by growth (related to nutrient levels) but

to losses resulting from grazing or physical disturbance. Simply because algal standing

crop on a reef is high does not indicate nutrient enrichment. But if algal growth rates

caused by enhancement of nutrients exceed losses due to grazing then nutrient

availability can be implicated in the formation ofblooms.

Naturally Elevated Nutrients on Tropical Reefs

For many years it was generally accepted that coral reefs are oligotrophic in

nature and that biological communities within these ecosystems persist and thrive on low

nutrient concentrations by tightly recycling inorganic nitrogen and phosphorous. Several

recent studies have shown that reef environments can be much more dynamic, where

localized upwelling and subsurface internal tides can bring cold nutrient-rich water up

onto reef slopes. In areas such as high oceanic islands and offshore barrier reefs where

topography changes dramatically with short distances from shore, these events can be

14



quite frequent and may be an important source ofexternal nutrients. Internal tides and

upwelling events have now been documented on several reefs around the world including

the GBR, Australia (Andrews and Gentien 1982, Wolanski et al. 1988, Furnas and

Mitchell 1995), Conch Reef, Florida Keys (Leichter et al. 1996, Leichter et al. 1998,

Leichter and Miller 1999), Tahiti, French Polynesia (Wolanski and DelasalleI994),

Panama (Glynn 1977), Brazil (de Guimaraens and Coutinho 2000) and Yemen (Ormond

and Banaimoon 1994). Such events have been blamed for the elevated offshore

phosphorous concentrations observed in the Florida Keys (Szmant and Forester 1996).

The biological significance of these large-scale physical events has largely been tied to

temperate regions, where nutrients associated with upwelling events support extensive

biomass of large macroalgae.

The effects of upwelling events on the productivity and physiology ofmarine

macrophytes (Zimmerman and Kremer 1984, Fujita et al. 1989, Alves de Guimaraens and

Coutinho 1996, 2000, Kiirikki and Blomster 1996) and phytoplankton (Maranon and

Fernandez 1995, Bode et al. 1996, Kudela et al. 1997, Latasa et al. 1997) in temperate

regions have been intensively studied. However, there has been little research

documenting community or species responses to these events on tropical reefs. Some

studies have shown changes in planktonic communities (Wolanski and Hammner 1988,

Pinneda 1994, Leichter et al. 1998) and coral growth (Glynn 1977) on reefs in association

with these internal wave/upwelling events; others have speculated the influence of these

events on benthic algal communities (Wolanski et al. 1988, Ormond and Banaimoon

1994). Seasonal changes in benthic algal assemblages have been correlated to localized

upwelling in Brazil (Alves de Guimaraens and Coutinho 1996, 2000) and Yemen
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(Ormond and Banaimoon 1994), with productivity increasing dramatically with the onset

of the upwelling event. Alternatively, deep-water algal assemblages have been described

from a number of tropical locations worldwide (Vooren 1981, Agegian and Abbott 1985,

Parrish et al. 2000) with little to no explanation as to the origin ofnutrients driving these

highly productive communities. Wolanski et al. (1988) speculated that pulsed tidal jets

and associated high levels of nitrate supported the productivity of deep Halimeda

meadows found off the GBR but no direct evidence was provided. Physical forcing of

upwelling associated with cool water may be an important source of externally derived

nutrients and suspended particles on tropical reefs; much more research is needed to

understand the dynamic functional significance ofupwelling in the tropics.

Summary

The role of inorganic nutrients in driving or promoting algal blooms on tropical

reefs in single factor analyses remains unclear. Because nutrient dynamics can vary at

such small spatial and temporal scales it is very difficult to determine causality in a field

setting without directly manipulating nutrient levels. Even still, the topographic

complexity of an environment can vary spatially, thereby altering flow rates and

subsequent flux between areas on a given reef. Because of the rapid uptake of inorganic

nutrients by some benthic organisms, static measures ofwater chemistry may not be

representative of nutrient values that the community is seeing. In order to truly

understand how nutrients affect benthic communities more field experimentation is

needed under relatively controlled conditions. Further, nutrient physiology of algae

grown under controlled and field manipulated conditions can provide a great deal of
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information about nutrient requirements, uptake and growth rates and competitive ability

relative to other species grown under similar nutrient regimes. In an effort to determine if

certain species of algae will respond to elevated nutrients, adequate experimentation is

needed.

(2) Interactive Effects ofTop-Down and Bottom-up Factors: Nutrients and Herbivores

Top-Down and Bottom-Up Factors Influencing Algal Communities on Tropical Reefs

Both top-down and bottom-up forcing functions clearly influence the structure

and development ofbenthic ecosystems worldwide. For algal communities, bottom-up

forces generally set the upper bounds on growth rates and are characterized by physical

factors that enhance or inhibit growth of a species. Top-down forces on the other hand

infer any process that removes standing crop or biomass but does not directly affect

growth rates. Therefore, if these two influential and opposing forces exist in perfect

balance there would be no net gain in algal standing stock, all biomass that is produced

by the community would be subsequently consumed by grazers and we would observe

little to no change in standing stock ofbenthic algae.

In most reef communities, algae are often the most common but inconspicuous

component of the benthos, at least on a biomass per unit area basis (Odum and Odum

1955, Adey 1998, Hatcher 1997). Nevertheless, grazing pressure is often quite high and

macroalgal standing crops are low suggesting a tight balance between forcing functions

where most gains achieved by low or small pulses of nutrients are consumed by

herbivores. The exception to this rule would be in algae that possess secondary

metabolites or chemical defenses from herbivory where top-down control would be less
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regulated (See Hay 1997). In cases where herbivores are abundant and algae are not

chemically defended, algal biomass may be removed or cropped to low standing crops

even in the presence ofelevated nutrients. Finally if space is not a limiting factor, algal

abundance can increase on reefs where either herbivory is held constant and nutrient

loads increase or nutrient loads are held constant and grazing pressure decreases. Finally,

ifboth factors are affected simultaneously (high nutrient, low herbivory) presumably

large changes could occur. However, the above scenario has not been substantiated from

an experimental perspective and so it may be possible that herbivore pressure overrides

nutrient effects and/or vice versa. While most of the above information comes from basic

ecological principles, direct evidence and implications for reef communities have and

continue to exist in a state ofdisagreement. The following summarizes the literature

regarding simultaneous investigations of top-down and bottom-up factors on reef

ecosystems in a chronological sequence.

Much of the historical research that investigated top-down and bottom-up factors

failed to examine the simultaneous interactions of these factors together. The first study

that examined both nutrients and herbivores as possible controlling factors of algal

standing crop on reefs was conducting in 1979 by Hatcher and Larkum (1983). While this

study was conducted at One Tree Lagoon, GBR where nutrient levels are typically high

due to remineralization (Hatcher 1999), the authors found significant nutrient and

herbivore effects on the benthic community. On outer reef slopes inorganic nitrogen

limited algal community growth but the standing crop was determined by grazing losses.

In the subtidal lagoon, nutrients and grazing alternated seasonally in controlling standing

crop. Finally, the researchers concluded that only within limited temporal and spatial
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scales could grazing alone adequately predict algal standing crop and that other abiotic

factors including light, temperature and nutrient levels are all subsequently important.

In 1984, Littler and Littler proposed the Relative Dominance Model (Figure 1) as

a predictive tool in determining the dominant benthic photosynthetic functional group

(Steneck 1997) as a function of long-term exposure to differing levels ofboth nutrients

and herbivore activity. Littler and Littler (1991) provided correlative field evidence from

several islands within the Seychelles Republic for this model but for more than a decade

experimental evidence for or against it was lacking.

Over the last few decades a number of factorial experiments were conducted to

investigate the interactive effects ofherbivory and nutrient enrichment (Table 2). Miller

et al. (1999) conducted a factorial experiment in the Florida Keys that assessed

"ecologically relevant" levels of nutrient enrichment on the abundance ofbenthic algae

on settlement surfaces subjected to different grazing regimes during a four-month

interval. These researchers claimed that their experimental manipulations provided a test

for both the comprehensive conceptual Relative Dominance Model (RDM) (Littler and

Littler 1984) and for the Nutrient Threshold Hypothesis (NTH) (Bell 1992, Lapointe

1997). Strong herbivore effects were detected where both filamentous turf and

macroalgae increased in abundance when large herbivores were excluded and crustose

coralline algae declined. Nutrient effects were negligible and when present actually

opposite ofpredictions (macroalgal inhibition in nutrient enriched treatments). Results of

this study as stated by the researchers did not provide evidence for either the RDM or

NTH. However, the RDM was developed to predict the outcome ofdiffering levels of

herbivores and nutrients on a long-term scale. Clearly, the four-month duration of this
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experiment is not long-term from a community development perspective and may not

have been sufficient time for succession to occur and reach some sort ofequilibrium.

Several hypotheses were offered to explain the lack of a nutrient effect during this study.

Algae are hypothesized to be nutrient replete because a) the Florida Keys are subject to

anthropogenic nutrient enrichment (Lapointe and Clark 1993), b) natural external sources

ofnutrient enrichment such as upwelling provide necessary levels ofnutrients to the

benthos (Leichter 1996) or c) that flow rates and turbulence are high enough to ensure

adequate flux to sustain maximal algal growth (Lamed and Atkinson 1997). The

researchers conclude that nutrient limitation in tropical seaweeds is overstated and that

''the nutrient-limited status of coral reef algae may be a paradigm in need ofrevision".

Several published accounts provided conflicting evidence for the causes ofphase

shifts on reefs primarily due to lack of comprehensive experimentation. These conflicting

results led to a debate between researchers primarily arguing for or against either

herbivores or nutrients as being the more influential factor in algal bloom formation. In

the paper by Lapointe (1997 see in detail above), results supporting a nutrient effect on

benthic algal biomass in both Florida and Jamaica were reported and subsequently used

to support the NTH. Results of this study were rebutted by Hughes et at. (1999), where

alternative explanations for many of the results and conclusions were given including the

hypothesis that spatial and temporal patterns in algal abundance conformed much more

closely to patterns ofdeclining herbivory than to nutrient enrichment. These researchers

made claims that some ofLapointe's (1997) observations were incorrect or even non

existent. Lapointe (1999) then responded and again supported his initial arguments and

refuted those ofHughes (1999). In summary, for a researcher not working in the areas of
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Jamaica and/or South Florida it becomes very difficult to form an unbiased and objective

opinion as to the ultimate causes ofthe algal blooms in those locations. Both research

groups provide convincing yet sometimes opposing data sets. Conflicts such as these

underscore the importance and need for more multifactorial field experiments and

experiments addressing specifically nutrient responses and herbivore preferences of algae

(both single species and community level investigations).

Following the above debate, a recent special issue of the journal "Coral Reefs"

was dedicated solely to the topic of "Coral Reef Algal Community Dynamics". Among

these studies three of them specifically addressed the combined effects ofboth herbivory

and nutrients on reef algae with experimental manipulations. Both Thacker et al. (2001)

and Smith et al. (2001) conducted a randomized factorial block design with herbivore

exclusion and nutrient enrichment. The Thacker et al. (2001) study examined changes in

natural benthic communities over a four-month period and documented primarily

herbivore effects. Removal of grazers changed the benthic communities from dominance

by filamentous cyanobacteria to dominance of fleshy macroalgae (Dictyota

bartayresiana, Padina tenuis and Tolypiocladia glomerata). Results ofpreference tests

conducted simultaneously suggest that when grazing pressure is reduced, less palatable

macroalgae may dominate reef communities. When grazers are entirely removed, benthic

communities shift to more palatable species. Enriched nutrients enhanced the cover ofD.

bartayresiana but not the overall biomass; no other species or groups were affected by

enrichment. Finally interactive effects between grazing and nutrient enrichment were not

detected and researchers concluded that herbivory serves a critical role in determining

coral reef community structure.
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The study conducted by Smith et al. (2001) again involved a factorial analysis of

the effects of enhanced nutrients and reduced herbivory on benthic community structure.

This study persisted for six months and showed significantly different results from the

previous two experiments (see Table 2). Nutrient enrichment enhanced calcified biomass,

primarily crustose coralline algae while herbivore exclusion enhanced fleshy turf algae.

The interactive effects ofboth treatments produced the largest effect and enhanced both

fleshy and calcified weights in addition to macroalgal cover (Smith et al. 2001, see

Chapter 2). Interestingly, while at the four month interval (typical duration of other

studies) significant treatment effects were observed in relation to controls, there were no

distinguishable effects between the two factors until the 5th and 6th months. The results of

this study also indicate that the communities were still changing at the six-month interval

and had not reached equilibrium in biomass for any of the experimental treatments. They

note that a weedy alga Ulva fasciata occurred in proliferation on tiles exposed to both

herbivore reduction and nutrient enrichment, while this species was not visibly present on

the nearby reefs. This suggests that this known bloom-forming alga (Raffaelli et al. 1998)

was nutrient limited at this site and would be able to persist on subtidal reefs given the

appropriate conditions. Smith et al. (2001) conclude that both top down and bottom up

effects seem to have an influence on this community but the interactive effects were

much larger than either factor alone.

Summary

In summary results from comprehensive factorial studies are again not in

agreement (Table 2). However, critical analysis of these studies indicate that the methods,
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levels ofenrichment, duration, habitats, depth, background communities and subsequent

species pools, water chemistry and possibly even herbivore pressure were not consistent.

This lack of similarity makes comparison among studies and subsequent results quite

difficult. While each study offers valuable results and is an important contribution to this

controversial field ofreef ecology, the results need to be examined in context. Perhaps

researchers need to devise and develop standardized methods and sampling protocols for

this type of research so that individual design biases do not confound results and

comparison ofstudies can occur among regions.

(3) Non-indigenous Algae in Coastal Environments

Impacts ofspecies introductions

Anthropogenic introduction of species, whether accidental or intentional, is

having a homogenizing effect on the world's biota (Lodge 1993; Walker and Kendrick

1998), and marine algal species are no exception. Over 150 species ofmarine algae have

been introduced or transferred throughout the world (Eldredge 1994). While many of

these were transported by ships, nearly half have been transplanted with aquaculture

experiments, some have been carried along with other introduced aquaculture species

(e.g. oysters), and some transferred through canals or by unknown mechanisms (Russell

1987). Many cultivated seaweed species have been introduced around the globe in the

hopes ofcreating more farming sites. Unfortunately, there is no evidence that any studies

have ever been conducted on the environmental impact of such activities prior to
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introduction. There is also very little literature on the effects that these introductions have

had after the fact, on either community structure or function.

Accidental introductions ofseaweeds

It may be difficult or impossible to predict the impact of a given species

introduction, but sometimes aspects of a species biology which enable it to spread widely

and (sometimes) adversely effect new habitat can be identified. While there have been

few studies on the impact ofalgal species introduced for the purposes of aquaculture,

there are numerous examples of the adverse effects of accidental seaweed introductions.

This section 1) outlines the accidental introductions ofSargassum muticum, Caulerpa

taxifolia and Undaria pinnatifida; 2) discusses the effects of these introductions, and 3)

suggests some of the possible reasons underlying their success in spreading and

colonizing new locations.

Sargassum muticum

Originally just a minor component ofthe Japanese marine flora, Sargassum

muticum is now a well-established member of the marine community on the Atlantic

coast ofnorth America and the south-western coast ofEurope. Introduced to British

Columbia with Crassostrea gigas (oysters) in the early 1940's, it subsequently spread

along the Pacific coast ofNorth America. By 1971 it was as far south as Baja California.

Critchelyet al. (1983) give a chronology of the spread ofS. muticum to European waters.

While it was first recorded in 1973 at Bembridge, Isle ofWight on the south coast of

England, the site of infestation was most likely the French oyster beds at Normandy.
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Populations around the Isle ofWight continued to grow despite an attempted clearance

program (Critchley et al. 1983). By 1981 it had spread north along both coasts of the

English Channel, to Belgium and the Netherlands, and had established a population on

the Mediterranean coast ofFrance. By 1989 S. muticum had spread as far north as

Sweden, Denmark and Norway (Rueness 1989), and south to the Atlantic coast ofSpain

and Portugal (Critchleyet al. 1990).

Andrew and Viejo (1998) found that invasion ofS. muticum in northern Spain

was inhibited by the density of local species, observing the greatest recruitment in cleared

patches. They concluded that lack of free space and differences in wave exposure played

important roles in limiting the invasion ofS. muticum. While this is a hopeful sign, there

is evidence that once S. muticum does gain a foothold, it can affect recruitment of local

species. This was the case in southern California, where, following a natural

disappearance of the giant kelp Macrocystis pyrifera populations, S. muticum was found

to inhibit the recruitment ofM pyrifera such that this species did not reinvade disturbed

locations (Ambrose and Nelson 1982). The means of inhibition was most likely shading.

There is intense competition between S. muticum and M pyrifera, as they utilize the same

resource and both form canopies. As kelp forests are regularly exposed to both natural

and human-made disturbances (North and Pearse 1970; North 1971; Rosenthal et al.

1974), S. muticum may continue to have an impact on the distribution ofM. pyrifera

(Ambrose and Nelson 1982), and possibly on populations ofother kelp species.

There are many features ofS. muticum biology that make it an effective ''weed''

(Paula and Eston 1987, Andrew and Viejo 1998).

• It is monoecious
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• It is highly fecund (produces massive numbers ofgametes)

• It has a perennial holdfast which may regenerate shoots

• The fronds detach from the holdfast towards the end of its growth cycle and

can float for long distances (unlike most seaweeds which would sink) due to

air filled vesicles on the fronds. This floating material can not reattach but is

fertile, so can inoculate new areas

• It has rapid growth - up to 4 em/day (Nicholson et al. 1981)

• It is tolerant of a wide range oftemperatures and salinities.

Caulerpa taxifolia

Caulerpa taxifolia, a species native to the Pacific (Garrigue 1995) was first found

in 1984 in Mediterranean waters on the shore at Monaco, outside the Oceanographic

Museum where it had been on display (Meinesz et al. 1993). Once established, it spread

very rapidly, with an estimated cover of 30 ha in 1991, 430 ha in 1992 and 1300 ha by

late 1993 (de Villele and Verlaque 1995). Since its introduction in Monaco it has spread

along the Mediterranean coasts ofItaly, France and Spain and Croatia (Ferrer et al.

1997).

C. taxifolia represents a form ofbiological pollution that threatens biodiversity of

temperate marine ecosystems around the globe. This species has dramatically altered the

appearance and structure ofbenthic communities in the western Mediterranean Sea. A

significant amount ofresearch has been carried out on the adverse effects of C. taxifolia

upon local species. It has been shown to have an apoptotic effect in the marine sponge

Geodia cydonium (Schroeder et al. 1998), and cause regression in the seagrasses
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Posidonia oceanica (de Villele and Verlaque 1995) and Cymodocea nodosa (Ceccherelli

and Cinelli 1998). It lowers productivity in the macroalga Graci/aria bursa-pastoris

(Ferrer et al.1997) and it has been shown to inhibit or delay the proliferation of several

phytoplankton strains (Lemee et al. 1997). In addition, when compared to native

conditions, there are lower fish densities in areas of C. taxifoUa invasion (Relini et al.

1998).

There are several biological factors, which may contribute to the success of C.

taxifoUa in the Mediterranean.

• It grows much larger and is more tolerant to changes in temperature and

turbidity than in its native tropical seas (de Villele and Verlaque 1995)

• It is able to invade all kinds of substrata including mud, sand and rock

(Ceccherelli and Cinelli 1998)

• Once established it persists throughout the year (Hill et al. 1998)

• It possesses a high capacity for vegetative propagation and spread (de

Villele and Verlaque 1995, Smith and Walters 1999)

• There is weak pressure from grazers which is at least partially attributed to

the presence of repulsive secondary metabolites (Lemee et al. 1997)

• Like other species in the Bryopsidales it may take up nutrients directly from

the sediment through its rhizoids (Williams 1984)

• High nutrient loads in the water (Ceccherelli and Cinelli 1997) enhance

growth in eutrophic waters.
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Undaria pinnatifida

Native to Japan and Korea Undaria pinnatifida is farmed extensively in these

countries and northern China. Found in the subtidal zone from 2-12 m in depth, U.

pinnatifida is an annual seaweed with maximum growth in spring and early summer. In

late summer the sporophylls, located on the stipe of the sporophyte, release spores and

the sporophyte dies back. Between 100,000 and 1,000,000 spores are produced per gram

of sporophyll per day (Sanderson and Barret 1989). The microscopic gameteophytes

develop from the spores and lay dormant over winter. In spring, sexual reproduction

takes place between gametes produced by the gametophyte, and the macroscopic stage

begins again.

In 1971 U. pinnatifida was accidentally introduced to the Mediterranean coast of

France (Perez et al. 1981), probably with imported oyster spat. In 1983 the French

Research Institute for Exploitation of the Sea (IFREMER) transplanted U. pinnatifida to

the Atlantic coast ofFrance at Brittany. It has since spread to Spain and Italy (Floc'h et

al.1996) and the south coast ofEngland (Fletcher and Manfredi 1995). U. pinnatifida has

also been introduced to New Zealand (Hay and Luckens 1987), Tasmania (Sanderson

1990), mainland Australia (Campbell and Burridge 1998) and Argentina (Casa and Piriz

1996).

In Europe, New Zealand and Argentina U. pinnatifida mainly occurs on artificial

structures and Castric-Fey et al. (1993) claim that this alga is typified by its non

aggressive behavior against other flora. This is borne out by the interaction of U.

pinnatifida with the native Saccorhiza polyschides, another opportunistic kelp and U.

pinnatifida's main competition in Brittany. Floc'h et al. (1996) found that U. pinnatifida
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preferred to settle on artificial structures and that S. polyschides was dominant at the sites

that had been experimentally denuded.

Valentine and Johnson (2003) have shown that disturbance to the native benthic

community plays a key role in the ability of U. pinnatifida to establish in Tasmania,

Australia. They found that while microscopic gametophytic and sporophytic phases of the

alga existed throughout their study period only after the native algal canopy was removed

did the larger macroscopic stages of U pinnatifida emerge. They found no evidence that

U pinnatifida was able to displace or outcompete the native benthic assemblage in

Tasmania. Clearly, the outcomes of such invasions will vary depending on the species

and location at hand.

Hay (1990) identified three features of U. pinnatifida that make it an effective weed.

• As with S. muticum, it quickly colonizes disturbed substrates, or new

substrates such as wharfpiles and retaining walls

• There are U pinnatifida propagules in the water column for most of the year

(March to December in NZ) and in some locations (unlike in its native

habitat) it may have two generations per year

• It has a propensity for colonizing artificial structures, a trait selected for by

Asian aquaculturists. In fact U pinnatifida is readily spread from one harbor

to another on the hulls of ships. In New Zealand sporophytes were shown to

survive a four-week oceanic voyage in this manner.

Species Introduced For Culture In The Tropics
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Kappaphvcus and Eucheuma

There have been many cases where seaweeds have been introduced to new

locations for the purpose of farming and none more extensively than Kappaphycus and

Eucheuma. Table 3 lists introductions made in the tropics and shows that algae of the

genus Kappaphycus were introduced to 19 tropical countries versus Eucheuma to at least

13 tropical countries. Despite the rapid and widespread introduction of these algae there

have only been a few studies that have investigated the effects of these introductions. The

introductions to Hawai'i have been the most studied and a number ofadverse effects have

been reported.

The results of these studies are far from conclusive. Lodge's (1993) conclusion

that different locations will react differently to the same invader appears to be true. To

date five studies have been carried out on the impacts ofKappaphycus introductions:

Three in Hawai'i, one in Fiji and one in Venezuela.

Russell (1983) investigated the ecology ofK. striatum (previously Eucheuma

striatum) two years after it was introduced to Coconut Is. (Moko 0 Loe Is.), Kane'ohe

Bay, O'ahu, in 1974. Russell found that from the reef flat (where it was first introduced)

the algae drifted across to the reef edge where it established a small, non-self sustaining

population that was maintained by the influx ofmore seaweed fragments. He concluded

that the reef edge was merely acting as a sieve before the alga would move into deeper

water where it could not survive. K. striatum in Hawai'i (as well as in most parts of its

native range) had not been reported to produce spores, therefore reproduction was

assumed to be purely by fragmentation. Small fragments were capable ofdispersing short

distances and regenerating into full sized plants but Russell found that fragments did not
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cross deep channels. He found large numbers of fish (mostly juvenile scarids and

acanthurids) grazing on the algae, and an increased invertebrate diversity (the section of

the reefwith K. striatum had a higher index ofdiversity than the control site). He

concluded that K. striatum was non-competitive in Hawai'i as it primarily occupied

barren sand covered channels in the reef that were devoid ofboth native algae and coral

species. Assumptions were made about its inability to establish on hard subtrata. He did

find one negative effect; when the alga was allowed to drift onto the reef edge, it covered

a few small Porites compresa coral heads. After 74 days the corals were dead, which

Russell attributed to shading. This was however an isolated incident and Russell actually

found it more common to find damaged algae than coral when the two came into contact.

The actual mechanism ofKappaphycus overgrowth of coral in this case remains unclear

because the author stated that the alga was unable to attach to hard substrata.

While Russell found that the K. striatum had not spread to neighboring reefs in

two years, 22 years later the story was quite different. Rodgers and Cox (1999)

determined that the alga had spread 5.7 km (throughout Kane'ohe Bay) from 1974 to

1996. Abundance ofthis species was highest at sites with shallow depth and moderate

water motion. They predicted that Kappaphycus would continue to expand its range at

approximately 260 m/yr. While Russell (1983) had predicted that physical barriers would

stop the effective spread ofKappaphycus, Rodgers and Cox (1999) found that this has

not been the case; in fact they suggest that this introduced alga has the ability to spread

throughout Hawai'i. Later in 2000, Smith et al. (2002) conducted surveys throughout the

main Hawaiian Islands to assess the current distribution and status of nonindigenous

marine algae (NIMA) on Hawai'i's reefs. While the distribution ofKappaphycus was still
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confined to Kane'ohe Bay the alga had spread to a number ofreef locations it the North

Bay where it had not previously been recorded (Rodgers and Cox 1999).

Woo (2000) investigated various ecological characteristics ofK. striatum in

Kane'ohe Bay, examining the effects of herbivory upon its spread, seasonal patterns of

growth, the effects upon local coral, and the minimum fragment size which could

regenerate whole plants. She found that the ability ofK. striatum to spread was enhanced

by its capability to regenerate whole plants from fragments weighing as little as 0.05 g,

and its ability to alter morphologically in response to environmental conditions, such as

high wave energy and grazing pressure. While Russell (1983) only found one case ofK.

striatum overgrowing and killing coral, Woo (1999) found this to be a common

occurrence (although it was not quantified). Woo also found that grazing plays an

important role in determining its distribution and limiting its spread. This last point is

significant as a) Hawai'i does not have rabbitfish (siganids), which have been cited as

one of the main problem herbivores on Kappaphycus farms elsewhere, and b) there are

few herbiovrous urchins in Kane'ohe Bay (pers. obs.). So over a 25-year period

Kappaphycus has spread throughout Kane'ohe Bay, and there maybe nothing stopping it

from spreading further in the Hawaiian Islands.

In Zanzibar there is anecdotal evidence that fragments ofboth Kappaphycus

alvarezii and Eucheuma denticulatum are washed from farms to neighboring reefs, where

free living populations seem to subsequently flourish. While there has been no attempt to

assess the extent or impacts of these populations, locals assert that they are kept in check

by fishermen who collect the seaweed to sell (Zemke-White pers. comm.).
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Two other studies have examined the spread ofK. alvarezii from farm sites. Ask

et aI. (in press) monitored the movement ofK. alvarezii for one year from test-farm sites

in Ono-I-Lau Island, Fiji. In Venezuela Rincones (in press) monitored the movement of

K. alvarezii from farms sites over 3 years. In Fiji no independent populations ofK.

alvarezii were found outside the farms while in Venezuela small populations were found,

but Rincones concluded that these could only be maintained by the influx of thallus

fragments from the farms. Russell (1983) came to a similar conclusion two years after the

introduction ofK. alvarezii to Kane'ohe Bay, Hawai'i, but the later, longer term studies

identified adverse effects and determined that independent populations did persist, so

Russell's conclusion remains questionable.

It seems that, given enough time, Kappaphycus used in commercial cultivation

has the ability to spread from farm sites and establish independent populations. Both the

extent of this spread and the effects upon local species may differ between locations, but

prior to and following introduction these effects should be determined before large-scale

farming is undertaken.

Effects ofIntroduced Species

Introducing seaweed to a new location can have adverse effects on the local flora

and fauna. Many seaweed species have been introduced in the tropics but none more so

than Kappaphycus, the genus that underpins the world industry for kappa carrageenan. So

far the only location to report adverse effects resulting from the introduction of this genus

is Hawai'i. However, it is significant that Hawai'i is the location where the most research

on the impacts of introducing Kappaphycus has been carried out. It is also significant that

it has taken some 25 years for adverse effects to be reported. Nevertheless, the alga is
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now one of the most common benthic species in Kane'ohe Bay and is likely causing

significant loses to native species diversity and coral cover.

In the literature on alien introductions, the species receiving the most attention are

the ones that invade and cause problems very quickly. Following introduction,

Sargassum muticum, Caulerpa taxifolia, Codium fragile subsp. tomentosoides and

Undaria pinnatifida all invade new areas quickly and as a consequence there has been

much research carried out on the effects of these invasions. Slow spreading seaweeds

such as Kappaphycus do not seem to receive the same amount ofattention by researchers.

There is a danger in this as there is no a priori reason to assume that just because a

species is slow spreading, it will have no adverse effects on local organisms.

Kappaphycus is a case in point; although it has taken 22 years, the species has spread

over 5.7 kms ofHawai'i and is clearly causing problems. Whether the situation in

Hawai'i is an anomaly among the numerous locations in the other 18 countries around the

world where Kappaphycus has been introduced is unknown.

Some suggest that this introduced seaweed in Hawai'i is only a problem because

unlike in other countries, individual plants are not rapidly collected and sold the way they

would be in seaweed farming countries and areas. However, in Tanzania seaweed escapes

from farms and sets up independent populations even where it is harvested. Perhaps no

adverse effects have been reported as a result of these populations in Zanzibar and many

other regions simply because no one has looked. More rigorous studies are needed to

quantify the success rate of invader establishment in new environments and the potential

impacts that these invasive species pose to coral reef ecosystems across the globe.
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(4) Algal Blooms: A Case Study

Kane 'ohe Bay, Hawai'i

As early as 1973, Kane'ohe Bay was considered "a reef ecosystem under stress"

(Smith 1981). The stress was primarily believed to be the result of rapid population

growth (population grew 450% between the years of 1940-1960) and urbanization of the

surrounding watersheds during the previous 30 years. In addition to the effects ofcoastal

development, dredging, landfill, runoff, sedimentation and stream channelization, excess

nutrients associated with the discharge of 3 sewage pipes have all been implicated in the

degradation ofthe bay's reefs. Sewage was discharged into the bay from three plants

(maximum rates of 1.8 x 104 m3/day in 1977); the first two were located in the south bay

and began pumping as early as 1940 and 1960, and the third was located in the North Bay

and began operations in 1970. Following public outcry at the rapid decline in the bays'

reefs, the two sewage pipes in the south bay were diverted to an offshore location in

1977-1978. The third pipe was not diverted until 1986 (Smith et al. 1981). Unfortunately,

prior to the late 1960's there were little scientific data describing the condition or status

of the relative abundance ofbenthic reef communities. Following apparently observed

changes and concern over the effects of sewage discharge on the reef communities in the

bay, researchers began conducting benthic surveys (Maragos et al. 1985, Hunter and

Evans 1995).

The pattern that followed over the next 20 years involved several significant

changes in community structure (Banner 1974, Smith et a11981, Maragos et al. 1985,

Hunter and Evans 1995, Stimson et al. 2001). The most pronounced observation was the

supposed explosive growth of the green alga Dictyosphaeria cavernosa and smothering
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ofcoral species. Surveys conducted at a variety ofdepths throughout the bay in the early

1970's showed that mean D. cavernosa cover was actually higher than mean coral cover

(13.23 versus 12.19%) but by 1983 approximately five years after sewage diversion, algal

cover had significantly dropped and coral cover had increased (3.13 versus 26.06%).

These observations led many people to conclude that sewage was the major stimulant of

D. cavernosa growth and diversion would allow for continued recovery ofreef health.

However, these direct cause and effect relationships began to become obscured after the

next benthic surveys conducted in 1990. Not only did coral cover decrease between 1981

1990, but D. cavernosa doubled in percent cover (Hunter and Evans 1995). No longer

could the obvious point-source sewage outfalls be blamed for the demise ofreefs in

Kane'ohe Bay.

Because data are lacking on reef conditions prior to the Dictyosphaeria outbreak,

it is difficult to know precisely how quickly this species became abundant and exactly

what factors influenced the alga's success. The persistence ofDictyospaheria today may

be the result of recycling ofnutrients that have not been flushed out from the original

sewage episode, land runoff, cesspools, lack of herbivore pressure and/or reduced

competition with corals. Larned et al.(1996) showed that D. cavernosa sustains growth in

the field (although relatively slowly) by trapping nutrients in the chamber-like

morphology as they are released from the sediments. Because of the slow growth ofD.

cavernosa even in nutrient enriched conditions it is difficult to imagine that this organism

ever underwent "explosive growth" in the 1970's. None of the early studies included any

data on herbivore abundance or possible top-down effects on standing crop. Clearly as
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urbanization on land increased in Kane'ohe over the last several decades so did the

extraction ofmarine resources including both urchins and reef fish (Stimson 2001).

In addition to D. cavernosa, at least three species of introduced macroalgae are

common on reefs in Kane'ohe Bay. Acanthophora spicifera, Graci/aria sa/icornia and

Kappaphycus spp. are all forming blooms at various locations around the bay (Smith et

al. in press). Again because of the lack of any historical documentation, there is little

evidence indicating what factors influence the abundance of these species. In a recent

study (Stimson et a12001) showed that the present abundance ofD. cavernosa is in fact

related to herbivore abundance and grazer feeding preferences. In areas where preferred

alien species are present D. cavernosa abundance is high and in areas where preferred

aliens are absent D. cavernosa is uncommon. It seems that ifpreferred food items (alien

species: Acanthophora spicifera) are not present herbivores will consume and reduce the

abundance ofDictyosphaeria (Stimson et al 2001).

After almost thirty years ofresearch and much effort by many researchers the

causes ofreef degradation in Kane'ohe still remain unclear. Because data were lacking on

reefhealth prior to the dumping of sewage into the bay it is difficult to know precisely

how this pollution event influenced the proliferation ofDictyosphaeria. Given the shear

magnitude of the event, the rates of nutrient loading into this semi-enclosed embayment

had to have profound effects on the environment as was observed with increased

phytoplankton populations and filter-feeding organisms (Banner 1974, Smith 1981).

Because data are lacking on the abundance of herbivorous fish and urchin populations

before and after the event we again cannot make assumptions about the influence of

grazing or the lack thereof in promoting algal abundance. Finally, coral mortality has
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been observed in the bay as a result of high magnitude surface fresh-water intrusion

through channelized streams, thereby opening space for algal colonization (lokiel et al

1993). Urbanization is still on the rise, and there is evidence that substantial nutrient

efflux persists almost thirty years after sewage diversion; extraction ofherbivores

continues and invasive and alien species have spread throughout the bay (Larned et al

1996, Rogers and Cox 1999, Stimson et aI2001). While enhancement ofherbivore stocks

may reduce algal abundance this will only be an efficient conservation measure ifgrazing

pressure exceeds algal growth rates (influenced by nutrient levels). Clearly, the

degradation of the coral reef ecosystem in Kane'ohe Bay is the result ofnot one, but a

series of impacts.

(5) Bloom Types

A common theme in the literature has been to synonymize the terms algal bloom

and phase shift when referring to tropical reefs. These two terms are however not

mutually exclusive; not all algal blooms lead to phase shifts but all phase shifts involve

some form of an algal bloom. The word bloom implies "to grow and flourish with vigor

or to appear and expand suddenly" (American Heritage Dictionary 2000). Some blooms

are ephemeral whereas others are persistent. An algal bloom can consist of a single

species or a mixed community of algae (e.g. turfs). The forces driving single versus

multiple species and ephemeral versus persistent blooms are most likely quite different

(Table 4). For example, the weedy genus Viva is known to bloom under high nutrient

situations and usually preempts all other species due to rapid growth rates. Algae that

respond to nutrients in the water column usually do so quickly but these species can also
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recede just as quickly as they appeared after the resource(s) driving their abundance has

been depleted. Alternatively, on reefs that are subject to overfishing or a lack of

herbivorous grazers one usually observes a gradual increase in the abundance of a mixed

community of algae; not all herbivores consume the same food items. So, gradually algae

that are no longer being consumed will increase in abundance. However, there is

considerable evidence that disturbance caused by herbivore grazing keeps algal

communities in a halted state of succession. When grazers are removed from a reef

system then not only do the algae that they consume have a chance to grow but all of the

processes involved in algal-algal competition and succession may begin to drive algal

community structure. This may eventually lead to some sort of climax community

(although a true "climax" may never be reached) that is dominated by robust, slow

growing but stout competitors such as Turbinaria. Because of the diversity associated

with algal biology, morphology and physiology we would not expect all algal species to

respond to an environmental change in the same way. From the wealth of information in

the literature we clearly cannot expect all algae to have the same nutrient requirements or

limitations. Therefore, by examining the specific species involved in a bloom we may be

able to understand a great deal about the type of change(s) that haslhave occurred in a

given environment (Table 4).

(6) Dissertation Goals and Relevance to Hawai'i

Algal blooms on reef ecosystems in Hawai'i have been among some ofthe most

frequently cited in the literature. Blooms that occur in Hawai'i are dynamic and include
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several different types as follows: a) perennial mixed communities ofboth native and

exotic species (south O'ahu reefs), b) dominance of single perennial native species of

macroalgae (Dictyosphaeria cavernosa in Kane'ohe, 0'ahu and Ulva fasciata on west

Maui), c) dominance of single exotic species (Gracilaria salicornia in Waikiki and areas

ofKane'ohe, Kappaphycus spp. in areas ofKane'ohe, and Hypnea musciformis on west

Maui) and, d) large-scale ephemeral blooms ofnative species (Cladophora sericea on

west Maui). Although D. cavernosa has been studied in some detail (Stimson et al 1996,

Stimson et al. 2001) the causes ofthe remaining algal blooms in Hawai'i remain

unknown. The Hawaiian Islands contain many diverse reefhabitats ranging from

relatively pristine and remote reefs to ones heavily impacted by a variety of threats

including overfishing, sedimentation, and runoff, etc. With several successfully

established exotic algal species and other bloom forming native species researchers have

a unique opportunity for experimentation and to contribute to the widely debated field of

tropical reef algal dynamics. This dissertation seeks to investigate how benthic

community development and structure on a pristine reef will change in response to varied

nutrient and herbivore regimes, to determine what the most common native and exotic

bloom forming algal species are in Hawai'i, to investigate in detail various ecological

characteristics that influence the success and persistence of invasive algae on reefs in

Hawai'i, to document the field characteristics and nutrient dynamics of the only

ephemeral algal bloom recorded from a tropical reef and finally to investigate how

natural nutrient enrichment processes can enhance algal abundance and dominance on

some reefs.
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SPECIFIC GOALS

The primary goals ofthis dissertation are as follows:

(1) Conduct a multi-factoriallong-tenn field experiment to investigate the influence

ofboth herbivore pressure and nutrient enrichment on benthic algal community

dynamics including biomass accumulation, functional fonn abundance, and

benthic community development and succession.

(2) Undertake statewide surveys to detennine the current distribution of alien and

invasive algae in the Hawaiian Islands in relation to historical records and to

investigate reproductive characteristics.

(3) Investigate various aspects ofthe ecology ofthe invasive red alga Graci/aria

salicornia on the south shore of the island ofO'ahu with recommendations for

management strategies.

(4) Investigate various aspects of the ecology of the invasive red alga Kappaphycus

spp. in Kane'ohe Bay and develop research-based management strategies for

possible control.

(5) Detennine the impacts that Kappaphycus spp. has on marine biodiversity in

Hawai'i and document interactions between Kappaphycus spp. and native reef

building corals.

(6) Thoroughly document the physiological nature and field characteristics of the

ephemeral bloom-fonning green alga Cladophora sericea on west Maui.

(7) Use the ecophysiological tools that were developed for (6) above to assess the

nutrient status ofone of the most common Caribbean reef algae, Halimeda tuna

along a depth gradient in the Florida Keys.
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Table 1. Detailed information on the most well documented algal blooms and phase shifts that have occurred or are occurring

on tropical reefs around the world.

Location Region Ecosystem SpeciesITaxa Size Duration Causes Impacts Comments Reference

Kane'ohe Tropical Bay; Dictyosphaeria Reefs Persistent, Urban Reduced Both Banner
Bay, Pacific fringing, and cavernosa throughout 30+ years Sewage, coral cover experimental 1974;
Hawai'i patch reefs; the bay grazing and and Smithet

mostly on distribution of observation a1. 1981;
reef slope alien species Hunter

and Evans
1995;
Stimsonet
a1. 2001

Kane'ohe Tropical Bay; fringing Kappaphycus Localized Persistent, Unclear, lack Overgrowing Exotic species Rodgers
Bay, Pacific and patch spp. in the bay increasing ofgrazing, coral; introduced to and Cox
Hawai'i reefs; reef robust displacing K-Bay in the 1999,

flats and morphology native 1970's Woo 2000
back reefs species

West Tropical Reef flats Hypnea Several Persistent, Injection Smothering Observation, Hodgson
Maui, Pacific and shallow musciformis, kilometers at least 10 wells or shallow H 1989
Hawai'i reefs Ulva fasciata yrs ground water? water musciformis is

communities, an exotic
economic species K-Bay
loss-tourism in 1970's

West Tropical From Cladophora Several Ephemeral; Nutrient Impacts on Observational S. Hall,
Maui, Pacific intertidal to sericea kilometers episodic related source reef are Pers.
Hawai'i greater than during unclear; unclear; Com.,

40mdepth; summer; agriculture, economic Pers.Obs.
coral reef >10 years groundwater loss-tourism
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Table 1 (Cont.). Detailed infonnation on the most well documented algal blooms and phase shifts that have occurred or are

occurring on tropical reefs around the world.

Bermuda, Tropical Shallow Cladophora Localized Persistent; Nitrogen Reduction of Experirnenta Bachand
Harrington Atlantic embayments; glomerata in bay Since the enriched infaunal I-uncertain if Josselyn
Sound less than 10 early ground water organisms this is an 1978, 1981;

mdepth 1970's exotic Schramm
species and Booth

1981;
Lapointe &
O'Connell
1989

Tahiti, Tropical Shallow reef Turbinaria Throughout Persistent; Reproductive Unclear, Observation Stiger and
French Pacific flats on ornata and Tahiti on Since mid- characteristics possible al Payri 1999
Polynesia fringing and Sargassum shallow 1990's and substrate competition aandb

barrier reefs; mangarevense reefs availability with coral
less than 3 m larvae

Southeast Tropical 2-3km Codium Palm Beach Persistent; Evidence for Smothering Some Laopinte
Florida Atlantic offshore; 24- isthmocladum County Since early offshore ofbenthic experimental 1997

33 mdepth and Caulerpa 1990's enrichment & communities, and
verticil/ata possible overgrowth observationa

groundwater ofcorals and 1evidence
intrusion benthos by

macroalgae
Discovery Caribbean Within bay; Chaetomorpha Localized 1987- Groundwater Shift from Some Lapointe
Bay, shallow linum and in bay present & herbivores coral to experimental 1997
Jamaica grotto to mixed multiple and

forereef community; macroalgae observationa
Dictyota, 1evidence
Halimeda,
Padina
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Table 1 (Cont.). Detailed infonnation on the most well documented algal blooms and phase shifts that have occurred or are

occurring on tropical reefs around the world.

Discovery Caribbean Various; Mixed Witin the Increasing Diadema die- Reduction in Observation; Hughes et
Bay, See below Bay and in off; no coral and comparative al. 1987
Jamaica one site 5 abundance nutrient data other benthic

kmwestof compares presented invertebrates
the bay data from

1973 to
1986

Backreef, Acanthophora Within Bay Increasing Diadema die- From 2 to 4 High Hughes et
Patch reefs spicifera, in off; no times more biomass and al. 1987
and reef Halimeda and abundance nutrient data algae than cover; > 10
crest; 1-2 m filamentous compares presented before die-off cm thick

Ge1idiaceae data from
1973 to
1986

Forereefs Mostly Within Bay Increasing Diadema die- Crustose Low Hughes et
2-3m filamentous in off; no corallines biomass but al. 1987

and Dictyota abundance nutrient data replaced by high cover;
compares presented turfs grazed by
data from fish
1973 to
1986

10m Dictyota, Within Bay Increasing Diadema die- >3kgperm~ Hughes et
Padina and in off; no al. 1987
Halimeda abundance nutrient data

compares presented
data from
1973 to
1986
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Table 1 (Cont.). Detailed information on the most well documented algal blooms and phase shifts that have occurred or are

occurring on tropical reefs around the world.

20m Dictyota Within Bay Increasing Diadema die- Crustose Before die-off Hughes
Padina, in off; no corallines fleshy/foliose et al.
Halimeda and abundance nutrient data and some cover was 1987
Lobophora compares presented Halimeda greatest inside

data from before die-off damselfish
1973 to shifted to territories;
1986 larger foliose after die-off

and calcified fleshy/foliose
species; algae> outside
Algal cover> territories
90%

Rio Caribbean Reef Dictyota and Macroalgae Hughes
Bueno, Platform; 7 Halimeda increased et al.
Jamaica, m from 2.5 %- 1987

>90%
Vertical Unclear, <2% ofall Not many Hughes
Wall; 10-20 Halimeda spp. algae before urchins present et al.
m and turfs die-off to 70- before die-off 1987

80% after
(macroalgae
<20% cover)

Reunion Western Fringing Gracilaria Only Groundwater; Decline in Observational Nairn
Island Indian reef, one crassa, mixed studied one herbivores not coral cover 1993

Ocean transect from connnunities area studied increase in
shore algal cover
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Table 2. Summary ofvarious experimental designs and results for field studies examining factorial nutrient enhancement and

herbivore exclusion.

Study Location Type Duration Nutrient Effects Summary
enrichment

levels - Herbivores + Nutrients

Hatcher and One Tree Settlement Short N03:>150 Increased Variable according Both factors can
Larkum Lagoon, on dead (12-20 mg/L, standing stock, to season and influence
1983 GBR, coral rock days) and NH4:>150 reduced location

abundance,
Australia, long term mg/L; Nitram productivity of standing stock
0.2-1.5 m (162-306 epilithic algae and productivity
depth, days) of epilithic
lagoon and algae; herbivore
reef crest effects were
habitats stronger

Miller et a1. Pickles reef, Settlement 4 months DIN: 3.0-1.0 Enhanced Enhanced Strong
1999 Florida surface; J.lM, SRP: frondose, turf filamentous herbivore

Keys, cinder 0.20-0.14 J.lM; and blue-green cyanobacteria effects, no or
offshore, 6-7 blocks Jobes, abundance Scytonema; opposite
mdepth,5% Weatherly inhibited nutrient effects
coral cover Consumer macroalgal no interaction;

Products or juvenilles community
Domestic composed of
Fertilizer frondose

species and low
coral cover
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Table 2 (Cont.). Summary ofvarious experimental designs and results for field studies examining factorial nutrient

enhancement and herbivore exclusion.

Thacker et Marc's Colonization 4 months DIN: 6.81f.lM, Enhanced Increased cover Strong
a1. 2001 Reef, Guam, and change P: 0.47 f.lM; Padina tenuis ofDictyota herbivore

patch reef, ofnatural Osmocote & bartayresiana effects; little to
macroalgae substrate (14-14-14) Tolypiocladia but not no nutrient
common, glomerata, biomass; no effects; no
depth inhibited other nutrient interaction
unknown cyanobacteria; effects detected between factors;

enhanced macroalgae
abundance of common at site
palatable algal
species

Smith et a1. Puako Reef, Settlement 6 months DIN: 7.30 Enhanced Enhanced Strong effects
2001 Hawai'i, reef surfaces, f.lM, P04: abundance of crustose from both

slope PVC plates 1.26 f.lM; fleshy algae coralline treatments with
community, Turf-grass both abundance and most significant
10 m depth, fertilizer, macroalgal and interaction with results observed
coral cover United turf forms caging lead to in the
high, Horticultural enhancement of interaction
macroalgae Supply (21-7) both calcified treatment where
not present and fleshy Ulva fasciata

forms including occurred;
Ulva fasciata ambient

community
dominated by
live coral
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Table 2 (Cont.). Summary ofvarious experimental designs and results for field studies examining factorial nutrient

enhancement and herbivore exclusion.

Belliaveau Guam, Piti Settlement 4 weeks DIN: 1.55 Enhanced No significant Very low and
and Paul and Asan, surfaces: enriched vs. AFDMof effect on insignificant
2002 10 m depth, terra cota 0.59 JlM algae, AFDM, amount of

forereef tiles ambient; inhibited crustose nutrient
SRP 0.31 crustose coralline enrichment;
enriched vs. coralline abundance or short term
0.03 JlM abundance, sediment experiment little
ambient; increased accumulation ecological
Osmocote sediment load relevance

Jompaand Australia, Units 3 months DIN: 10 Coral tissue Tissue nutrient Coral mortality
McCook Orpheus consisted of enriched to 0.1 mortality was levels ofL. was greatest
2002 Island field Porites

JlM ambient,
higher in the

variegata when exposed tocylindrica absence of
station, frogers with SRP: 0.1 herbivores as a increased with both nutrient
Pioneer Lobophora enriched to result of nutrient enrichment and
Bay, reef variegata 0.08 JlM overgrowth by L. enrichment herbivore
slope, 6 m treatments ambient variegata pulses exclusion
depth imposed
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Table 2 (Cont.). Summary ofvarious experimental designs and results for field studies examining factorial nutrient

enhancement and herbivore exclusion.

McClanahan Belize, Coral plates 50 days High Enhanced Enhanced turf Looked at coral,
et al. 2002 Glover's made from phosphorous abundance of algal herbivory and

Reef, 45 km dead Osmocote herbivore abundance; phosphorous
from shore, Acropora resistant Hinksia addition but no
1-:2 m depth palmata brown and mitchelliae and interactions;

green algae Enteromorpha found significant
including prolfera effects on algal
Dictyota community
mentrualis structure with all
and treatments
Lobophora
variegata

Diaz-Pullido Australia, Survival Pulse of DIN: 10 Increased Increased tissue Strong herbivore
and Rib Reef, and growth nutrients enriched vs. survival, size nutrient levels effects on both
McCook offshore, 6- ofjuvenile for 24 0.07-0.24 mM and density of in both species species, variable
2003 9mdepth macroalgae: hours ambient S. fissifolium and lead to nutrient effects;

Sargassum every 10 SRP:l.O andL. increases in experiment
fisifolium days for enriched vs. variegata growth for L. administered
and 40 days 0.1-0.2 J-lM recruits variegata nutrients in short
Lobophora ambient; recruits pulses
variegata reagent grade
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Table 3. Introduction of algal species in the tropics for the purposes ofaquaculture.

Country Location Species Date of

introduction

Source Conunercial

farming

Reference

Antigua Eucheuma isifonne 1997 Belize Just beginning Allan Smith pers.

conun.

Barbados E. isifonne 1997 Belize Just beginning Allan Smith pers

conun.

Brazil Kappaphycus 1995 Philippines No De Paula et a1.

alvarezii 1998

Cook Islands Aitutaki K alvarezii late 1980s Fiji No Eldredge 1994

Cuba K. striatum 1991 Philippines Unknown Smith 1998

K. alvarezii

Fiji Telau Island, Bau, K. striatum 1976 Hawai'i No Eldredge 1994

east of Suva
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Table 3 (Cont.). Introduction of algal species in the tropics for the purposes ofaquaculture.

Country Location Species Date of

introduction

Source Commercial

farming

Reference

Djibouti Eucheuma 1973 Singapore No Braud and Perez

denticulatum 1978

four sites north of K. alvarezii 1984 Tonga No Eldredge 1994

Rakiraki

Hawai'i Honolulu Harbor, E. denticulatum 1970 - 1976 Philippines No Eldredge 1994

Kane'ohe Bay, etc.

Kane'ohe Bay E. isiforme 1974 Florida No Russell 1992

Kane'ohe Bay Graci/aria

eucheumoides

rnid-1970s
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Table 3 (Cont.). Introduction of algal species in the tropics for the purposes ofaquaculture.

Country Location Species Date of

introduction

Source Commercial

farming

Reference

Kane'ohe Bay and K. alvarezii

Honolulu Harbor

Kane'ohe Bay and G. tikvahiae

Kahuku

1974-1976

rnid-1970s

Philippines

Florida

No

No

Russell 1992

Eldredge 1994

Honolulu Harbor, K. striatum 1970-1976 Pohnpeiand No Eldredge 1994

Kane'ohe Bay, etc Philippines

Waikikiand 1971 and 1978 Hilo, Hawai'i No Eldredge 1994

Kane'ohe Bay G. salicornia

Gracilaria 1971 and 1978 Hilo, Hawai'i No Russell 1992

epihippisora
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Table 3 (Cont.). Introduction of algal species in the tropics for the purposes of aquaculture.

Country Location Species Date of

introduction

Source Commercial

farming

Reference

Honolulu Harbor Gracilaria sp. 1971 Philippines No Eldredge 1994

Makapuuand Macrocystis 1972 and 1980s California No Eldredge 1994

Keahole Point pyrifera

Kane'ohe Bay Hypnea 1974 Florida No Eldredge 1994

musciformis

O'ahu Porphyra sp ??? Japan No Eldredge 1994

Indonesia

India Saurashtra region

(west coast)

E. denticulatum

K. cottonii

K. alvarezii

1984

1989
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Philippines

Japan

Yes

No

Adnan and Porse

1987

Mairh et al. 1995



Table 3 (Cont.). Introduction of algal species in the tropics for the purposes of aquaculture.

Country

Jamaica

Kenya

Location Species

E. isiforme

K. alvarezii

Date of

introduction

1997

1996

Source

Belize

Commercial

farming

Just beginning

No

Reference

Allan Smith pers

comm.

Ask et al.in press

Kiribati Fanning Island K. alvarezii 1977 Hawai'i Yes Eldredge 1994

E. denticulatum

Christmas Island (Kiritirnati) K. cottonii 1977 Philippines Yes Eldredge 1994

E. denticulatum

Madagascar K. alvarezii 1998 Tanzania Just beginning Ask et al.in press

Malaysia K. alvarezii 1978 Philippines Yes Doty 1980

54



Table 3 (Cont.). Introduction of algal species in the tropics for the purposes of aquaculture.

Country Location Species Date of

introduction

Source Commercial

farming

Reference

Maldives Kappaphycus 1986 Philippines No de Reviers 1989

alvarezii

Marshall Is. Majuro lagoon E. denticulatum 1990 Pohnpei No Eldredge 1994

Mili and Lildep K. alvarezii 1990 Majuro No Eldredge 1994

Micronesia Pohnpei Kosrae E. denticulatum Hawai'i No Eldredge 1994

K. alvarezii

Solomon Vonavona, Mooda, Gizo, K. alvarezii 1987 Fiji No Eldredge 1994

Islands and Ontong Java

St. Lucia E. isiforme 1997
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Belize Yes Allan Smith pers

comm.



Table 3 (Cont.). Introduction of algal species in the tropics for the purposes of aquaculture.

Country

Tanzania

Tonga

Tuvalu

Venezuela

Vietnam

Western

Samoa

Location

Vava'u

Vava'u (reintroduced)

Upolo

Species

E. denticulatum

K. alvarezii

K. alvarezii

K. alvarezii

K. alvarezii

E. denticulatum

K. alvarezii

K. alvarezii

E. denticulatum

Date of

introduction

1989

1982

1989

1977

1996

1993

1975

56

Source

Philippines

Tarawa

Kiribati

Philippines

Philippines

Commercial

farming

Yes

No

No

Yes

No

No

Reference

Mshigeni 1998

Eldredge 1994

Eldredge 1994

Rincones and

Rubio 1999

0000 et al.1996

Eldredge 1994



Table 4. Summary ofdifferent types ofalgal blooms on tropical reefs and their single

factor causes. Note interactive effects between various factors can lead to different

algal responses and subsequent assemblages.

Disturbance Hurricane Removal of Increased Nutrients Introduction of

Herbivores Exotic Species

Initial opening of Initial increases in the Formation of single Initial invasion

space and mortality abundance ofalgae or few species may progress

of fragile organisms; consumed by the blooms; if seasonal slowly, lag

colonization by algal herbivore that was enrichment, blooms phases can last

turfs and other removed from the would be ephemeral several decades,

opportunistic community, followed if chronic or if large ifno natural

species; succession by competitive in magnitude blooms herbivores exist

will progress until interactions as space would be persistent, in the new

either another becomes limited; may be the result of environment-no

disturbance event or algal succession a combination of top down control,

equilibrium may progresses until some factors such as light, if other

eventually be sort of climax occurs, water motion and disturbance such

reached generally mixed nutrients as nutrient

assemblages enrichment,

growth rates may

be accelerated
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Table 4 (Cont.). Summary ofdifferent types ofalgal blooms on tropical reefs and their

single factor causes. Note interactive effects between various factors can lead to

different algal responses and subsequent assemblages.

Resulting

community D D D D
Initial proliferation Mixed communities Green filamentous or Depending on the

ofalgae able to initially, followed by siphonous algae, species

rapidly propagate dominance of a few some reds and reproductive,

via vegetative strong herbivore others; rapid growth physiological and

fragmentation, or resistant competitors; rates in response to ecological

rapidly growing turf slow growing and alleviation of a characteristics,

algae initially stout; browns some limiting resource invader may

followed by reds and greens leads to proliferation become dominant

competition with Sargassum, of certain species, in new

coral, algal and Turbinaria, Dictyota, most green algae, environment,

invertebrate species; Laurencia, Cladophora, Viva, Kappaphycus

eventual return to Kappaphycus, Enteromorpha, spp., Gracilaria

pre-hurricane Halimeda Chaetomorpha, salicornia and

community, Caulerpa, Hypnea

Dictyota spp. Dictyosphaeria and musciformis in

Hypnea Hawai'i

Woodley et al. 1981, Carpenter 1985, Lapointe and Russell 1994,

Smith and Walters Samarcco 1982, O'Connell 1989, Hodgson 1995,

1999 Stiger and Payri 2001 Smith unpub data Woo 2000

58



Fleshy
Macro ae

Crustose
Coralline Algae

rn ~..... 0
~ ~
QJ

~.... Coral Turf Algaed
QJ
.~....
=' :J:
Z to'

~

:t

HUMAN Fishing Pressure
IMPACT L_O H_I_G_H_....

Figure 1. Representation of the relative dominance model with examples ofbenthic

communities that can be found in each combination of nutrient enrichment and herbivore

exclusion treatments.
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CHAPTER 2:

AN EXPERIMENTAL ANALYSIS OF THE EFFECTS OF HERBNORY AND

NUTRIENT ENRICHMENT ON BENTHIC COMMUNITY SUCCESSION ON A

HAWAIIAN REEF
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ABSTRACT

Reduced herbivory and enhanced nutrient concentrations have both been

suggested as probable mechanisms driving phase shifts from coral to algal dominance on

tropical reefs. While there is considerable information regarding the effects ofherbivores

on reefs there is little experimental evidence of nutrient effects or the interactive effects

ofboth of these factors. This study experimentally tested the role of these factors on

benthic community structure on a coral dominated reef in Hawai'i. A randomized

factorial block design was used to simultaneously investigate the effects of nutrient

enrichment and herbivore exclusion on the development ofbenthic algal communities on

artificial surfaces over a six-month time period. Total algal biomass was greatest on

settlement surfaces exposed to both nutrient enrichment and herbivore exclusion

simultaneously. Fleshy algal biomass was greatest on surfaces removed from grazing

whereas calcareous biomass was greatest on surfaces exposed to nutrient enrichment.

Control surfaces exhibited consistently less total, fleshy and calcareous algal biomass

than that on any of the experimental surfaces. Microinvertebrates were most abundant on

surfaces within herbivore exclusion treatments but increased in number on all settlement

surfaces over time. Sediment accumulation was positively correlated with fleshy algal

biomass and was most abundant on surfaces within herbivore exclusion treatments; there

was no pattern in sediment accumulation over time. This research demonstrates that on

short time scales (less than six months), nutrient enrichment and herbivore exclusion can

independently and interactively support shifts in benthic algal community structure on a

Hawaiian reef.
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INTRODUCTION

Although tropical coral reefs are among the most diverse and highly productive

ecosystems on earth (Odum and Odum 1955; Connell 1978), phase shifts from coral to

algal dominance within these ecosystems have become increasingly common (Smith et

al. 1981; Hughes et al. 1987; Lapointe 1997; McClanahan et al. 1999). Identification of

the factors leading to such phase shifts and the subsequent increase in algal abundance

and decrease in coral cover and diversity has become a critical scientific and management

issue. In single factor analyses, "top down" (herbivore pressure) and "bottom up"

(nutrient availability) factors have been independently implicated as the primary causal

factor leading to large shifts in community structure (Hughes et al. 1987; Hughes et

al.1999; Lapointe 1997; Lapointe 1999). However, the standing crop and productivity of

any reef community is most likely the result ofmore complex interactions among both

biological and physical controls (Hatcher 1990; Hughes and Connell 1999).

While pristine reefs typically have low concentrations of inorganic nutrients, high

rates ofherbivory, low algal standing crop, and high coral cover, the underlying

mechanisms maintaining the balance among these constituents remain elusive. A change

in the intensity ofherbivore pressure or the flux ofinorganic nutrients on a reef can

potentially lead to substantial changes in benthic community structure (Smith 1981;

Littler and Littler 1984; Hughes et al. 1987) and function (Green et al. 1997). Reefalgae

have generally been considered to be nutrient limited, where any addition of inorganic

nitrogen and/or phosphorus to the reef may lead to accelerated photosynthetic and growth

rates and subsequent increases in primary productivity (Hatcher and Larkum 1983; Littler
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et al. 1991; Lapointe 1997; Lamed 1998). However, the classic view that ambient

nutrient levels are oligotrophic on all pristine coral reefs is no longer widely accepted.

Natural phenomena such as upwelling, natural groundwater flux and internal

waves have been shown to episodically increase nutrient concentrations in reef

environments (Leichter et al. 1996; Hatcher 1997). Recent studies investigating nutrient

effects on reefs from the Florida Keys (Miller et al. 1999) and Australia (Larkum and

Koop 1997) have demonstrated that the algal communities in these areas may be nutrient

replete. Even if ambient nutrient concentrations are low, the flux within a given system

may be great enough to deliver adequate levels to release the apparent nutrient limitations

from the dominant algae. Yet other studies have attempted to define a threshold level of

nutrient concentrations, which, if exceeded, will lead to macroalgal blooms (Bell 1992;

Lapointe 1997). Such thresholds likely represent static measurements and, while easily

determined, do not necessarily consider pulses or flux of nutrients through a reef system

(Lamed and Atkinson 1997). Given the vast diversity in reef algae and the wide range of

reef types in the tropics, it seems unlikely that all systems would respond equally to these

threshold levels (McCook 1999, Miller et al. 1999). However, anthropogenic

eutrophication has fundamentally altered nutrient dynamics in at least some reef settings

(Smith et al. 1981; Hodgeson 1994).

The first large-scale evidence ofcoastal eutrophication leading to a phase shift

from coral to algal dominance on a reef occurred in the early 1970s in Kane'ohe Bay,

Hawai'i. The green alga Dictyosphaeria cavernosa proliferated in this semi-enclosed

embayment following the placement of two urban sewage outfall pipes in the south end

of the bay. The rapid growth ofthis alga led to reductions in coral cover along a nitrogen
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and silica gradient (Hunter and Evans 1993). Following the diversion of the sewage

outfalls from Kane'ohe Bay, recent surveys have demonstrated that the alga has

decreased in percent cover and abundance in some areas, but continues to increase in

other parts of the bay (Hunter and Evans 1995). Evidence suggests that nutrients in the

bay's sediments remain elevated as a result of the original water column enrichment more

than 28 years ago (Stimson et al. 1996; Larned 1998). This suggests that bottom up

factors may have been influential in driving long-term changes in ecosystem structure

(Smith et al. 1981). However, abundance ofD. cavernosa as measured by percent cover

was also inversely proportional to herbivore pressure (Stimson et al. 1996). Although D.

cavernosa did not become a dominant component of the ecosystem until the enrichment

event occurred, reduced herbivory could have also favored increases in abundance at

specific sites (Stimson et al. 1996). Thus, the mechanistic bases for such phase shifts

remain unclear in Kane'ohe Bay.

Herbivory, or lack thereof, is clearly one of the most important biotic factors

structuring benthic community composition and species diversity on coral reefs

(Carpenter 1986; Lewis 1986; Hay 1997). Herbivores can affect algal assemblages in

several ways, both negatively and positively, including: a) physical disturbance that

removes plant biomass and results in open space (Hay 1981; Hixon and Brostoff 1996),

b) localized nutrient enrichment from animal excretion (Williams and Carpenter 1988), c)

alterations in benthic nitrogen fixation rates (Wilkinson and Sammarco 1983; Williams

and Carpenter 1997), d) changes in community structure from preferential removal and/or

avoidance ofdistinct algal species (Borowitzka 1981; Sammarco 1983; Lewis 1986;

Duffy and Hay 1990), e) shifts in the pattern of succession by favoring distinct algal
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growth fonns under different disturbance regimes (Hixon and Brostoff 1985; Scott and

Russ 1987; Hixon and Brostoff 1996; McClanahan 1997), and t) changes in net primary

productivity and biomass (Hatcher and Larkum 1983; Carpenter 1986; Hughes et al.

1987; Carpenter 1990). The degree ofchange that an herbivore or group ofherbivores

can impose on a system is detennined by several factors, including the intensity of the

disturbance (bite size), the frequency ofthe disturbance (# ofbites), and the number and

type of each grazer in the system.

Nutrient levels and herbivore intensity may also affect the density and canopy

height of algal communities, both which have been implicated as factors that may

influence sediment trapping, accumulation and hydrodynamics in coral reef environments

(Carpenter and Williams 1993; Steneck 1997; Airoldi and Virgilo 1998). Sedimentation,

nutrient enrichment and the build-up ofparticulate matter on a reef may reduce light

levels, decrease flow rates, increase boundary layer thickness and potentially lead to

anoxia, thereby negatively impacting the metabolic efficiency ofboth coral (Kinsey and

Davies 1979; Smith et al. 1981; Tomascik and Sander 1985, 1987; Rogers 1990;

Stambler et al. 1991; Te 1992; Whittenberg and Hunte 1992; Green et al. 1997) and algal

species (Carpenter 1986; Carpenter and Williams 1993). Many microinvertebrates are

closely associated with these algal turfs (Brawley and Adey 1981; Hay et aI. 1989) and

can significantly alter algal biomass and community structure (Duffy and Hay 2000).

Carpenter (1986) suggested that microherbivores are common only in areas inaccessible

to other grazers such as wave swept algal ridges, small crevices, and damselfish

territories. The relationships between microinvertebrate abundance, algal functional

fonn, biomass, and sediment abundance associated with benthic algal turfs have not been
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experimentally addressed in Hawai'i, yet may be highly correlated and may provide

insight into fine-scale processes associated with these communities.

The Relative Dominance Model (Littler and Littler 1984) suggests that the

dominant photosynthetic space-occupying group (functional form) can be predicted as a

function of long-term exposure to nutrients and herbivory, where herbivory alone is

thought to be the more important controller of algal standing stocks on undisturbed reefs

(McCook et al. 1997; Nairn et al. 1997; Steneck 1997). Although this model has been

supported via observations in field settings (Littler et al. 1991), there has been little

experimental demonstration ofbenthic community responses to simultaneous changes in

both nutrients and herbivory (Hatcher and Larkum 1983; Larkum and Koop 1997; Miller

et al. 1999).

Phase shifts from coral to macroalgal dominance in the tropics have continued to

increase in occurrence across the globe (see Smith et al. 1981; Hodgeson 1994; Lapointe

1997; Hughes et al. 1999; Lapointe 1999; McClanahan et al. 1999; McCook 1999; Miller

et al. 1999). In an effort to understand the relative importance of top down and bottom up

factors in influencing these changes in benthic community composition, a manipulative

field experiment was conducted. The goals of this study were to assess how nutrient

enrichment, herbivore exclusion and interactions therein affect a) algal biomass

accumulation (both fleshy and calcified) and b) benthic community development and

species composition on a Hawaiian reef.
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METHODS AND MATERIALS

Study Site

This study was conducted at Puako Reef(19°58.28' N, 155°50.70' W), on the

leeward side of the island ofHawai'i (Figure 1). The study site was chosen because it

represents a relatively young (approximately 0.33-0.45 million years old), and apparently

unimpacted fringing reef. The nearshore waters of the leeward coast of the island of

Hawai'i contain some ofthe richest coral reefs and associated fish and invertebrate

faunas in the Hawaiian Islands (Parrish et al. 1982). Further, Puako is an enforced

Fisheries Management Area (State ofHawai'i, Department ofLand and Natural

Resources) where all invasive forms ofnet fishing are prohibited. The reef slope begins

at a depth of 5 m following a drop off from the reef flat, and extends downward for

approximately 200 m where it meets a sand flat at 30 m. The reef slope consists largely

of unbroken thickets ofPorites compressa, P. Zobata, Pocillopora meandrina and P.

damicornis; macroalgae are uncommon and crustose coralline and turf algae occupy

cryptic crevices and coral skeleton substrates. This study was conducted within a 60 x 10

m portion of the reef slope at approximately 12 m depth, following a depth contour

parallel to shore. The coral cover in this area is consistently high (90% Porites

compressa), with a rich and abundant herbivore community (Parish et al. 1982) and

moderate levels ofwater column nutrients (Table 1) (see the following web site for

nutrient data in Kane'ohe Bay during the same period of time:

http://www.hawaii.edu/cisnet/contents.htm).
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Experimental Design

A randomized factorial block design with six replicates (blocks) was used to test

the effects ofnutrient enrichment and herbivore exclusion and to control for inherent

variations in algal assemblages on the reef at Puako. Following experiments conducted

by Hixon and Brostoff (l985, 1996) that demonstrated the adequacy and effects of

artificial settling surfaces in conducting manipulative experiments, flat gray PVC (poly

vinyl chloride) tiles 50 cm2 in area were used as the experimental surface. This material

was chosen primarily because it: a) is non-destructive, b) is chemically inert, c) can be

manipulated to mimic the texture of natural substrates and, d) it supports biotic

assemblages similar to the surrounding substrates (Hixon and Brostoff 1985). Prior to

beginning the experiment, all tiles were rough sanded until the surface resembled the

texture ofdry coral rock. Tiles were affixed to plastic coated galvanized metal racks via

cable ties for easy removal. Six tiles were affixed to each rack (24 racks). Racks were

then attached to the reef using large cable ties. Tiles were left in situ from November

1998 to January 1999 to age and acquire a natural algal community.

Experimental blocks consisted of lOx 10mplots that were divided into four 5 x 5

m subplots. Each subplot contained two racks oftiles that were randomly assigned to one

of four treatments: a) control-no manipulation, b) nutrient enrichment, c) herbivore

exclusion or d) both nutrient enrichment and herbivore exclusion (Figure 2). One

predetermined set of racks within each block was used to examine algal biomass

accumulation while the other was used for community analysis. Treatments were

assigned to each of the six blocks randomly and independently in January 1999. Each

month beginning in February 1999, one tile from each treatment within each block was
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randomly collected by divers and placed in separate prelabled plastic bags prior to

analysis.

The nutrient enrichment treatment was accomplished by filling 20 cm diam

unglazed clay flower pots (Chapman and Cragie 1978; Hatcher and Larkum 1983) with

1.4 kg ofUnited Horticultural Supply turf fertilizer (11%~, 10% N03, 7% PzOs).

Pots were inverted and secured with epoxy to PVC holding plates. The drainage hole in

each pot was stoppered with a rubber cork to provide slow diffusion ofnutrients through

the porous surfaces. Each month, all pots were retrieved by SCUBA divers, emptied,

scrubbed and refilled. Tile racks were placed within 0.5 m of the pots. In order to

quantify enrichment levels, water samples were collected for analysis on transects away

from the pots on four sampling dates (January, February, March and May 1999)

immediately following enrichment (Table 1). Water samples were collected via SCUBA

using sterile 50 cc syringes at 0, 0.25, 0.50 and 1m distances away from the pots.

Ambient water samples were also collected at the same depth (12 m) but outside of the

experimental area. Upon returning to the surface, the samples were transferred to acid

washed 100 ml polypropylene bottles, stored on ice and frozen. Samples were analyzed

for nitrate, ammonium and phosphate concentrations using a Technicon Autoanalyzer IT

at Analytical Services, University ofHawai'i (Walsh 1989).

Herbivore exclusion cages were constructed out of galvanized wire mesh, 1 inch

in diameter and were 35 x 35 x 35 cm in size. These cages were secured directly over the

top of the tile racks to exclude adult, intermediate (urchins) and macroherbivores

(acanthurids and scarids), but not juveniles or microherbivores. Cages were cleaned of

fouling cyanophytes approximately every two weeks by divers and were completely
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replaced once during the study when rusting became apparent. At the time of

replacement, however, the cages were still intact but beginning to lose integrity. Cage

controls were not used because ofextensive data from Hawaiian reefs showing a lack of

significant caging effects in similar experiments (Hixon and Brostoff 1985; Stimson et al.

1996). Further, to quantify any cage effects on flow, water motion velocities were

calculated using clod cards placed on the inside and outside ofcages (Jokiel and

Morrissey 1993).

Algal Biomass Determinations

Following each collection, tiles were kept in seawater and refrigerated until

analyzed for algal biomass at University ofHawai'i, Botany Department. Upon analysis,

each tile was rinsed with seawater to remove sediment and invertebrates. Sessile

invertebrates such as serpulid worms, tunicates and bryozoans were removed from tiles

prior to conducting biomass estimates. Tiles were rinsed with fresh water to remove salt.

Algal material was then scraped from the tiles and fresh weights were immediately

obtained. This material was then oven dried at 60°C until a constant dry weight was

attained. Algal samples were then decalcified using 5% HCI for 24-48 hours (depending

on thickness of calcium carbonate), rinsed with fresh water, filtered and then dried again

at 60°C to estimate total algal biomass, fleshy algal biomass and calcified weight (weight

remaining after decalcification subtracted from total biomass).
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Benthic Community Composition and Succession

Following collection in the field each tile was preserved in a 4% formalin

solution. Tiles were returned to the University ofHawai'i's marine macrophyte

laboratory where species abundances were determined using miscoscopy. Upon analysis,

each tile was rinsed with seawater to remove sediment and invertebrates. A small quadrat

constructed out ofmonofilament and plastic was constructed to quantify species

abundance on the tile surfaces. The quadrat was designed to fit precisely over the top of

each tile and was 7.07 x 7.07 cm in size, subdivided into 16 1.75 x 1.75 cm squares. The

quadrat was placed over each tile in a petri dish filled with seawater and the entire

apparatus was placed on the stage ofan Olympus SZ11 dissecting microscope.

Abundance of all benthic species was determined in 8 of the 16 subsections (randomly

selected) of the quadrat (as determined appropriate from species area curves examined on

preliminary data). After species abundances were visually estimated, permanent slides

were made to identify all algae to species using an Olympus BH-2 compound microscope

and to properly voucher all specimens.

Sediment and Mobile Invertebrate Quantification

The amount of sediment and the number of mobile microinvertebrates were

quantified for each experimental treatment to determine if there were significant

differences in the abundance of these variables between treatments and to explore

possible relationships between algal biomass, functional form, sediment trapping, and

microinvertebrate abundance. The abundance ofmicroinvertebrates on tiles was

determined for broad taxonomic categories (crustaceans, polychaetes and gastropods).
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The sediment collected from tiles was filtered and rinsed with fresh water through GF/C

glass microfibre filters, then dried to a constant weight at 60°C.

Data Analysis

There was a positive association between the means and variances for all of the

nutrient data. Therefore a log transformation was utilized prior to analysis to adequately

satisfy the ANOVA assumption ofhomoscedasticity. A one-way analysis of variance

(ANOVA) was performed on these data to determine if significant enrichment occurred

with distance from the fertilizer source. Tukey's posthoc pairwise comparisons were

examined to determine ifnutrient concentrations were greater at the experimental tiles

(0.25 m) than ambient levels. A two-sample T test was applied to the clod card data to

determine ifthe herbivore exclusion cages had a significant effect on flow.

Four factor analyses of variance for nutrient enrichment, herbivore exclusion,

time (all fixed factors), and block (random factor), were carried out on the biomass data

for each of the algal functional groups (total, fleshy and calcified), sediment and total

invertebrates. A positive association between the means and variances for all of the

biomass data dictated a log transformation of data prior to analysis to adequately satisfy

the ANOVA assumption ofhomscedasticity. The three-way interaction as well as all

two-way interactions between fixed variables were included in the models; however,

interactions involving the random variable (block) were not included. A conservative test

for compound asymmetry was also performed on the time variable for each ANOVA

because of the inherent similarity among samples that were close together in time versus

those that were far apart. Tukey's posthoc multiple comparisons were examined to
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detennine how the means of the treatments differed. All analyses were conducted using

Minitab version 12.1.

To test for differences in community composition between treatments and over

time three different nonparametric distance-based multivariate pennutation procedures

were used (ANOSIM, NPMANOVA and DISTLM, see:

http://www.stat.auckland.ac.nz/~mjaIPrograms.htm. McCune and Grace 2002). Bray

Curtis Similarity Indices were used as the distance metric in all multivariate analyses and

no transfonnations or nonnalizations were perfonned. Because these tests are all non

parametric in nature there are no assumptions of multivariate nonnality or

heteroscedasticty. All factors were tested separately with the error MS used as the

denominator for F tests. Nonmultidimensional (nMDS) scaling plots were used to display

data graphically. These plots have no axes and place points on a two-dimensional surface

based upon ranked Bray-Curtis Similarity Indices where points more similar in species

composition and abundance are placed closer together on the plot. A stress value is used

(range from 0 to 1) to indicate how well the multivariate data fit in two-dimensional

space; a measure ofhow accurate the nMDS plot is displays the community data in two

dimensions. Values less than 0.2 suggest a good match while values greater than 0.2

suggest that the graphical display is no better than a random scattering ofpoints (Clarke

and Warwick 2001).

The community data were organized and analyzed in several different ways. First

the entire data matrix containing all benthic species by each individual tile was analyzed

in all three of the hypothesis testing procedures mentioned above. Several tests were used

to compare how the different non-parametric procedures compared to one another
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because each one of them offers slightly different results. ANOSIM (Clarke and Warwick

200I) is the most non-parametric procedure and uses ranked similarity data to calculate

the test statistic R. The limitations ofANOSIM are that only two factors can be tested at a

time and interaction terms can not be tested. The test statistic for NPMANOVA

(Anderson 2000) is calculated using the actual similarity matrix and so more detail is

preserved in the data. NPMANPOVA can also only test two factors at a time but does

allow for interaction terms to be examined. For both ANOSIM and NPMANOVA

analyses the factors that were tested were time and treatment (as one single variable with

4 levels). Blocks were treated as replicates. For all NPMANOVA analyses the reduced

model was used for permutation of the residuals and 4999 permutations were used for

main effects while 999 were used for pairwise comparisons. Finally, DISTLM (Anderson

2002), a regression type approach to ANOVA similar to a general linear model was used.

Using this procedure each factor can be tested independently and all interaction terms can

be examined as long as you can produce a design matrix ofyour experiment. While this

approach is most appropriate it does not allow for pairwise comparisons among levels of

each factor.

The community data were further grouped in different ways to examine if

different functional groups or taxonomic groupings would provide the same or similar

results as the full species data. Functional groups were crustose coralline algae,

filamentous turf algae, macroalgae, nitrogen fixing cyanobacteria, invertebrates and bare

space while the taxonomic groups were cyanophyta, chlorophyta, phaeophyta,

rhodophyta, invertebrates and bare space. NPMANOVA and nMDS plots were examined

for each of these data sets.
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Finally, Shannon-Weiner Diversity Indices and species richness values were

determined for all samples and general linear model analysis ofvariance was used to test

for differences between all experimental factors.

RESULTS

Efficiency ofNutrient Enrichment

Nutrient concentrations decreased exponentially with distance from the

enrichment pots (Table 1). One-way ANOVAs were examined for each of the three

nutrients with distance as the factor. At 0.25 meters from the enrichment pots,

ammonium, nitrate and phosphate concentrations were all significantly higher than

ambient levels (P= 0.014,0.050 and 0.023, respectively). The water samples were taken

immediately following refertilization and, therefore represent the highest concentrations

to which the community and tiles were exposed. However, there was always fertilizer

remaining in the pots at the time we collected them for refertilization, suggesting that

some level of fertilizer was still diffusing out after a month. At 1 m from the fertilizer

pots, enrichment ofammonium, nitrate and phosphate was not detectable in comparison

to background levels (P=0.99, 0.94 and 0.99, respectively). Because each treatment

within a block was separated from the next by at least 5 m, subplots adjacent to fertilized

treatments should not have been impacted by nutrient enrichment.
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Herbivore Exclusion

Mean flow in our study area and the area inside the exclusion cages was 3.99 +/

0.72 and 3.47 +/- 0.52 em/sec, respectively (n=8 for both samples). There was no

significant difference in water motion between the area inside of the herbivore exclusion

cages and outside (T=1.66, P= 0.12) as measured by the clod card technique.

Effects ofTreatments on Algal Biomass

The results of the factorial analyses of variance are shown in Table 2. There was

virtually no change in biomass over time on the control tiles. All experimentally

manipulated tiles began to increase in biomass following the first month ofexposure to

treatments; this pattern continued over time (Figure 4). Both herbivory and nutrient

enrichment had significant effects on algal biomass for each of the categories examined.

Differences among sampling times and blocks were also significant. The significant

block term can primarily be attributed to one block that responded with much higher

biomass for all treatments (especially fertilization) than any of the other blocks. This

observation is most likely tied to the presence of the territorial damselfish Stegastes

fasciolatus within this block. Virtually all ofthe interaction terms, excluding the three

way interaction, were significant, suggesting that mean biomass accumulation varied

between the treatments and over time. The interaction between caging and nutrient

enrichment was highly significant. The general pattern showed that tiles exposed to both

caging and nutrient enrichment treatments simultaneously had greater amounts of

calcified, fleshy and total dry weight than all other tiles (Figure 4, Table 3). The dry

weight biomass on the control tiles remained consistently low over time.
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At the end ofthe six-month sampling interval, calcified algae dominated tiles

exposed to nutrient enrichment alone, whereas tiles in herbivore exclusion cages were

colonized by filamentous turfs and sessile invertebrates (Figure 3). The control tiles had

typically very low cover with some small patches ofbryozoa, crustose coralline algae and

cyanobacteria. Tiles exposed to both treatments simultaneously frequently had crustose

coralline algae underlying macroalgae, large colonies ofcyanobacteria, and dense

assemblages of turf algae. All tiles in the nutrient enrichment treatments had greater total

and calcified weight than the caged treatments alone arising from the abundance of

crustose coralline algae on these tiles (Figure 4). Tiles in the herbivore exclusion

treatments had greater fleshy algal biomass than the other tiles.

The means and standard errors for each biomass category at the end of the

experiment are shown in Table 3. Total dry weight biomass on control tiles was

significantly different than that on all treatment tiles (Tukey's pairwise comparisons:

p<O.OOl for all three tests). Dry weights isolated from tiles in the nutrient enriched and

caged treatments simultaneously were significantly different than tiles in either enriched

or caged treatments alone (Tukey's pairwise comparisons: p=O.0196 and p<O.OOl,

respectively). Total biomass from the caged and the enriched tiles were not significantly

different (Tukey's pairwise comparisons: p=O.2894).

Effects ofTreatments on Benthic Community Structure

All benthic algae recorded at various time intervals and in each of the treatments

on experimental settlement surfaces are shown in Table 5. nMDS plots for the entire non

transformed benthic community data set (based on ranked Bray-Cutis Similarities) over
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time are shown in Figure 5. These plots show that over time community structure

becomes more similar among samples within treatments than between different treatment

groups. Figure 6 shows successional vectors in each treatment over time by taking the

average of all species for each time period and calculating Bray-Curtis similarities on

these mean values. The community composition appears to be unique in most of the

treatment groups and becomes more dissimilar over time. The two communities in the

caged treatments are more similar than any of the other treatment combinations. Results

of ANOSIM tests found both treatment and time factors to be highly significant (Table

6). Pairwise comparisons among levels of each treatment and time showed that

community composition in all treatments was significantly different and community

composition differed among most ofthe time periods sampled (Table 6). NPMANOVA

also found significant differences for both the treatment and time variables as well as a

significant interaction between the two factors (Table 7). Again pairwise comparisons

showed that community structure in all of the treatment groups was significantly different

from one another and differences were also found for most of the times sampled. Because

NPMANOVA is able to test for interaction terms, pairwise comparisons among all

combinations ofboth factors were also tested. These pairwise comparisons (Table 8)

show that during Feb, March and April, the first few sampling periods, differences in

community structure could be detected for some combinations of treatments but not for

others. Over time community composition in the experimental treatments became less

similar (Figure 5) and for the last three months sampled May-July significant differences

were detected for all treatment combinations. Finally DISTLM analysis found all
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experimental factors and interactions to be significant (Table 9) but no pairwise

comparisons were examined.

Abundances of the various benthic functional groups encountered on settlement

surfaces are shown in Figure 7 (see Table 5 for a listing of individual species in each

group). Treatment effects are evident for many of the individual groups. Macroalgae were

most common in the caged and fertilized treatment, crustose coralline algae were most

common on fertilized tiles, turf algae were most abundant when protected from grazing,

invertebrates were least common on control tiles, the nitrogen fixing cyanobacterium

Calothrix crustacea was most common on unfertilized tiles and bare space became less

abundant over time in all treatments. nMDS plots for the functional form data matrix are

shown in Figure 8 for each time separately. Again differences in treatments become more

evident over time. Successional trajectories are shown in Figure 9 where no clear

directional pattern is evident. NPMANOVA for the functional form data matrix found

treatment and time factors and the interaction to all be significant (Table 10). Only one

pairwise difference in times between the first and second samples was significant while

all treatment groups were significantly different from one another. The interaction

comparisons again showed similar results to the entire community data set where in the

first three months only some of the treatments were different but for the last three months

all of them were different from each other.

Figure 10 shows the abundance of various taxonomic groups encountered on

settlement surfaces over time (see Table 5 for a listing of individual species in each

group). Some clear successional patterns are evident in these plots where brown and

green algae seem to be opportunistic early colonizers that are eventually replaced by red
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algae and cyanobacteria. While there are variations in these patterns among treatment

groups the overall patterns still exist. Figure 11 shows NMOS plots for each time period

separately and again shows that differences in community structure based on broad

taxonomic groupings, becomes more evident over time. Figure 12 shows successional

trajectories over time. Control plots do not change much in comparison to the other

treatment groups. Communities in the caged treatment seemed to change the most over

time as indicated by the larger vectors. NPMANOVA found significant time and

treatment effects but no significant interaction suggesting that the broad taxonomic

composition was changing in a similar fashion for all treatment groups over time (Table

11).

Changes in species diversity and richness over time from experimental surfaces

are shown in Figure 13 and were lowest on control tiles followed by fertilized tiles. While

diversity somewhat increased on fertilized tiles over time it remained low and constant on

control tiles. In caged and fertilized and caged tiles both diversity and richness rapidly

increased over time and then plateaued where up to 35 species were recorded on a single

50 cm2 settlement tile. Significant differences were found for time, nutrient enrichment,

herbivore exclusion and all two-way interactions for both richness and diversity (Table

12). The random block factor was found to be significant for richness indicating that

some blocks had more species present than others.

Sediment and Mobile Invertebrates

The mean and standard error of sediment dry weights (n=6) collected from tiles

are presented in Figure 14. Despite some variation in the first two months of the
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experiment, caged tiles typically exhibited higher levels of sediment than nutrient

enriched or control tiles. The factorial analysis ofvariance for sediment dry weight

(Table 13) showed that all main factors were significant, including the interaction

between nutrient enrichment and caging. The quantity of sediment collected from control

tiles was significantly less than that collected from any of the experimental tiles (Tukey's

multiple comparisons: p<O.OOl for all three tests). Tiles in the caged treatments alone

had significantly higher sediment than in any of the other experimental tiles (Tukey's

multiple comparisons: p<O.OO for fertilized, p=O.009 for both fertilized and caged). Tiles

in both treatments simultaneously had more sediment than fertilized tiles (Tukey's

multiple comparisons: p=O.050).

Mobile microinvertebrates were quantified on all experimental tiles to account for

possible mesograzer effects and to explore possible relationships between algal biomass,

functional group and invertebrate abundance. The means and standard errors for the total

number ofmobile invertebrates, crustaceans, polychaetes and gastropods at the end of the

experiment are shown in Table 5. All invertebrates examined were most abundant on the

caged tiles, followed by caged and nutrient enriched, nutrient enriched alone, and

controls. The number of microinvertebrates on all tiles, including controls appeared to

increase over time (Figure 14). The results of the factorial analysis ofvariance (Table

13) again showed that all of the main factors were significant including the interaction

between nutrient enrichment and caging. Caged tiles and caged and nutrient enriched

tiles supported a significantly higher number ofmobile microinvertebrates than both

control and nutrient enriched tiles alone (Tukey's multiple comparisons: p<O.OOl for both
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tests). Control tiles had a consistently lower number ofmobile invertebrates than any of

the experimental tiles (Tukey's multiple comparisons: p<O.OOl for all three tests).

The total number ofmobile invertebrates collected from tiles was positively

correlated with total algal dry weight (r=0.675, n=144, p<O.OOl). The total number of

polychaetes and gastropods was more correlated with calcified weight than fleshy

biomass (r=0.5l6, 0.496 for calcified weights versus 0.482 and 0.416 for fleshy weight

respectively, n=144, p<O.OOl for both tests), whereas the total number ofcrustaceans was

highly correlated with fleshy algal biomass (r=0.648, n=144, p<O.OOl). The total number

ofmicroinvertebrates was also positively associated with time (r=0.5l8, n=144, p<O.OOl)

and sediment dry weight (r=0.502, n=144, p<O.OOl). Multiple regression was not

performed on the data because of multicolinearity between many of the variables.

The overall mean and standard errors for each treatment at the end of the

experiment are shown in Table 5. Relationships between sediment dry weight and

biomass ofdifferent algal functional groups showed that sediment dry weight was

positively correlated with both fleshy algal biomass (r= 0.208, n=144, p=0.014) and

calcified weight (r=0.171, n=144, p=0.044). Sediment dry weights were also highly

correlated with abundance ofmicroinvertebrates (r=0.502, n=144, p<O.OOl).

DISCUSSION

The relative abundance of fleshy versus calcified algal biomass on experimental

tiles in this study generally supports the Relative Dominance Model proposed by Littler
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and Littler (1984). However, this study documents a marked response by the algal

community in only short time periods to differences in both herbivory and nutrient levels.

Clearly, benthic algal communities in Hawai'i can shift rather rapidly in response to

either of these factors. While the response of algal communities to herbivory has been

demonstrated previously, this study is novel in showing a significant nutrient response.

Although we used broad categories (fleshy versus calcareous) for algal biomass

estimates, the data provide valuable insight into the mechanisms that may influence

benthic community dynamics. More data are needed however, on the fine scale

processes and interactions between coral, algae, herbivores and the geophysical

components ofa given reef in order to understand the broad scope ofmechanisms

involved in phase shifts in tropical locales.

Steneck (1997) found that coralline abundance and herbivory were positively

correlated thereby illustrating "disturbance tolerance" by these algae. However, in this

study, with herbivory held constant, coralline abundance was much lower on control tiles

than nutrient enriched tiles suggesting that the nutrient enrichment treatment did

influence coralline abundance. All settlement tiles exposed to nutrient enrichment had

significantly higher levels ofcalcified dry weight than those not exposed to enrichment.

This suggests two processes: 1) crustose coralline algae may be nutrient limited at this

site and/or that 2) herbivory was sufficiently high to prevent the establishment of fleshy

turf or macroalgae on these tiles. Nutrient enrichment accelerated coralline algal growth

to a level that exceeded grazing pressure; herbivores did not consume these coralline

algal species because ofother abundant food sources. Perhaps the increased nutrients

facilitated coralline algal recruitment. Another possibility may be that nutrient
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enrichment treatment accelerated growth and turnover rates of fleshy algae but that

herbivores consumed the propagules before they were able to fully establish.

Observations ofcoralline algal growth in this study (~1 mm/month) were higher

than those reported elsewhere (Littler and Littler 1984) and appear to have been

accelerated due to nutrient enrichment. High levels ofnutrients on reefs (namely

phosphorus) have been shown to decrease coral calcification rates and thus, overall

growth rates (Kinsey and Davies 1979; Smith 1984; Tomascik and Sander 1985; Green

et al. 1997). If this process is further compounded with an increase in coralline algal

growth rate, competitive interactions may favor algal rather than coral dominance.

Tiles in herbiviore exclusion treatments had consistently higher levels of fleshy

algal biomass than controls, suggesting that the rapid growth rates of fleshy turf algae,

perhaps because of their upright fleshy morphologies and high surface to volume ratios,

prevented coralline algae from settling. Macroalgae were never observed on controls or

tiles exposed to caging or nutrient enrichment alone. Initially, all caged tiles were

colonized by small filamentous turf algae. However, tiles in the caged and nutrient

enriched treatment began showing a shift toward macroalgal dominance after

approximately four months. The appearance of the frondose chlorophyte Ulva fasciata

(Figure 3D) on these tiles was one of the most dramatic observations, as this species of

Ulva is not found naturally near the experimental site (J. Smith pers. obs.), yet Ulva spp.

are known to inhabit areas of high nutrient concentrations and low herbivory in other

areas (Lapointe and Tenore 1981). Some species ofmacroalgae are found on subtidal

reefs in Hawai'i, but usually escape herbivory through either chemical defense, physical

defense or by occupying cryptic habitats. This research suggests that macroalgal growth
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and subsequent success on exposed surfaces may be the result of relatively short-term

exposqre to both top down and bottom up factors. Other studies have shown that

macroalgae can and will establish on surfaces removed from herbivory without the

presence of increased nutrients (Hay 1981, Lewis 1986, Carpenter 1986). The apparent

lack ofmacroalgae on tiles exposed to only herbivore exclusion in our study may be the

result of intense grazing ofyoung macroalgal propagules by microherbivores and

juvenile fishes. More research needs to be conducted to clarify the effects of this

diminutive but diverse group of herbivores on benthic community structure in the tropical

Pacific.

The presence ofboth fleshy macroalgae and coralline algae on tiles

simultaneously exposed to caging and nutrient enrichment (Figure 3) suggests that these

two algal forms can coexist on both short and long term scales under the appropriate

physical and biological parameters (Steneck 1997). Despite documentation of coralline

abundance in areas characterized by abundant herbivorous echinoderms and fishes,

control tiles in this study were virtually bare when compared to fertilized tiles. Thus, the

lack ofdominance by coralline algae on control tiles seems to arise from nutrient

limitation rather than herbivore pressure. However, the persistence and subsequent

abundance ofcorallines on nutrient enriched tiles is most likely the result ofcontinual

removal of fleshy algal propagules by herbivores (Wanders 1977) and accelerated growth

rates via fertilization. This observation is consistent with the existence ofcoralline algal

ridges that are dominant on highly exposed reef crests throughout the tropics which are

constantly exposed to high flux rates (nutrient delivery) and herbivory (Littler and Littler

1984).
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Sediment collected from experimental tiles showed interesting relationships with

algal functional group biomass. Sediment was more abundant in the presence of fleshy

algae than coralline algae. The canopy height ofalgal turfs has been shown to influence

microscale flow rates and may have an impact on sediment trapping and could therefore

prevent transport of sediments offofa reef (Carpenter and Williams 1993). This process

may be critical if the trapped particulate matter contains high levels ofnutrients.

Sedimentation has also been shown to adversely effect coral reproduction (Rogers 1990).

The interrelationships between algal biomass, sediment accumulation and nutrient

content could have significant implications to reefhealth and recovery following large

physical disturbances. The synergistic effects of these factors need to be examined more

thoroughly.

The abundance of mobile microinvertebrates in this study is much higher than

previously reported (Carpenter 1986; Hixon and Brostoff 1996). This may be the result

of the scale of sampling, as virtually all of the invertebrates observed here were less than

2 mm in size and were enumerated microscopically. Nevertheless, the abundance of

these organisms was positively correlated with both fleshy and calcified algal dry

weights. Crustaceans were more commonly found on caged tiles where fleshy algae

dominated, whereas gastropods and polychaetes were more common in the presence of

calcified algae. Because of the profusion of microinvertebrates recorded in this study,

algal biomass recorded for the caged treatments may actually be underestimates of true

treatment effects ifthe tiles had been completely removed from herbivory (assuming that

some of these invertebrates were grazers). However, the number of microinvertebrates

continued to increase with algal biomass over time suggesting that the invertebrate effects
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were not large enough to significantly depress algal standing crop to control levels. The

overall treatment effects observed here were consistently large regardless of

microinvertebrate abundance.

CONCLUSIONS

Algal blooms on tropical reefs have been attributed to either eutrophication

(Lapointe 1997; Lapointe 1999) or a reduction in herbivory via overfishing or disease

(Hughes et al. 1984; Hughes and Connell 1999). It is often difficult to pinpoint the exact

cause of any major phase shift on a reef due to the complex nature ofthese ecosystems

and the lack of adequate and consistent long-term data. The past history and combined

effects ofmultiple stressors on tropical reefs must be examined in order to understand the

underlying factors that influence community structure (Hatcher 1997, Hughes and

Connell 1999, Miller et al. 1999). In order to assess the magnitude that various stressors

may have on reef ecosystems, we need to continue conducting manipulative field

experiments that address these factors in conjunction and alone. This research

demonstrates that both bottom up and top down factors alone can influence algal standing

crop and community composition. When both biotic and abiotic factors are examined

simultaneously, however, the effect can be much larger than that of either factor alone.
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Table 1. Dissolved organic nitrogen and phosphorus concentrations (J.1M) in the area

adjacent to nutrient enrichment pots. Values are expressed as means +/- SE in

parentheses from samples collected on four separate dates during the experiment

(January, February, March and May 1999). Distance is expressed in meters on a

transect moving away from enrichment pots.

Distance (m) n NH4 N03 P04

0.00 4 148.80(7.51) 94.35(19.68) 22.38(2.06)

0.25 4 5.42(1.23) 1.88(0.81) 1.26(0.29)

0.50 4 1.76(0.87) 0.95(0.38) 0.61(0.23)

1.00 4 1.04(0.56) 0.68(0.37) 0.34(0.16)

Ambient 4 0.713(0.22) 0.38(0.11) 0.24(0.07)

112



Table 2. Results offour-way factorial analyses of variance for log transfonned algal dry weights. All factors excluding the

blocking variable were treated as fixed effects. Total algal biomass includes both fleshy and calcified components

(C=caged, N=nutrient enrichment, T=time).

Total Algal Biomass Calcified Weight Fleshy Biomass

Factor F P F P F P

Cage 120.50 <0.001 75.18 <0.001 54.96 <0.001

Nutrients 118.14 <0.001 98.69 <0.001 95.42 <0.001

Time 66.91 <0.001 61.59 <0.001 33.80 <0.001

Block 13.89 <0.001 12.80 <0.001 9.39 <0.001

CxN 30.12 <0.001 28.25 <0.001 12.94 <0.001

NxT 6.15 <0.001 5.40 <0.001 4.88 <0.001

CxT 2.07 0.074 1.90 0.1000 5.85 <0.001

CxNxT 1.34 0.252 1.30 0.2670 1.52 0.1880
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Table 3. Mean (n=6) of algal functional group biomass (dry weight in grams tissue/50 cm2
) and standard error of the mean (in

parentheses) from experimental tiles in each treatment at the end of the six month sampling interval (Both=herbivore

exclusion and nutrient enrichment, Caged=herbivore exclusion).

Treatment

Control

Both

Nutrient Enriched

Caged

Total Biomass

0.45845(0.0215)

2.14720(0.1200)

1.50882(0.1040)

1.24050(0.0709)

Fleshy Biomass

0.06750(0.0034)

0.43283(0.0303)

0.21192(0.0125)

0.24100(0.0167)
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Calcified Weight

0.39095(0.0191)

1.71437(0.0969)

1.29690(0.0921)

0.99950(0.0593)



Table 4. Results of four-way factorial analysis of variance for log transfonned sediment weight and number of mobile

invertebrates collected from settlement tiles in each offour treatments over a six month sampling interval. The block

variable was treated as a random factor; all other variables were treated as fixed factors (C=caged, N=nutrient enrichment,

T=time).

Sediment Weight Total Mobile Invertebrates

Factor F P F P

Cage 207.11 <0.001 266.34 <0.001

Nutrients 4.87 0.029 14.27 <0.001

Time 2.97 0.015 36.42 <0.001

Block 10.87 <0.001 6.03 <0.001

CxN 34.83 <0.001 29.25 <0.001

NxT 1.62 0.160 1.44 0.217

CxT 0.44 0.820 1.36 0.246

CxNxT 1.56 0.178 1.29 0.272
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Table 5. Species list and presence in each time and treatment category. Letters after species names refer to their functional

group assignment where C=Calothrix, T=Turf, CC=Crustose coralline algae and M=Macroalgae.

Time Treatment
1 2 3 4 5 6 Control Fertilized Cage Both

Cyanobacteria
Anabena sp. (T) X X X
Calothrix crustacea (C) X X X X X X X X X X
Oscillatoria sp. (T) X X X X X X X X X X

Green Ale:ae
Bryopsis plumose (M) X X
Codium arabicum (M) X X X X X X X X X
Codium edulae (M) X X X X X
Derbesia fastigiata (T) X X X X X X X X
Cladophoropsis sundanesis (T) X X
Cladophora socialis (T) X X X X X X
Cladophora vagabunda (T) X X X X X X X X X X
Dictyosphaeria cavernosa (M) X X X
Enteromoprpha flexuosa (T) X X
Enteromoprha paradoxa (T) X X X X X X X X X X
Enteromorpha linza (T) X X X X X X X X X X
Microdictyon japonicum (M) X X
Trichosolen oahuensis (T) X X X X X X
Pseudoclorodesmis parva (T) X X
Stuvea anastomosus (T) X X
Ulva fasciata (M) X X
Ventricaria ventricosa (M) X X X X
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Time Treatment
1 2 3 4 5 6 Control Fertilized Ca2e Both

Brown Al2ae
Hincksia mitchelliae (T) X X X X X X X X X X
Dictyota divaricata (T) X X X X X X X X X
Dictyota friabilis (M) X X X X X X X
Feldmania indica (T) X X X X X X X X
Lobophora variegata (M) X X X X X X X X X X
Sphacelaria novae-hollandae (T) X X X X X X X X X
Sphacelaria sp. (T) X X X X X X X X
Sphacelaria rigidula (T) X X X X X
Sphacelaria tribuloides (T) X X X X X X X X X
Mesospora sp. (M) X X X X X
Red Al2ae
Acrochaetium sp. (T) X X X X X X X
Amphiroa sp. (T) X X X
Annotrichium secundum (T) X X X X
Annotrichum tenue (T) X X X X X X X X
Antithamnion anti/anum (T) X X X X X
Antithamnion breviramosa (T) X X X X
Antithamnion decipiens (T) X X X
Antithamnionella sp. (T) X X X
Baliella repens (T) X X X X X
Centroceras minutum (T) X X X X X X X X X X
Ceramium clarionensis (T) X X X X X
Ceramium codii (T) X X X X X X X X
Ceramium dumosertum (T) X X X X X X
Ceramium flaccidum (T) X X X X X X X
Ceramium hanaense (T) X X
Ceramium mazatlaensis (T) X X X X
Ceramium punctiforme (T) X X X X X X
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Time Treatment
1 2 3 4 5 6 Control Fertilized Caee Both

Ceramium tenuissimum (T) X X X X
Ceramium tranquil/um (T) X X
Ceramium vagans (T) X X X
Ceramium species1 (T) X X X X X X X X X X
Ceramium species2 (T) X X
Ceramium species3 (T) X X
Champia parvula (T) X X X X X X X X
Champia vielardii (T) X X X X X X X X
Chondria polyrhiza (T) X X
Corallophila apiculata (T) X X X X X X
Corallophila huysmansii (T) X X X X X X X X
Crouania minutissima (T) X X X X X X X
Diplothamnion jolii (T) X X X X
Dotyella hawaiiensis (T) X X
Falkenbergia (T) X X X X X X X X X
Gelidiella antipai (T) X X X X X X
Gelidiella sp. (T) X X X
Gelidiopsis sp. (T) X X X X X X
Gelidiopsis variabilis (T) X X X X X X X
Gelidium sp. (T) X X X X X X X
Gloiocladia iyonensis (T) X X
Griffisthia heteromorpha (T) X X X X X X X
Herposiphonia arcuata (T) X X X X X X
Herposiphonia crassa (T) X X X X X X X
Heterosiphonia crispella (T) X X X X X X
Herposiphonia delicatula (T) X X
Herposiphonia nuda (T) X X X
Herposiphonia parca (T) X X X X X X
Heposiphonia secunda (T) X X X X
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Time Treatment
1 2 3 4 5 6 Control Fertilized Ca2e Both

Herposiphonia species 1 (T) X X X X X X X X X X
Herposiphonia species 2 (T) X X X X
Hypnea pannosa (T) X X X X X
Hypnea spinella (T) X X X X X X X
Hypoglossum minimum (T) X X X X X X X
Hypoglossum simulans (T) X X X X X X X X
Hypoglossum wyneii (T) X X X X X X
Jania sp. (T) X X X X X X X X X X
Laurencia sp. big (T) X X X X X X X X X X
Laurnecia small (T) X X X X X X X X X X
Lithophyllum spp. (CC) X X X X X X X X X X
Lomentaria hadakoensis (T) X X X X X X X X X X
Lophocladia sp. (T) X X
Martensia fragilis (M) X X X X X X X X
Melanamansia glomerata (M) X X X X X X X
Myriogramme bombayensis (T) X X X X X X X X
Neogonolithon (CC) X X
Peysonella rubra (CC) X X X X X X X X X X
Pleosporum intricatum (T) X X X X
Polysiphonia exilis (T) X X X
Polysiphonia poko (T) X X X
Polysiphonia profunda (T) X X X X X X
Polysiphonia scopulorum (T) X X X X X X X X X X
Polysiphonia sphaerocarpa (T) X X X X X
Polysiphonia tepida (T) X X
Polysiphonia tongatensis (T) X X X
Polysiphonia sp. (T) X X X X X X X X X X
Porolithon onkoides (CC) X X X X X X X X X X
Ptilocladia wyenii (T) X X
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Time Treatment
1 2 3 4 5 6 Control Fertilized Cae:e Both

Spirocladia hodgsenii (T) X X X X X X X X
Stylonema alsidii (T) X X X X
Taenioma perpusillum (T) X X X X X X X X
Tolypiocladia glomerata (T) X X X X X X X X X
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Table 6. Results of ANOSIM test for species community data from factorial experiment.

ANOSIM Tests For Differences Between Treatment Groups
Sample statistic (Global R): 0.511
Significance level of sample statistic: 0.001
Number ofpermutations: 999 (Random sample from a large number)
Number ofpermuted statistics greater than or equal to Global R: 0

Pairwise Tests: Treatment

Treatments R Statistic PValue Permutations #>/=Obs
Control, Both 0.81 0.001 999 0
Control, Fert 0.465 0.001 999 0
Control, Cage 0.65 0.001 999 0
Both, Fert 0.424 0.001 999 0
Both, Cage 0.183 0.001 999 0
Fert, Cage 0.5 0.001 999 0

ANOSIM Tests For Differences Between Time Groups
Sample statistic (Global R): 0.396
Significance level of sample statistic: 0.001
Number ofpermutations: 999 (Random sample from a large number)
Number ofpermuted statistics greater than or equal to Global R: 0

Pairwise Tests: Time

Time R Statistic PValue Permutations # >/= Observed
1,2 0.269 0.001 999 0
1,3 0.643 0.001 999 0
1,4 0.675 0.001 999 0
1,5 0.63 0.001 999 0
1,6 0.784 0.001 999 0
2,3 0.077 0.079 999 78
2,4 0.431 0.001 999 0
2,6 0.618 0.001 999 0
3,4 0.119 0.010 999 9
3,5 0.245 0.001 999 0
3,6 0.44 0.001 999 0
4,5 0.081 0.091 999 90
4,6 0.237 0.001 999 0
5,6 0.088 0.066 999 65
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Table 7. Results ofNPMANOVA test for species community data from factorial

experiment.

Non-parametric Multivariate Analysis ofVariance
Factor df SS MS
Time 5 56474.36 11294.87
Treatment 3 71476.15 23825.38
Time x Treatment 15 33432.01 2228.81
Resid 120 153067.80 1275.56
Total 143 314450.34

F
8.85
18.67
1.74

p

0.0002
0.0002
0.0002

Groups
(Control, Both)
(Control, Fertilized)
(Control, Cage)
(Both, Fertilized)
(Both, Caged)
(Fertilized, Caged)

Pair-wise a posteriori comparisons: Treatment
t P
4.7467 0.0020
3.7092 0.0020
4.5447 0.0020
2.9057 0.0020
2.1193 0.0040
3.8817 0.0020

Pair-wise a posteriori comparisons: Time
Groups t P
(1,2) 1.8105 0.0260
(1,3) 2.7872 0.0040
(1,5) 3.1171 0.0020
(2,3) 1.1961 0.1520
(2,5) 1.9667 0.0040
(3,4) 1.2655 0.0760
(3,6) 2.0286 0.0040
(4,6) 1.6393 0.0120
(1,3) 2.3523 0.0020
(1,4) 2.5352 0.0020
(1,5) 2.2440 0.0060
(1,6) 1.2631 0.0094
(2,4) 2.0040 0.0040
(2,5) 2.4440 0.0060
(2,6) 2.8645 0.0040
(3,4) 1.6422 0.0100
(3,5) 2.6250 0.0040
(3,6) 2.8552 0.0060
(4,5) 1.7076 0.0100
(4,6) 1.7958 0.0060
(5,6) 1.4361 0.0380
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Table 8. Pairwise comparisons for the significant interaction term from the NPMANOVA

on community data. Tests examine differences in treatments for each level of time;

times 1-6 correspond to Feb-July.

Pair-wise a posteriori comparisons: Interaction
Time] Time 2 Time 3

Groups t P t P t P

Control, Both 2.67 0.003 2.19 0.014 2.33 0.003
Control, Fertilized 1.34 0.103 1.33 0.145 1.65 0.004
Control, Caged 1.92 0.005 1.84 0.008 2.38 0.004
Both, Fertilized 1.89 0.011 1.31 0.126 1.44 0.040
Both, Caged 1.45 0.061 0.91 0.638 1.05 0.359
Fertilized, Caged 1.81 0.015 1.44 0.058 2.08 0.010

Time 4 TimeS Time6
Groups t P t P t P

Control, Both 3.24 0.003 2.78 0.003 4.38 0.003
Control, Fertilized 3.01 0.003 2.07 0.006 3.39 0.003
Control, Caged 2.73 0.002 2.72 0.002 3.66 0.004
Both, Fertilized 1.91 0.003 1.20 0.003 2.05 0.004
Both, Caged 1.55 0.004 1.31 0.079 2.01 0.004
Fertilized, Caged 2.42 0.003 2.14 0.003 2.14 0.003

123



Table 9. Results ofDISTLM analysis of variance for species community data testing all

terms in the model independently including the block variable; all factors except for

the block factor were treated as fixed effects.

Full Model Multivariate Analysis

df SS MS pseudo-F P
Cage 1 4.24185 4.24185 35.29665 0.00020
Denominator 115 13.82038 0.12018
Total 143 31.44503
Fertilized 1 2.31504 2.31504 19.26351 0.00020
Denominator 115 13.82038 0.12018
Total 143 31.44503
Time 5 5.64744 1.12949 9.39851 0.00020
Denominator 115 13.82038 0.12018
Total 143 31.44503
Cage x Fert 1 0.57529 0.57529 4.78704 0.00020
Denominator 115 13.82038 0.12018
Total 143 31.44503
Cage x Time 5 1.49855 0.29971 2.49390 0.00020
Denominator 115 13.82038 0.12018
Total 143 31.44503
Fertx Time 5 1.08833 0.21767 1.81121 0.00040
Denominator 115 13.82038 0.12018
Total 143 31.44503
Cage x Fert x Time 1 0.29001 0.29001 2.41319 0.00540
Denominator 115 13.82038 0.12018
Total 143 31.44503
Block 5 1.57710 0.31542 1.45735 0.01760
Denominator 138 29.86793 0.21643
Total 143 31.44503
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Table 10. Results ofNPMANOVA for species composition data grouped into functional

group categories (turf algae, crustose coralline algae, macroalgae, invertebrates,

Calothrix (nitrogen fixing cyanobacterium) and bare space, see Table 6); times 1-6

correspond to Feb-July.

Source
Time
Treatment
Time x Treatment
Total

Groups

Non-parametric Multivariate Analysis ofVariance
df SS MS F
5 6648.0995 1329.6199 4.3458
3 82904.6809 27634.8936 90.3242
15 7868.1013 524.5401 1.7145
143 134135.1682

Pair-wise a posteriori comparisons: Time
t P

p

0.0002
0.0002
0.0050

(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(2,3)
(2,4)
(2,5)
(2,6)
(3,4)
(3,5)
(3,6)
(4,5)
(4,6)
(5,6)

Groups
(Control, Both)
(Control, Fertilized)
(Control, Cage)
(Both, Fertilized)
(Both, Caged)
(Fertilized, Caged)

1.7541 0.0500
1.7783 0.0630
1.5403 0.0870
1.6847 0.0670
1.4182 0.1540
1.1817 0.2060
1.7369 0.0550
1.4215 0.1250
1.2248 0.2150
0.7393 0.5810
0.3542 0.8750
0.5667 0.7620
0.6085 0.7290
0.7408 0.5550
0.2073 0.9540

Pair-wise a posteriori comparisons: Treatment
t P
13.576 0.0010
6.6688 0.0010
15.292 0.0010
5.2438 0.0010
3.1629 0.0010
6.8289 0.0010
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Table 10 (Cont.). Results ofNPMANOVA for species composition data grouped into

functional group categories (turf algae, crustose coralline algae, macroalgae,

invertebrates, Calothrix (nitrogen fixing cyanobacterium) and bare space, see Table

6); times 1-6 correspond to Feb-July

Pair-wise a posteriori comparisons: Interaction

Time] Time 2 Time 3
Groups t P t P t P

Control, Both 4.17 0.004 5.44 0.002 5.93 0.003
Control, Fertilized 1.46 0.161 3.94 0.003 2.30 0.024
Control, Caged 4.53 0.003 6.02 0.002 7.41 0.007
Both, Fertilized 1.99 0.054 1.45 0.174 1.95 0.013
Both, Caged 1.28 0.188 1.05 0.334 1.57 0.075
Fertilized, Caged 2.14 0.048 1.71 0.073 2.74 0.004

Time 4 TimeS Time6
Groups t P t P t P

Control, Both 6.34 0.004 8.21 0.004 9.29 0.005
Control, Fertilized 5.42 0.003 2.98 0.002 4.52 0.004
Control, Caged 8.65 0.003 8.13 0.003 11.42 0.002
Both, Fertilized 2.96 0.004 2.70 0.002 3.23 0.004
Both, Caged 1.92 0.003 1.68 0.036 2.87 0.004
Fertilized, Caged 5.34 0.004 2.84 0.003 4.78 0.003
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Table 11. Results ofNPMANOVA for species composition data grouped into taxonomic

categories (Divisions: Cyanophyta, Chlorophyta, Phaeophyta, Rhodophyta,

Invertebrates and Bare Space; see Table 6); times 1-6 correspond to Feb-July.

Source
Time
Treatment
Time x Treatment
Resid
Total

Non-parametric Multivariate Analysis ofVariance
df SS MS F
5 16805.9699 3361.1940 7.2681
3 61268.4495 20422.8165 44.1613
15 8590.5884 572.7059 1.2384
120 55495.1276 462.4594
143 142160.1353

p

0.0002
0.0002
0.1252

Groups
(Control, Both)
(Control, Fertilized)
(Control, Cage)
(Both, Fertilized)
(Both, Caged)
(Fertilized, Caged)

Groups
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(2,3)
(2,4)
(2,5)
(2,6)
(3,4)
(3,5)
(3,6)
(4,5)
(4,6)
(5,6)

Pair-wise a posteriori comparisons: Treatment
t P
10.3083 0.0010
5.2804 0.0010
9.4760 0.0010
4.0333 0.0010
1.8353 0.0230
3.3636 0.0010

Pair-wise a posteriori comparisons: Time
t P
1.9290 0.0240
2.7649 0.0020
2.8637 0.0010
2.7525 0.0010
3.4473 0.0010
1.2496 0.2150
1.9894 0.0120
1.7838 0.0260
2.3295 0.0040
0.9817 0.3830
0.8086 0.4740
1.3043 0.1510
0.4654 0.8640
0.6768 0.6440
0.5621 0.7790
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Table 12. ANDVA results for species diversity as measured by the Shannon-Weiner

diversity Index and for species richness in experimental treatments and over time. All

factors were treated as fixed except for the block variable which was treated as

random, n=6.

Factor
Analysis ofVariance for Shannon-Weiner Diversity Index

DF SS MS F p

Time
Nutrient
Cage
Time x Fert
Timex Cage
Fert x Cage
Time x Fert x Cage
Block
Error
Total

Factor
Time
Nutrient
Cage
Time x Fert
Timex Cage
Fert x Cage
Time x Fert x Cage
Block
Error
Total

5 4.30100 0.86020 17.57
1 0.42427 0.42427 8.67
1 9.19285 9.19285 187.78
5 1.35178 0.27036 5.52
5 1.07047 0.21409 4.37
1 0.84250 0.84250 17.21
5 0.36816 0.07363 1.50
5 0.28264 0.05653 1.15
115 5.62995 0.04896
143 23.46362
Analysis ofVariance for Species Richness

DF SS MS F
5 324.17 64.83 6.53
1 51.36 51.36 5.17
1 3402.78 3402.78 342.49
5 125.64 25.13 2.53
5 215.06 43.01 4.33
1 330.03 330.03 33.22
5 33.31 6.66 0.67
5 248.08 49.62 4.99
115 1142.58 9.94
143 5873.00
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<0.001
0.004

<0.001
<0.001

0.001
<0.001
0.194
0.336

p

<0.001
0.025

<0.001
0.033
0.001

<0.001
0.647

<0.001
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Figure 1. (A) Map ofthe island ofHawai'i, showing the location ofPuako Reef on the

leeward side of the Kona coast. (B) Aerial photograph showing the fringing reef at

Puako.
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Figure 2. Diagrammatic representation of experimental design. This drawing represents

one of the six blocks used in our experiment. All blocks were situated at a constant depth

(12 m) and were aligned back to back, parallel to shore.
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A

Figure 3. Photograph of experimental tiles (50 cm2
) following six months of exposure to

treatment conditions. (A) control, (B) herbivore exclusion, (C) nutrient enrichment and,

(D) both herbivore exclusion and nutrient enrichment. All tiles are constructed out of

PVC and are naturally gray in color.

131



2.5
A

2.0 --+- Control
--0- Fertilized and Caged
--T- Fertilized

1.5 ---v- Caged

1.0

0.5

0.0

2.0
~ BE 1.8u
0 1.6
'fl 1.4Ei 1.2.. 1.0.c
Cl
'ij 0.8
~
~ 0.6
'C 0.4c
III 0.2C»

:IE
0.0

0.5
C

0.4

0.3

0.2

0.1

0.0
Feb. March April May June July

Month (2000)

Figure 4. Mean algal biomass (g/50 cm2
) on experimental tiles under factorial nutrient

enrichment and herbivore exclusion treatments over a six month sampling interval; (A)

total dry weight (including CaC03), (B) fleshy dry weight and, (C) calcified dry weight;

n=6 for all samples; bars are +/- SE of the means; legend for (B) and (C) is the same as

that for (A).
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Figure 5. nMDS plots of entire community data matrix shown for all samples in each

treatment for each month. Different symbols indicate different treatments (see legend)

and the stress values (the lower the better) are an indication how ofwell the plot is able to

display the true structure of the ranked similarities among samples.
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Figure 6. NMDS plot for the entire community data matrix showing successional

trajectories over time. Each point reflects the mean abundance ofall species for a given

treatment and time. Adjacent times are connected with lines and the number s 1 and 6

reflect the first and last sampling period respectively.
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Figure 7. Abundance of functional groups in experimental treatments over time, see

Table 5. A. macroalgae, B. crustose coralline algae, C. turf algae, D. Calothrix, E.

Invertebrates and F. bare space; values are means ± 1 SE, n=6 .
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Figure 8. nMDS plots of functional form data matrix (turf. crustose coralline. macroalgae.

Calothrix. sessile invertebrates and bare space) shown for all samples in each treatment

for each month.
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Figure 9. nMDS plot for the functional form data matrix showing successional

trajectories over time. Each point reflects the mean abundance of all species for a given

treatment and time. Adjacent times are connected with lines and the number s 1 and 6

reflect the first and last sampling period respectively.
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Figure 10. Abundance of taxonomic groups in experimental treatments over time. A.

Cyanophyta, B. Chlorophyta, C. Phaeophyta and D. Rhodophyta; values are means ± 1

SE,n=6.
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Figure 11. nMDS plots of taxonomic groups shown for all samples in each treatment for
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Figure 12. nMDS plot for the taxonomic group data matrix showing successional

trajectories over time. Each point reflects the mean abundance ofall species for a given

treatment and time. Adjacent times are connected with lines and the number s 1 and 6

reflect the first and last sampling period respectively.
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n=6.
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Figure 14. Mean values of (A) sediment dry weight accumulated on tiles (g/50 cm2
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interval from each experimental condition; n=6 for all samples; bars are +/- SE of the

means; legend for (B) is the same as that for (A).
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CHAPTER 3:

DISTRIBUTION AND REPRODUCTIVE CHARACTERISTICS OF

NONINDIGENOUS AND INVASIVE MARINE ALGAE IN THE HAWAllAN

ISLANDS
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ABSTRACT

Quantitative and qualitative surveys were conducted on five of the main Hawaiian

Islands to determine the current distribution ofnon-indigenous algae (NIA) and to assess

the level of impact that these algal species pose to marine ecosystems in Hawai'i. Maps

were generated to examine the spread of these organisms from initial sites of introduction

and to assimilate information regarding habitat characteristics that appear to make some

sites more susceptible to invasion than others. Blooms ofnative invasive algae were also

documented when encountered. The potential for vegetative propagation via

fragmentation was examined experimentally as a mode ofreproduction for four of the

most common species ofNIA in Hawai'i. This research has demonstrated that each of

these algal species has a distinctive distribution at present and reproductive strategies

appear to vary among species. More research is needed to further understand the

competitive strategies and unique ecological characteristics that have allowed these non

indigenous species to become successful in the Main Hawaiian Islands.
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INTRODUCTION

Healthy coral reef ecosystems are often dominated by reefbuilding corals and

coralline algae, with macroalgae and algal turfs typically restricted to areas ofreefs that

are relatively less accessible to herbivores. On reefs subjected to anthropogenic

disturbances such as increased terrestrial nutrients or the removal of grazers, however,

algal growth rates may exceed grazing rates and result in overgrowth ofcorals and other

benthic invertebrates (Hatcher and Larkum 1983, Littler and Littler 1984, Smith et al.

2001, Steven and Larkum 1993, Stimson et al. 2001). The long-term consequences of

these phase shifts from coral to algal dominance may include the loss ofbiodiversity, a

decrease in the intrinsic value ofthe reef, changes in the community structure of the reef

fishes dependent upon corals for habitat and shelter, and erosion of the physical structure

of the reef (Hughes 1994). Phase shifts involving both indigenous and nonindigenous

algae have been documented in Hawai'i but have not been thoroughly studied. Thus,

documenting the nature and characteristics of these problems before invasive algal

species become ecological dominants on Hawai'i's reefs is crucial.

Blooms ofboth indigenous and non-indigenous marine algae have become

common in the Hawaiian Islands over the last several decades (Russell 1987, 1992,

Rodgers and Cox 1999, Stimson et al. 1996). In tropical regions, blooms of indigenous

algae have often been tied to reductions in grazing intensity and increases

anthropogenically-derived nutrient levels (Miller et al. 1999, McClanahan et al. 2001,

McCook et al. 2001, Smith et al. 2001, Stimson et al. 2001, Thacker et al. 2001).

However, the mechanisms driving the abundance and success ofnon-indigenous algae
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(NIA) worldwide remains unclear and may be the result ofa number of interacting

factors.

The introduction ofNIA in the marine environment has been, and continues to be,

a devastating issue in relation to the health and stability ofnear shore ecosystems. The

introduction and impacts ofnonindigenous algae such as Caulerpa taxi/olia (Vahl) C.

Agardh in the Mediterranean, Codiumfragile (Sur.) Hariot spp. tomentosoides (van

Goor) Silva in New England and New Zealand, Sargassum muticum (Yendo) Fensholt in

Europe and Mexico and Undaria pinnatifida (Harvey) Suringar in Australia, New

Zealand and Europe have been widely documented (Hannisak 1980, Carlton and Scanlon

1985, Espinoza 1990, Meinesz et al. 1993, Trowbridge 1995, Bellan-Santini et al. 1996,

Critchleyet al. 1997, Ferrer et al. 1997, Andrew and Viejo 1998, Campbell and Burridge

1998, Curiel et al. 1998, Karlsson and Loo 1999, Stuart et al. 1999, Schaffelke et al.

2000). In the tropics, nonindigenous marine plants pose threats to both coral dominated

habitats and seagrass beds and have the potential to reduce biodiversity and significantly

alter the structure ofreef ecosystems (Maragos et al. 1996, Critchley et al. 1997, Den

Hartog 1997).

The success of these NIA may be the result of a variety of factors including

chemical or physical defense from herbivory and diverse physiological characteristics

that lead to rapid growth rates (Borowitzka 1981, Duffy and Hay 1990, Holmlund et al.

1990, Hay et al. 1994, Bolser and Hay 1996, Hay 1997, Paul 1997). Native species of

algae also have the potential to become "invasive", leading to massive blooms and

ecological dominance as was seen with Dictyosphaeria cavemosa (Forsskal) Boergesen

in Kane'ohe Bay, Hawai'i (Smith et al. 1981, Hunter and Evans 1995, Stimson et al.
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1996,2001), Cladophora sericea (Hudson) Kuetzing on Maui (Hodgson 1994) and

Turbinaria ornata (Turner) J. Agardh in Tahiti (Stiger and Payri 1999).

At least nineteen species ofmacroalgae have been introduced to O'ahu, Hawai'i

since 1950, and five ofthese have become successful (Table 1). Some of these plants

were brought to Hawai'i from Florida or the Philippines purposely for commercial

aquaculture projects that were later abandoned (Russell 1992). Another species was

unintentionally introduced after a heavily fouled ship originating in Guam arrived in

Hawai'i (Doty 1961). However, the origin and source ofmany other apparently

introduced algae remains unknown (Doty 1961, Brostoff 1989). The most likely vector of

transport is through ship fouling and/or ballast water as many of these NIA were first

collected in or around harbors and gradually dispersed to neighboring areas. However,

there is little information on the present distribution patterns of these plants throughout

the Hawaiian Islands. In order to determine if these NIA (or invasive indigenous species)

are indeed posing threats to marine resources in Hawai' i, we need to first document their

current distribution and evaluate their abundance in relation to particular habitats.

Information regarding the distribution ofNIA can then provide insights into the possible

mechanisms ofdispersal.

Fragmentation or vegetative propagation is a common mode ofreproduction in

the marine environment and may be an important mechanism for algal propagation

(Smith and Walters 1999). From an ecological perspective, the ability to fragment

readily, disperse widely prior to recruitment, and successfully attach in short periods of

time are all likely to be important characteristics of invasive species that bloom
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frequently. For species that do fragment, knowing the smallest size that is viable sets

important criteria for clean-up and mitigation activities.

The success ofboth NIA and indigenous invasive algae in coastal environments

may be the result of a wide range ofphysiological, ecological and reproductive

characteristics. Each species may have a unique approach or they may all use similar

strategies to become ecological dominants. The goals oftms study were to determine the

distribution, relative abundance and reproductive characteristics of the five most

successful NIA in the main Hawaiian Islands and to document other invasive species

blooms when encountered.

METHODS AND MATERIALS

Ecological Surveys

The species of NIA documented in the present study along with their relevant

ecological characteristics are presented in Table 1. Prior to conducting field surveys, a

database at the Bernice P. Bishop Museum, Honolulu, HI was summarized in order to

tabulate existing information from voucher specimens collected from around the state

(Table 2).

Baseline surveys were conducted around the islands ofHawai'i, Maui, Moloka'i,

O'ahu and Kauai in order to map the present distribution and/or appearance ofnon

indigenous and indigenous invasive macroalgae throughout the main Hawaiian Islands.

These surveys were semi-quantitative and provided descriptive data for each survey site
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including: relative abundance ofalgal species ranked on a scale of 0-10 (O=not present,

10=100 percent cover), habitat type (e.g. sand, lava bench, coral, rock, artificial

substrate), date, temperature, salinity, GPS coordinates, dominant herbivore community

characteristics, depth and any other relevant information. All surveys were conducted by

snorkel and were primarily focused in depths of less than 3 meters. At each site, a general

survey and reconnaissance of the area was conducted for approximately one hour. At

that time, approximately five 0.25 m2 quadrants were placed haphazardly throughout the

shallow subtidal and intertidal regions to assess NIA species abundances. As many

shorelines as possible were surveyed; the total number of sites surveyed per island was

dependent upon accessibility and environmental conditions. A total of fourteen sites were

surveyed on Hawai'i Island, thirteen sites on Kauai, fifteen sites on Maui, fifteen sites on

Moloka'i, and twenty sites on O'ahu (Table 3, Figure 1).

Voucher specimens of algae were deposited at the Bernice P. Bishop Museum for

future reference. Following each ofthe surveys, alien species distributions and relative

abundance were plotted using ArcView GIS maps for each of the islands. These maps

were then compared with those generated from the historical data compiled from the

Bishop Museum's database. This information highlights which of the alien species have

been most successful at dispersing between islands and where blooms currently exist.

In Kane'ohe Bay, 0'ahu, the site where several species of alien algae were

initially introduced into the state, quantitative surveys were conducted so that future

changes could be monitored more precisely. For these surveys, two 30 meter transect

lines were positioned on the reef crest perpendicular to the shoreline and ran across

habitats from the reef crest to the reef flat. The abundance ofall species of algae and
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benthic invertebrates was estimated using percent cover in ten 1/4 m 2 quadrants

positioned randomly along each transect.

Reproductive Biology ofNonindigenous Algae

The ability of four of the most common NIA species (Acanthophora spicifera

(Vahl) Boergesen, Avrainvillea amadelpha (Montagne) Gepp and Gepp, Gracilaria

salicomia (C. Agardh) Dawson and Hypnea musciformis) to reproduce via fragmentation

or cloning was examined both in the field and at the Waikiki Aquarium. Several

individuals of each species were collected in the field from Kahala Reef, O'ahu and were

transported in seawater to the Waikiki Aquarium. Individuals were cut into four size

classes (0.5, 1.0, 2.0, and 4.0 cm in length (field component) or 0.5, 1.0, 2.0 and 3.0 cm

in length (Waikiki Aquarium)) using razor blades and calipers. Apical regions of all

species were used excluding A. amadelpha where the subterranean portion was

considered to be more regenerative than the upright portion (Littler and Litter 2000).

Fragments were weighed and randomly placed into 4 x 5 x 5 cm compartments in clear

plastic boxes. The lids of these boxes were modified to incorporate fine screen mesh that

allowed water flow into and out of the compartments but prevented fragments from

escaping. Six replicates (separate boxes) ofeach species and size combination were used.

For the field component of this experiment, boxes were weighted with two 2 lb

lead weights. They were placed on the reef flat in the Waikiki Marine Life Conservation

District (MLCD) at a depth of approximately 1 m on 6 May 2000. Boxes were left in the

field for one week and were then brought back into the laboratory and all fragments were

re-weighed. Boxes were then returned to the reefbut were not subsequently recovered
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due to a large south swell that apparently dislodged and removed them from the

experimental area. The same experiment was then repeated at the Waikiki Aquarium in

outdoor tanks with natural lighting and flowing unfiltered seawater to ensure successful

completion of the experiment. Fragment boxes were dusted daily to remove fine

particulate matter from the mesh screen that may have shaded the samples. Fragments

were weighed weekly for one month.

Data generated in fragmentation studies were plotted as percent increase in weight

(total new weight minus initial weight divided by initial weight). Data were analyzed

using a two-way analysis of variance with time and size as factors (both fixed) for each

species. To determine which size fragments grew the most in relation to their initial

weight Tukey's multiple comparisons were used to test for differences in growth between

the four size classes.

In addition to the fragmentation studies, searches were made for sexually

reproductive individuals during field surveys and in collected samples.

RESULTS

Ecological Surveys

Results of field surveys are presented in detail on the Alien and Invasive Algae in

Hawai'i website developed as part of this research project:

http://www.botany.hawaii.edu/HCRIldefault.htm
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Voucher specimens deposited in the Bishop Museum database prior to and during

this study are shown for each island in Table 2. Historically the greatest number ofNIA

specimens was collected on the island of0'ahu. Other areas such as west Maui, which

had been known in the past to have alien species problems, were lacking adequate

documentation. Data summarized in Table 2 also highlights islands where new NIA

records were documented. For example, Gracilaria salicornia had never been found on

Moloka'i prior to these surveys, new records were set for Hypnea musciformis on Kauai

and Moloka'i and Avrainvillea amadelpha was located on Kauai, the first observation of

this species beyond 0'ahu. This information provided a historical record and a starting

point from which to monitor the spread of each of these species.

Sites surveyed during this study are shown in Figure 1. Summary information for

each ofthese sites including site number, name, island, total number and abundance of

NIA species and the relative abundance of each NIA species is presented in Table 3. The

island of0'ahu appears to be most heavily impacted by NIA where it is common to find

up to three NIA species at any given site. Several sites on the island of0'ahu also had

greater than fifty percent cover ofNIA. West Maui is another area that is heavily

impacted by NIA, specifically Hypnea musciformis was found occupying up to eighty

percent cover in some areas. As a general trend, the south and south-western shores ofall

islands excluding Hawai'i are most impacted by NIA. The island ofHawai'i is the least

impacted of the main islands where Graci/aria salicornia and Acanthophora spicifera are

the only NIA species present at two locations per species.

Qu~titative surveys were conducted in Kane'ohe Bay, O'ahu and the relative

abundance and distribution of total alien algae (all species combined), the invasive alga
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Dictyosphaeria cavernosa and hard coral at all sites surveyed in the bay are presented in

Figure 2. Detailed results and photographs ofKane'ohe Bay sites are displayed on the

website. NIA were most abundant in southern Kane'ohe Bay and appeared to be

negatively associated with hard coral abundance. Dictyosphaeria cavernosa was more

common at the central and north-bay sites than in the south bay while hard coral

abundance increased along a south to north gradient. Results obtained from different

patch reefs throughout the bay seem to be highly variable and did not show any clear

trends.

Blooms of indigenous invasive species were observed on the island ofMaui and

in Kane'ohe Bay, O'ahu. The green alga Ulvafasciata Delile appeared in high abundance

in Kahului Harbor and in north Kihei on the island ofMaui. Another green alga,

Cladophora sericea was blooming from northern Lahina to Honokowai in the north/west

region ofMaui. Several species were found to be invasive within Kane'ohe Bay

including Dictyosphaeria cavernosa and other NIA as shown in Figure 2.

Reproductive Biology ofAlien Algae

In field experiments (Figure 3), H. musciformis showed the greatest potential for

fragmentation at all size classes with the highest success in the smallest fragments. This

species has "apical hooks" at the tips of its branches that attach or anchor the alga onto

other macroalgae and any other available substrate. The smallest size fragments were

generated from these apical hooks and showed up to a 200% in weight over one week.

When this species is ripped from the substrate, these hooks are likely to be left behind to
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re-grow. Other species examined showed lesser potential for vegetative propagation as a

successful means ofasexual reproduction (Figure 3).

Fragmentation studies conducted at the Waikiki Aquarium produced similar

results to those obtained in the field (Figure 4). Again, the smallest size fragments ofH.

musciformis showed the largest increase in weight during the study period. Fragments of

G. salicornia also showed significantly high growth rates for all size classes examined. A.

spicifera initially showed positive growth for most size classes but began showing signs

ofdecomposition towards the end ofthe experiment. The cylindrical branches of this

species are covered with large bumpy spines and despite continual dusting of sediment

from experimental boxes, these spines tended to trap fine sediment. Eventually, most

fragments began to decline in health as a result of sediment burial. Most of the fragments

ofA. amdelpha showed very little growth during the experimental interval. The largest

size class for this species showed more growth relative to initial weight than any of the

other sizes examined.

Results of the two-factor ANOVA showed that time was significant (Table 4) for

all four species, indicating that even though fragments were growing throughout the

experiment, the greatest increase in growth occurred during the first week of the

experiment. This pattern was most likely the result ofa gradual decline in health due to

sedimentation and decreased metabolism associated with low mater motion. Fragment

size was also significant for all species except for A. spicifera. For both H. musciformis

and G. salicornia the smallest (0.5 cm) fragments grew the most. Pieces of tissue as small

as 0.5 cm are viable as propagules. For A. amadelpha the largest size fragments were the
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most successful. This species appeared to be able to re-grow from fragments 3 cm or

greater in size.

Prior to this study, sexual reproduction had not been observed in the field for any

of the species of algae introduced to Hawai' i. During the field surveys, sexually

reproductive individuals ofA. spicijera were collected on all islands except for the island

ofHawai'i. Individuals of this species were also observed on the hulls of ships on O'ahu,

Maui, Moloka'i and Kauai. None of the other NIA were fertile when collected or

observed in the field.

SUMMARY

Information obtained during this study can be used to define areas that may be

more susceptible to invasion than others. However, based on the diversity in ecological

strategies observed for each of these alien species, it is difficult to make any specific

predictions. In the broadest context, sites with low topographic complexity, low herbivore

abundance and high terrestrial nutrient input seem to be most at risk. As different levels

of each of these factors are considered, the issue will become more complex. Information

generated during this study for the five most common species ofalien algae in Hawai'i is

summarized below.
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Acanthophora spicijera

Distribution in Hawai'i

A. spicijera was initially unintentionally introduced to Pearl Harbor on the island

ofO'ahu in 1952 from a barge originating in Guam. Based on field surveys conducted

during the present study, A. spicijera is the most common NIA species in Hawai'i. This

species was found on every island surveyed and its distribution was fairly uniform around

all coastlines except for the island ofHawai'i. This organism appears to have radiated in

all directions from the initial site of introduction. It is most common in intertidal regions

and in semi-protected tidepools where it may escape spatially from herbivory. This

species was commonly observed fouling ship hulls in harbors throughout the state during

field surveys. While this plant was a common component of the marine flora and is

clearly displacing native species in Hawai'i, it does not appear to form large

monospecific, nuisance blooms.

Reproduction

During field surveys, samples of this species were collected whenever

encountered and several tetrasporophytes and female gametophytes containing mature

carpospores were found on all islands except for the island ofHawai'i. This species

appears to be able to release sexual propagules at all times of the year and because of this,

may have greater potential for dispersal than plants that reproduce only by fragmentation.

This species did also show some fragmentation potential. The broad distribution of this

species may also be due in part to hull fouling and transport by small boats and vessels

throughout the islands.
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Avrainvillea amadelpha

Distribution in Hawai'i

A. amadelpha was initially reported by Brostoff (1989) where it was collected at

Koko Head and Kahe Point, 0'ahu after 1981. Based on field surveys, this organism has

persisted in both of these locations and has spread laterally from Koko Head to Kahala on

O'ahu's south shore and from Kahe Point north on the west shore. Previous to this study

A. amadelpha had never been found beyond O'ahu however, we located a small

population at Prince Kuhio Beach Park on Kauai suggesting that this organism is able to

disperse between islands. This species inhabits soft or sandy bottom habitats where the

majority of the plant biomass is subsurface. This NIA frequently serves as a substrate for

many native species of epiphytic algae and as habitat for many invertebrates. The

endemic Hawaiian seagrass, Halophila hawaiiana and A. amadelpha now co-occur in

areas that were once H. hawaiiana meadows (Unabia 1984). This may prove to be a

significant conservation and management problem and more research is needed to

determine A. amadelpha's ecological strategies and impacts on the native biota.

Reproduction

A. amadelpha showed the lowest overall potential to reproduce via fragmentation

when compared to the other NIA examined. Out of all size classes studied, this species

showed the highest success in the largest fragments (3 em). Sexual reproduction was not

observed in samples ofA. amadelpha collected from O'ahu populations. However,

identification ofreproductive material for this species requires microscopic examination;

it is possible that we overlooked reproductive individuals in the field. The recent finding
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ofthis species on Kauai suggests that it is dispersing, however, the mechanism remains

unclear.

Gracilaria salicornia

Distribution in Hawai'i

G. salicornia has an interesting history in Hawai'i. Two populations of this

species were known to exist on the island ofHawai'i (in Hilo Bay and Kapoho) prior to

1950, however the origin of these populations is unknown but may be tied to early harbor

arrivals in Hilo from the Philippines. In the 1970's this species was transported

intentionally from Hilo to two locations on O'ahu (Waikiki and Kane'ohe Bay) for

aquacultural projects that were later abandoned. Sometime in the 1980's G. salicornia

was brought from O'ahu to Pukoo fishpond on the island ofMoloka'i (I. Abbott pers.

comm.). This NIA species currently has the most discontinuous distribution of all species

examined in this study. This species is now found on three islands with no obvious

continuity among locations. It was found on the island ofMoloka'i but only at one site,

Pukoo fishpond where the alga Graci/aria parvispora is being cultivated. At most of the

other sites where G. salicornia was found, this alga was highly dominant over a distinct

area. It was very common in southern Kane'ohe Bay but was not found in the north Bay.

G. sa/icornia was dominant in Waikiki in front of the Aquarium but was not present at

adjacent sites such as Ala Moana Beach Park or at Kahala. It seems that, once introduced,

this species has the ability to spread within a site laterally and become locally dominant

but does not have great success at dispersing larger distances between sites or islands,

over this two decade time frame.
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Reproduction

G. salicomia was able to successfully fragment in all size classes examined.

These results suggest that once this species is introduced, it may be able to spread

laterally within a site via vegetative growth. However, the fragments are quite heavy

(mean=0.05 g/cm +/- 0.005 SE) and tend to sink rapidly perhaps explaining why it is not

as successful at spreading between sites. With physical disturbance such as wave action

or trampling, these fragments likely get washed offof the reef and sink out of favorable

conditions (e.g. below the photic zone) before becoming established. Sexual reproduction

was never observed in the field and therefore fragmentation is most likely the primary

mode reproduction in this species. Further, Nishimura (2000) found a high degree of

genetic similarity between individuals collected throughout Waikiki. It seems likely that

existing populations of this species around the state ofHawai'i were initially intentionally

introduced followed by secondary lateral spread. Localized dominance is then facilitated

by morphology (Larned 1998), physiology (Beach et al.1997) and fragmentation.

Hypnea musciformis

Distribution in Hawai' i

H. musciformis was initially introduced to Kane'ohe Bay, 0'ahu in 1974 as part

of an aquaculture project that was later abandoned. This organism is the second most

common NIA species in Hawai'i. H. musciformis has not yet spread to all of the islands

and was not as abundant or as evenly distributed as A. spicifera but is clearly becoming

more common. It is common on the islands of0'ahu and Maui but only appears to be
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blooming at discrete locations. H musciformis~ when abundant usually co-occurs with

Ulvafasciata~ a known weedy species in a genus known to require high nutrient flux for

growth (Larned 1998). Therefore~ the mechanisms that influence bloom formation in this

species may be related to land use activities and nutrient input. Surprisingly~ H

musciformis was not very common in Kane'ohe Bay~ the site of initial introduction~

occurring at only one out of fifteen bay survey sites in fairly low abundance (Figure1).

Reproduction

While H musciformis was not observed to reproduce via sexual reproduction in

Hawai'i during this study~ it is able to propagate vegetatively at all size classes examined

with the greatest success observed in the smallest fragments. As mentioned previously~

the tips of the branches of this species are inflated and have characteristic "hooks". These

hooks tightly twine around axes ofother plants. Once the epiphytic biomass ofH

musciformis reaches a certain size or weight~ wave action or other physical disturbance

may crop the majority of the Hypnea offof the host plant~ leaving the "hooks" behind.

Our fragmentation study showed that these hooks can increase in weight up to 200% in a

week thereby rapidly propagating this species. In addition to the hooks~ drift biomass that

is ripped up can also disperse to new locations. It appears that fragmentation is the

primary mode ofreproduction in this species however~ the genetic basis for this remains

to be tested.
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Kappaphycus/Eucheuma spp.

Distribution in Hawai' i

At least two species ofKappaphycus were intentionally introduced with state

permits into Kane'ohe Bay, O'ahu for aquaculture in the 1970's. Some thirty years later,

during the present study, this genus was still found only in and around Kane'ohe Bay and

had a very patchy distribution within the bay itself. It was most common on patch reefs

but could also be found in variable abundance on the fringing reefs from the south up to

the most northerly site surveyed as well as on the back reef (Woo 1999). Kappaphycus

appears to have spread uniformly from its initial site of introduction at Coconut Island

and has become heavily dominant on some patch reefs in the bay. In some areas this

organism is clearly competitively dominant, occupying up to 80 % of the substrate.

Because of its large stature, Kappaphycus also appears to be competing with coral and

may be able to overgrow live coral colonies. Once established in an area, this NIA may

be able to spread laterally but, like G. sa/icornia, does not appear to be able to spread

long distances or between islands.

Reproduction

Kappaphycus in Hawai'i is most likely several (at least two species) taxonomic

entities that have a great deal ofmorphological plasticity. Female gametophytes are

needed to identify these plants to species; Kappaphycus was not observed to be

reproductive during this study. While Kappaphycus may not be reproducing sexually in

Hawai'i it is clearly successful at vegetative propagation. This mode ofreproduction was

not examined in this study due to extensive work conducted by Woo (1999). This

169



research showed that Kappaphycus re-grew in the field from fragments as small as 0.5

cm. This method ofreproduction is most likely the primary mode ofpropagation for

Kappaphycus spp. in Hawai'i. It is unclear why this plant has not spread outside of

Kane'ohe Bay but is likely due to the heavy weight of fragments and the inability ofthe

propagules to disperse long distances. As with G. salicornia, the fragments most likely

sink out of favorable habitats or below the photic zone before becoming established.

CONCLUSIONS

This research has highlighted numerous aspects ofNIA algal species biology that

had not previously been documented in Hawai'i. The present distribution ofeach NIA

species has been mapped and will serve as a basis for future monitoring and assessment

of coral reefs throughout the state. Reproductive mechanisms involved in propagating

and dispersing these NIA species were examined and provide tools for developing

management schemes or eradication programs. Because of the ability ofmany of these

NIA species to vegetatively propagate, caution is needed when developing eradication

programs to avoid further dispersal. Blooms of native algal species were also encountered

and preliminarily documented. Future research should examine top down and bottom up

forcing factors that may limit or determine the ultimate growth potential for each invasive

species, both indigenous and non-indigenous. Herbivore feeding preferences can be used

to determine ifmarine protected areas or fisheries management areas will help to reduce

the abundance of these species (McClanahan 1997). Finally, nutrient fluxes into reef
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regions and rates of uptake by these plants will contribute to our understanding ofwhy

some of these organisms bloom under certain conditions. The issues ofnon-indigenous

and invasive algae in Hawai'i are dynamic. Each species is specialized and likely

employs unique strategies that lead to ecological success in a variety ofhabitats. A

diverse and multidisciplinary approach is needed to address management issues related to

invasive species mitigation and eradication in the marine environment.
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Table 1. Updated list of successful macroalgae introduced to O'ahu since 1950 (Russe111992).

Product
Species O'ahu locale Date Origin Success Competition?

Value?

Pearl Harbor After highly
Acanthophora spicifera Guam none Laurencia spp.

and/or Waikiki 1950 successful

Koko Head, After West highly Soft bottom
Avrainvillea amadelpha none

KahePt 1981 Pacific? successful orgamsms

Waikiki & 4/71 Big Island highly
Gracilari salicornia agar Many reef spp.

Kane'ohe Bay 9/78 (Hawai'i) successful

highly kappa
Hypnea musciformis Kane'ohe Bay 1/74 Florida Many reef spp.

successful carrageenan

Honolulu
9/74 to kappa

Kappaphycus spp. Harbor & Philippines Successful Many reef spp.
late1976 carrageenan

Kane'ohe Bay
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Table 2. Number ofvoucher specimens for each alien species that have been deposited in

the Bishop museum prior to this study (Bishop) and as part of this study. This

information highlights where alien species were collected from islands they had

previously not been collected from before (in bold). n/s = not surveyed.
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Hawaii Bishop 4 0 0 4 1 0
This Study 2 0 0 2 0 0

Maui Bishop 13 0 0 0 1 0
This Study 12 0 0 0 10 0

Molokai Bishop 7 0 0 0 0 0
This Study 9 0 0 1 5 0

Lani Bishop 2 0 0 0 0 0
This Study n/s n/s n/s n/s n/s n/s

Kahoolawe Bishop 0 0 0 0 0 0
This Study n/s n/s n/s n/s n/s n/s

Oahu Bishop 61 5 14 18 34 46
This Study 18 1 0 8 8 9

Kauai Bishop 22 0 0 0 0 0
This Study 8 1 0 0 2 0
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Table 3. List of all sites surveyed for non-indigenous algae (NIA) on the five main

Hawaiian Islands. Site numbers correspond to numbers plotted in Figure 1. The

number ofNIA species found at each site, the total relative abundance ofNIA (in

percent cover) and the relative abundance of each of individual species ranked on a

scale from 0 (not present) to 10 (100 percent cover).
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I Kailua Harbor Hawaii 0 0 0 0 0 0 0

2 Vacationland Hawaii 0 0 0 0 0 0 0

3 Kapoho Hawaii I 20 0 2 0 0 0

4 Leleiwi Hawaii 0 0 0 0 0 0 0

5 Onekahakaha Hawaii 2 70 2 5 0 0 0

6 Pepeekeo Hawaii 0 0 0 0 0 0 0

7 Hakalau Hawaii 0 0 0 0 0 0 0

8 Lapahoehoe Hawaii 0 0 0 0 0 0 0

9 Waipio Valley Hawaii 0 0 0 0 0 0 0

10 Mahukona Hawaii 0 0 0 0 0 0 0

II Puako Hawaii 0 0 0 0 0 0 0

12 Kiholo Hawaii 0 0 0 0 0 0 0

13 Makalawena Hawaii 0 0 0 0 0 0 0

14 Keahole Hawaii 0 0 0 0 0 0 0

15 Honokohau Harbor Hawaii I 10 I 0 0 0 0

16 Kahului Harbor Maui 2 40 I 0 3 0 0

17 Kuau Maui 2 40 2 0 2 0 0

18 Keane Maui 0 0 0 0 0 0 0

19 Wainapanapa Maui 0 0 0 0 0 0 0

20 HanaHarbor Maui 2 20 I 0 I 0 0

21 La Perouse Bay Maui 0 0 0 0 0 0 0

22 Kanahena Bay Maui I 10 I 0 0 0 0

23 Ahihi Tidepools Maui 2 30 I 0 2 0 0

24 Wailea Maui 2 30 2 0 I 0 0

25 Kihei Beach Maui 2 40 2 0 2 0 0

26 Kihei Residential Maui 2 70 2 0 5 0 0

27 Maalaea Maui 2 90 I 0 8 0 0

28 Lahina Maui 2 30 2 0 I 0 0

29 Honokowai Maui 2 50 I 0 4 0 0

30 Honolua Maui I 10 I 0 0 0 0

31 Halawa Valley Molokai 0 0 0 0 0 0 0

32 Kalekapu Molokai 0 0 0 0 0 0 0

33 Pohakuloa Molokai 0 0 0 0 0 0 0

34 Kumimi Molokai 0 0 0 0 0 0 0

35 Kumimi Point Molokai I 10 I 0 0 0 0

36 Palaupi Molokai I 20 2 0 0 0 0

37 Kupeke Molokai 2 40 3 0 I 0 0

38 Pukoo Molokai 3 60 I 4 I 0 0

39 Hotel Molokai Molokai 2 30 2 0 I 0 0

40 Molokai Shores Molokai 2 40 3 0 I 0 0
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41 Kaunakakai Harbor Molokai 2 40 3 0 I 0 0

42 Poolau Molokai I 20 2 0 0 0 0

43 PuuKoi Molokai I 10 1 0 0 0 0

44 Papohau Beach-south Molokai 0 0 0 0 0 0 0

45 Papohaku Beach-north Molokai 0 0 0 0 0 0 0

46 Haaula Oahu 2 0 0 0 0 0 0

47 Patch Reef#14 Oahu 3 30 1 0 I 1 0

48 Patch Reef# 29 Oahu 1 50 0 0 0 5 0

49 Patch Reef# 44 Oahu 1 20 0 0 0 2 0

50 Patch Reef#54 Oahu I 10 1 0 0 0 0

51 South Bay #1 Oahu 3 60 I 4 0 1 0

52 South Bay #2 Oahu 3 70 2 4 0 1 0

53 South Bay #3 Oahu 2 40 1 3 0 0 0

54 South Bay #4 Oahu 2 60 1 5 0 0 0

55 Coconut Island Boat Dock Oahu 2 60 2 4 0 0 0

56 Central Bay #1 Oahu 3 40 2 1 0 1 0

57 Central Bay #2 Oahu 3 60 I 4 0 I 0

58 Central Bay #3 Oahu 3 40 I 2 0 I 0

59 North Bay #1 Oahu 2 40 2 2 0 0 0

60 North Bay #2 Oahu 1 10 0 I 0 0 0

61 North Bay #3 Oahu I 10 0 0 0 1 0

62 Kualoa Oahu 0 0 0 0 0 0 0

63 Kahala Beach Oahu 3 30 2 0 1 0 3

64 Waikiki Nadatorium Oahu 3 90 2 6 1 0 0

65 AlaMoana Oahu 2 60 5 0 1 0 0

66 KahePoint Oahu 2 20 0 0 1 0 2

67 Makaha Oahu 2 10 0 0 1 0 0

68 Mokuleia Kauai 1 10 1 0 0 0 0

69 Haena Kauai 0 0 0 0 0 0 0

70 Hanalei Bay Kauai 0 0 0 0 0 0 0

71 Anini Beach Kauai 1 40 4 0 0 0 0

72 Anahola Kauai 0 0 0 0 0 0 0

73 Nawiliwili Harhor Kauai 1 20 2 0 0 0 0

74 Poipu Beach Kauai 1 20 2 0 0 0 0

75 Prince Kuhio Beach Kauai 3 40 2 0 1 0 1

76 Port Allen Harbor Kauai 1 30 3 0 0 0 0

77 Salt Pond Beach Kauai 2 50 3 0 2 0 0

78 Ikialoa Kauai I 20 2 0 0 0 0

79 Kikialoa Harbor Kauai 1 30 3 0 0 0 0

80 Oomanu Point Kauai 0 0 0 0 0 0 0

81 Polihale Beach Kauai 0 0 0 0 0 0 0
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Table 4. Results of the two-way ANDVA for the Waikiki Aquarium fragmentation

study. Factors (time and size) were both treated as fixed variables. Significant size

refers to the size class that showed the largest increase in growth during the

experiment as determined by Tukey's multiple comparisons. n/s: not significant.

Time Size

Species F P F P Significant

Size

Acanthophora spicifera 23.3 <0.0001 0.59 0.623 n/s

Avrainvillea amadelpha 14.86 <0.0001 2.64 0.050 3.0cm

Gracilaria salicomia 22.91 <0.0001 5.38 0.002 0.5cm

Hypnea musciformis 38.95 <0.0001 3.28 0.026 0.5cm
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f

• Alien Algae

• Dictyosphaerla cavemosa

D Hard Coral

Figure 2. Map showing the distribution and abundance ofhard coral, NIA and

indigenous invasive algae within Kane'ohe Bay, O'ahu. Graphs show the mean

percent cover of each benthic category (NIA-all species, invasive algae-

Dictyosphaeria cavernosa and hard coral-all species) recorded in ten randomly placed

quadrants along each of two replicate 30 m transect lines at each site surveyed.
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Figure 3. Field fragmentation study. Graph showing the mean percent increase in

growth of fragments of different sizes generated from four alien species of algae over

a seven-day period. Values are the mean of six replicate samples per species size

combination. Bars are +/- 1 SE of the mean.
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mean.
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CHAPTER 4:

THE ECOLOGY OF THE INVASIVE RED ALGA GRAClLARIA SALICORNIA (C.

AGARDH) E.Y. DAWSON ON 0'AHU, HAWAfI
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ABSTRACT

The red alga Graci/aria sa/icornia was intentionally introduced to two reefs on

O'ahu, Hawai'i in the 1970's for experimental aquaculture for the agar industry. Some

thirty years later, this species has spread from the initial sites of introduction and is now

competing with native marine flora and fauna. The goals of this study were to quantify

various aspects of G. sa/icornia ecology in Hawai'i in an effort to develop control or

eradication tools. Experimental plots were established to determine cover and biomass of

G. sa/icornia per meter squared and to determine the amount of time and person hours

needed to remove G. salicornia from these plots. Significant amounts of G. sa/icornia

become dislodged from the reef during large wave events and become periodically

deposited onto the beach in front of the Waikiki Aquarium. Algal beach wash biomass

was quantified and positive relationships were established between swell height and the

amount of algae that washed up onto the beach in this location. We then quantified the

ability of G. sa/icornia vegetative fragments to re-grow following desiccation to

determine if algal biomass stranded on shore survives the tidal cycle until being washed

back out on the reef at high tide. Graci/aria salicornia was remarkably resistant to

temperature, salinity and chemical treatments examined as possible in situ control

options. Herbivore preference tests showed that the native Graci/aria species is

consumed far more frequently than the alien congener. Finally, large-scale community

volunteer efforts were organized to remove drifting G. sa/icornia fragments from the reef

area in front of the Waikiki Aquarium. Over 20,000 kg ofalien algal fragments were

removed from this location in five 4-hour clean-up events. However, based on G.
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salicornia growth rates, ability to fragment, physical tolerance and low herbivory, it is

clear that a large-scale dedicated effort will be needed to control this invasive species on

the reefs ofWaikiki.
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INTRODUCTION

The large-scale introduction of nonindigenous species is among the greatest

threats to the homogenization of the world's biota and subsequent reduction in global

biodiversity (Carlton and Geller 1993, Maragos et at. 1996, Ruiz et al. 1999). Hawaiian

ecosystems have been particularly impacted by the introduction ofnonindigeous plants,

invertebrates, birds and mammals, with approximately 22% of the state's biota

considered to be alien (Eldredge and Smith 2001). In many cases, terrestrial introductions

have either directly or indirectly led to extinctions and threatened or endangered listings

(Stone 1999). Because Hawai'i has extremely high rates of endemism, many of the

species found within the archipelago are highly specialized and therefore very susceptible

to invasion. Generalist invaders often overrun native specialists, leaving the highly

unique endemic species in a vulnerable and threatened position (Stone 2002).

Less is known about rates of endemism in the Hawaiian marine environment but

estimates suggest that a quarter of the flora and fauna in Hawai'i including seaweeds,

invertebrates, fish and corals are endemic (Eldredge and Smith 2001). Unlike many other

tropical locales, the Hawaiian Islands have also received a number ofnonindigenous

marine species over the last century (Coles et al. 1999, Russell 1992, Eldredge and Smith

2001, Friedlander et al. 2002). Perhaps because Hawai'i lies in the middle of the Pacific

Ocean and is located on shipping routes across the Pacific, the islands have intercepted

more nonindigenous marine species (NIMS) than other tropical locations (Carlton 1987).

The estimated number ofNIMS in Hawai'i includes 287 invertebrates, 20 algae, 20 fish,

and 12 flowering plant species (Eldredge and Smith 2001). While the majority ofNIMS
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in Hawai'i are invertebrates, many of these species are cryptic and/or have remained in

highly disturbed harbor and other fouling environments. These factors have made it very

difficult to detennine the impacts and interactions that the invaders may be having on

native marine flora and fauna. However the larger and more conspicuous nonindigenous

marine algae (NIMA) have become increasingly more common along Hawaiian shores

over the last several decades (Smith et al. 2002).

NIMA have had widespread and well-documented impacts in temperate locales

around the world (Hanisak 1980, Carlton and Scanlon 1985, Karlsson and Loo 1999,

Meinesz et al. 1993, Trowbridge 1995, Bellan-Santini et al. 1996, Critchleyet al. 1997,

Ferrar et al. 1997, Andrew and Viejo 1998, Joussan et al. 2000, Schaffelke et al. 2000)

and some invasive (weedy, bloom fonning) but native seaweed species have been

documented in the tropics (Smith et al. 1981, Stiger and Payri 1999a, b). Several species

ofNIMA have been introduced to the Hawaiian Islands both intentionally and

unintentionally since the 1950's but little research has been conducted on the impacts of

these species to the native reef community. Based on recent surveys conducted

throughout the main Hawaiian Islands, five NIMA are currently recognized as being

invasive (Smith et al. 2002). Three genera ofred algae in particular were intentionally

introduced to open reef ecosystems for experimental aquaculture for the carrageenan and

agar industry in the mid 1970's and all are now considered to be nuisance species on

Hawai'i's reefs.

Hypnea musciformis (Wu1fen) J.V. Lamouroux was introduced from Florida to

Kane'ohe Bay, O'ahu in 1974. This species is now the second most widespread of the

NIMA species in Hawai'i and is found on all of the main islands except the Island of
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Hawai'i. This alga fonns massive blooms on the island ofMaui (Hodgson 1994) and a

recent economic evaluation has estimated that because of the algal blooms, the State of

Hawai'i suffers net losses ofover $20 million per year due to reduced occupancy rates in

hotels and condominiums, reduced property value and direct costs of removing rotting

seaweed from beaches (Cesar et al. in press).

Kappaphycus alvarezii (Doty) Doty ex P.C. Silva and K. striatum (P. Schmitz)

Doty ex P.C. Silva were introduced to Honolulu Harbor and Kane'ohe Bay throughout

the 1970's (Russell 1983). Recent surveys suggest that these species remain largely

restricted to Kane'ohe Bay proper but K. alvarezii has become an ecological dominant on

some patch, fringing and back reefhabitats. Observations suggest that these species are

overgrowing and killing coral (Woo 2000) but more long-tenn data are needed to

substantiate these observations.

Graci/aria salicornia was introduced to Waikiki and Kane'ohe Bay in 1971 and

1978, respectively from a population that had been known from the Island ofHawai'i

prior to the 1950's. There is some support for the idea that this Hawai'i Island population

was an early 20th century ballast introduction from ships originating from the Philippines

(where G. salicornia is native, I. Abbott pers. comm.). Once on O'ahu, G. salicornia was

brought to Pukoo, Moloka'i where G. parvispora Abbott was being cultivated for food

consumption. Surveys conducted in 1999 (Smith et al. 2002) detennined that G.

salicornia still had a distinct and localized distribution throughout the Hawaiian Islands.

At that time, G. salicornia was highly successful and abundant in areas where it had been

initially introduced some thirty years earlier, but there was no continuity between

populations suggesting that it could not successfully colonize new areas without human
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intervention. Since the surveys conducted by Smith et al. (2002) in 1999, observations of

new populations have been documented (1. Smith unpubl. data), suggesting that this

species may be becoming increasingly successful on reefs in Hawai'i.

Very limited research has been conducted on the ecology of G. salicornia in both

its native and nonindigenous ranges. However, evidence suggests that this species'

unique mat-forming morphology provides physiological adaptations allowing the species

to tolerate a wide range of light environments (Beach et al. 1997) while also

monopolizing nutrients that may be seeping from underlying sediments (Larned 1998).

Fragmentation appears to be the primary mode ofreproduction for G. salicornia in

Hawai'i (Smith et al. 2002) as evidenced by the genetic similarity ofthe entire Waikiki

population and because sexual reproduction has rarely been observed (Nishimura 2000).

Because of its large morphological stature and dense 5-10 cm thick mats, G. salicornia

can have profound effects on benthic ecology by simply monopolizing substrata. This is

particularly evident in areas such as Waikiki where G. salicornia has become the single

most dominant benthic species in an area that prior to invasion was home to over 60

species ofmacroalgae (Doty 1969). Because of the impacts that this species may have on

Hawai'i's reef ecosystems, the goals ofour study were to gain a better understanding of

the ecology of G. salicornia in Waikiki and to investigate strategies that may be useful in

its control.
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METHODS AND MATERIALS

Reconna~sanceSurveys

G. salicornia was initially planted on the reef in front of the War Memorial

Natatorium in Waikiki, and at the Hawai'i Institute ofMarine Biology (HIMB), O'ahu

Island, Hawai'i (Figure 1). Surveys conducted in 1996 (Rodgers and Cox 1999) and 1999

(Smith et al. 2002) found that while G. salicornia appeared to have spread within

Kane'ohe Bay no new populations were found outside of the bay. To gain a better

understanding of the current distribution ofG. salicornia on O'ahu, broad qualitative

reconnaissance surveys were conducted. To determine the extent of the Waikiki

population, snorkelers began at the Natatorium (Figure 2) and swam both east and west to

determine where the population ended. During all surveys, snorkelers were

approximately 10 m apart and swam from shore to the reef crest. Using laminated high-

resolution aerial photographs (http://biogeo.nos.noaa.gov) snorkelers could determine and

record locations where G. salicornia was sighted. After swimming one reef swath,

snorkelers would move about 10m up or down the shore and swim back. Notes recording

the extent of new patches (continuous cover to small isolated patches) were recorded.

Similar surveys were also conducted at Kualoa Beach Park and Hawai' i Kai, 0'ahu

Island, Hawai'i (Figure 1).

Beach Wash Biomass

Large amounts of G. salicornia often wash up onto beaches in Waikiki following

large south swells (1. Smith pers. obs.), particularly the beach fronting the Waikiki

Aquarium and Waikiki's Marine Life Conservation District (MLCD) (Figure 2A). Linear
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regression was used to test whether there was a relationship between swell height and the

amount (area and weight) of algae on the beach. Algal beach wash was quantified by

measuring the area ofeach large mound of algae on the beach at low tide. The total

length of each mound was measured along the long axis of the beach and widths were

measured every 2 meters. Wet weight biomass was then estimated by collecting all algae

from within a 0.16 m2 quadrat every 5 meters in the center of a mound. Algae in direct

contact with sand were rinsed and drained using a sieve and spun in a mesh bag to evenly

remove water. Algae were then sorted into two categories, G. salicornia or "other" and

each was weighed.

Field Growth Rates

To assess growth rates of G. salicornia in the field and to determine if the beach

wash algae remained viable after desiccation at low tide, growth experiments were

conducted on the reef in front of the Natatorium in Waikiki (Figure 2B). Ten individuals

were haphazardly collected from the reef and from beach wash (mid-mound) at low tide

(desiccation had occurred for approximately 3 hours). Apical tips of the same size (1-2

cm in length) and pigmentation were excised from fragments, blotted dry and weighed.

Each fragment was placed into an acrylic cup (6 x 10 cm) with open plastic mesh (1/4 cm

diameter) top and bottom. A pair ofcups (beach wash and control fragments) were placed

into a larger (30 x 15 x 13 cm, 1 cm diameter mesh) wire mesh cage that was affixed to a

temporary chain (1-1.5 m depth) attached to the reef bottom, running parallel to, and 42

m in front ofthe Natatorium wall (Figure 2B). Cages were placed approximately 10 cm

apart and were cleaned every 4 days by snorkelers to reduce sediment accumulation and
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biofouling. Fragments were collected, blotted dry and weighed approximately every week

for 2 months. A paired t-test was used to determine ifdifferences in growth rates (glglday

from day°to day 62) were significantly different between paired control and beach wash

thalli.

To further quantify the effects ofdesiccation stress on G. sa/icomia a second

growth experiment was conducted. A total of40 fragments were collected from the reef

as described above and 10 fragments were randomly selected for each of four levels of

desiccation stress (O, 2, 4 and 6 hours ofdrying in beach wash as estimated from

perpendicular distance 0, 10 em, 1.2 m and 2.4 m from the water line at low tide).

Following the desiccation treatments, fragments were grown on the reef as described

above with one sample from each treatment placed together in a mesh cage (treated as a

block) and growth was measured weekly for 4 weeks. A two-way analysis ofvariance

was conducted to test for significant differences in mean growth rates (glglday) between

the four levels of desiccation stress (fixed factor) and block (random factor).

Grazing Pressure by Herbivorous Fishes

Herbivore preference tests were conducted at HIMB (Hawai'i Institute ofMarine

Biology) in outdoor tanks with flowing seawater to determine ifnative herbivorous fish

species have a dietary preference for native versus alien Graci/aria species (G.

coronopijo/ia J. Agardh and G. sa/icomia, respectively). Fish were collected in traps on

the fringing reef surrounding HIMB. Fish were removed from traps and immediately

brought to the HIMB facilities, where each fish was placed into a separate flow-through

22.75 L aquarium. Fish were left undisturbed without food overnight, with preference
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trials beginning the following day. A variety of acanthurid and scarid species were used

in each of the herbivore preference trials. (See Figure 5B for the specific fish species

used).

All algal material was collected from Checker Reef, a patch reefjust north ofHIMB

the day before experimental trials and kept in outdoor tanks with flowing seawater. On

the day ofthe test, thalli ofeach species were spun dry in a salad spinner and weighed to

0.001 g. Thalli for each species pair were trimmed to roughly the same size to minimize

any bias in preference due to the amount of algae of each species offered (Holmlund et al.

1990). Each weighed thallus was held in a clothespin fastened to a 7 cm x 7 cm concrete

plate, and one thallus of each species was placed in each aquarium. Several pairs of thalli

were placed in aquaria without fish to serve as growth controls. Spatial arrangements of

the thalli within the tank were randomized. At the end of the 24 hr trial period, all thalli

were removed from aquaria, spun in a salad spinner, and reweighed, with consumption

measured as the amount of each algal species consumed (weight loss) per gram of initial

thallus weight per day, corrected for growth determined from controls. Two trials of the

experiment were run in the winter of2000. Twelve fish were used in the first trial and 22

for the second, with a total combined sample size of34 fish. Preferences of fish for

different algal species were tested using methods developed by Peterson and Renaud

(1989).

Use ofTemperature, Salinity and Chemicals for Control

Experiments were conducted at HIMB in outdoor seawater tanks to determine

tolerance ranges of G. salicornia to a variety of temperature and salinity regimes as well
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as to varying concentrations ofcommercial grade herbicide and algicide. All algal

material was collected from the lagoon at HIMB, cleaned of any epiphytes, spun 10 times

in a salad spinner and fresh weight was obtained. A total of three replicates were used for

each treatment; each was placed in a separate 4.55 L aquaria located in outdoor tanks

with natural lighting. For the temperature experiment, thalli were placed into the

treatment conditions (8, 16,27,34 and 41°C) for one hr and then returned to ambient

temperature (27°C) with flow-through seawater; weights were again obtained after one

week. For all other experiments, individual thalli were placed directly into the treatment

for one week and then reweighed. Treatment conditions for the salinity experiment were

0, 17,34,50 and 750/00 and were maintained for the duration of the experiment. Two

chemical treatments were examined--the herbicide Triox-total weed killer (Ortho®) and

Pool Time® Algicide. High and low doses were applied according to the individual

chemical and were based on suggested applications on each bottle. Low doses were 124.8

mIlL and 0.0198 ml/L and high doses were 254.6 ml/L and 0.264 ml/L for the herbicide

and algicide, respectively.

At the end of one week all thalli were wet weighed. Rapid light curves were

obtained for all algal thalli using a pulse amplitude modulation fluorometer to estimate

photosynthetic efficiency (White and Critchley 1999). Relative electron transport rates

(RETR) were calculated from the equation: RETR = yield x PAR (Photosynthetically

Active Radiation) x 0.5 x 1 (ETR factor). Maximum electron transport rates (ETRmax), an

estimate ofmaximum photosynthetic rates (Pmax), were calculated from these curves

using nonlinear regression (Frennete et al. 1993). Linear regression was then used to test

for relationships between growth and ETRmax.
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Manual Removal & Effects on Benthic Community Composition

Three 30 m transects were established on the reef flat (1-2 m depth) directly in

front of the Natatorium (Figure 2 C-E). Transects were placed approximately 20 m

seaward of the memorial wall extending towards the reef crest, running parallel to each

other and approximately 25 m apart. Five points were randomly selected on each transect

where paired y.. m2 plots were permanently marked on either side ofthe transect with

stainless steel pins. Percent cover was measured by snorkelers using the point intercept

method with a double-strung quadrat using a total of36 intersections. In instances where

canopy and understory algae were present, a single intersection would be assigned two or

more points depending on the number of species encountered, therefore, some quadrats

had more than 36 points sampled. Surveys were conducted in November 2002.

Following the benthic surveys, one quadrat in each pair was selected and all of the

G. salicornia within the quadrat was completely removed. Snorkelers hand-picked G.

salicornia and placed all biomass into a large, plastic, fine-mesh bag while

simultaneously fanning the water with a hand net to capture all fragments generated

while removing larger pieces of the alga. When all or most of the large visible biomass

was removed, forceps were used to scrape small attachment points from the substratum.

Snorkelers recorded the type ofhabitat and the total amount oftime required to remove

all G. salicornia biomass per quadrat. Upon returning to the shore wet weights of the

removed G. salicornia were measured for each plot. Surveys were repeated for three

months following the initial removal of G. salicornia to determine rates ofre-growth.
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Linear regression was used to test for relationships between removal time, biomass and

percent cover.

Volunteer-based Removal Efforts

A collaboration among researchers, students, managers, non-governmental

organizations (NGOs), small businesses, and members of the local community was

formed to address two objectives: 1) assess the feasibility oflarge-scale manual removal

of the alien alga, G. salicornia, from a reef area and 2) build constituency and public

awareness of the threats of alien algae to Hawaiian reefs. However, because of the

remarkable ability of this species to reproduce by vegetative fragmentation (Smith et al.

2002), there was significant concern that a removal effort may in fact generate fragments,

thereby perpetuating the problem. Instead ofremoving attached G. salicornia from the

reef, these efforts were focused on removing the fragment pool (unattached and drifting)

from the water, primarily the dredged trench that tends to accumulate massive amounts of

algal biomass on the west end of the Natatorium (Figure 2F). Algae had accumulated in

the trench after physical disturbance tore large mounds loose from the adjacent reef.

Participants were initially contacted through nongovernmental organization

email lists (The Nature Conservancy, Reef Check), university classes, campus clubs, the

University ofHawai'i Dive Safety Office, canoe clubs, Waikiki Aquarium volunteers,

and by word-of-mouth, T-shirts were printed and provided to each volunteer;

refreshments and lunches were arranged through local vendors, Informational brochures

and posters were prepared and displayed on tables at the clean-up site for passersby and

participants alike.
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Five non-indigenous algae clean-up events have been held from August 2002

April 2003. Participation increased from 62 volunteers at the first event to over 120 for

the April 2003 clean-up. Permits for removal ofalgae from the MLCD (Marine Life

Conservation District) were obtained from the Hawai'i Department ofLand and Natural

Resources and the City and County ofHonolulu's Parks Department. Participants signed

the permit and contact information sheets as they arrived at the site.

Participants were organized into five workgroups: SCUBA divers, snorkelers,

beach workers, bag carriers, and sorters/weighers. University ofHawai'i certified

research divers collected floating algae from the trench area (-3-4 m depth) about 80 m

from shore. Divers stuffed the algae into burlap bags that were then closed with a plastic

zip tie. Snorkelers retrieved the filled bags from the divers and secured them to boogie

boards with elastic cords. Bags were then floated on the boogie boards over the shallow

reef flat to the beach. From the beach, bags were carried to a concrete ramp to drain and

the boogie boards passed back to the waiting snorkelers.

Workers also collected and bagged G. sa/icomia from the beach wash. On the

third, fourth and fifth clean-ups, a small mesh seine net was used to haul floating algae

from the shallow nearshore area up onto the beach where it was bagged and carried to the

sorting area; this method ofcollection was very effective in removing large amounts of

algae in a fairly short time.

After draining for a timed interval of 5 minutes, bags were weighed and then

emptied onto tarps in the sorting area. Researchers and trained students removed select

native algae that were mixed with the G. sa/icomia thalli and returned the native species

to the reef. The NIMA biomass was transferred to a garbage bin that was later delivered
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to a local green-waste recycling company for processing into composting tea. Some of

the alien algae biomass was provided to farmers directly for test use as compost in taro

agriculture.

RESULTS

Reconnaissance Surveys

A continuous population of G. sa/icomia was documented in Waikiki from

Diamond Head Beach Park to Ala Moana Beach Park (Figure 1). The majority of this

area was characterized by small scattered patches 0.5-3 m in diameter with anywhere

between 5 and 20 m between patches. Other areas such as the Natatorium and the

Waikiki MLCD had virtually continuous coverage of G. salicomia with usually less than

1-2 m between patches. Surveys continued from Diamond Head to Hawai'i Kai where

unattached drift was found at Wailupe Beach Park and an attached population was found

at Paiko Lagoon, Hawai'i Kai where several small «1 m) patches were scattered across

90 m2 area. On the northeast shore of0'ahu, surveys conducted at Kualoa Beach Park

documented a continuous population at the south end ofthe park in shallow water «1 m

depth) but this population did not extend far over the reef flat (covering < 50 m2 in area).

G. sa/icomia has also been found in Pearl Harbor on the south shore (Coles et aI. 1997),

at Queen's Beach near Makapu'u on the east shore (R. Iwamoto pers. comm.), near

Waianae High School on the west shore (D. Adams pers. comm.) and is found almost
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continuously throughout the southern portion ofKane'ohe Bay (Rodgers and Cox 1999,

Smith et al. 2002).

Beach Wash Biomass

Beach wash (mounds of unattached G. salicornia) was quantified on a total of7

days where total beach area, biomass per m2 and total beach biomass were estimated.

There was a positive association between swell height and total beach biomass, but this

relationship was not significant at the 5% level (Figure 3A). Nevertheless all measured

parameters tended to increase with increasing swell height (Figure 3B) suggesting that

wave height positively affects the biomass of G. salicornia that accumulates on the

beach. Up to 1,905 kg ofwet weight biomass were found on the beach at low tide during

a 1.5 m swell.

Field Growth Rates

Results of the paired T test suggest that mean growth rates were not significantly

different between control fragments and beach wash fragments that had been desiccated

for 3 hours after 60 days of growth in the field (T=1.06, p=0.322, mean of

differences=4.77, 95 % confidence interval: -5.64, 15.18). Figure 4A shows growth rates

of the two treatments over time and the largest visible difference in growth can been seen

at the first time point suggesting that the beach wash thalli may have initially been

stressed from the desiccation treatment. For the remainder of the experiment, mean

growth rates for the control thalli were slightly higher than beach wash thalli but this

trend was not significant. Beach wash fragments grew on average 0.029 gig/day (+/-
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0.0026 SE) or 6.04 % per day whereas reef fragments grew 0.037 glgIday(+/-0.0036 SE)

or 10.77 % per day (Figure 4B). Growth rates in both treatments changed over time but

this pattern was similar for all thalli suggesting that the treatments responded to temporal

variation similarly (Figure 4A).

Results from the desiccation experiment demonstrate significant effects for both

the treatment (Figure 4C, p=0.019, F=3.90, df=3) and the block (P=0.017, F=3013, df=9)

factors. Tukey's pairwise multiple comparison tests for the treatment factor showed

significant differences between the control fragments and the 4 and 6 hr desiccation

treatments (p=0.026 and 0.039, respectively). While differences in treatments were

detected, all of the fragments still maintained positive growth at the end of the

experiment and were therefore viable. Differences in growth rates between the blocks

may have been the result ofmicroscale variability within this reef environment.

Grazing Pressure by Herbivorous Fishes

Results ofherbivore preference tests showed that the native G. coronopofolia was

preferred as a food source over the nonindigenous G. salicornia (Figure SA). Both runs

of the experiment showed similar results with the native Graci/aria consistently preferred

over the alien. A two-sample T test (as developed in Peterson and Renaud 1989) was

used to determine whether differences in growth between the two species were

significantly different in experimental (with herbivores) relative to control (no

herbivores) runs (with mean G. sa/icornia growth subtracted from G. coronopofolia

growth). Results of this test show that significantly more G. coronopofolia was consumed

by herbivorous fishes than G. salicornia (n=34; T=3.l8, p=0.003l, df=34). Mean growth
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rates for G. coronopofolia were 0.0466 glgIday (+/-0.005, 1 SE) and -0.0995 (+/- 0.044,

1 SE) for the control and grazing assay respectively, while growth rates for G. salicornia

were 0.0461 (+/- 0.003, 1 SE) and 0.0283 (+/- 0.007, 1 SE). When examining grazing

intensity by fish species there is some evidence to suggest that different herbivore

families may show different preferences (Figure 5B). While all of the species of

acanthurids tested showed a consistent preference for the native Graci/aria species,

juvenile scarids, while consuming far less algal biomass than any other group, did not

demonstrate a preference for either alga.

Use ofTemperature, Salinity and Chemicals for Control

G. salicornia remained viable and maintained positive growth for all experimental

treatments except for the extreme warm water treatment (41 °C), the two high salinity

treatments (50 and 75 %0), both high and low herbicide treatments and the high algicide

treatment (Figure 6A). Rapid light curves were obtained for all samples that were still

intact to estimate photosynthetic rates at the end of the experiment. A significant positive

relationship was found between growth and ETRmax, suggesting that photosynthetic rates

can be used as a proxy for growth (Figure 6B). These analyses were also performed to

validate the growth studies. There was concern that the freshwater treatment samples may

not have grown and that positive weight gain was really the result ofosmotic stress

caused by extreme gradients between the alga and the surrounding medium. However all

G. salicornia were alive and photosynthetically competent after one week of immersion

in the freshwater treatment suggesting that this species is able to survive in this extreme

environment.
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Manual Removal & Effects on Benthic Community Composition

Results of surveys from permanent transects established on the reef in front of the

Natatorium showed that prior to removal, G. salicornia represented 47.78 % of the

benthic cover (+/- 6.19 SE, n=15).lrnmediately after removal, G. salicornia cover was

reduced to <1 %, by two weeks after removal had increased to 12.76 % (+/- 2.21 SE) and

four weeks after removal was up to 20.72% total cover (+/- 3.30 SE). Control plots

remained relatively constant over time but did increase in G. salicornia abundance by 5%

over the same four week period.

Manual removal of G. salicornia biomass from the reef took on average 415.7

min/m2 (+/- 48.5 SE, n=15) and there were no differences in time between different

habitat types (rubble, crevices and mixed, p=0.267, F=1.49, df=2) but as percent cover

and/or biomass increased the time to clear also increased (Figure 7 A, B). Mean biomass

per m2 was 5.193 kg (+/- 6.36 SE, n=15) and also did not vary significantly with habitat

type (p=0.067, F=3.5, df=2). Percent cover of G. salicornia did not vary with habitat type

(p=O.137, F=2.31, df=2). Significant linear regression relationships were established for

time to clear, percent cover and biomass per m2
• Despite a wide variation in the thickness

of G. salicornia mats, percent cover and biomass had a significant positive association.

Percent cover was a better predictor than biomass for the time required to clear plots

(Figure 7 A-C).

Volunteer-based NIMA removal efforts

In the five non-indigenous algae clean-ups at the Waikiki MLCD to date (each

four to five hours in duration), over 20,000 kg of G. salicornia biomass were removed
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from the trench and/or the beach and recycled (Table 1). The total effort involved over

400 volunteers donating a total of approximately 2000 person-hours. The use of the beach

seine in the last three clean-ups greatly increased the biomass of small fragments

removed from the beach and adjacent reef flat.

DISCUSSION

Despite the number ofnon-indigenous marine algae that have been introduced

to coral reefs in Hawai'i for aquaculture over the last several decades little research has

been conducted on the potential impacts of these species in their new environments (but

see Russell 1983, 1987, 1992, Rodgers and Cox 1999, Woo 2000 and Smith et al. 2002).

Zemke-White (in press) conducted a world-wide study investigating the environmental

impacts of seaweed farming in the tropics and found that while some 39 species from 15

genera are cultured in 22 countries, a comprehensive study on the impacts, escape,

establishment and interaction of these algae with native flora and fauna has never been

undertaken. While the field of invasion biology continues to progress in a number of

terrestrial and aquatic ecosystems, impacts of introduced macroalgae in the tropics

remain largely unknown and are in need ofmore research.

Results from our study provide a number of insights into the ecology and basic

biology of the invasive alga G. salicomia in Hawai'i. Reconnaissance surveys showed

that this alga has increased in distribution in just two years. G. salicomia was initially

introduced to the reef flat in front of the Natatorium in Waikiki in 1971, and has since
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spread both east and west approximately 2.5 km. Populations located at Ala Moana

Beach Park have established during the last two years (not present in surveys conducted

by Smith et al. 2002) suggesting that this species is continuing to spread. Because G.

salicornia reproduces primarily through vegetative propagation in Hawai'i (Nishimura

2000, Smith et al. 2002) a number of factors may contribute to such high rates of spread.

Any type ofphysical disturbance can generate fragments including wave action, fish bites

and trampling, and once these propagules are generated they most likely disperse through

currents and other hydrodynamic events such as large swell. Fragments may also be

spread by transport through the guts of herbivorous fish, urchins or sea turtles (Russell

and Balazs 1994). More research is needed to determine if fragments are viable after

passage through the guts of vertebrate and invertebrate grazers. New human-mediated

intentional introductions of G. sa/icornia around Hawai'i are still possible; G. sa/icornia

is now commonly found in poke (a local raw fish salad) and is sold at a number oflocal

markets around 0'abu.

Because ofprevailing trade winds from the northeast, spread of fragments from

the Natatorium down the coast in a westerly direction would seem likely. While this does

appear to be the case, G. sa/icornia has also spread up-current to Diamond Head in a

direction against the trade winds. It is unclear how the population at Hawai'i Kai

originated but it most likely came from Waikiki rather than Kane'ohe because of the

direction of the trade winds and expanses ofdeep water along the eastern shore north of

H.awai'i Kai.

Studies conducted in Kane'ohe Bay by Rodgers and Cox (1999) in 1996 found

little to no G. sa/icornia in the northern portion of the bay. Smith et al. (2002) conducted
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similar surveys in 2000 and found G. sa/icornia at two locations in the north bay. In

2002, we documented G. salicornia outside of the north bay at Kualoa Beach Park.

Evidence from the recent surveys suggests that G. salicornia is still spreading and rates

ofdispersal appear to be increasing. As new populations emerge, more biomass is

available for fragmentation and subsequent dispersal. Without intervention, this species is

highly likely to continue invading new sites.

We have documented a positive relationship between swell height and the

amount of G. salicornia that washes up on the beach in front of the Waikiki Aquarium at

low tide. Over 1,814.4 kg ofwet weight biomass was recorded on the beach after a 1.45

m swell in less than 120 m2 area. Such extensive accumulations of algae washed ashore

can prevent beachgoers from utilizing this area and because this beach is located in

Waikiki, one of the most popular tourist destinations in the world, it seems likely that G.

sa/icornia could have an economic impact on O· ahu. In a recent economic valuation

conducted by Cesar et al. (in press), net losses exceeding $20 million per year were

quantified for the Island ofMaui because ofproblems associated with the alien alga

Hypnea musciformis. Maui County spends hundreds ofthousands of dollars per year

removing rotting algal biomass from beaches and property value and hotel occupancy

rates have decreased in these "algae zones". Effective removal programs are being

developed by resource managers in these areas to reduce local impacts. Economic studies

are becoming increasingly important in that they can provide researchers and managers

with the monetary leverage (dollar value of a given reef, for example) that is often needed

to protect marine resources.
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In Waikiki, not only do thousands ofkilograms ofalgae wash up onto the

beach but at high tide this material is washed back out onto the reefwhere it can re-grow

and disperse to adjacent reef areas. Results from our field growth experiments show that

these fragments remain viable after more than six hours ofdesiccation. While the beach

wash fragments in both experiments grew less than fragments collected from attached

plants on the reef, they were all still viable. Because removal of algae is much easier on

shore than it is in the water, a partial solution would be to have beach clean-ups at low

tide especially on days following large south swells when a large amount ofbeach wash

is present. Such a strategy would not control G. salicomia but it could help to reduce the

amount ofviable propagules circulating on reefs.

Several control strategies were examined in this study including possible

herbivore enhancement, mechanisms to kill algae in situ (chemical, temperature and

salinity) and manual removal in an effort to develop the most effective management tools

to reduce or remove G. sa/iconia on reefs in Hawai·i. Based on herbivore preference

tests, the fish species examined here preferred the native Graci/aria species over the alien

with consumption rates for the native species over 8 times that of the alien. More work is

needed to understand food preferences (Hay et al. 1994) for other grazers such as sea

urchins, crustaceans, mollusks and turtles but our results suggest that enhancing fish

stocks in these invaded areas may not significantly alter algal community dynamics,

especially if other preferred native species are present.

Based on three experiments investigating the potential use of temperature,

salinity and chemicals to kill G. sa/icomia, our results show that this species is

remarkably resilient. In the temperature experiment, only the extremely warm seawater
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treatment (41 °C) killed the alga. In the salinity experiment, only the salt saturated

solutions (75 %0) and the 50 0/00 treatments caused mortality, while the alga thrived in

conditions ranging from freshwater to ambient seawater conditions. The chemical

treatment showed the highest degree ofmortality overall with only thallus in the low

algicide treatments surviving. The ability of this alga to tolerate such extreme conditions

is remarkable and shows a wide range ofadaptation that allows this species to survive in

environments where temperatures may fluctuate throughout a range ofconditions from

cool freshwater runoffto warm hyposaline tidal areas. While these experiments are useful

to show the robustness of this invasive alga, implementation of any ofthese treatments in

the field is not practical because of the collateral damage that would occur to other reef

organisms, especially corals. The treatment that will be examined further is the use of

high salinity by administering rock salt to the benthos, a treatment that is being used in

New South Wales, Australia to kill the invasive alga Cau/erpa taxifolia (M. Vahl) C.

Agardh (A. Millar pers. comm.). Future research should examine the effects of elevated

salinity on other reef organisms.

Manual removal of G. salicornia is currently the most feasible control strategy

available. Even so, this technique is extremely time consuming (6.9 person-hours per

m2
); preliminary evidence suggests that G. salicornia will re-grow rapidly from the

substratum where small attachment points are left behind. The removal activity itself

inevitably generates fragments, not all ofwhich can be captured, and these can disperse

and potentially re-grow. More long-term data are needed to determine how successful the

re-growth of G. sa/icornia is from basal attachment points but it seems likely that some

combination of strategies will be needed to effectively control this invasive alga. When
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clearing plots by hand the majority oftime is spent removing small basal attachment

points from the substratum with forceps where only about one tenth of the time is spent

removing the large conspicuous biomass. If some other technique such as temporary

herbivore (sea urchin) enhancement or the use of salt, etc. could be used to remove these

small but viable pieces oftissue, large-scale control of G. salicomia may be possible.

Removal of unattached and drifting but still viable G. salicomia biomass from

Waikiki was a logical first step for large-scale removal activities. Because of increased

concern and interest, a large group of volunteers was assembled and enthusiastic about

removing this alien alga. Because of the difficulties in removing attached biomass

mentioned above, it was decided that these initial large-scale efforts would focus on

removing the floating fragment pool as well as the beach wash. These activities were

justified by the fact that even if removal activities generated some fragments,

significantly more fragments were removed than were generated. These activities have

been successful in removing a large amount ofbiomass from the reef and the trench but

we have yet to completely clear all of the drifting fragments. We are currently in the

process ofdesigning an underwater suction device that will hopefully help to speed up

the process ofremoving drift algae.

CONCLUSIONS

In conclusion, G. salicomia is a robust, successful and remarkably resilient

invader on reefs in Hawai'i. We believe that, without intervention, this species will

continue to spread around the Island of0'ahu and is likely spreading on the islands of
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Moloka'i and Hawai'i. A multifaceted approach is needed to develop a successful control

program and will likely involve a combination of manual removal, grazer enhancement

and/or use ofrock salt as well as a suction device to contain fragments that may be

generated during the removal process. In reef areas where this invader is present, it

occupies over 50% of the substratum and is clearly having an impact on native species

diversity and benthic community dynamics; but more research is needed to investigate

these impacts, interactions and potential implications. This invasive species is most likely

having both ecological and economic impacts in the Hawaiian Islands and, therefore,

control and mitigation should be a priority for both state and federal marine resource

managers. Coral reefs worldwide are threatened by a number ofanthropogenic factors

including overfishing and eutrophication (Littler and Littler 1984, McClanahan 1997,

Lapointe 1997, Miller et al. 1999, McClanahan et al. 2001, McCook et al. 2001, Smith et

al. 2001, Stimson et al. 2001, Thacker et al. 2001); future research should investigate the

impacts of invasive NIMA on coral reef community structure and how herbivores and/or

nutrients influence these interactions.
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Table 1. Total number ofvolunteers and biomass of algae (wet weight in kg) removed

from both the trench and the beach wash for each volunteer clean-up event.

Clean-up Event: G. salicornia Biomass Removed (kg)

24-Aug-02 62

Volunteers Trench

1,995.2

Beach

411.6 2,406.8

Total

21-Sep-02 82

16-Nov-02 105

I-Feb-03 118

5-Apr-03 120

Total to date 487

2,693.1

2,648.4

2,478.4

2,762.7

12,577.8
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Island of O'ahu

Figure 1. Distribution of G. salicornia in the main Hawaiian Islands (inset) and on the

Island ofO'ahu. Black dots with white centers indicate the original sites of

introduction whereas solid black dots represent new populations. The shaded gray

areas on the 0'ahu map represent areas where G. salicornia is common throughout.

Sites are indicated by letters as follows: A-Waikiki Natatorium, B-Hawai'i Institute

ofMarine Biology (HIMB), C-Ala Moana Beach Park, D-Diamond Head, E-Hawai'i

Kai, F-Kualoa Beach Park. The lower photograph shows detail of the Waikiki area

where large dots indicate continuous coverage (less than 5 m between adjacent

patches) and small dots indicate smaller isolated patches (5-20 m between patches).
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Figure 2. Map of the study area, including the War Memorial Natatorium (large

rectangular body ofwater) and a section of the Waikiki Marine Life Conservation

District (MLCD, on the left side of the Natatorium). A-Beach area where beach wash

experiment was conducted. B-Reef area in front of the Natatorium where growth

experiment was conducted. C-E-position of 30 m transects and locations for removal

experiments. F-dredged trench where divers removed unattached drift G. salicornia in

volunteer clean-up events.
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) and wet weight (kg/m2
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CHAPTERS:

ABUNDANCE AND SPREAD OF THE INVASIVE RED ALGA, KAPPAPHYCUS

SPP., IN KANE'OHE BAY, HAWAfI AND AN EXPERIMENTAL ASSESSMENT

OF MANAGEMENT OPTIONS
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ABSTRACT

Kappaphycus spp. was intentionally introduced to Kane' ohe Bay, Hawai'i from

the Philippines in 1974. Subsequent research has demonstrated that the alga has spread

rapidly throughout the bay and can be found in a variety of reefhabitats overgrowing and

killing corals. This study was conducted to a) quantify Kappaphycus spp. abundance both

spatially and temporally, and b) investigate control options including manual removal,

treatments to kill algae in situ, and the use ofbiocontrol agents. Kappaphycus spp.

distribution has increased within the bay between surveys conducted in 1999 and 2002,

with individual reefs showing variable results. The biomass ofKappaphycus spp.

removed and the amount of time required to manually remove it from the reefvaried with

habitat type, but in all cases amounted to greater than 10 kg/m2 requiring almost 2

person-hours to clear 1 m2
• Re-growth of the alga following removal was rapid at most

sites, most likely due to the experimentally demonstrated ability of the alga to re-grow

from minute attachment points and the low palatability of the alga to native herbivorous

fishes. The native sea urchin, Tripneustes gratilla, reduced the biomass ofKappaphycus

spp. in small experimental enclosures and may be a useful biocontrol agent. The alga

was susceptible to changes in temperature, salinity, and the application ofherbicides and

algicides. Because Kappaphycus spp. is still spreading in Kane'ohe Bay and can grow to

over 50 % cover on some reefs, we recommend that rapid management action be taken to

prevent further damage and spread to other Hawaiian coral reefs.
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INTRODUCTION

Over the last several decades a number of species ofcarrageenophytes have been

intentionally introduced to tropical reef regions around the world, with Kappaphycus and

Eucheuma being the most widely cultivated genera. While several species of

Kappaphycus and Eucheuma naturally occur throughout the Indo-Pacific from eastern

Africa to Guam, Philippine-derived Kappaphycus spp. and E. denticulatum are the most

commonly cultivated species (Ask and Azanza 2002). Presently, Kappaphycus spp. have

been introduced to 19 countries while Eucheuma spp. have been introduced to 13

(Zemke-White in press). Annual production of commercially cultivated Eucheuma

species worldwide has increased from less than 1000 tons (dry weight biomass) in 1971

to over 100,000 tons in 2002, with the majority ofproduction occurring in the

Philippines, Indonesia, Kiribati and Tanzania (Zemke-White and Ohno 1999, Ask and

Azanza 2002). The total raw material consumption is about 150,000 tons (dry) of

seaweed, yielding 28,000 tons ofcarrageenan with a value ofUS$ 270 million (McHugh

2002).

New introductions continue to occur with recent farm development and expansion

occurring in the Marshall Islands (SAPA Newsletter 2002, FAO), Kiribati (Teitelbaum

2002) and Eastern Africa (Ronnback et al. 2002). At present there are no risk assessment

or environmental impact procedures in place for intentional introduction ofKappaphycus

or Eucheuma from the Philippines, and in only a handful ofoccasions have scientists

examined areas adjacent to farms to determine ifpopulations have established on the

benthos. Because nonindigenous marine algae (NIMA) such as Caulerpa taxi/olia
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(Bellan-Santini et al. 1996, Boudoresque and Verlaque 2002, Meinesz 1999, Ceccherelli

2002, Meinesz et al. 2001), Codiumfragile subsp. tomentosoides (Carlton and Scanlon

1985, Trowbridge 1995, 1998), Grateloupia dotyphora (Villalard-Bohnsack and Harlin

2001), Sargassum muticum (Critchley 1983, Rueness 1989, Critchleyet al. 1997, Viejo

1997), Undaria pinnatifida (Capmbell and Burridge 1998, Curiel et al. 1998, Forrest et

al. 2000, Curiel et al. 2002), etc. have caused considerable losses in temperate regions

throughout the world (Ribera 1995, Walker and Kendrick 1998), it is probable that

similar losses are occurring in the tropics as a result ofboth intentional and accidental

aquaculture introductions (Naylor et al. 2001).

The most well documented case ofthe impacts ofNIMA in the tropics is from

Hawai'i. Kappaphycus striatum, Kappaphycus alvarezii (formerly Eucheuma striatum

and because of the lack of sexually reproductive material in Hawai' i and thus the inability

to identify the algae to species will be referred to from this point forward as Kappaphycus

spp.) and E. denticulatum were all intentionally introduced to the fringing reef

surrounding the Hawai'i Institute ofMarine Biology (HIMB) at Coconut Island (Moku 0

Lo'e), Kane'ohe Bay, O'ahu, Hawaiian Islands throughout the 1970's for experimental

research and cultivation (Russell 1983, 1993). Vegetative propagules were transplanted to

open reef cultures on nets and in wire holding pens. Because of the rapid establishment of

Kappaphycus spp. in areas around the experimental pens and the concern raised by the

public and other scientists, Russell (1983) conducted a number of studies to determine the

potential for spread and the impacts ofKappaphycus spp. on the native reef community.

From these studies it was concluded that vegetative propagules were the primary means

ofreproduction and that these propagules would not be able to spread to adjacent patch
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reefs because they could not travel over deep water and they did not form holdfasts and

therefore could not attach to the reef, fish appeared to control biomass to some degree

with an estimated grazing rate of 10-20 tons/month (reef area was not specified), and the

habitat that was being invaded was barren, sand-covered grooves on the reefwhich were

not inhabited by native algae or corals and therefore Kappaphycus spp. appeared to be

"non-competitive". While the above conclusions were made two years following the

introduction ofKappaphycus spp., the situation some 25 years later is quite different.

Surveys conducted by Rodgers and Cox (1999) in 1996 determined that

Kappaphycus spp. had indeed spread from the initial sites of introduction at HIMB to

adjacent reefs as far as 6 Ian away at an estimated rate of250 m per year. Kappaphycus

spp. was found to be most common on patch reefs in less than 1 m depth with maximum

abundance of4.59 percent cover (+/- 2.06 SE). In 1999, Woo (2000) found average

percent cover ofKappaphycus spp. to be about 40 % (+/- 5 SE) in a back reef site and

demonstrated using time series photography that the alga was overgrowing live coral.

Woo suggested that grazing intensity and water motion may influence that ability of

Kappaphycus spp. to spread in Kane'ohe Bay. Smith et al. (2002) conducted surveys

assessing the distribution ofNIMA throughout the main Hawaiian Islands and found that

Kappaphycus spp. had still not spread outside ofKane'ohe Bay but had continued to

spread northward in the bay since the Rodgers and Cox (1999) study. While the rate of

spread for this alga is slow in comparison to other NIMA (Caulerpa taxifolia in the

Mediterranean Sea: 11.94 km/yr (calculated from Meinesz et al. 2001), Codiumfragile

subsp. tomentosoides on the Atlantic coast ofNorth America: 50 km/year (calculated

from Trowbridge 1998», it is clear that Kappaphycus spp. has successfully established on
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reefs in Hawai'i and continues to spread each year. Without intervention it is likely that

the alga will eventually establish outside ofKane'ohe Bay and perhaps on adjacent

islands in the Hawaiian archipelago. Because ofthe alga's limited distribution in Hawai'i,

control and/or eradication may still be possible and management strategies need to be

examined.

The goals ofthis study are to A) quantify Kappaphycus spp. abundance both

spatially and temporally in Kane'ohe Bay, B) to examine a number ofpotential options

for control including manual removal, application of treatments to kill algae in situ

including temperature, salinity and chemicals (herbicides and algicides), and C) examine

the possibility for biocontrol with native herbivorous fish and sea urchins.

METHODS AND MATERIALS

Distributional Surveys

In order to determine the current spatial extent ofKappaphycus spp. throughout

Kane'ohe Bay and to measure temporal changes in Kappaphycus spp. abundance,

quantitative surveys were conducted in 1999 and 2002. In December 1999, 15 sites on

fringing, patch, and barrier reefs throughout the bay were selected (Figure 1). At each of

these sites, two parallel 30 m transects were positioned at the reef crest, running

perpendicular to the reef crest so that transects ran from the reef crest onto the reef flat.

The percent cover ofall benthic organisms was estimated within ten 0.25 m2 quadrats

randomly placed along each transect. In January 2002, these same sites, as closely as
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could be determined with GPS coordinates taken during the original surveys, were re

surveyed using the same methods.

Manual Removal

To quantify the efficiency and effectiveness ofmanual removal ofKappaphycus

spp. as a control option, three 28 m transects were established on the reef flats (0.5 to 2 m

depth) of each of three reefs: Mark's Reef, Reef 29, and Reef44 in April 2002 (Figure 1).

Eight 0.25 m2 plots were established on each transect roughly every 4 m. Plots were

classified as being dominated by predominantly coral, crustose coralline pavement, or

unconsolidated rubble. The percent cover of all benthic organisms within each plot was

estimated by the point intercept method using a double-strung quadrat with a total of 36

intersections. One snorkeler then manually removed all Kappaphycus spp. within each

plot, using forceps to remove algal attachment points, while a second snorkeler used a

hand-net to capture any algal fragments in the water column that were generated during

the removal activity. For each plot, the time to required to clear the Kappaphycus spp.

was recorded and all Kappaphycus spp. removed was collected, spun ten times in a mesh

bag to remove excess water, and weighed to the nearest 0.25 kg.

While seven of the plots on each transect were assigned to treatments for an

experiment described elsewhere (Smith and Conklin unpublished data), one of the plots

from each transect was left undisturbed to monitor the rate at which Kappaphycus spp.

re-grew following removal. The percent cover ofbenthic organisms within plots was

estimated at approximately 6-week intervals over the following 12 months.
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Attachment-point Re-growth

While every effort was made to remove all algal material with manual removal,

some tissue would remain on the substratum at the attachment points of the thalli. To

assess the ability ofKappaphycus spp. to re-grow from the remaining tissue at these

attachment points, 13 pieces of rubble (dead Porites compressa) with Kappaphycus spp.

attached were brought to the water tables ofHIMB. The number ofKappaphycus spp.

thalli attached to each piece ofrubble was counted, and then the thalli were scraped off

by hand, removing all visible tissue at the attachment points. The pieces ofrubble were

then placed in outdoor, flow-through seawater tanks with natural lighting. After two

months, the pieces ofrubble were examined and the number of emergent Kappaphycus

spp. branches growing on each rock was enumerated.

Grazing Pressure by Herbivorous Fishes

Feeding trials were conducted at HIMB in outdoor tanks with flow-through

seawater to determine the dietary preference ofnative herbivorous fish species for

Kappaphycus spp. relative to an ecologically comparable native alga, Dictyosphaeira

cavernosa. Fish were collected in traps on the fringing reef surrounding HIMB, removed

from the traps, and immediately brought to the HIMB facilities. Each fish was placed

into a separate flow-through 22.75 L aquarium. Fish were left undisturbed without food

overnight, with preference trials beginning the following day. A variety of acanthurid and

scarid species were used in each of the herbivore preference trials (see Figure 7B for a list

ofherbivorous fish species used in trials).
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Algae used in the preference tests was collected the day before experimental trials

and kept in outdoor tanks with flowing seawater. On the day of the test, thalli ofeach

species were spun dry in a salad spinner and weighed to O.OOlg. Each weighed thallus

was attached by plastic coated wire to a 7 cm x 7 cm concrete plate, and one thallus of

each species was placed in each aquarium. Several pairs of thalli were placed in aquaria

without fish to serve as growth controls. Thalli for each species pair were trimmed to

roughly the same size to minimize any bias in preference due to the amount ofalgae of

each species offered (Holmlund et al. 1990). Spatial arrangements of the thalli within

tanks were randomized. At the end of the 48 hr trial period, all thalli were removed from

aquaria, spun in a salad spinner, and reweighed. Preferences of fish for different algal

species were tested using a two sample t-test as described by Peterson and Renaud

(1989), where differences between growth rates ofpaired control thalli are compared to

differences between growth rates ofpaired thalli exposed to fish grazing. Two trials of

the experiment were run in November of 2000. Fourteen fish were used in the first trial

and 15 for the second.

Sea Urchins as Biocontrol Agents

The ability of the native sea urchin, Tripneustes gratilla, to reduce Kappaphycus

spp. biomass was tested by placing urchins within enclosures on the reef in areas with

abundant Kappaphycus spp. In July 2002, plastic coated chickenwire fences were

constructed around three 0.25m2 plots on each of three reefs, (Mark's Reef, Reef29, and

Reef44, Figure 1). Digital photographs were taken of each enclosure using a

photoquadrat (Preskitt et al. in press) and the percent cover ofbenthic organisms
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measured by tracing the total area within each photograph occupied by each benthic

species using Image-J software. Once initial Kappaphycus spp. abundance was

quantified, one urchin was placed inside each fence. Photographs were taken

approximately every 6 weeks until November 2002 to measure changes in Kappaphycus

spp. abundance over time.

Use ofTemperature, Salinity and Chemicals for Control

Methods ofkilling invasive algae in situ have been tried in several parts of the

world as a means ofcontrolling algal growth and eradicating algal populations (Uchimura

et al. 2000, Meinesz 2001, Millar and Talbot 2002, Thibaut and Meinesz 2002, S. L.

Williams personal communication). To test the feasibility of these methods on

Kappaphycus spp., we conducted experiments at HIMB in February and March 2002 to

determine the growth rate ofKappaphycus spp. subjected to a variety of temperature and

salinity regimes as well as to varying concentrations ofherbicide and algicide. Algal

material was collected from Mark's Reef, spun 10 times in a salad spinner, and weighed

to O.OOlg. Each thallus was then placed in an individual 4.55 L aquarium located in

outdoor water tables with natural lighting. In all experiments, three replicate aquaria with

individual thalli were used for each treatment. In the temperature experiment, thalli were

placed into treatment conditions (8, 16, 27, 34 and 41°C) for one hour and then returned

to ambient temperature (27°C) with flow-through seawater for the remainder of the

experiment; final weights were obtained after one week. For all other experiments, thalli

were maintained in treatment conditions for one week, with weights recorded at the

beginning and end of the week. Treatment conditions for the salinity experiment were 0,
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17,34,50 and 75 %0. Two chemical treatments were examined--the herbicide Triox-total

weed killer (Ortho®) and Pool Time® Algicide. High and low doses were applied

according to the individual chemical and were based on suggested applications on each

bottle. Low doses were 124.8 ml/L and 0.0198 ml/L and high doses were 254.6 ml/L and

0.264 ml/L for the herbicide and algicide, respectively.

RESULTS

1>~tributiona/surv~s

Results of surveys conducted in 1999 and 2002 showed that Kappaphycus spp.,

reef building coral (primarily Porites compressa and Monitipora capitata), the green alga

1>ictyosphaeria cavernosa and another introduced red alga, Graci/aria sa/icornia were

the most abundant benthic organisms in Kane'ohe Bay. Kappaphycus spp. is most

abundant in the central region of the bay, 1>. cavernosa is most abundant in the northern

bay, G. sa/icornia is most abundant in the southern bay and coral abundance is variable.

Individual reefs showed mixed results as to whether established populations of

Kappaphycus spp. increased or decreased in abundance over time (Figure 2). Coral cover

across the bay was variable and appears to be increasing at some of the sites while

decreasing at others. 1>. cavernosa and G. sa/icornia decreased in abundance at some

sites but overall remained relatively constant.

When all sites are combined into three regional categories, south, central and

north bay, Kappaphycus spp. abundance is low and constant in the south bay, high and

constant in the central bay and has increased substantially in the north bay (Figure 3).
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Kappaphycus spp. abundance at Reef44 increased roughly five-fold over the two-year

period between the surveys, demonstrating that this alga is capable ofrapid increases in

abundance. Broader, qualitative surveys at sites where Kappaphycus spp. was found on

the transects in 1999 but not 2002 revealed that Kappaphycus spp. were indeed present at

these sites in 2002. In addition, subsequent surveys conducted in 2003 have found

Kappaphycus spp. to be present at the two northern sites where it was not found in either

1999 or 2002 (Smith and Conklin unpublished data).

Manual Removal

The biomass ofKappaphycus spp. removed from the seventy-two 0.25m2plots

varied with habitat type (Figure 4A). A one-way ANOVA found significant differences

between the 3 habitats (F2,69 = 12.57, P < 0.001), and Tukey's multiple comparisons

showed that the rubble habitat contained significantly less biomass than the other two

habitats (coral or pavement, p < 0.05). Even the rubble habitat, however, had on average

almost 15 kglm2ofwet weight Kappaphycus spp..

The time required to remove all Kappaphycus spp. from 0.25m2plots varied with

habitat type as well (Figure 4B). A one-way ANOVA found significant differences in the

time required to clear these plots (F2,69 = 10.79, P < 0.001) and Tukey's multiple

comparisons showed that the pavement habitat required significantly less time to clear

than the other two habitats (coral or rubble, p < 0.05). The pavement habitat, however,

still required on average almost 120 person-minutes to clear ofKappaphycus spp.

Following a subset of these removal plots (n=3 for each reef) over time showed

that Kappaphycus spp. can re-grow rapidly after removal (Figure 5). Percent cover of
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Kappaphycus spp. was reduced from an overall mean of 56.2% (± 6.65 SE) in the plots to

effectively 0% by manual removal in May 2002. In the subsequent 12 months, all three

reefs showed substantial re-growth of the alga. Abundance ofKappaphycus spp. in May

of 2003, one year after initial removal was 38.89 % cover (±1O.02 SE), 57.41 % cover

(±22.76 SE) and 88.89 % cover (±22.76 SE) at Mark's Reef, Reef29 and Reef44,

respectively. The abundance of the alga appears to be increasing on all three reefs, and

has even surpassed pre-removal abundance on Reef 44.

Attachment-point Re-growth

Kappaphycus spp. is capable of re-growing from minute attachment points left on

rubble substrata following manual removal. Rubble used in this experiment had a mean

of 7.7 ( ± 1.1231 SD; n = 13 pieces of rubble) attachment points prior to removal. Two

months after removing all visible algal tissue, there were a mean of4.7 (± 1.43841 SD, n

= 13 pieces ofrubble) thalli growing from those attachment points (Figure 6), a 61 %

recovery of algal thalli overall.

Grazing Pressure by Herbivorous Fishes

Results of herbivorous fish preference tests documented no significant difference

between the preferences expressed for the introduced Kappaphycus spp. and the native D.

cavernosa (n = 29 algal pairs exposed to fish, n = 15 pairs of growth controls; T = 0.62,

p>O.05, df = 41). Grazing rates on the two species were similar between the separate

trials (Figure 7A). There do, however, appear to be species-specific differences in

preferences (Figure 7B). Acanthurus triostegus shows a strong preference for
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Kappaphycus spp., while juvenile scarids (parrotfish) and the other acanthurids

(surgeonfish) tested showed a weak trend towards preferring D. cavernosa.

Sea Urchins as Biocontrol Agents

A single Tripneustes gratilla, when placed within a 0.25m2 enclosure containing

large amounts ofKappaphycus spp., was able to substantially decrease the abundance of

Kappaphycus spp. within the enclosure in five months (Figure 8A). Across all three

reefs, urchins were able to reduce the percent cover ofKappaphycus spp. from an initial

mean of 62.49%( ± 6.00 SE, n = 9) to a final mean of 15.87 %( ± 4.62 SE, n = 9; Figure

8B). Coral cover remained similar throughout the study, with abundance ranging from

11.76 % cover (± 5.13 SE, n = 9) in July 2002, to 14.27 % cover (± 6.17 SE, n = 9;

Figure 8B) in Dec 2002. Urchin grazing scars were evident on Kappaphycus spp. thalli

within enclosures.

Use ofTemperature, Salinity and Chemicals for Control

Kappaphycus spp. was found to be highly susceptible to changes in temperature

and salinity, and the application ofchemicals (Figure 9). Positive growth was seen in the

controls for each manipulation, as well as in the 170/00 salinity treatment. In all other

treatments ofsalinity, temperature, and chemicals, Kappaphycus spp. was unable to

sustain growth over the I-week experimental interval.
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DISCUSSION

Despite predictions that Kappaphycus spp. would be incapable ofeffectively

dispersing from the initial site of introduction at HIMB (Russell 1983), several studies

have documented the continual spread of this invasive alga to reefs throughout Kane'ohe

Bay (Rodgers and Cox 1999, Woo 2000, Smith et al. 2002). This study located

Kappaphycus spp. at the northernmost site surveyed on a reef contiguous with the outside

of the bay and noted Kappaphycus spp. presence at a number of sites where it was

previously (5 years prior) absent (Rodgers and Cox 1999). Kappaphycus spp. was also

found on reefs near both ofthe main channels out of the bay. While established

populations have yet to be documented outside of the bay, its current distribution and its

dispersal success to date strongly suggest that this will soon happen.

Temporal changes in abundance ofKappaphycus spp. varied between reefs, but

the number of reefs at which the abundance ofKappaphycus spp. remained the same

between years or diminished was surprising. Whether these populations are truly static,

or whether the lack of an increase in Kappaphycus spp. abundance is due to sampling

error is impossible to discern at this point. The almost 40% increase seen on Reef 44

between 1999 and 2002, however, demonstrates that populations of the alga are capable

ofrapid growth.

Predictions that the alga will not directly compete with many native species due to

its restriction to sand-covered habitats (Russe1l1983) have not held up over time. Time

series photographs show that Kappaphycus spp. grows over coral (Woo 1999, although

this was not quantified rigorously), and it is common to see the alga growing out of
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cracks and crevices between coral and growing over the top of the colonies where dead

and dying coral is evident upon removal of algal thalli (authors' personal observations).

As recently as 1997, surveys conducted on many of the same reefs surveyed in this study

found Kappaphycus spp. primarily restricted to the outer margins ofreef flats, with it

rarely occurring on reef slopes (Stimson et al 2001). Now several reefs within the bay

have large accumulations of unattached Kappaphycus spp. on the reef slope, often resting

on top ofcoral colonies. Taken with the decrease in coral cover seen on Reef 44

corresponding to an increase in Kappaphycus spp. percent cover, indicate that this alga

does pose a serious threat to coral reefs and underscore the need to develop effective

management strategies.

The development of such a strategy will be difficult, however, due both to

difficulties in efficiently removing Kappaphycus spp. from reefs as well as the ability of

the alga to re-grow quickly following removal. While the biomass ofKappaphycus spp.

was least in habitats composed of rubble, most likely due to the scarcity of stable

attachment substrata, all habitat types on the three experimental reefs contained large

quantities of algae (Figure 4A). And while pavement habitats required the least amounts

of time to clear due to the lack of topographic complexity, all habitats still required

prohibitive amounts of time to clear small areas ofreef (Figure 4B). At two person-hours

per m2
, clearing the hundreds of thousands of square-meters ofreef impacted by

Kappaphycus spp. is a daunting task. As a potential means of increasing efficiency of

removal, partners from The Nature Conservancy have recently purchased a modified

dredge capable ofremoving large quantities of algae via suction, that is currently

undergoing testing.
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Even ifefficient means ofremoval are developed, the rapid re-growth of

Kappaphycus spp. following removal is still an issue. On the three experimental reefs,

extensive re-growth was observed within two months ofremoving all visible algal

biomass (Figure 5). Perhaps one of the main reasons that Kappaphycus spp. can re-grow

so rapidly is its ability to re-grow from the basal disk left at attachment points. Even after

manually removing all algal material visible to the naked eye, Kappaphycus spp. was still

able to re-grow from the minute amounts of algal tissue remaining (Figure 6).

The ability of the alga to re-grow from attachment points is aided by the relatively

low preference that the native herbivorous fishes have for the alga. While Acanthurus

triostegus showed a preference for the alga over the native Dictyosphaeria cavernosa, the

overall consumption rate was still quite low when compared to more preferred algal

species (Table 1). This low preference ofherbivores for Kappaphycus spp. undoubtedly

contributes to the ability of the alga to re-grow following removal. Whereas a more

preferred alga may be heavily grazed and slowed in its recovery, Kappaphycus spp. is

largely ignored by herbivores, allowing it to rapidly regain pre-removal abundances

(Figure 5). Rates ofre-growth were however somewhat variable among our three

experimental reefs. Differences in growth rates can be the result ofa number of factors

including water motion, nutrient levels and the abundance ofother grazers, all that need

further investigation to thoroughly understand the dynamics of this invasive alga.

This study presents some options that maybe useful in controlling Kappaphycus

spp. and/or slowing down the rates ofre-growth following manual removal. The use of

native sea urchins, Tripneustes gratilla, as biocontrol agents appears quite promising.

Unlike herbivorous fish, these urchins appear to prefer Kappaphycus spp. to many other
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species ofalgae (J. Stimson personal communication). This study found that they were

highly successful at rapidly removing large amounts of algal biomass (Figure 8A). While

we did not see a corresponding increase in coral cover, this is most likely due to the short

time period ofthe urchin experiments relative to the slow growth ofcoral species (Figure

8B). T. gratilla is a common component ofmany Hawaiian reefs but occurs in very low

abundance on the reefs in Kane'ohe Bay. It is unclear whether this urchin has been over

fished in the bay, or if its absence is due to some other physical or biological factor or a

combination thereof. Nevertheless, more research is needed to determine if these grazers

have the potential to remove Kappaphycus spp. from large reef areas and also to

understand other potentially negative effects of enhancing their populations on reefs in

Kane'ohe.

The alga was found to be very susceptible to changes in temperature and salinity,

as well as the application ofchemicals. These techniques have been used elsewhere to

combat invasive algae, such as the application ofrock salt to the benthos in New South

Wales, Australia to kill the invasive alga Caulerpa taxifolia (M. Vahl) C. Agardh (Millar

2002) or the use ofchlorine to kill C. taxifolia in California (S. Williams personal

communication). The environments in which these treatments have been successful,

however, have been sand or mudflats with little habitat complexity and faster growing

native species (in comparison to reef building coral species). The living coral reefs that

Kappaphycus spp. has invaded in Hawai'i present a much more difficult situation, both in

terms of the effective delivery ofthese techniques, as well as the paramount concern of

potential collateral damage to native species. The high susceptibility ofKappaphycus

spp. to fluctuations on temperature and salinity, however, raise the possibility ofusing
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these methods in limited doses following manual removal. Small additions ofsalt, for

instance, may be effective at killing the algal tissue that remains at attachment points

following removal without causing undue stress to native organisms. Further research on

the effects ofpulses ofelevated salinity on Kappaphycus spp. attachment points and other

reef organisms is warranted.

Finally, because Kappaphycus spp. has been introduced throughout tropical reef

regions around the world for the carrageenen industry, it is critical that the information

contained in this study be disseminated to the broader scientific community. While it is

unclear at this point ifKappaphycus spp. has become an invasive or nuisance species on

other coral reefs across the globe, the data presented here suggests that establishment of

invasive species in new environments can be unpredictable. Despite a thorough

preliminary assessment just two years after the introduction ofKappaphycus spp. to

Hawai'i, the current situation is quite contrary to initial predictions. Kappaphycus has

become one of the most abundant benthic organisms in Kane'ohe Bay where it readily

overgrows reef-building coral. Shifts such as these from coral to algal domination on

reefs have been found elsewhere to be associated with the loss ofbiodiversity, reduction

in the numbers of fish, decrease of the intrinsic value of the reef, and ultimately the

erosion of the physical structure of the reef (Done 1992, Hughes 1994, McClanahan et al

1999). Without the implementation of a management plan Kappaphycus spp. is likely to

continue spreading to other reef areas and will likely establish outside the bay in the near

future.
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CONCLUSIONS

The primary challenges faced in developing an effective management strategy

will be to: 1) develop an efficient means by which to remove algal biomass and, 2)

prevent or slow the re-growth ofthe alga following removal. Manual removal is too time

consuming for large-scale removals, and the modified dredge is currently undergoing

testing as a means of improving efficiency. The use of salinity manipulations to kill the

algae at attachment points before they can re-grow warrants further study, and the use of

the native T. gratilla as a biocontrol agent seems promising as a means for controlling

algal growth. Efficient means ofmanual removal in concert with manipulations to

prevent re-growth following removal represent an achievable and experimentally

supported strategy for managing populations ofKappaphycus spp. in Kane' ohe Bay. In

the future, effective control options should be integrated into Kappaphycus spp. farm

development to prevent similar problems from occurring on other reefs around the world.

250



ACKNOWLEDGEMENTS

Funding for this research was provided by the National Oceanic and

Atmospheric Administration, Hawai'i Coral Reef Initiative Research Program Grant

#NA160A1449 awarded to C. L. Hunter and C. M. Smith. We would like to thank C. L.

Hunter and C. M. Smith for intellectual support and comments on the manuscript. J.

Stimson provided logistical support at HIMB and should be credited with the idea of

using Tripneustes gratilla as a biocontrol agent. HIMB provided laboratory space. We

would like to thank S. Atkinson and E. Co with the The Nature Conservancy Hawai'i and

D, Gulko with Hawai'i Department ofLand and Natural Resources, Division ofAquatic

Resources for their continual support in addressing invasive algal issues on Hawaii's

coral reefs. A. Taylor provided assistance with experimental design and statistical

analysis. K. Ikemoto, R. Most, T. Sauvage, and C. Squair provided invaluable help in the

field.

251



Table 1. Mean consumption rates (g algae consumed*(g initial algal weightr1*(daYr1) ofAcanthurids and Scarids for a

number ofnon-indigenous marine algae (NIMA) and native species counterparts (N). Note that Kappaphycus spp. is

among the least preferred of the algal species tested for both families ofherbivorous fish.

Mean Consumption

Fish Family Alga Status of Alga Rate SE Reference

Acanthuridae Acanthophora spicifera NIMA 0.40131 0.04349 Conklin and Smith (unpub. data)

Hypnea pannosa N 0.21599 0.04379 Conklin and Smith (unpub. data)

Hypnea musciformis NIMA 0.2084 0.04147 Conklin and Smith (unpub. data)

Gracilaria cornopifolia N 0.20249 0.05459 Smith et al. (in press)

Laurencia majuscula N 0.13058 0.02307 Conklin and Smith (unpub. data)

Gracilaria salicornia NIMA 0.02432 0.00854 Smith et al. (in press)

Kappaphycus spp. NlMA 0.01459 0.00552 This Study

Dictyosphaeria cavernosa N 0.00178 0.00177 This Study
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Table 1 (Cont.). Mean consumption rates (g algae consumed*(g initial algal weightr1*(daYr1) of Acanthurids and Scarids for

a number ofnon-indigenous marine algae (NIMA) and native species counterparts (N). Note that Kappaphycus spp. is

among the least preferred of the algal species tested for both families ofherbivorous fish.

Scaridae Acanthophora spicifera NIMA 0.04315 0.01348 Conklin and Smith (unpub. data)

Laurencia majuscula N 0.03687 0.01749 Conklin and Smith (unpub. data)

Hypnea pannosa N 0.01 0.005 Conklin and Smith (unpub. data)

Hypnea musciformis NIMA 0.005 0.002 Conklin and Smith (unpub. data)

Gracilaria cornopifolia N 0.00129 0.00287 Smith et al. (in press)

Dictyosphaeria cavernosa N 0.001 0.00175 This Study

Gracilaria salicornia NIMA -0.0099 0.00269 Smith et al. (in press)

Kappaphycus spp. NIMA -0.0008 0.00247 This Study
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Figure 1. Map ofKane'ohe Bay, O'ahu, Hawaiian Islands.
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Figure 2. Results of surveys conducted in Kane'ohe Bay in both 1999 and 2002 showing

the four most abundant benthic organisms (data are means +/- 1 SE).
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256



-~ 30
E
C)

Jll::
- 20
tJ)
tJ)
CO
E 10
0,-
m

0
B-~ 150

E
c
'E 100-Q)

E 50
i=

0

Figure 4. Results ofmanually cleared plots. A. Biomass (mean wet weight, +/- 1 SE,

n=72) ofKappaphycus spp. per m2 in the three different habitat types (coral,

pavement and rubble). B. Length of time in person-hours (mean number of minutes,

+/- 1 SE, n=72) to manually remove all Kappaphycus spp. tissue per m2 in each ofthe

three habitat types (coral, pavement and rubble).

257



....'" ",.... ~'" ~'O ....~ ~ ....'0 ....~
,.~..~ ~~ ).§ ,.~ O~ ~o~ Q0(J ~~

Month (2002-2003)

o

100
- Patch Reef 29

II- ~:ll'mlljl!tlb3 Patch Reef 44
~ 80 c:::==J Mark's Reef0
()

~0

~
60

~
J::

40
~
8:
~ 20

Figure 5. Re-growth ofKappaphycus spp. from cleared plots on each ofthree reefs (data

are mean percent cover +/- 1 SE, n=3 per reef). The first sampling date represents

pre-removal conditions. All algal tissue was removed in May 2002 and the

subsequent sampling dates indicate re-growth.
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Figure 6. Photographs of emergent Kappaphycus spp. branches from reef rubble two

months after all tissue visible to the naked eye was removed.
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Figure 7. Results ofherbivorous fish preference tests using Kappaphycus spp. and D.

cavernosa. A. Consumption rate (g algae consumed*(g initial algal weightr1*(daYr1);

mean +/- SE, n= 14 and 15 for each run, respectively) ofdifferent algae for each of

the experimental runs. B. Consumption rates (mean +/- SE) separated out for each

species ofherbivorous fish examined (sample size indicated in parentheses after

species name).
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Figure 8. A. Photographic sequence of one of the permanently established plots in which

the sea urchin Tripneustes gratilla was added as a possible biocontrol agent for

Kappaphycus spp.. The top photograph shows Kappaphycus spp. and the finger coral

Porites compressa prior to urchin addition; the bottom photograph is five months

after urchin addition and shows very little Kappaphycus spp. remaining. B.

Quantitative results of urchin addition plots showing Kappaphycus spp. and coral

abundance over time (mean SE, n=3 per reef), urchins were added to the plots in July

2002.
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262



LITERATURE CITED

Ask, E. I. and r. V. Azanza. 2002. Advances in cultivation technology ofcommercial

eucheumatoid species: A review with suggestions for future research. Aquaculture

206: 257-277.

Bellan-Santini, D., P. M. Arnaud, G. Bellan, and M. Verlaque. 1996. The influence of the

introduced macroa1ga Caulerpa taxi/alia on the biodiversity of the Mediterranean

marine biota. J. Mar. BioI. Ass. UK. 76: 235-237.

Boudouresque, C. F. and M. Ve1aque. 2002. Biological pollution of the Mediterranean

Sea: Invasive versus introduced macrophytes. Mar. Poll. Bull. 44: 32-38.

Campbell S. J. and T. R. Burridge. 1998. Occurrence of Undaria pinnatifida

(Phaeophyta: Laminariales) in Port Phillip Bay, Victoria, Australia. Mar. Fresh. Res.

49: 379-381.

Ceccherelli, G. 2002. The spread of Caulerpa taxi/alia in the Mediterranean: Dispersal

strategy, interactions with native species and competitive ability. Proceedings ofthe

International Caulerpa taxi/alia Conference, San Diego, CA. CD-ROM.

Carlton, J. T. and J. A. Scanlon. 1985. Progression and dispersal of an introduced alga:

Codiumfragile on the Atlantic coast ofNorth America. Bot. Mar. 28: 155-165.

Critchley, A. T. 1983. The establishment and increase of Sargassum muticum (Yendo)

Fensholt populations within the Solent area of Southem Britain. Bot. Mar. 24: 547-

552.

Critchley, A. T., W. F. Farnham, and C. H. Thoro. 1997. On the co-occurrence of two

exotic, invasive marine organisms: the brown seaweed Sargassum muticum and the

spirorbid tube worm Janua brasiliensis in association with the indigenous eelgrass
263



Zostera marina and Fucus serratus in the southwest Netherlands and the Channel

Islands, Europe. So. Af J. Bot. 63: 474-479.

Curiel D., G. Bellemo and M. Marzocchi. 1998. Distribution of introduced Japanese

macroalgae Undaria pinnatifida, Sargassum muticum (Phaeophyta) and Antithamnion

pectinatum (Rhodophyta) in the Lagoon ofVenice. Hydrobiologia 385: 17-22.

Curiel D., P. Guidetti and G. Bellemo. 2002. The introduced alga Undaria pinnatifida

(Laminariales, Alariaceae) in the lagoon of Venice. Hydrobiologia 477: 209-219.

Done, T. 1992. Phase shifts in coral reef communities and their ecological significance.

Hydrobiologia 247: 121-132.

Forrest B.M., S. N. Brown and M. D. Taylor. 2000. The role ofnatural dispersal

mechanisms in the spread of Undaria pinnatifida (Laminariales, Phaeophyceae).

Phycologia 39: 547-553.

Holmlund, M. B., C. H. Peterson, and M. E. Hay. 1990. Does algal morphology affect

amphipod susceptibility to fish predation? J. Exp. Mar. Bio. Ecol. 139: 65-83.

Mcclanahan, T. R., V. Hendrick, M. J. Rodrigues, and N. V. C. Polunin. 1999. Varying

responses of herbivorous and invertebrate-feeding fish to macroalgal reduction on a

coralreef. Coral Reefs 18:95-203.

Mchugh, D. 1. 2002. Prospects for seaweed production in developing countries. FAD

Fisheries Circular No. 968 FIIU/C968

Meinesz, A. 1999. Killer Algae. The University of Chicago Press. 360 pp.

Meinesz, A., T. Belsher, T. Thibaut, B. Antolic, K. B. Mustapha, C. F. Burdouresque, D.

Chiaverini, F. Cinelli, J. M. Cottalorda, A. Djellouli, A. E. Abed, C. Orestano, A. M.

Grau, L. Ivesa, A. Jaklin, H. Langar, E. Massuti-pascual, A. Peirano, L. Tunesi, J. De

264



vaugelas, N. Zavodnik, A. Zuljevik. 2001. The introduced green alga Caulerpa

taxifolia continues to spread in the Mediterranean. BioI. Inv. 3: 201-210.

Millar, A. and B. Talbot. 2002. The introduction of Caulerpa taxifolia in New South

Wales, Australia. Proceedings ofthe International Caulerpa taxifolia Conference.

San Diego, CA. CD-ROM.

Naylor, R. L., S. L. Williams, and D. R. Strong. 2001. Aquaculture-A gateway for exotic

species. Science 294: 1655-1656.

Peterson, C.H. and P. Renaud. 1989. Analysis of feeding preference experiments.

Oecologia 80: 82-86.

Preskitt, L. B., P. S. Vroom, and C. M. Smith (in press). A rapid ecological assessment

(REA) quantitative survey method for benthic algae using photo quadrats with

SCUBA. Pac. Sci.

Ribera, M. A. 1995. Introduced marine plants with special reference to macroalgae:

mechanisms and impact. Prog. Phycol. Res. 11: 217-268.

Rodgers, S. K. and E. F. Cox. 1999. The distributions ofthe introduced rhodophytes

Kappaphycus alvarezii, Kappaphycus striatum and Gracilaria salicornia in relation to

various physical and biological factors in Kane'ohe Bay, O'ahu, Hawai'i. Pac. Sci. 53:

232-241.

Ronnback, P., I. Bryceson and N. Kautsky. 2002. Coastal Aquaculture development in

Eastern Africa and the Western Indian Ocean: Prospects and problems for food security

and local economies. Ambia 31: 537-542.

Rueness, J. 1989. Sargassum muticum and other introduced Japanese macroalgae:

Biological pollution ofEuropean coasts. Mar. Poll. Bull. 20: 173-176.

265



Russell, D. J. 1983. Ecology ofthe red imported seaweed Kappaphycus striatum on

Coconut Island, O'ahu, Hawai'i. Pac. Sci. 37: 87-107.

-1992. The ecological invasion ofHawaiian reefs by two marine red algae,

Acanthophora spicifera and Hypnea musciformis and their association with two

native species Laurencia nidifica and Hypnea cervicornis. ICES Mar. Sci. Symp. 194:

110-125.

Smith, J. E. C. L. Hunter and C. M. Smith. 2002. Distribution and reproductive

characteristics of nonindigenous and invasive marine algae in the Hawaiian Islands.

Pac. Sci. 56: 299-315.

Stimson, J, S. T. Larned, and E. J. Conklin. 2001. Effects ofherbivory, nutrient levels,

and introduced algae on the distribution and abundance of the invasive alga

Dictyosphaeria cavernosa in Kane'ohe Bay, Hawai'i. Coral Reefs 4: 343-357.

Teitelbaum, A. Seaweed Farming in Kiribati: The i h training and extension workshop.

SPC Fisheries Newsletter, FAD. No. 103. pp. 39-40.

Thibaut, T. and A. Meinesz. 2002. Management successes and failures in the

Mediterranean. Proceedings ofthe International Caulerpa taxifolia Conference, San

Diego, CA. CD-ROM.

Trowbridge, C. D. 1995. The establishment ofthe green alga Codiumfragile on New

Zealand rocky shores: current distribution and invertebrate grazers. Ecology 83: 949

965.

-1998. Ecology of the green macroalga Codiumfragile: Invasive and non-invasive

subspecies. Oceanogr. Mar. Bioi. Ann. Rev. 36: 1-64.

266



CHAPTER 6:

INVASIVE SPECIES ON CORAL REEFS: A NEW THREAT TO DIVERSITY AND

CORAL HEALTH?
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ABSTRACT

Coral reef ecosystems are globally threatened by a number of anthropogenic and

natural disturbances. The introduction of invasive species has typically not been

considered among these primary threats despite the number of species that have been

intentionally transported to reef regions throughout the tropics for open-reef aquaculture.

Based on field observations and experiments, we show that an invasive introduced

seaweed that initially appeared benign is now, after three decades, overgrowing and

killing coral and reducing native biodiversity in Hawai'i. Such ecosystem phase shifts

caused by invasive species can cause long-term, widespread damage and a re a senous

threat to coral reefs worldwide.
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INTRODUCTION

Overfishing, land-based pollution, climate change, and disease have recently been

targeted as the most significant anthropogenic impacts leading to loss or degradation of

coral reefs worldwide (Hughes 1994, Cervino 1998, Jackson et al.200l, Boesch et al.

2002, Turgeon et al. 2002, Wilkinson 2002, Gardner 2003, Hughes et al. 2003, Pandolfi

et al. 2003). While the introduction of invasive species is seen as one ofthe largest threats

to global biodiversity in both terrestrial and marine systems (Carlton 1989, Carlton and

Geller 1993, Ruiz et al. 1997, Ruiz et al. 1999, Palumbi 2001, Grosholz 2002),

nonindigenous invaders are presently not considered a significant threat to coral reef

ecosystems (Coles and Eldredge 2002, US Coral Reef Task Force 2003). While tropical

marine ecosystems have been invaded by a number of fish, invertebrate and algal species,

these are often restricted to highly disturbed areas such as harbors (Coles et al. 1999,

Coles and Eldredge 2002) and have rarely been successful along exposed open coast

environments such as coral reefs (Eldredge and Carlton 2002). It is difficult to discern

whether coral reefs are truly more resistant to successful establishment of invaders than

other ecosystems or perhaps the lack of study has simply allowed invasions to occur

unnoticed. While efforts are underway to minimize invasions through hull fouling and

ballast water, intentional introduction of nonindigenous species for aquaculture continues

throughout the tropics with little to no regulatory oversight (Zemke-White and 0000

1999, Naylor et al. 2001).

Four species of tropical seaweeds (from the genera Kappaphycus and Eucheuma)

are commercially cultivated for carrageenan, a cell wall constituent that is used as a

common ingredient of many foods, medicines and household products. Kappaphycus
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and Eucheuma spp. have been introduced to open reef cultures in 19 and 13 countries

across the globe, respectively (Table 1, Zemke-White and Ohno 1999). Annual

production of commercially cultivated Eucheuma species worldwide has increased from

less than 1000 tons (dry weight biomass) in 1971 to over 100,000 tons in 2002 with the

majority ofproduction occurring in the Philippines and Indonesia (Ask and Azanza

2002). The total raw material consumption is about 150,000 tons (dry) of seaweed,

yielding 28,000 tons ofcarrageenan with a value ofUS$ 270 million annually (Marshall

Islands Journal 2001).

New introductions continue to occur with recent farm development and expansion

occurring in the Marshall Islands (McHugh 2002), Kiribati (Teitelbaum 2002) and

Eastern Africa (Ronnback et al. 2002). No risk assessment or environmental impact

procedures are in place for intentional introduction ofKappaphycus or Eucheuma and in

only a handful of occasions have scientists examined areas adjacent to farms to determine

if populations have established (Zemke-White and Ohno 1999). Because these

nonindigenous species are grown in large quantities in open systems, escape of vegetative

propagules from farm plots via harvesting or other physical disturbance is inevitable. The

long-term impact that these escapees have on native reef communities remains

undocumented but evidence from invasive populations in the Hawaiian Islands suggests

significant negative impacts to coral reef ecosystems are occurring (Rodgers and Cox

1999, Woo 2000, Smith et a12002).

In the early 1970's several species of macroalgae were introduced to the Hawaiian

Islands for commercial and experimental aquaculture (Russell 1992). While there

appeared to be little initial concern regarding the potential impacts of such introductions
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just two years later researchers began noticing that algal fragments were breaking loose

from open culture cages on the reef adjacent to the Hawai'i Institute ofMarine Biology in

Kane'ohe Bay, and dispersing across the reef. A variety of experiments were conducted

on Kappaphycus and at that time, it was concluded that this invasive species was "non

competitive" (Russell 1983). Subsequent studies have now documented that this invader

has successfully spread throughout Kane' ohe Bay where it has become and ecological

dominant on many reefs in the Bay (Rodgers and Cox 1999, Woo 200, Smith et aI2002).

The goals ofour study were to a) determine ifthere were patterns between

invader abundance and native species diversity and coral cover in the field and b)

determine the impacts that the invader was having on the reef community over time.

METHODS AND MATERIALS

Observational Surveys

Benthic surveys were conducted in Kane'ohe Bay, O'ahu in May 2002 on three

reefs ranging from the south to the north part of the bay (Figure 1). Three 30 m transects

were randomly selected and permanently marked at each reef using plastic coated metal

stakes. On each transect a total of 8 0.25 m2 quadrats were permanently marked every 4

meters. Snorkeles surveyed quadrats using a 6 x 6 double strung 0.25 m2 quadrat. All

organisms under each intersection were recorded and percent cover ofbenthic organisms

was subsequently calculated. When more than one organism was encountered under a

given intersection, percent cover exceeded 100 to account for multiple canopies. A total
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of24 quadrats were surveyed per reef with a total of72 Y4 m2 plots sampled across

Kane' ohe Bay in May 2002. Patterns between invader abundance and native species

diversity and coral cover were examined with Pearson's correlation coefficients to

determine if significant patterns existed.

To examine interactions between the invader and reef-building corals and to

understand more about the competitive interactions between these organisms, 3

permanent 0.25 m2 quadrats were randomly selected on each of the three study reefs

(Figure IC). Two of the four comers of each quadrat were marked using plastic coated

metal stakes to allow for repeated temporal sampling. Digital photography (Olympus

3030) was used to estimate percent cover ofKappaphycus and coral over time.

Photographs ofplots were taken using a PVC photoquadrat camera frame and stand and

initial pictures were printed out on plastic underwater (Zerox) paper that allowed divers

to ensure that repeated sampling covered the exact same location. Photographs were

taken approximately every month for one year from June 2002-July 2003. Once all

images were acquired, they were downloaded onto a computer and processed using an

image analysis program Image-J. Total area of all organisms was calculated for each

image, percent cover was determined for all organisms and Shannon-Weiner diversity

indices were calculated for all plots over time.

To examine the effects that the invader has on coral cover and native species

diversity, three plots on each of the three reefs (Figure I) were randomly selected and

permanently established. In each of these plots divers removed all of the invader from the

substratum. To ensure all algal tissue was completely removed, forceps were used to

scrape small holdfasts and to extract small fragments that fell into crevices. The same
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photographic technique mentioned above was used to quantify benthic organism

abundance and diversity over time both before invader removal and each month after for

one year following removal.

Changes in invader cover, coral cover and native species diversity were analyzed

for both the control invader interaction plots and the removal plots using repeated

measures analysis ofvariance (SPSS version 10.0 software). Tests of sphericity were

examined for all analyses and when assumptions of sphericity were not met, a

conservative Huynh-Feldt (adjustment ofdegrees of freedom) test was used. Primer

software's analysis of similarity (ANOSIM) procedure was used to test for differences in

community composition in control and invader removal plots over time. Non

multidimnesional Scaling (nMDS) plots were used to visualize changes in community

composition over time. nMDS plots use ranked Bray Curtis similarity measures and are a

graphical representation ofa rank ordered similarity matrix; plots that are similar in

species composition and abundance are diplayed close to each other in the two

dimensional plot.

RESULTS

Control Plots

Based on observational surveys conducted in May 2002 across Kane'ohe Bay,

significant negative correlations were found between invader abundance and native

species diversity (Figure 2A, R=-0.760, P<O.OOl) as well as coral cover (Figure 2B, R=
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0.367, P=0.002). To detennine ifthese observations were correlative (the invader

establishes in lower diversity plots with low coral cover) or causal (the invader reduces

diversity and kills coral), we established pennanent control and invader removal plots on

three reefs. Coral cover and benthic species diversity were assessed monthly for one year.

In control plots, repeated measures analysis of variance indicated that coral cover

significantly declined over the course ofone year (Table 2, Figures 3A and 4) while

invader abundance increased (Table 2). Some fluctuations were observed in

Kappaphycus abundance as large pieces of algae were periodically cropped by water

motion in winter months. In all cases, invader re-growth was evident within short time

intervals. There was an overall net decrease in coral cover (27.01 % ± 7.38, 1 SE) and an

increase in invader cover (27.16%± 8.09, 1 SE). Pairwise comparisons (T tests) were

examined to test for overall differences in Kappaphycus and coral cover between the

beginning and end of observation from June 2002-July 2003. Significant increases in

Kappaphycus cover and significant decreases in coral cover were found over time (Table

3).

Diversity ofnative species fluctuated in control plots over time (Table 2, Figure

5) and there was no significant difference in diversity between the first and last samples

(Table 3). In general, invader cover increased in abundance as coral cover decreased

(Figures 3A, 4 and 5A). The patterns in diversity, invader cover and coral cover were

further examined using multivariate community analyses. The ANOSIM test found no

overall significant changes in community composition but individual pairwise

comparisons reveal that samples further away in time were less similar (Table 4).

Specifically, there were significant differences in community composition between the
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first sample in June 2002 and the last three samples in Dec 2002, and in April and July

2003. The nMDS plot graphically shows that benthic community composition is slowly

changing over time (Figure 5C).

Invader Removal Plots

Following experimental invader removal, coral cover initially increased (Figure

3B). Coral tissue at the edge of the invasion was undergoing photoacclimation while

tissue located deeper within the algal mat was dead or dying (Figure 4 E-F). The coral

tissue along the margin of the invasion did survive following removal of the invader.

However, over time the invader reestablished in all of these plots and re-grew (net

increase of51.05% ± 7.84) over the coral causing a net decline (26.54 % ± 9.86) in live

tissue (Figure 3B, Figure 4 A-F). From June 2002 to July 2003 invader cover

significantly increased (Table 2) from 3.29% to 54.34% while coral cover decreased

significantly (Table 2) from 63.90% to 37.36%. Pairwise comparisons between June 2002

(after invader removal) and July 2003 also showed significant increases in Kappaphycus

cover and decreases in coral cover over time (Table 3).

Diversity significantly increased in plots where Kappaphycus was removed

(Table 2, Figure 5). Diversity in these removal plots continued to increase for several

months but eventually declined as the invader re-grew (Figure 5). There was a significant

decrease in diversity between June 2002 and July 2003 (Table 3) corresponding to an

increase in invader cover. In general, invader cover increased in abundance over time as

coral cover decreased (Figures 5 and 6). Results of ANOSIM tests showed that

significant changes in community structure were occurring over time (Table 5). The
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largest differences were between the sampling periods before removal and the subsequent

months after. As the invader reestablished in these plots, the benthic community became

more similar to what it was prior to removal (Figure 6 B and D). Finally, the June and

July 2003 community data were not significantly different from the May 2002 (before

removal) data. The nMDS plots graphically display these changes (Figure 6 C and

D)again, showing that the largest difference in community structure was between the

May 2002 sample (before removal) and samples from several months following removal.

The first and last samples are the most similar in community composition (Figure 6D).

DISCUSSION

The goals of this study were to determine ifpatterns existed between invader

abundance and native species diversity and coral cover and if such patterns were found,

to determine if these relationships were correlative or causal. Based on observational

surveys, significant negative patterns were found between the variables of interest.

Kappaphycus was more abundant in areas of lower diversity and lower coral cover. By

monitoring permanent plots over time, it was determined that the invader was indeed

overgrowing, and through smothering, abrasion and shading, killing live coral. As the

invader became more abundant and occupied more space native species diversity

decreased. In general this invasive species does not appear to be space limited because of

its unique matt forming morphology, it is able to simply grow over other organisms. In

invader removal plots coral cover initially increased as tissue that was under the algal
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matt began to photoacclimate. In these plots, native species diversity also significantly

increased suggesting that the invader was preventing other species from establishing.

However, as Kappaphycus regrew in these plots both coral cover and diversity again

decreased. These results suggest that this invasive species is indeed causing a reduction in

diversity and coral cover on reefs in Hawai'i. The long-term consequences of such an

invasion could result in significant loss of coral reefs in Hawai' i and beyond. The

recently created North West Hawaiian Islands National Marine Reserve deemed one of

the most intact coral reef ecosystems in the world (Malakoff 2000), is at risk to invasion

simply because ofthe close proximity to the Main Hawaiian Islands.

Our results show that non-indigenous algae can have significant negative impacts

on coral reef ecosystems and must be considered a potential threat. In particular

Kappaphycus significantly reduced benthic species diversity and caused mortality ofreef

building corals. The potential long-term impacts and implications ofKappaphycus

invasion on coral reefs is profound given the widespread geographical range of

intentional introduction (Zemke-White and 0000 1999).

The lack of long-term data from any region where ocean farming is currently

underway limits abilities of almost any regulatory agency (Naylor et al. 2001) and makes

it difficult to determine the large-scale impacts alien species may be having on other reef

ecosystems across the globe (Coles and Eldredge 2002). After nearly three decades in

Hawai'i, we demonstrate that initial predictions ofKappaphycus success based on short

term experiments immediately following introduction (Russell 1983) have not been

upheld. Thus despite preliminary research, invading species may not remain benign in a

new environment. Lag phases of some invasive species can last up to 30 years (Byers and
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Goldwasser 2001). The intentional introduction of non-indigenous species and or strains

is unpredictable and should be treated with extreme caution (Carlton 1989, Ruiz et al

1997, 1999, Naylor et al. 2001, Grosholz 2002).

Historical hypotheses based on modeling and experiments conducted in aquatic

microcosms suggest that community diversity enhances invasion resistance (Elton 1958).

Other studies have shown positive associations between species diversity (Stachowicz

1999) or factors that co-vary with diversity and invasion success (Levine 2000).

However, more recent experimental evidence suggests that these relationships may not be

predictable across all systems (Elton 1958, Stachowicz 1999, Levine 2000, Grosholz

2002). In our study, observational surveys showed significant negative relationships

between species diversity and invader success. From experimental invader removal plots,

species diversity increased following invader removal. These results indicate that this

invasive species is able to establish in high diversity sites, and once established can

significantly reduce native species diversity.

Because coral reefs are known for their spectacular diversity (Connell 1978) and

associated resilience (Hughes et al. 2003), invasions could have profound negative

cascading effects on other species and on ecosystem services in general. The findings

reported here are particularly significant in that slow-growing reef-building corals are

being replaced by an invasive and rapidly growing fleshy alga. Such phase shifts can

severely change both the structure and function ofcoral reef ecosystems and may be

irreversible. Invasive seaweeds may be able to cause phase shifts in the absence ofother

causal factors such as overfishing or eutrophication but the synergistic effects of multiple
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stressors (Hughes and Conne111999, Smith et al. 2002, Gardner et al. 2003, Hughes et al.

2003, Pandolfi et al. 2003) may also enhance their success.

Other marine algae such as the invasive Caulerpa taxifolia have had profound

effects on marine ecosystems in the Mediterranean, New South Wales Australia and San

Diego, California (Meinesz 1999, Jousson et al. 2000). These temperate soft-substrate

communities are quite different in structure and function from coral reef environments.

Consequently management and control strategies will have to be approached quite

differently. Because of the extreme fragility ofcorals and because of the invaluable

habitat they provide for other reef organisms, every effort must be made to prevent

further degradation. The use ofbleach and tarps as a mitigation strategy may be

successful and justifiable in temperate environments but not on a coral reef where high

levels of endemic species occur. Nevertheless, new and innovative strategies need to be

examined in order to prevent these invasions from spreading and causing widespread

coral reef decline.

CONCLUSIONS

Based on experience in Hawai'i, resource managers are now trying to undo nearly

three decades of non-indigenous algal invasion as the result of experimental aquaculture

and research. While tropical carrageenophytes continue to be transported around the

world for aquaculture projects, resource managers and local communities need to be

aware ofproblems in Hawai'i and understand the possible repercussions of such
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introductions in their home region. Seaweed farming in the tropics has clearly played an

important role in developing a socio-economic framework in many places and because of

the significant global demand for carrageennan, is likely to continue. But because these

aquaculture species have been introduced to such a broad region in the tropics, including

centers ofbiodiversity and endemism (Hughes et al. 2002) for many coral reef species,

farming projects should be carefully monitored and closely regulated in an effort to

preserve these biological hotspots (Roberts et al. 2002). We would encourage more strict

regulation, quarantine, monitoring programs, mitigation and enforcement strategies and

the use of native flora when possible; farming native species would not only minimize

impacts ofopen culture systems on reef ecosystems, but may lead to discoveries ofnew

crops and novel products.
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Table 1. Detailed infonnation regarding countries and specific locations where Kappaphycus and Eucheuma have been

intentionally introduced around the world for aquaculture including source populations.

Country Location Species Date of Source Commercial
introduction farming

Antigua Eucheuma isiforme 1997 Belize Just beginning
Barbados E. isiforme 1997 Belize Just beginning

Brazil Kappaphycus alvarezii 1995 Philippines No
Cook Islands Aitutaki K. alvarezii late 1980s Fiji No
Cuba K. striatum 1991 Philippines Unknown

K. alvarezii
Djibouti Eucheuma denticulatum 1973 Singapore No
Fiji Suva and Mana Island K. striatum 1976 Philippines No

Telau Island, Bau, east of Suva K. striatum 1976 Hawai'i No

Four sites north ofRakiraki K. alvarezii 1984 Tonga No

Hawai'i Honolulu Harbor, Kane' ohe Bay, etc. E. denticulatum 1970 - 1976 Philippines No

Kane'ohe Bay E. isiforme 1974 Florida No
Kane'ohe Bay and Honolulu Harbor K. alvarezii 1974-1976 Philippines No
Honolulu Harbor, Kane' ohe Bay, etc K. striatum 1970-1976 Pohnpeiand No

Philippines
India Saurashtra region (west coast) K. alvarezii 1989 Japan No

Indonesia E. denticulatum 1984 Philppines Yes
K. cottonii

Jamaica E. isiforme 1997 Belize Just beginning

Kenya K. alvarezii 1996 No
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Table 1 (Cont.). Detailed infonnation regarding countries and specific locations where Kappaphycus and Eucheuma have been

intentionally introduced around the world for aquaculture including source populations.

Country Location Species Date of Source Commercial
introduction farming

Kiribati Fanning Island K. alvarezii 1977 Hawai'i Yes
E. denticulatum

Christmas Island (Kiritimati) K. cottonii 1977 Philippines Yes
E. denticulatum

Madagascar K. alvarezii 1998 Tanzania Just beginning
Malaysia K. alvarezii 1978 Philippines Yes
Maldives Kappaphycus alvarezii 1986 Philippines No
Marshall Is. Majuro lagoon E. denticulatum 1990 Pohnpei No

Mili and Lildep K. alvarezii 1990 Majuro No
Micronesia Pohnpei Kosrae E. denticulatum Hawai'i No

K. alvarezii
Solomon Vonavona, Monda, Gizo, and Ontong K. alvarezii 1987 Fiji No
Islands Java
St. Lucia E. isiforme 1997 Belize Yes

Tanzania E. denticulatum 1989 Philippines Yes
K. alvarezii

Tonga Vava'u K. alvarezii 1982 Tarawa No
Vava'u (reintroduced) 1989

Tuvalu K. alvarezii 1977 Kiribati No
Venezuela K. alvarezii 1996 Philippines Yes

E. denticulatum
Vietnam K. alvarezii 1993 Philippines No
Western Samoa Upolo K. alvarezii 1975 No

E. denticulatum
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Table 2. Results of repeated measures analysis of variance for Kappaphycus and coral

abundance and species diversity over time in permanently established control and

invader removal plots.

Repeated Measures Analysis ofVariance

Test df MS F p

Control Plots

Kappaphycus Sphericity 7 673.4 3.414 0.004

Coral Sphericity 7 690.7 5.341 <0.001

Diversity Sphericity 7 0.09 3.142 0.007

Removal Plots

Kappaphycus Huynh-Feldt 3.5 5000.7 19.3 <0.001

Coral Huynh-Feldt 3.7 1326.6 5.2 0.004

Diversity Huynh-Feldt 2.2 1.7 4.2 0.029
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Table 3. Pairwise comparisons (T test) ofKappaphycus and coral abundance and species diversity between the first and the last

sampling dates in control and invader removal plots.

Pairwise Comparisons: Two-Tailed T Tests between June 2002 and July 2003
Pair Mean SE T df P

Control
Kappaphycus June 02-July 03

27.16 8.08 3.36 8 0.01
Coral June 02-July 03

-27.01 7.29 3.66 8 0.006
Diversity June 02-July 03

-0.0258 0.11 0.227 8 0.826

Removal
Kappaphycus June 02-July 03

51.05 7.84 6.51 8 <0.001
Coral June 02-July 03

26.54 9.86 2.69 8 0.027
Diversity June 02-July 03

0.12 0.043 2.77 8 0.024
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Table 4. Results ofone-way Analysis of Similarity (ANOSIM) for community data in

control plots over time (between 2002 and 2003). Global R is the test statistic and

ranges from-1 to 1 and was found to be nonsignificant. Individual pairwise

comparisons indicate some significant differences between dates (see in bold).

Control Plots

Sample statistic (Global R): 0.035
Significance level of sample statistic: 0.119

Groups R Significance Possible Actual Number>
Statistic Level Permutations Permutations or=

Observed

June, July -0.045 0.702 24310 999 701
June, Aug 0.07 0.148 24310 999 147
June, Oct 0.09 0.134 24310 999 133
June, Nov 0.026 0.263 24310 999 262
June, Dec 0.032 0.238 24310 999 237
June, April-03 0.06 0.050 24310 999 67
June, July-03 0.276 0.007 24310 999 6
July, Aug -0.073 0.890 24310 999 889
July, Oct -0.031 0.531 24310 999 530
July, Nov 0.035 0.277 24310 999 276
July, Dec 0.126 0.080 24310 999 79
July, April-03 0.043 0.215 24310 999 214
July, July-03 0.144 0.046 24310 999 45
Aug, Oct -0.073 0.916 24310 999 915
Aug, Nov 0.045 0.220 24310 999 219
Aug, Dec 0.166 0.050 24310 999 49
Aug, April-03 -0.003 0.365 24310 999 364
Aug, July-03 0.017 0.341 24310 999 340
Oct, Nov -0.032 0.525 24310 999 524
Oct, Dec 0.068 0.188 24310 999 187
Oct, April-03 -0.054 0.716 24310 999 715
Oct, July-03 -0.037 0.629 24310 999 628
Nov, Dec 0.002 0.389 24310 999 388
Nov, April-03 -0.053 0.702 24310 999 701
Nov, July-03 0.088 0.137 24310 999 136
Dec, April-03 0.016 0.330 24310 999 329
Dec, July-03 0.164 0.391 24310 999 38
April, July-03 -0.055 0.727 24310 999 726
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Table 5. Results ofone-way Analysis of Similarity (ANOSIM) for community data in

removal plots over time (between 2002 and 2003). Global R is the test statistic and

ranges from-l to 1 and was found to be significant. Individual pairwise comparisons

indicate significant differences between dates (see in bold).

Removal Plots

Sample statistic (Global R): 0.342
Significance level of sample statistic: 0.001

Group R Significance Possible Actual Number>
comparison Statistic Level Permutations Permutations or=

Observed
May, June 0.907 0.001 24310 999 0
May, July 0.92 0.001 24310 999 0
May, Aug 0.753 0.001 24310 999 0
May, Oct 0.516 0.001 24310 999 0
May, Nov 0.294 0.011 24310 999 10
May, Dec 0.312 0.012 24310 999 11
May, April- 0.111 0.083 24310 999 82
03 -0.016 0.464 24310 999 463
May, July-03 0.123 0.064 24310 999 63
June, July 0.311 0.008 24310 999 7
June, Aug 0.311 0.011 24310 999 9
June, Oct 0.448 0.001 24310 999 0
June, Nov 0.303 0.003 24310 999 2
June, Dec 0.427 0.001 24310 999 0
June, April- 0.728 0.001 24310 999 0
03 0.533 0.001 24310 999 0
June, July-03 0.534 0.001 24310 999 0
July, Aug 0.539 0.001 24310 999 0
July, Oct 0.309 0.002 24310 999 1
July, Nov 0.379 0.001 24310 999 0
July, Dec 0.742 0.001 24310 999 0
July, April-O' 0.005 0.382 24310 999 381
July, July-03 0.198 0.021 24310 999 20
Aug, Oct 0.291 0.006 24310 999 5
Aug, Nov 0.393 0.001 24310 999 0
Aug, Dec 0.624 0.002 24310 999 1
Aug, April- 0.082 0.109 24310 999 108
03 0.062 0.172 24310 999 171
Aug, July-03 0.184 0.023 24310 999 22
Oct, Nov 0.462 0.001 24310 999 0
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Oct, Dec -0.003 0.443 24310 999 442
Oct, April-03 0.033 0.271 24310 999 270
Oct, July-03 0.235 0.025 24310 999 24
Nov, Dec -0.063 0.836 24310 999 835
Nov, April- 0.213 0.026 24310 999 25
03 0.024 0.257 24310 999 256
Nov, July-03
Dec, April
Dec, July-03
April-03,
July-03
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Figure 1. (A) Map ofthe Hawaiian Islands, (B) close-up of the island ofO'ahu and (C)

Kane'ohe Bay showing research sites 1) Patch Reef44, 2) Patch Reef29 and 3)

Mark's Reef.
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Figure 2. Relationship between invader abundance (percent cover ofKappaphycus spp.)

and (A) coral cover and (B) native species diversity based on observational surveys

conducted in May 2002 on three reefs in Kane'ohe Bay, Hawai'i. Statistical analysis

was done by quadratic regression.
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Figure 3. Time series documenting invader (Kappaphycus spp. percent cover) and coral

abundance in permanently established (A) control and (B) invader removal plots

over one year.
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Figure 4. Time series photographs of two control plots (A-B and C-D) on two different reefs. (A) and (C) were taken in June

2002, and (B) and CD) were the same plots resurveyed in April 2003, (E-F) document unhealthy and dead coral tissue under

the algal matt and following invader removal.
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Figure 5. Time series showing species diversity (Shannon-Weiner diversity index) in

control and invader removal plots over one year.
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Figure 6. Relationships between invader abundance and coral cover over time in A.

control and B. invader removal plots. nMDS plots show changes in community

structure over time in C. control plots and D. invader removal plots. Distances

between points are based on ranked Bray Curtis Similarity indices for each plot.
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CHAPTER 7:

FIELD AND NUTRIENT CHARACTERISTICS OF THE EPHEMERAL BLOOM

FORMING GREEN ALGA CLADOPHORA SERICEA G. HUDSON ON THE REEFS

OF WEST MAUl, HAWAfI.
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ABSTRACT

The filamentous green alga Cladophora sericea has been forming episodic and

ephemeral nuisance blooms on West Maui's coral reefs over the past decade. Nutrient

rich runoffhas been posited as the cause of these blooms. The goals of this study were to

characterize the physical nutrient environment as well as various physiological

characteristics of the alga during a bloom to assess patterns in these parameters along an

onshore offshore gradient. During the summer of2001, sediment pore water sampled 0.5

m into the substrate had high ammonium, nitrate and silicate concentrations, and low

salinity relative to overlying ambient water, suggesting groundwater intrusion. Samples

collected over a range of depths (3 to 34 m) reflected highest nutrient concentrations at 9

m. C. sericea tissue samples collected along the same depth gradient showed clear

enrichment ofnitrogen from shore with shallow samples more enriched (% N and ()15N)

than deep plants. In situ nutrient enrichments and subsequent relative electron transport

rate determinations of C. sericea using pulse amplitude modulated fluorometery showed

that plants were nutrient limited and maximum rates ofelectron transport generally

increased with enrichment. Plants located at sites with the highest DIN concentrations did

not show a nutrient effect. Growth rates measured in the laboratory doubled with elevated

inorganic nitrogen and increased even more with the addition of trace elements. Growth

rates ofup to 25 % increase in wet weight were observed for C. sericea when enriched

with commercial fertilizer suggesting that this species is capable of explosive growth.
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INTRODUCTION

The frequency of algal blooms on coral reefs has increased over the last several

decades (Smith et al1981, Done 1992, Hughes 1994). In most cases these events result in

what is known as a phase shift or alternate stable state where previously abundant coral

species are replaced by rapidly growing fleshy algae (Done 1992, McCook 1999). The

causes of such changes in benthic reef community structure has been debated and seem to

vary from region to region and even reef to reef. From experimental manipulations it is

clear that grazing by herbivorous organisms has a strong influence on the abundance,

standing stock and productivity ofbenthic reef algae (Hatcher and Larkum 1983, Miller

et al. 1999, Linnan 2001, Thacker et al. 2001, Smith et al. 2001, Jompa and McCook

2002 a, b, McClanahan et al. 2002, Belliveau and Paul 2002, Diaz-Pulido and McCook

2003). The role ofbottom-up factors, primarily inorganic nutrients in influencing algal

abundance on reefs has been less clear. In some cases nutrient enrichment has been

shown to have little to no effect on algal abundance or community structure while in

other studies significant effects have been detected (Smith et al. 2001, McClanahan et al.

2002, Diaz-Pulido and McCook 2003). Because of the extreme variability ofnutrient

concentrations on reefs in space and time it is logical that not all systems will have a

universal response to enrichment. Further, the methods (specifically the amount and

frequency of enrichment and the length of study) that have been used to conduct these

experiments have not been consistent among studies and therefore make cross

comparisons difficult. Both top-down and bottom-up factors are likely to be important in

structuring benthic reef communities and their relative importance will depend on past
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history and other physical and biological factors associated with a particular site (Hughes

and Connell 1999, Porter et al. 2001, Knowlton 2001).

It is important to summarize existing data in an effort to understand patterns and

processes and to make broad generalizations regarding phase shifts. In general, the

transition from coral to algal dominance usually occurs gradually (over a decade or more)

but is persistent, where the resulting algal community is either a multispecies assemblage

or is dominated by a single robust species. In Kane'ohe Bay, Hawai' several decades of

overfishing and sedimentation combined with extensive sewage pollution lead to the

proliferation of the green alga Dictyosphaeria cavernosa in the 1970s (Banner 1974,

Smith et al. 1981, Maragos et a11985, Hunter and Evans 1995). However, despite the

removal of the nutrient source in the 1980s the Bay still supports dense macroalgal stands

composed not only ofD. cavernosa but of three non-indigenous red algae as well

(Stimson et al. 2001). At Discovery Bay, Jamaica a combination ofdecades of

overfishing, hurricane disturbance, coastal development and finally the 1982-83 massive

die-off of the sea urchin Diadema anti/arum led to overgrowth ofcoral reefs by several

species ofmacroalgae including Dictyota, Padina, Halimeda and Chaetomorpha

(Carpenter 1990, Done 1992, Hughes 1994). In Tahiti, reefs have been overgrown by

Turbinaria ornata and Sargassum mangaravense since the late 1980s with no direct

evidence for causality (Stiger and Payri 1999 a, b). On the Great Barrier Reefmuch of the

shallow reef flats have been dominated by macroalgae since the mid 1980s, mainly

Sargassum spp. and Lobophora variegata (Done 1992, Diaz-Pulido and McCook 2003).

It has been suggested that while nutrients may enhance the success and abundance of

these algal species, herbivory is the more important factor regulating biomass. The above
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case studies illustrate that the diversity ofalgal genera involved in phase shifts across the

tropics but also highlight the lack of recovery or reversal back to coral dominance in

these systems.

Ephemeral algal blooms are much less common on tropical reefs. In temperate

coastal regions and in lakes, streams and agricultural drainage systems ephemeral or

seasonal algal blooms are common and generally occur when one or more limiting

resource(s) suddenly becomes available and leads to rapid algal growth. Once the

resource has been exhausted or light levels are sufficiently reduced, the bloom usually

senesces quickly (Raffaelli et al. 1998). These ephemeral blooms usually involve one or

more species of early successional opportunistic green algae from the genera Ulva,

Enteromorpha, Chaetomorpha or Cladophora (Dodds and Gudder 1992, Valie1a et al.

1997, Raffaelli et al. 1998, Lotze and Schramm 2000, Taylor et al. 2001). The

proliferation ofone or more these genera in a given area is often linked with

eutrophication where either nitrogen or phosphorous is believed to be the limiting

nutrient (Duarte 1995, Valiela et al. 1997, Raffaelli et al. 1998). Ulva and Cladophora

can outcompete phytoplankton when nutrient concentrations are sufficiently high

(Thybo-Christesen et a11993, Ravera 2000). The success of these opportunistic green

algae can also be attributed to a number ofother physio-chemical factors including high

photosynthetic rates, high surface area to volume ratios, ability to use RC03, and a wide

range oftolerance to temperature, salinity, irradiance and other hostile chemical

environments (Raffaelli et al. 1998, Taylor et al. 2001).

In the lagoon of Venice Ulva rigida has been forming nuisance blooms since the

1980's as a result ofnitrogen loading (Runca et al. 1996, Ravera 2000). Cladophora
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glomerata is a know bloom-forming species which forms excessive growth in both lakes

in Germany (Ensminger et al. 200) and coastal environments in the Baltic Sea (Paalme et

al. 2002). Cladophora albida forms massive nuisance growths in the Peel-Harvey

Estuarine System in Western Australia (Birch et al. 1981). Cladophora sericea blooms in

shallow Danish Bays and has been suspected to cause a decline in eelgrass beds (Thybo-

Christesen et al. 1993). Caldophora vagabunda blooms in the response to nitrogen

loading in Waquoit Bay, Massachusetts (Peckol et al. 1994). Cladophora prolifera has

been forming nuisance blooms on the reefs ofBermuda for several decades but these are

generally persistent and occur in protected, shallow, nearshore environments (Bash and

Josselyn 1978, 1979, Lapointe and O'Connell 1989). Ephemeral algal blooms, while a

common component of eutrophic temperate waters have not been well documented on

tropical reefs.

The coral reefs ofWest Maui Hawai'i have experienced episodic blooms of the

green alga Cladophora sericea dating back at least to the mid 1980's. Six of these events

have been catalogued with underwater photography (See:

http://www.turtles.orglwhoswho.htm). Blooms generally occur during the summer

months with initial signs of the alga appearing around April. Over time the alga becomes

more prolific and usually peaks in abundance around July-August and by October most

signs of the bloom are gone. Because of the unpredictable nature of such events, very

little research has been conducted on C. sericea in Hawai'i. However, the magnitude of

these events is such that the filamentous green alga grows from shore to greater than 30

m and is so prolific that beaches in the popular tourist areas become inundated with

rotting biomass; C. sericea has been the blame of economic losses on Maui during some
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summer seasons. Observations from resource managers in the area suggest that this

bloom-forming alga smothers the benthos including coral dominated areas and may

contribute to a decline in coral cover over time (S. Hau pers. comm.). The goals of the

present study were to characterize the field characteristics of C. sericea and inorganic

nutrients along a depth gradient on at Kahekili Beach Park, a popular dive site on West

Maui, Hawai'i and to examine the response of this alga to nutrient enrichment in the field

and laboratory.

MATERIALS AND METHODS

Field Assessments

Site Description

All field work and sample collection was performed at Kahekili Beach Park

(Latitude 21 0 52.201' N, Longitude 156 0 41.557' W) on the southwest side of the Island

ofMaui, Hawai'i (Figure 1 A-C) from 9 July-ll July 2001. Kahekili is located between

two tourist destinations, the towns ofLahaina and Honokowai. The surrounding area is

influenced by a number ofdifferent land use practices that may influence offshore

nutrient concentrations including resort landscaping and fertilizer application, septic

systems, an urban sewage treatment plant with 4 injection wells, pineapple agriculture

and golf courses (See Figure 1C). The reef begins from shore and gradually slopes to

approximately 10 m where a rubble zone begins and eventually turns to sand (see:

http://cramp.wcc.hawaii.edul). The rhizophytic green alga Halimeda incrassata
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dominates much of this sandy substratum from approximately 30 m to > 40 m (Figure 1,

Pers.Obs.).

Benthic Surveys

A total of five research sites were selected along a depth gradient at 3, 9, 15,25

and 34 m. At each location two locations were haphazardly selected for benthic surveys.

Two 30 m long transects were placed parallel to shore at each site and 10 randomly

selected 0.25 m2 quadrats were surveyed on each transect. Percent cover was visually

estimated in each quadrat and when multiple canopies were encountered, exceeded

100%.

Water Sampling

At each site both ambient water column samples and SCUBA divers collected

sediment pore water samples in triplicate. Ambient water samples were collected

approximately 0.5 m from the substratum using sterile 140 ml syringes. Prior to

collection, each sample was rinsed through syringes three times. Sediment pore water

samples were collected by driving a stainless steel 0.5 cm diameter sampling device 0.5

m into the substratum. The device consisted of an outer sheath that tapered closed at one

end and a driving rod that fir inside the sheath. Several 1 mm diameter holes were drilled

into the lower 3 cm of the closed off end of the sheath. Both the rod and the sheath were

hammered 0.5 m into the substratum at which point the inner rod was removed leaving

the hollow sheath in place. A three-way valve was attached to the open end of the sheath

where surgical tubing was then affixed. A syringe was then inserted into the open end of
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the surgical tubing and samples could be drawn out of the device by pulling a sample

with the syringe, adjusting the three-way valve, purging the syringe and so on. The entire

device was purged three times to ensure a representative sample was drawn. Following

collection all water samples were returned to the surface where three 20 ml aliquots were

filtered through Whatman #2 GF/F glass fiber filters and rinsed into 60 ml Nalgene

sample bottles. Finally, the remaining 60 ml of sample was filtered into sample bottles

and placed immediately on ice. All samples were frozen upon return to shore. Nutrient

concentrations were determined using a Technicon Model AAll autoanalyzer for silicate,

nitrate, nitrite, ammonium and phosphate and salinity was determined with a handheld

YSI conductivity probe.

Nutrient Manipulation

A nutrient enrichment study was performed on samples of Cladophora serciea to

determine if the alga was nutrient limited at our sites and to assess whether it would

respond to short-term nutrient enrichments. At each site, divers collected a total of 6 C.

sericea samples of approximately the same size. Each sample was placed in a plastic

mesh pouch that was affixed to a 0.5 in diameter, 0.25 m long PVC rod. These rods were

placed vertically in the water column by inserting one end into the substratum. Three

samples served as controls while the remaining three received a nutrient enrichment

treatment. Enrichment was achieved by placing 20 g of the commercial fertilizer

Osmocote into a cheesecloth pouch. These pouches were affixed to PVC stakes prior to

entering the water and to ensure that nutrient did not leak out until the experiment began,

plastic wrap was affixed around each pouch until C. serciea samples were in place.
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Control samples were placed at least 5 m away from the enriched samples and all were

left untouched for 24 hours.

Fluorescence Measurements

Twenty-four hours after enrichment, divers assessed nutrient limited status by

examining fluoresce parameters in situ using a pulse amplitude modulation (PAM)

fluorometer with a red measuring light (Diving-PAM: Walz, Effeltrich, Germany).

Photosynthetic parameters were determined by performing rapid light curves (RLCs) on

all samples. A RLC consists ofa series of saturating pulses applied after lOs exposures

to actinic irradiance of increasing intensity (White and Critchley 1999). RLCs were

performed on light-acclimated material that was darkened prior to measurement for 15 

20 s to minimize any influence of energy dependent nonphotochemical quenching

(Schreiber et al. 1997, Ralph et al. 1998). The maximum actinic PAR was -800 J.l.mol

quanta m-2
S-1. Each saturating pulse provided an estimate ofthe effective quantum yield

(LWIFm' = (Fo'-Fm')lFm'). Relative electron transport rate (rETR) was calculated

according to Kronkamp et aI. (1998), where LWIFm' was multiplied by the actinic PAR

ofthe lOs interval preceding the pulse. PAR values were corrected for declining

intensity as battery voltage declined.

Tissue Samples

At each site a total of 5 samples of C. sericea were haphazardly collected for

tissue nutrient analysis. Divers collected samples at each site and placed each one into a
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separate Ziploc bag. Upon return to shore, samples were kept on ice for approximately

two hours during transport to the University ofHawai'i, Manoa marine macrophytes

laboratory where they were rinsed briefly in deionized water, blotted dry, and weighed.

Samples were then oven dried at 60 C until a constant weight was reached and ground

with a mortar and pestle or ball-mill (Wig-L-Bug, Crescent Dental Mfg Co, USA).

Carbon and nitrogen content (percent) and stable isotope composition e~:l~ and

13C:12C) were determined using a Carla Erba NC2500 Elemental Analyzer and a Finnigan

MAT ConFloll system. Phosphorus content was determined using a Perkin-Elmer 6500

ICP spectrophotometer.

Laboratory Experimentation

Sample Collection

A nutrient enrichment study was conducted at the University ofHawaii's marine

macrophytes laboratory to assess the growth and physiology of C. sericea in response to

elevated nutrients. Samples of C. sericea were collected from Kahekili beach Park on the

Island ofMaui on 11 July 2001 and placed in 2 gal Ziploc bags. Bags were placed in an

insulated cooler an immediately transported to the University ofHawai'i, Manoa on the

island ofO'ahu. Maximum transport time was approximately 3 hours. Samples were then

immediately transferred into 1.5 L glass beakers with aeration and natural lighting.

The nutrient enrichment experiment consisted of4 nutrient treatments (20 J.1ll101

N03, 2 Jlmol P04, 20 J.1ll101 N03 + 2 J.1ll101 P04, osmocote) and controls. C. sericea

samples were weighed and randomly assigned to one of five treatments with three
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replicates per treatment. The entire experiment was conducted on a cart in a greenhouse

with natural lighting. Each algal sample was placed into a 1.5 L glass beaker and

treatments were administered from holding containers to beakers via constant flow

peristaltic pumps (flow rate was 1 ml min-I). Seawater was collected from the Waikiki's

Aquarium's filtered seawater system and had been subsequently filtered through 2

micron filters. To ensure a constant temperature (26 C) in experimental treatments, all

beakers were submersed in a flowing water bath.

Variables measured

Percent increase in growth was calculated for all samples from the beginning to

the end of the experiment and expressed as percent increase per day. At the end of the

experiment, tissue percent carbon, nitrogen, phosphorous, 15N and l3C were determined

for all samples as discussed above. Photosynthetic parameters were assessed by

conducting RLCs using PAM fluorometry. The maximum quantum yield ofchlorophyll

fluorescence (Fv/Fm) was determined by dark-acclimating algal material for at least 10

minutes using plastic clips (Walz) prior to a 800 ms saturating pulse (-8000 J.lmol quanta

m-2 S-I). These treatments enabled measurements of minimal fluorescence (Fo) and

maximal fluorescence (Fm) from which the term (Fo-Fm)/Fm = Fv/Fm was calculated

(nomenclature according to van Kooten and SneI1990). Chlorophyll a and b content was

determined spectrophotometrically using 1.0 ml dimethylformamide (DMF) as solvent

(Moran and Porath 1980). This technique ensured minimal loss of tissue.
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RESULTS

Field Assessments

Site Description: Benthic community

The green alga C. sericea formed a massive bloom at Kahekili Beach (Figure 2),

west Maui during the summer of2001 and was significantly more abundant at 9 m (F=

9.74, p<O.OOI, 42 % cover ± 5.93, 1 SE) than at any of the other depths surveyed (19.5 %

± 3.53 at 3 m, 20.5 % ± 1.74 at 15 m, 20.0 % ± 1.67 at 25 m and 13.5 % ± 1.83 at 34 m).

Coral cover was highest at 3 m followed by 9 m and was sparse at 15 m and absent from

the 25 and 34 m sites (Figure 3). Sand and the rhizophytic alga Halimeda incrassata

dominated the deeper depths (Sand: 26 % ± 6.32 at 15 m, 31% ± 2.87 at 25 m and 38.5 ±

2.99 at 34 m and H. incrassata: 36.25 % ±4.22 at 15 m, 39.38 % ± 1.38 at 25 m and

36.25 % ± 1.25 at 34 m). In general there were no patterns between the abundance of C.

sericea and that ofother benthic organisms (Figure 3); the alga was able to grow via

snagging on top ofall substrate and organism types at Kahekili (Figures 2, 3). Finally,

results of the benthic surveys show that during a bloom C. sericea occurs from 3 m to

greater than 34 m depth with and an average abundance of23.10 % cover (± 2.01).

Site Description: Water Chemistry

Water sample results are shown in Figure 4. In general water column nutrient

concentrations were low and not significantly different between depths (Table 1). There

was somewhat of a trend ofdecreasing nutrients in an onshore to offshore direction but
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this was not significant for any of the nutrients measured. Sediment pore water nutrients

did show significant differences in concentration between depths. Phosphate was

significantly higher at the two deepest sites (25 and 34 m) followed by an onshore

offshore pattern with 3 m greater than 9 m and 15 m. Silicate was high at all sites but was

greatest at the 15 m site. Salinity was significantly lower at the 15 m site with samples as

low as 20 parts per thousand. Ammonium was highest at the 9 m site reaching values as

high as 22 JlIllol the 3 m had the next highest concentration. Overall, ammonium was

lower in concentration at the deeper depths (15 m and greater). Nitrate and nitrite both

showed similar patterns in concentration with depth where the highest concentrations

were detected at the 15 m site. Total dissolved inorganic nitrogen (DIN) from water

column samples showed an onshore-offshore pattern with highest concentrations at

shallower depths (Figure 5) while pore water DIN concentrations was highest at 9 m.

Tissue Nutrient Samples

Results of C. sericea tissue nutrient analyses from field-collected plants along a depth

gradient are shown in Table 3, Figure 6. There were no differences in percent tissue

carbon or phosphorous among the different depths. A significant onshore-offshore pattern

was found for percent tissue nitrogen and 815N. The 3 m site had the highest percentage

of tissue nitrogen and the most unique 815N signature. Significant differences in 815N

were found between the 3 m site and the 15,25, and 34 m sites but not the 9 m site. The 3

m site had a significantly different 813C signature than the 9 or 15 m sites.
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Nutrient Enrichment of C. sericea in situ

Maximum electron transport rates for C. sericea were not significantly different

among the different depths sampled. However, ETRmax did significantly increase with

nutrient enrichment overall suggesting that the plants were nutrient limited (Figure 7A).

Further, the greatest increases were observed in samples from the two deepest depths, 25

and 34 m. Photosynthetic efficiency was not significantly different among depths and

showed no overall response to enrichment (Figure 7B). A significant interaction was

found for alpha between depth and nutrient enrichment treatments indicating that plants

at the different depths varied in their response to enrichment again with deeper plants

showing the largest increase. There were no significant site or treatment effects detected

for saturating irradiance (Ik, Figure 7C).

Laboratory Experimentation

Response of C. sericea to nutrient enrichment

Summary statistics for all of the growth and physiological parameters that were

measured for C. sericea following the nutrient enrichment experiment are shown in Table

4 and results ofone-way analyses of variance are shoWn in Table 5. Percent increase in

plant biomass per day was significantly greater in the Osmocote treatment than for any of

the other treatments (Figure 8). None of the fluorescence parameters showed significant

responses to the enrichment treatments except for maximum quantum yield (dark

adapted) which was significantly higher for Osmocote treated plants than for control or

phosphate enriched plants, and both nitrogen and phosphorous treated plants had higher

yield values than controls (Figure 9). There was a lot ofvariability in C. sericea tissue
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nutrient concentrations among the various treatments (Figure 10). Photosynthetic

pigments (ChI a, b and carotenoids) all responded positively to enrichment with

Osmocote treated plants showing the greatest increase in concentration (Tables 4,5 and

Figure 10).

DISCUSSION

The filamentous green alga Cladophora sericea formed a massive bloom on the

reefs ofwest Maui in the summer of2001. This research documents for the first time

various physiological and ecological characteristics of the bloom and associated water

chemistry parameters. The alga was highly prolific across a wide depth range, showed

nutrient limitation in the field as measured by in situ fluorescence, and displayed

evidence of a terrestrial nutrient source from tissue nutrient concentrations and stable

isotope analysis. Water column nutrient concentrations were low and almost undetectable

for all nutrients measured but were much higher for sediment pore water. Low levels of

salinity were measured in conjunction with elevated silicate, nitrate and ammonium

concentrations in pore water at the shallower depths suggesting that ground water

intrusion occurs at these locations. Laboratory experimentation showed growth rates of

C. sericea up to 25 % increase in wet weight per day in response to enrichment with

commercial fertilizer. While our data show that C. sericea was utilizing land-based

nutrients in the field and that growth rates significantly increased in response to

enrichment, more research is needed to determine the ultimate causes of the bloom.
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Field Characteristics

Coral cover at Kahekili Beach Park was highest at the shallow site (3 m) followed

by the 9 m site. The reef abruptly ends just beyond the 9 m site where a sand and rubble

zone gradually slope into deeper water. This deeper environment is primarily dominated

by the rhizophytic green alga Halimeda incrassata and a number ofbenthic invertebrates

including sponges, bryozoans, tunicates, polychaetes and sea urchins. Claodophora

sericea was most abundant at the 9 m site where it was found growing on top ofor

entangled on other benthic organisms or limestone substratum (Figure 3). More

importantly, the alga was highly abundant (>20 % cover) at all depths surveyed where

even at 34 m there was no indication of a significant decline in abundance. It is also

important to note that the bloom extended both up and down the coastline for several

miles with Kahana at the northerly end and Lahaina at the southerly end of the

distribution (J. Smith unpubl. data) and it had been reported from Moloka'i earlier in the

year (E. Brown pers. comm.).

Results ofwater sampling at Kahekili are interesting and compelling and

emphasize the dynamic nature of tropical reef biogeochemistry. Nutrient concentrations

were very low for all water column samples but were significantly elevated in all

nutrients for sediment pore water at various depths. The very low salinity in samples

taken from the 15 and 9 m sites and high silicate at all sites suggest fresh water intrusion

via ground water. Pore water nitrogen concentrations were highest at 3,9 and 15 m while

phosphorous was highest at the 25 and 34 m sites. This phosphorous mayor may not be

bio-available depending on where the sediment becomes anoxic. Regardless, these results
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illustrate that sampling the water column to detennine nutrient concentration and rates of

input may be misleading especially in areas where macroalgae are abundant. Algal

nutrient uptake rates may be such that any input into the system will be masked by uptake

by the algae and thus making detection nearly impossible.

Algal abundance corresponded best with pore water nitrogen concentration but

tissue nutrient and stable isotope values showed more of an onshore-offshore pattern of

enrichment. It is possible that C. sericea was actually more abundant at the 3 m site

(where there was higher tissue nutrients) but was periodically dislodged from the bottom

via wave action and water motion. A substantial amount ofdrifting algal tissue was

evident in the water column (Figure 2), which could help to explain the observed

patterns. In looking at total nitrogen concentration in the water column and pore water,

these values do follow very closely to patterns in tissue and stable isotope data. On the

other hand, results of in situ nutrient enrichment and fluorescence data show that plants at

the 9 and 15 m site were less nutrient limited than those at the other sites and this

corresponds nicely with the abundance data. Nevertheless, there appears to be evidence

ofground water-derived nitrogen at the shallower depths and this pattern is further

reflected in algal tissue nutrient parameters.

Laboratory Experimentation

Results of the growth experiment in the laboratory were interesting where C.

sericea showed the overall largest increase in growth in response to a commercial

fertilizer. This suggests that perhaps some trace element such as iron, magnesium or zinc

or vitamins or a combination thereofwas limiting growth. Trace element limitation has
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not been investigated in great detail in tropical macroalgae and could be an important

aspect of understanding the physiology ofbloom forming species.

Summary

The reefs ofBermuda have experienced large-scale blooms of the alga

Cladophora prolifera since 1966 in shallow protected embayments to a depth of 10m.

Research conducted on the bloom in the 1970's-80's demonstrated that the alga was

nutrient limited (Bach and Josselyn 1978, 1979, Lapointe and O'Connell 1989) and

various nutrient enrichment treatments led to increased growth and productivity. Bach

and Josselyn (1979) demonstrated that light limitation occurred around 10 m thus

explaining algal depth distribution. Schramm and Booth (1981) suggested that excessive

growth of C. prolifera was not the result of nutrient enrichment per se but was due to its

competitive advantages, namely the ability to tolerate H2S and anaerobic conditions.

Most other studies indicated that the bloom was the result of enhanced growth due to

nutrient enriched groundwater and it was hypothesized that the alga may have been a

recently introduced exotic species (Bach and Josselyn 1978, 1979, Lapointe and

O'Connell 1989) but this idea was never explored further. In general, these studies lacked

more direct links between ground water and algal abundance such as stable isotope

analysis or other indicator nutrients such as silicate and/or salinity levels. Lapointe and

O'Connell (1989) did measure sediment pore water nutrient concentrations and found

significantly elevated concentrations in comparison to background water column levels.

But again this does not directly indicate ground water intrusion was driving the algal

bloom.
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Recently,Umezawa et al. (2002) examined the feasibility of using algal tissue

nutrient concentrations and stable isotope values to indicate terrestrial nutrient inputs.

Significant correlations were found between ()15N in algal tissue and distance from shore

and the slopes of these regression relationships varied from site to site depending on

residence time of the seawater and fluxes of terrestrial nitrogen. Tissue C/N values for

Dictyota and Padina species were quite variable in this study and generally did not show

distinct gradients with distance from shore. In some cases significant correlations were

found between tissue C/N and water column nitrogen values but in other cases this did

not occur. These findings were most likely the result ofdifferent growth rates,

physiology, storage capacity and morphology between the algal species (Fong et al. 2001,

Umezawa et al. 2002,). Nevertheless, the results indicate that tissue ()1~ values were

similar for different algal species growing in the same location suggesting that this

technique can be a useful indicator of terrestrial nutrient input.

CONCLUSIONS

Despite some of the similarities between Cladophora blooms in Bermuda and

those ofwest Maui, Bermuda's blooms seem to be persistent and are restricted to

relatively shallow protected near-shore environments, while on Maui the blooms are

ephemeral, exist on open, exposed shorelines and can be found from shore to over 35 m

depth. While our data suggest that C. sericea is utilizing a terrestrial nutrient source, this

does not indicate causality and other as yet unexplored factors are likely involved with
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bloom formation and senescence. We did not examine grazer populations in this study

due to time constraints but because of the ephemeral nature of the bloom herbivore

dynamics were not seen as a primary driving factor. Perhaps some life history trait

influences C. sericea bloom cycles. However, the life cycle is an isomorphic alternation

ofgenerations and so it seems more likely that an interaction between physical factor(s)

and nutrient enhancement would drive bloom cycles. There is also a possibility that C.

sericea was introduced to Hawai'i but there is no supporting evidence for this hypothesis

(I. Abbott pers. comm.) aside from the fact that this alga is most commonly found in cold

temperate marine ecosystems.

Most algal blooms on coral reefs either result in or are associated with what is

referred to as a phase shift where reef-building corals are replaced by fleshy macroalgae.

Reports of ephemeral algal blooms on coral reefs have been much less common. Because

there is a general lack of information about these phenomena from the tropics the

absolute causes and consequences remain unclear despite clear linkages to terrestrial

based nutrients. Results from several years of surveys conducted by the Hawai'i Coral

Reef Assessment and Monitoring Program (CRAMP) at Kahekili Beach Park on Maui

suggest that coral cover has been decreasing (E. Brown pers. comm.). Whether the

decrease in coral cover is directly or indirectly linked to the Cladophora blooms remains

unknown. Nevertheless, the scale and magnitude (both ecologically and economically) of

such bloom events are profound and more research is needed to understand the dynamics

of this alga, its interaction with other reef species' and the ultimate consequences ofsuch

blooms to the ecosystem as a whole.
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Table. 1 Results ofone-way analysis ofvariance for water chemistry results, site (depth)

is the experimental factor, Tukey's multiple comparisons were used to test for

differences among the depths when a significant effect was detected.

One-way ANOVA

Parameter df MS F P Multiple Comparisons

Water Column

P04 4 0.418 0.94 0.482 ns

Si04 4 0.048 1.20 0.376 ns

N03 4 0.319 0.64 0.645 ns

N02 4 0.0041 0.41 0.799 ns

NH4 4 0.404 0.93 0.489 ns

Pore Water

P04 4 0.857 180.22 <0.001 34m, 25m>3m>9m>15m

Si04 4 0.699 56.48 <0.001 15m>34m, 3m, 9m

34m, 25m>3m, 9m

N03 4 1.74 37.23 0.001 15m>all

N02 4 1.37 8.62 0.018 15m>3m

NH4 4 4.05 255.48 <0.001 9m>3m>15m>25m, 34m

Salinity 4 64.72 48.85 <0.001 5Om<all
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Table 2. Results of two-way analysis of variance for photosynthetic parameters of C.

sericea following in situ nutrient enrichment with depth and enrichment both as fixed

factors.

Two-way ANOVA

Parameter df MS F P

ETRmax

Site 4 203 0.92 0.471

Treatment 1 998 4.54 0.046

Interaction 4 68 0.31 0.869

Alpha

Site 4 0.00057 1.82 0.165

Treatment 1 0.00021 0.67 0.422

Interaction 4 4.33 0.011

Ik

Site 4 1957 1.37 0.280

Treatment 1 4912 3.44 0.077

Interaction 4 629 0.44 0.780
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Table 3. Results ofone-way analysis of variance for C. sericea tissue nutrient

concentrations with depth (3,9, 15,25 and 34 m) as the factor, Tukey's multiple

comparisons were used to test for differences among depths.

One-way ANOVA

Parameter df MS F P Multiple Comparisons

% Carbon 4 2.05 0.270 0.888 ns

% Nitrogen 4 0.963 19.23 <0.001 3 m>all

% Phosphorous 4 0.361 2.14 0.151 ns

o13C 4 4.28 6.64 0.007 3m>9m, 15 m

o15N 4 8.63 7.61 0.004 3 m>15m, 25 m, 34 m

C:N 4 67.39 16.30 <0.001 3 m<all

N:P 4 12.03 0.72 0.600 ns
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Table 4. Mean ± 1 standard error for all of the physiological parameters measured for C. sericea in the laboratory nutrient

enrichment experiment.

Experimental Treatment

Variable Control 2uMP 20uMN03 20 roM N03 + 2 uM P04 Osmocote

ETR max 38.35 (1.27) 44.01 (5.92) 48.84 (2.27) 52.59 (2.26) 61.02 (10.14)

Alpha 0.29 (0.017) 0.30 (0.023) 0.34 (0.052) 0.35 (0.029) 0.34 (0.015)

Ik 139.20 (11.87) 147.95 (18.53) 145.73 (26.17) 151.22 (18.61) 180.37 (29.20)

FvlFm 0.54 (0.042) 0.57 (0.008) 0.64 (0.056) 0.70 (0.017) 0.74 (0.014)

%C 38.07 (0.041) 38.39 (0.36) 34.84 (0.58) 38.27 (0.092) 37.50 (0.33)

%N 4.28 (0.099) 3.93 (0.29) 1.54 (0.12) 3.45 (1.10) 4.48 (0.17)

%P 0.069 (0.007) 0.081 (0.005) 0.072 (0.007) 0.098 (0.008) 0.066 (0.003)

C:N 8.90 (0.024) 9.77 (3.74) 24.10 (0.29) 15.77 (7.37) 8.40 (0.36)

15N -1.51 (0.20) -0.46 (0.25) 0.45 (0.39) -2.68 (0.70) -2.54 (0.90)

13C -16.67 (0.21) -17.84 (0.63) -17.81 (0.72) -17.47 (0.13) 17.49 (0.70)

% Growth/day 6.86 (0.96) 9.54 (1.14) 6.40 (0.66) 10.36 (1.50) 24.66 (2.84)
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Table 4 (Cont.). Mean ± 1 standard error for all of the physiological parameters measured for C. sericea in the laboratory

nutrient enrichment experiment.

Chi a 42.76 (9.70) 49.038 (5.82) 112.18 (11.88) 227.87 (27.18) 400.02 (26.84)

Chlb 38.29 (8.65) 44.89 (7.71) 102.37 (8.76) 231.40 (34.54) 363.04 (19.31)

Chla+b 81.052 (18.33) 93.93 (13.31) 214.56 (20.63) 459.26 (61.72) 763.05 (42.92)

Chla:b 1.09 (0.05) 1.09 (0.03) 1.10 (0.03) 0.99 (0.03) 1.10 (0.05)

Carotenoids 17.12 (2.85) 22.23 (3.29) 39.44 (3.26) 93.64 (13.73) 67.23 (12.11)
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Table 5. Results ofone-way analysis ofvariance for each of the physiological parameters measured on C. serciea in the

laboratory following a to-day nutrient enrichment experiment. Bold values indicate significance at alpha=O.05, ns indicates

no significant results while O=osmocote, B=both nitrogen and phosphorous enrichment, N=nitrogen only, P=phosphorous

only and C=control.

One-Way ANOVA Results

Variable MS df F P Pairwise differences

Growth-%/day 169.44 4 21.76 <0.001 O>All

ETRrnax 22.17 4 2.47 0.11 ns

Alpha 0.0021 4 0.77 0.57 ns

Ik 766 4 0.54 0.71 ns

Fv/Fm 0.021 4 6.52 0.008 O>C, P and B>C

%C 6.56 4 14.70 <0.001 B<All

%N 4.19 4 5.13 0.016 B<O,C

%P 0.0004 4 3.85 0.038 B>All

C:N 133.9 4 3.25 0.059 ns

..,
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Table 5 (Cont.). Results ofone-way analysis ofvariance for each of the physiological parameters measured on C. serciea in

the laboratory following a 10-day nutrient enrichment experiment. Bold values indicate significance at alpha=O.05, ns

indicates no significant results while O=osmocote, B=both nitrogen and phosphorous enrichment, N=nitrogen only,

P=phosphorous only and C=control.

N:P 1115 4 6.87 0.006 N>c,O

Ol~ 5.43 4 5.82 0.011 O,B>N

ol3C 0.67 4 0.77 0.57 ns

ChI a 67766 4 65.36 <0.001 O>All, B>C, N, P

Chlb 58220 4 54.60 <0.001 O>All, B>C, N, P

Carotenoids 12002 4 54.88 <0.001 O>All and B>C, N, P
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Figure 1. Location and photographs ofKahekili Beach Park, Maui, Hawafi. A) The Hawaiiain Islands, B) the island ofMaui,

C) aerial photograph ofKahekili Beach Park showing multiple land uses and upland development, D) the shallow reef

between 0 and 9 m and E) the habitat below 9 m showing H. incrassata meadow.
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Figure 2. Underwater photograph showing C. sericea bloom at KabekiJi, \-Vest Maui during the summer of200 I. Inlay shows

alga enlangleded on a Porites lohata coral colony.
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Figure 3. Results ofbenthic surveys from the five sites (3, 9, 15,25 and 34 m depth)

showing abundance of the five most common benthic organisms (coral species and

macroalgae were lumped into broad categories for ease ofcomparison), values

represent means of 10 quadrats sampled on each of two transects ± 1 SE.
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Figure 4. Water chemistry results for both ambient water column samples and sediment

pore water samples collected from 5 different depths (3, 9, 15,25 and 34 m) at

Kahekili Beach Park on July 11, 2001, values are means ± 1 SE, n=3.
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July 11, 2001, values are means ± 1 SE, n=3.
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CHAPTER 8:

NUTRIENT AND GROWTH DYNAMICS OF HALIMEDA TUNA (ELLIS ET

SOLANDER) LAMOUROUX ALONG A DEPTH GRADIENT IN THE FLORIDA

KEYS: POSSIBLE INFLUENCE OF INTERNAL TIDES ON NUTRIENT STATUS

AND PHYSIOLOGY?
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ABSTRACT

A manipulative nutrient enrichment study was conducted to examine the nutrient

and growth dynamics of the common tropical reef alga Halimeda tuna from deep and

shallow coral reef environments on Conch Reef, in the Florida Keys. Paradoxically, H.

tuna exhibited higher growth rates at depth (low light below saturation) compared to

shallow sites (high light at or above saturation). We hypothesized that the differences in

growth rates were due to the influence of internal tidal bores that elevate nutrient

concentrations with depth on Conch Reef. We tested this hypothesis by manipulating

nutrients in a ten-day field experiment, after which growth parameters, photosynthetic

pigments, tissue nutrients and other physiological parameters were assessed. Plants from

the shallow reef habitat exhibited nutrient limitation based on increases in growth,

pigmentation, tissue nutrients, segment size and photosynthetic rates following

enrichment. At the deep site, growth rates were not significantly different between

controls and nutrient enriched individuals. Shallow enriched plants reached levels of

growth not significantly different from deep control or enriched plants. Individuals from

the deep site responded positively to enrichment for physiological parameters; this

suggests an opportunistic strategy in an environment known to experience frequent and

significant pulses of nutrients. This study documents nutrient limitation in H. tuna with

decreasing depth and provides evidence that benthic reef communities may be adapted to

large-scale physical processes such as internal tides.

347



INTRODUCTION

Macroalgae are an important component of all tropical coastal ecosystems

including coral reefs, where their productivity sustains higher trophic levels, and their

morphological diversity provides habitat and shelter for a number of fish and invertebrate

species. Reefbuilding corals are generally considered dominant components ofhealthy or

pristine coral reefs, but cryptic turfs and encrusting algae contribute substantially to reef

primary production in these areas (Odum and Odum 1955, Hatcher 1997). The abundance

of large frondose macroalgae is typically inversely related to coral abundance;

macroalgae are common on reef flat, back reef and inshore fringing reef areas whereas

corals are more common on reef slopes. Herbivorous grazing on the reef crest and slope

and higher levels of nutrients found near-shore in association with terrestrial influence

might drive these generalized differences in community structure (Odum and Odum

1955, Littler and Littler 1984, McCook 1996, Szmant and Forester 1996). However, the

relative importance of top-down and bottom-up factors in structuring marine

communities can also depend on many other factors acting alone or interactively, such as

resource availability, competitive interactions, physical disturbance, and past history, all

ofwhich may vary widely within or among reefs (Hughes and Connell 1999, McCook

1999,2001).

Phase shifts from coral to algal dominance and large-scale algal blooms on

tropical reefs have become increasingly common over the past several decades (Hughes

et al. 1999, Lapointe 1999). Understanding the underlying mechanisms causing shifts
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from coral to algal dominance is an active area of research across a wide range of

geographic locales including Hawai'i (Smith et al. 2001, 2002, Stimson et al. 2001),

Guam (Thacker et al. 2001), Florida (Szmant and Forrester 1996, Lapointe 1997, Miller

et al. 1999), many Caribbean Islands (Littler and Littler 1984, Hughes et al. 1987, Littler

et al. 1991, Hughes 1994, Hughes and Connell 1999, Aronson and Precht 2000) and

Australia (Hatcher and Larkum 1983, Bell 1992, McCook 1999,2001). Results ofthese

studies are mixed, some have shown strong nutrient effects, others have shown strong

herbivore effects, and others have documented interactive effects between both factors.

This variability suggests that a) these studies are not comparable because ofvarious

artifacts of the experimental design (e.g. duration of experiments and levels of nutrient

enrichment vary widely among studies) and!or, b) that factors influencing algal

abundance on reefs can vary significantly between or within geographic locations.

Longer-term studies with consistent enrichment and herbivore exclusion protocols are

needed to clarify these differences.

While determining community level responses to elevated nutrients and reduced

herbivory is appealing, studies that address these issues on a species by species basis may

be more informative. In many cases algal blooms on coral reefs are dominated by a single

species or species complex suggesting that these organisms may possess novel

physiological characteristics that allow them to outcompete other members in the benthic

community. Numerous studies have documented the effects of nitrogen and phosphorous

concentrations on growth and physiology of individual macroalgal species (Smith 1984,

Fong et al. 1993). Larned (1998) demonstrated that several species of algae from

Kane'ohe Bay, Hawai'i differed in nutrient requirements and limitations. Following
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simultaneous experimental incubations in aquaria, certain species ofred, brown and

green algae, showed nitrogen limitation while others showed phosphorous limitation;

growth rates among species were highly variable. Others have demonstrated that

photosynthetic responses to nutrient enrichment vary among species (Delgado and

Lapointe 1994, Lapointe 1997, Schaffe1ke and Klumpp 1998 a, b). Still others have

documented differences among species in growth, uptake rates and tissue nitrogen as well

as phosphorous ratios following enrichment (Haines and Wheeler 1978, Rosenberg et al.

1984, Fujita 1985, Fujita et al. 1988, Lyngby 1990, Fong et al. 1994, Peckol et al. 1994).

Thus, it is clear that algae can differ widely in their response to elevated nutrients thereby

precluding any predictable or universal single response to nutrient enrichment by all

algae. Some algal species (fast growing opportunistic species) will therefore be more

informative than others ofnutrient enrichment and may be able to serve as potential

indicator species (Umezawa et al. 2002).

While coral reefs are generally considered to be oligotrophic in nature, many

recent studies have shown that the waters surrounding some coral reefs are markedly

more dynamic where upwelling events, internal tides and tidal bores may periodically

deliver pulses of cool, nutrient-rich water into the reef environment (Andrews and

Gentien 1982, Wolanski and Hamner 1988, Nofand Middleton 1989, Rougerie et al.

1992, Wolankski and Delesalle 1993, Szmant and Forrester 1996, Furnas and Mitchell

1996, Leichter et al. 1996, 1998, Leichter and Miller 1999, Leichter et al. 2003). The

effects of upwelling events on the productivity and physiology of marine macrophytes

(Zimmerman and Kremer 1984, Fujita et al. 1989, Alves de Guimaraens and Coutinho

1996,2000, Kiirikki and Blomster 1996) and phytoplankton (Maranon and Fernandez
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1995, Bode et al. 1996, Kude1a et al. 1997, Latasa et al. 1997) in temperate regions have

been intensively studied. However, few have documented community or species

responses to these events on tropical reefs. Some studies have shown changes in

planktonic communities (Wolanski and Hammner 1988, Pinneda 1994, Leichter et al.

1998) and coral growth (Glynn 1977) on reefs in association with these internal wave

events; others have speculated the influence of these events on benthic algal communities

(Wolanski et al. 1988, Ormond and Banaimoon 1994). Recently Leichter et al. (2003)

documented differences in tissue nutrient concentrations along a depth gradient for

Codium isthmocladum suggesting the alga was responding to an offshore nutrient source.

Some studies have shown a rapid uptake response by tropical algae when exposed

to short duration pulses of enhanced nutrients in controlled experiments (Lapointe 1985,

Schaffelke and Klumpp a & b, Schaffe1ke 1999). Following uptake, some species store

excess nutrients while others have limited storage capacity (e.g. Viva spp.) arising from

higher growth rates (Lamed 1998). The success of many tropical algae in offshore

environments may be tied to their ability to exploit transient nutrient sources associated

with upwelling, internal tides or tidal bores. Wolanski et al. (1988) demonstrated that

tidal jets and localized upwelling events in the northern Great Barrier Reef appear to

provide the nutrients necessary to support extensive, deep (>30 m) meadows of the

calcified green alga Halimeda. Sediment cores in this area also determined that tidally

driven upwelling events might have provided the physical conditions necessary for

Halimeda growth in this area for much of the Holocene period.

The goals ofthis study were to determine if changes in growth and a suite of

physiological characteristics of a common reef alga, Halimeda tuna could be detected
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along a depth and nutrient gradient (generated by internal tides) in the Florida Keys

(Leichter et al. 1996,2003). These nutrient pulses increase in frequency and magnitude

with increasing depth and Leichter and Miller (1999) further suggest that return times for

these events are much greater (orders ofmagnitude) at 33 m on the reef slope than in the

shallower 7 m back reef environments. High nitrate and soluble reactive phosphorous

levels have been documented in conjunction with internal tides and nutrient levels appear

to be somewhat negatively correlated with temperature (Leichter et al. 2003). While there

are limited data linking elevated nutrient levels and internal tides with the benthic

biological community, it seems clear that these physical events are an important source of

externally derived nutrients on this reef and biological responses are likely occurring.

Work conducted by Vroom et al. (2003) demonstrated a marked difference in the

stature and growth rates ofHalimeda tuna individuals at two sites along a depth gradient

on Conch Reef. Somewhat paradoxically, deeper plants typically exhibit larger sizes and

higher growth rates. Additionally, Beach et al. (2003) documented highly variable

photosynthetic rates for H tuna at these same locations and did not find differences

between shallow and deep populations despite differences in irradiance. Based on these

findings, we hypothesized that the apparent differences and variability in growth and

physiology are due to nutrient pulses from internal tidal bores (Leichter et al. 2003). A

nutrient enrichment study was conducted to determine possible effects of enrichment

events on the ecophysiology of this species. Because we were not able to coordinate data

capture with an actual internal tide event, nutrient levels were manipulated by performing

a short-term in situ enrichment experiment. Growth and physiological parameters were
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expected to exhibit larger nutrient effects at the shallow site whereas plants from the deep

site would show some evidence of alleviated nutrient stress.

METHODS

Experimental Design & Site Description

A randomized factorial block design was used to study the effects ofnutrient

enrichment, alizarin red-s (as a growth indicator), and depth on the growth, physiology

and morphology ofHalimeda tuna in the Florida Keys National Marine Sanctuary, on

Conch Reef, Key Largo, Florida. Two sites were selected that represented two different

depths to allow for physiological and growth comparisons between locations: Pinnacle

(PIN): ca. 21 m depth and Shallow Conch (SC): ca. 7 m depth. The PIN site (240 56'

870" N, 800 27' 276" W) is a gradually sloping spur and groove community to the west

with a steep ledge dropping quickly to 35 m depth to the east. The SC site (240 57' 047"

N, 800 27' 657" W) is approximately 700 m to the west-northwest of the PIN site and is a

level-back reef community (Figure 1).

At each site a total of fifteen blocks were established. Each block was

approximately 25 m2 in size and was divided into four 2.5 x 2.5 m subplots. Within each

subplot, one plant was haphazardly selected, marked and numbered with colored

construction tape. Treatments (nutrient enrichment and alizarin Red-S, see below) were

then randomly and independently assigned to subplots within each block. Plants within

subplots were separated by at least 3 m and adjacent blocks were separated by 5 m.
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Physical Parameters

Temperature was recorded throughout the duration ofthe experiment

approximately 300 m away from the PIN Site at the Aquarius underwater research

laboratory using an Inter Ocean S4 current and CTD recorder. Temperature was recorded

from 10 Aug to 7 Sept 2000 every sixty seconds. Instantaneous photosynthetically active

radiation (PAR) was recorded (every 15 s) at both sites from 5-10 Sept with LiCor 4 pi

spherical quantum sensors and LiCor LI-1400 data loggers (Lincoln, NE) in underwater

housings. Each unit was attached to the substrate with the sensor sitting approximately 14

m off of the bottom.

Nutrient Enrichment and Quantification

The nutrient enrichment treatment was accomplished by placing a 5 cm fertilizer

spike (Jobbes Inc., 13-4-5, N:P:K) inside a 6 cm long x 1.5 cm diameter piece ofPVC

tubing. Tubes were perforated by drilling fifteen 5 mm diameter holes dispersed evenly to

allow the release of fertilizer. Tubes were closed off at the ends with duct tape and then

loosely cable tied directly onto the basal portion ofplants.

SCUBA divers collected water samples every three days throughout the

experiment beginning approximately one hour after initial deployment. Samples were

taken on a transect moving away from the enrichment source at four distances (0, 0.25, 1

and 5 m) in replicates of3 at each site on each sampling date. Ambient water samples

were collected on each sampling date approximately 10m from the experimental area.

Samples were collected using sterile 140 ml syringes. Prior to collection, each sample

was rinsed through syringes three times. Samples were then returned to the surface where
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three 20 ml aliquots were filtered through Whatman #2 GFIF glass fiber filters and rinsed

into 60 ml Nalgene sample bottles. Finally, the remaining 60 ml of sample was filtered

into sample bottles and placed immediately on ice. All samples were frozen upon return

to shore. Nutrient concentrations were determined using an Alpkem autoanalyzer for

nitrate, nitrite, ammonium and phosphate. Differences among sites, distances and times

were examined for all nutrients analyzed to determine the extent of enrichment both

spatially and temporally. Total dissolved inorganic nitrogen (DIN) and soluble reactive

phosphorus (SRP) were also analyzed with site, treatment (enriched, samples taken at the

base ofplants or ambient-both averaged across all sampling intervals), and time as factors

to determine if significant levels of enrichment occurred.

Alizarin Red Staining

The alizarin staining treatment was accomplished by placing a 1 ml aliquot of a 1

% (w/v) solution of alizarin Red-S dye into a 1.5 ml Eppendorftube. One Eppendorfwas

placed into a 4 L plastic bag. Plastic bags were then filled with seawater by SCUBA

divers and affixed around plants using rubber bands secured at the base of each plant.

Once bags were stable, the Eppendorftubes were opened and the stain was moved

throughout the bag by gently massaging the contents. Bags were left in situ for 24 hrs

and were then removed by divers. Immediately following removal ofbags, the nutrient

treatments were deployed on appropriate plants.

Because the effects of alizarin red-s stain on growth of H. tuna have been shown

to be negligible and are presented elsewhere (Vroom et al. 2003), only alizarin and

alizarin plus nutrient enriched data will be presented here.
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In Lab Measurements

All plants that were stained were left undisturbed in situ for the duration of the

experiment. On day ten, plants were harvested, placed in separate labeled plastic bags,

and returned to the laboratory for analysis. Plants were placed in a 4 % bleach solution

for 10 minutes to remove natural pigmentation. Any new growth was excised from each

plant and the numbers of new and old segments were counted. Plant material was

weighed wet and dried at 70°C until a constant weight was achieved, and then re

weighed. Prior to drying, the dimensions of the largest newly expanded segment on each

plant were determined.

Tissue Nutrient Analysis

After completion of the field experiment, five plants were randomly selected for

tissue nitrogen and phosphorous analysis from each site and treatment combination.

Plants were rinsed briefly in fresh water, dried to a constant weight at 70°C, decalcified

using 5% HCl solution, rinsed in fresh water again and dried at 70°C until a constant

weight was reached. Samples were analyzed via standard methods (using a Perkin-Elmer

6500 ICP spectrophotometer) at the University ofHawai'i Diagnostic Services Center.

Photosynthetic Pigment Analysis

Photosynthetic pigments were quantified for plants that were not stained from 12

randomly selected blocks within each treatment/site combination. To minimize any bias

associated with deposition of inorganic carbon and the weight of plant tissue, only

recently expanded segments that were not completely calcified were used for pigment
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extraction. These new segments were also expected to show the most significant

treatment effects because they were produced during the experimental interval. Between

0.05 and 0.10 g oftissue was removed from each plant. Chlorophyll a (ChI a), b (ChI b)

and total carotenoid concentrations were determined spectrophotometrically using N,N

dimethylformamide extraction (Moran and Porath, 1980). Calculations of ChI a and b

concentrations were based on the extinction coefficients ofPorra et al. (1989). An

estimate ofrelative carotenoid content was determined by the use of equations suggested

by Henley and Dunton (1995). All pigment values were normalized to tissue fresh

weight.

Pulse Amplitude Modulated Florescence (PAM)

Relative photosynthetic electron transport rates (RETR), calculated from

chlorophyll fluorescence parameters were used to estimate the photosynthetic efficiency

ofplants throughout the duration of the experiment in situ using an underwater pulse

amplitude modulation device (Diving-PAM, ©Walz). Rapid light curves (White and

Critchley 1999) were generated for alizarin and alizarin/nutrient treated plants within 3

randomly selected blocks every three days at approximately the same time of day for

each site. Only new segments were used in generating these data to avoid any influence

that alizarin staining may have had on photosynthesis. Rapid light curves (RETR versus

actinic light) were used to estimate the photosynthetic parameters: maximum

photosynthetic rate (ETRmax), alpha (slope of initial rise in the light response curve), beta

(slope downturn at irradiances above Ik' an indication ofphotoinhibition) and saturating

irradiance (Ik). Different plants were selected on each sampling day to avoid possible
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confounding effects of inhibition from previous high irradiance exposures. All

parameters were estimated from the non-linear 3-parameter model in Frenette et al.

(1993). In all cases, data fit the model well with significant 1 values (1)0.995 and

p<O.OOl, data not shown). PAR values were corrected for declining intensity as battery

voltage declined.

Data Analysis

Analysis of variance (ANOVA) was used to test for factor effects in all data sets.

ANOVA assumptions were satisfied in all cases by evaluating homoscedasticity and

performing residual analyses to confirm normal distributions of error terms. In cases

where there were positive correlations between mean and standard deviation, data were

log transformed prior to analysis. For analysis ofproportion data sets, arc-sin square root

transformations were performed. In all tests examined, experimental factors (treatment,

site, time, etc.) were treated as fixed variables with the block factor treated as a nested,

random factor. The error term was used as the denominator in all F tests because there

was no a priori reason to assume interactions between fixed and blocking variables.

When significant treatment effects were detected, Tukey's multiple comparisons were

used to determine significance among levels within treatments.

RESULTS

Physical Parameters

Seawater temperatures from Aug lO-Sept 7 are shown in Figure 2A. Values

ranged between 25.98-32.09 °c with a mean of29.76 (± 0.005 SE). Diurnal
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measurements ofPAR were significantly greater at the SC site (p<0.001) than the PIN

site (Figure 2B). Mean PAR for daylight hours was 665.5 (± 61.3 SE) and 219.2 (± 2004

SE) with a maximum of 1691.7 and 539.2/lmol quanta m-2
S-1 for the SC and PIN sites,

respectively.

Nutrient Enrichment Quantification

Figure 3 illustrates mean (n=3) concentrations of nitrate, ammonium and

phosphate at four distances from the source of enrichment on three sampling dates. A

large pulse ofenrichment is evident on day 1 for all of the nutrients analyzed. For nitrate,

the large pulse (> 10 /lmol) quickly diminished but concentrations remain elevated above

ambient for the duration of the experiment. Concentrations of ammonium and phosphate

showed a more gradual and variable decline over time and with distance from the

enrichment source. There was a significant distance (p<0.001) and time (p=0.002) effect

for nitrate as well as a time by distance interaction (p<0.001). The nitrate and phosphate

concentrations were significantly greater for samples taken at the base of the plants than

at any other distance sampled (p<0.001 for all 3 tests for nitrate and p<0.02 for all 3 tests

for phosphate). Samples taken on day 1 were higher in nitrate concentration than on day 4

(p=0.0015) and samples taken on day 4 were higher than those taken on day 7

(p=0.0114). There was a significant time effect for ammonium (p=0.001) with

concentration on day 1 significantly higher than on day 4 or 7 (p=0.001 and 0.008,

respectively).

Mean values oftotal DIN and SRP are plotted in Figure 4 for samples (n=3)

collected at the base of enriched plants and for ambient samples collected outside of the
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experimental area (Table 1). Significant enrichment occurred for both DIN (p<0.001) and

SRP (p=0.001) (Table 1). DIN concentrations significantly declined with time (p=0.001)

and there was a significant interaction between treatment and time (p<0.001); ambient

samples remained constant in concentration over time whereas enriched treatments

declined. SRP did not show a significant decreasing trend in concentration over time

(p=0.078). There were no significant differences in DIN or SRP concentration in either

ambient or enriched plots between sites (p=0.984 and 0.452 respectively).

Alizarin Staining and Nutrients

Several morphological parameters were measured to determine the physical

response ofH. tuna to elevated nutrient concentrations. Growth was estimated by

quantifying newly produced biomass and the number of new segments. To account for

possible effects ofplant size, the relative percent increase in both of these variables was

also examined (Figure 5). The mean new dry weight produced was significantly greater at

the PIN site than at SC (p=0.012) and for enriched plants than for control plants

(p=0.025). There was also a significant interaction between treatment and site (p=0.007)

with the largest weight gain occurring with PIN stained plants followed by PIN stained

and nutrient treated then SC stained and nutrient treated and lastly the SC stained plants

(Table 2). The mean percent increase in biomass (dry weight) throughout the experiment

was also significantly greater for plants at the PIN site than at SC (p=0.010) and greater

for enriched plants than for control plants (p=0.025). The mean percent increase in

biomass per day was similar for enriched plants at SC and unenriched plants at the PIN

site (1.248 ± 0.179 SE versus 1.324 ± 0.160 SE, respectively).
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The absolute number ofnew segments and the percent increase in segments per

day was greater at the PIN site than at SC (p=0.009 and p<0.001, respectively). Again,

the SC enriched plants showed a similar number of new segments produced per day as

the PIN unenriched plants (3.54 ± 0.821 SE versus 3.95 ± 0.768 SE, respectively). Plants

at the PIN site typically had a significantly greater number of segments per axis than

plants at SC (p=0.043, data not shown).

The dimensions (length and width) ofthe largest newly expanded segment were

measured in the laboratory for all plants at the end of the experiment (Figure 6 a-b). The

circumference ofthese segments was estimated using the equation:

c = 1t [3a+3b-sqrt[(a+3b)(b+3a)]]

derived by Ramanujan (see: http://home.att.net/~numericana/answer/ellipse.htm#elliptic)

for estimating the circumference of an ellipse (Figure 6 c). Segment width (horizontal

dimension) was significantly greater at the PIN site than at SC (p=0.007) but did not

change significantly with enrichment (Table 3). Segment length (vertical dimension) was

also significantly greater at the PIN site (p<0.023) and increased in response to nutrient

enrichment (p<0.001) at both sites. Segment circumference was again greatest at the PIN

site (p=0.004) and increased in response to enrichment (p=0.031).

Nutrient enrichment generally led to increases in algal biomass and this response

was greatest at the SC site. Various parameters that measure plant stature including the

total number of new segments, the number of segments per axis, and the size of segments

were greater at the PIN site than at SC and showed variable responses to enrichment

(Figure 5).
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Tissue Nutrients

TN and TP levels were the lowest for unenriched plants at both sites (Table 4,

Figure 7). TN was significantly greater at the PIN site (p=0.029) and the enrichment

treatment lead to significant increases in TN levels (p=0.004). TP was not significantly

different between sites but did increase significantly with enrichment at both sites

(p=0.026). Tissue TN:TP ratios for H. tuna were greater than water column N:P ratios

and did not differ between sites or treatments (p=0.829 and 0.124, respectively).

Pigment Concentrations

Figure 8 shows the quantities and ratios ofphotosynthetic pigments extracted

from plants at the end of the experiment. Significant treatment effects were detected for

ChI a (p=0.042), with nutrient enriched plants exhibiting higher concentrations than

control plants (Table 5). There were no significant differences observed for treatment,

site or block with ChI b concentrations. Carotenoid concentration varied with treatment

(p=0.027) and showed a significant treatment and site interaction (p=0.032); nutrient

enriched plants had significantly greater carotenoid concentrations than control plants and

SC enriched plants were significantly greater than SC control plants. There was a

significant site effect for ChI a:b ratios (p=0.009) with the SC site having more ChI a per

ChI b than the PIN site. There were no significant site or treatment effects for the ratio of

ChI a:carotenoid.

PAAfj1uorescence

Data were fit to nonlinear models using equations in Frenette et al. (1993) to

estimate the parameters ETRmax, alpha, beta and Ik; in all cases I values were greater
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than 0.998 with p<O.Ol (data not shown). Because of the consistent significance in these

models, estimates ofphotosynthetic parameters were used in ANOVA analysis to test for

differences among sites, treatments and days (Table 6, Figure 9). Significant treatment

(p=0.003, nutrient>alizarin), site (p=0.018, SC>PIN), and a treatment x time interaction

(p=0.039) were detected for ETRmax• In general, photosynthetic rates were highest at the

SC site but increased in nutrient enriched plants at both sites over time. The measure of

photosynthetic efficiency, alpha displayed a significant site and treatment x site

interaction (p=0.05l and p=O.OOl, respectively, control PIN>control SC: p=0.0022).

Significant site and day effects (p=0.050, 0.013, respectively) were detected for beta;

plants at SC were more photoinhibited than plants at the PIN site and photoinhibition on

day 10 was greater than on day 1 or day 4 (p=0.02l7, 0.0255, respectively).

DISCUSSION

This study experimentally demonstrated differences in nutrient limitation along a

depth gradient for a common reef alga Halimeda tuna on Conch Reef, Florida Keys.

Deeper populations ofH tuna were less nutrient limited than shallow back reef

populations based on higher growth rates and less of an overall response to nutrient

addition in comparison to shallow plants (see Table 8 for summary). These results are

counterintuitive if you assume plants at sites more shallow and closer to shore are more

likely to be exposed to elevated nutrients associated with terrestrial runoff, sewage input

and groundwater intrusion. However, SC is a back reef habitat located approximately 3
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kIn from shore and long-term water quality monitoring in the vicinity has not

documented sustained elevated nutrient concentrations (FIU/SERP website). A more

likely explanation for the observed gradient in growth and physiology is the frequent

presence of internal tidal bores at the PIN site, which bring cool nutrient rich water up

onto the reef slope (Leichter et al. 2003). Because of the bathymetry associated with

many of these offshore reefs, tidal bores initially interact with the deeper offshore reef

slope but then quickly mix, destratify and dissipate before reaching the shallow waters of

the back reef. It has been estimated that while an occasional bore may reach the back

reef, most of these events are associated with the deeper fore reef environments (Leichter

and Miller 1999). Therefore, nutrient input and associated effects on benthic communities

is likely to be most pronounced in the deeper reef slope areas. This dynamic nutrient

environment helps to explain the long-term trends observed by Vroom et al. (2003) of

higher growth rates at deeper sites and the high variability in photosynthetic parameters

observed by Beach et al. (2003) along the same depth gradient from SC to PIN. On

tropical reefs, physical forcing functions such as internal tides are likely to influence

biological patterns and processes such as those observed here and elsewhere (Beach et al.

2003, Vroom et al. 2003).

Nutrient Enrichment

The nutrient enrichment methods used in this study were effective at significantly

raising inorganic nutrient concentrations above ambient levels. Concentrations of all

nutrients measured decreased both with time and distance away from the nutrient source

(Figure 3). Interestingly, ambient nutrient concentrations measured here were higher than

364



those reported from Leichter et al. (2003) from Conch Reefbut similar to those reported

by Miller et al. (1999) on nearby Pickles Reef. It is unclear why DIN concentrations were

high in these ambient samples but may be associated with passing internal tide events.

Temperatures recorded during this study indicate that multiple small-scale upwelling

events did occur. It is also possible that enrichment treatments had some effect on our

"ambient" sampling as samples were taken only 10m away from experimental

treatments. Either way, enrichment treatments clearly raised nutrient concentrations

above background levels. Nevertheless, the sampling reported here and elsewhere

(Szmant and Forrester 1996, Miller et al. 1999, Umezawa et al. 2002, Leichter et al.

2003) emphasizes the dynamic nature of seawater nutrient chemistry and supports the

need for more robust spatial and temporal sampling to accurately document the nutrient

regime of a given location. Factors affecting variability in nutrient concentrations and

delivery rates in coral reef habitats are still little known and represent an important area

for future study.

Alizarin Staining

Alizarin Red-S is a biological stain that has been used to measure growth in a

number ofcalcified organisms including calcareous algae (Payri 1998, Vroom et al.

2003) and coral (Dodge 1984). Because the stain has been know to temporarily reduce

growth rates in some organisms we wanted to determine ifmanual growth determination

was a more appropriate technique to measure growth in H. tuna. Results found in this

study (data not presented) and by Vroom et al. (2003) suggest that alizarin produced little

to no effects on H. tuna growth. In this study the results obtained by divers for unstained
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plants were extremely time consuming and highly variable due to the difficult nature of

counting small segments underwater. Because of the extremely high number of segments

(up to 372), in some cases divers would spend over 30 min counting a single plant. The

effects ofpotential physical stress to the plants as a result of diver handling was not

assessed, and remains a potential confounding factor. Thus, alizarin staining is a less

obtrusive method than manual in situ diver measurement for determining growth in H.

tuna.

Effects ofnutrient enrichment on growth ofH. tuna

For unenriched treatments, both the number of segments produced and the new

dry weight biomass for H. tuna was significantly greater at the PIN site than the SC site.

With the addition ofnutrients, plants at SC responded significantly and in most of the

measurements reached values equal to or greater than PIN unenriched plants. In terms of

total dry weight production, plants at the PIN site did not respond to enrichment while

those at SC did. This finding suggests that growth ofH. tuna was nutrient limited at the

SC site, but not at the PIN site. Morphometric measurements ofH. tuna also showed

interesting patterns in terms of depth and nutrient enrichment. The overall size of

segments at the PIN site was larger than at SC, but at both locations, segment size

increased with nutrient addition. These findings suggest that nutrient concentrations may

limit segment size. Because of the siphonous nature of all Halimeda species (Vroom and

Smith 2001), and because plants in this genus typically produce new segments rapidly

during the night (Hay et al. 1988), it would seem logical that the more resources available

at the time of segment production the larger the segments would be. Further, there may
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be a possible adaptive advantage to producing larger segments in the presence of

increased nutrient concentrations, as larger segments have a larger surface area to volume

ratio, thus allowing for increased absorption of nutrients as well as light. Regardless of

the underlying adaptive mechanism, our results suggest that changing nutrient

environments can significantly influence segment size in H tuna.

Effects ofnutrient enrichment on H tuna physiology

Experiments along a depth gradient present a complex and interacting series of

factors, including irradiance load and day length, temperature and episodic nutrient

pulses as well as isolating mechanisms leading to population responses. In this study,

alizarin treated controls exhibited typical sun - shade acclimation, with shallow plants

having higher photosynthetic rates, lower efficiency, higher photoinhibition, and lower

ChI a, b and carotenoid (siphonein and siphonaxanthin) concentrations. Deeper plants

however, had higher growth rates and larger stature than shallow plants. The lower

growth rates in the shallow population are likely explained by several interacting factors

in addition to nutrient limitation including, photoinhibition, and removal of tissue by

grazers and the manipulation of algal tissue by amphipods (see Vroom et al. 2003). Our

data suggest that the shallow population did experience photoinhibition (see also Beach

et al. 2003) and several independent measurements also indicated nutrient limitation.

Research conducted by Walters et al. (2002) and Vroom et al. (2003) showed a

significant but roughly equivalent amount of grazing on H tuna at both sites suggesting

that herbivore pressure is not contributing to the between site differences in net growth

observed here.

367



Although both populations ofH tuna at Conch Reef did show nutrient limitation,

the PIN population was less nutrient limited than the SC population as evidenced by

higher tissue nitrogen, faster overall growth rates, larger stature and lower or no

responses to enrichment (Turpin 1991). Based on tissue nutrient data, both populations

appeared to be phosphorous limited. Maximum photosynthetic rates increased in both

populations with the addition ofnutrients but there was no significant change in

efficiency. Littler et al. (1988) also showed a significant positive relationship between

nutrient pulses and photosynthetic rates in several species ofHalimeda and suggested that

these species are adapted to take advantage of short nutrient pulses. Scheffelke (1998)

also showed rapid increases in photosynthesis with the addition of nutrients in the

tropical alga Sargassum baccularia.

The shallow H tuna populations here showed greater photoinhibition (beta) than

the deep populations and this trend became more pronounced over time. Because in situ

fluorescence measurements were conducted on these plants during mid-day it is quite

likely that the shallow populations were naturally experiencing photoinhibition and when

examined with saturating pulses from the PAM fluorometer they were less able to cope

with the high light treatments. Photoinhibition has previously been documented in

shallow populations ofH tuna from the Mediterranean and this type ofphotodamage

whether reversible or irreversible, could also lead to reductions in growth rates (Hader et

al. 1996) as was also suggested by Beach et al. (2003). These two processes

(photoinhibition and nutrient limitation) may also be linked in that UV absorbing

compounds, such as Mycosporine Amino Acids, are nitrogen rich and perhaps when

limited, these plants are unable to allocate sufficient nitrogen to the synthesis of
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photoprotective compounds. More research is needed to understand how these processes

interact and the subsequent consequences to resource allocation and physiology in

tropical marine algae.

Relationship between H. tuna and internal tides

Lessened nutrient limitation and higher growth rates ofH. tuna at the PIN site

imply that this location is exposed to a source ofnutrients that is absent or reduced at the

SC site. The primary evidence supporting this observation is that internal tidal bores

deliver pulses of nutrient rich subthermoc1ine water to the deeper reef slope community

(Leichter et al 2003). These events are much more pronounced at the PIN Site than the

SC site because of the dramatic change in bathYmetry associated with Conch Reef

(Figure IB) and the rapid mixing that occurs as these events move into shallow water.

Because of the high frequency of internal tides (Leichter and Miller 1999), the deeper

reef slope community receives much higher nutrient flux than the SC site. Published

values for nutrient concentrations associated with internal tide events in the Florida Keys

are as much as 10-40 fold higher than background nutrient concentrations ranging from

1.0-4.0 J..lmol N03 and 0.1-0.3 J..lmol for SRP (Leichter et al. 2003). Elevated levels of

phytoplankton productivity have been observed in the water column in conjunction with

internal tide events (Leichter et al. 1998) and tissue nutrient concentrations ofdeep water

Codium isthmocladum on Conch Reef also correspond to nutrient enrichment along a

depth gradient (Leichter et al. 2003) but this study presents the first experimental

evidence of differential nutrient status for a common benthic reef organism.
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Wolanski et al. (1988) suggested that deep (30-45 m) Halimeda meadows at

Ribbon Reef in the northern portion of the Great Barrier Reefwere supported by nutrient

upwelling associated with tidal jets. These researchers documented tidal jet patterns and

processes in the Ribbon Reef network including associated reduced temperatures and

elevated nitrate concentrations, but did not make any direct links to the biology or

physiology of the Halimeda populations that dominated the region. Based on estimated

densities (685 g m-2
), rates ofproductivity (Drew 1983) and tissue nitrogen levels (0.24

% N) (Atkinson and Smith 1983), they determined the amount ofnitrogen that would be

required to support such a population. It was estimated that 0.26 !lmol nitrate moving at

0.5 m S-1 would deliver 786 kg ofN per day to the Halimeda banks. Tidal jets and

associated upwelling events may therefore have provided the physical conditions

conducive to Halimeda growth for much of the Holocene period. Results ofthis study

were valuable in identifying a natural offshore source ofnew nitrogen into a coral reef

environment but again did not directly link these physical processes to Halimeda biology.

Leicther et al. (1996, 2003) documented physical conditions similar to Ribbon

Reef on Conch Reef. Changes in nitrate concentration from 0.1 to 4.0 !lmol (but

concentrations up to 15 !lmol nitrate have been reported seaward of the Southern Florida

Keys (Lee et al. 1994», reduced temperatures (drops of5-9 °C in 20 min) (Leichter and

Miller 1999), increased flow speed (up to 25 cm S-I) and potentially increases in

extinction coefficients correspond with the arrival of a tidal bore. While Leichter et al.

(1998) documented dynamic responses ofthe planktonic community to internal waves;

the effects of these events on benthic community structure and productivity in the tropics

have remained elusive. Clearly, because the arrival of an internal bore is coupled with

370



both increased nutrient concentrations as well as increased flow rates, nutrient flux across

benthic boundary layers could be quite high and ideal for nutrient uptake by upright

macroalgal species (Larned and Atkinson 1997, Fong et al. 2001). However, reductions

in temperature also accompany these events and reduced temperature often reduces

photosynthetic rates in tropical algae, therefore these effects may overshadow increases

in photosynthesis associated with nutrient increases (Abel and Drew 1985). Algae may

also take-up and store nutrients during an upwelling event for later use. While our data

represent the first experimental evidence indirectly linking natural upwelling on a coral

reef to the growth, photosynthesis and morphology of a common tropical macroalga

clearly, more research is needed to understand the interactions of temperature, nutrient

concentrations, flow and light regimes on algal physiology.

A number ofrecent studies have suggested that internal tide events may

contribute significantly to benthic productivity in the Florida Keys. Miller et al. (1999)

did not find a significant response by the algal community following a nutrient

enrichment experiment at a location approximately 6 km from our site. The authors

offered several possible explanations for their findings, among them was that periodic

upwelling coupled with excess uptake allowed seaweeds to remain nutrient saturated for

the four months oftheir study. Szmant and Forrester (1996) examined water column and

sediment nitrogen and phosphorous distribution patterns throughout the Florida Keys.

They discuss a mesoscale oceanographic gyre system that could potentially deliver up to

forty times the amount ofnutrient to the Florida Keys than from all anthropogenic

sources combined (as identified by the US Environmental Protection Agency). Finally,

Leichter et al. (2003) estimated that inputs of nitrogen and phosphorous from internal

371



tidal bores to the Florida Keys were indeed as much as forty fold higher than estimates of

inputs from waste and storm water runoff. While it is now clear that these dynamic

physical events can naturally deliver nutrients onto deep reefs in the Florida Keys, more

experimental research is needed to link biological processes to the physical environment

in other tropical reef systems.

CONCLUSIONS

The growth and physiology ofH. tuna from two different depth regimes on Conch

Reef showed significant differences in response to nutrient enrichment. Both

photoinhibition (Beach et al. 2003) and nutrient limitation appear to be driving forces that

reduce growth rates and physiological processes in shallow populations when compared

to deeper populations. There was a rapid and significant growth response in the shallow

populations when exposed to nutrient enrichment suggesting that these plants are poised

for rapid nutrient uptake, assimilation and growth. While land-based nutrients may playa

role in algal dominance on some of Florida's reefs (Lapointe 1997), it is unlikely that

these sources actually reach offshore reefs in any substantial quantity. As evidenced by

algal physiology and growth, natural processes that deliver nutrients to this deep fore-reef

region seem to be a more important source of nutrients than potential nearshore influence

from pollution.

The results ofthis study and those ofLeichter et al. (2003) underscore the extent

to which nutrient dynamics on tropical reefs can be more complex than previously
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thought. Future research needs to incorporate spatially and temporally rigorous nutrient

sampling to fully account for these episodic pulses and other unaccounted for nutrient

sources. Many studies have documented the presence of highly productive deep-water

algal communities in the tropics but few studies have attempted to link large-scale

oceanographic processes to their persistence. Biological and physiological parameters of

some species of macroalgae can reflect both the short and long-term nutrient environment

on reefs (Umezawa et al. 2002) and should be used in conjunction with field based

experimentation to link physical processes to biological patterns in the tropics. Large

scale physical events such as internal tides in the tropics can be an important source of

externally derived nutrients and are likely to contribute significantly to productivity of

benthic reef communities.
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Table 1. ANOVA results for water chemistry: comparing dissolved inorganic nitrogen (DIN) and soluble reactive phosphorus

(SRP) between ambient samples and enriched samples (=treatment) every 3 days (=time) following enrichment on day 1

between sites (SC and PIN), n=3. Significance at alpha=0.05 is indicated in bold font, Tr=treatment.

DIN SRP

Factor F p F P

Site 0 0.984 0.59 0.452

Treatment 48.63 <0.001 15.68 0.001

Time 10.35 0.001 1.44 0.257

Site x Tr 1.60 0.218 2.15 0.157

Site x Time 0.15 0.861 3.59 0.044

Trx Time 28.86 <0.001 0.54 0.592

Site x Tr x Time 0.36 0.699 0.48 0.625
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Table 2. ANaVA results for various H. tuna plant statistics after 10 days of exposure to treatments. n=15, treatment

(trt)=alizarin or alizarin & nutrients, site=SC or PIN, block is nested within site.

New Weight % New Weight New Segments %NewSegs

Factor F p F P F P F P

Treatment 5.76 0.025 5.79 0.025 1.49 0.235 1.48 0.237

Site 7.50 0.012 7.91 0.010 7.57 0.009 15.37 <0.001

Trt x Site 8.68 0.007 1.18 0.288 2.65 0.117 0.92 0.347

Block (Site) 1.17 0.354 1.37 0.227 0.47 0.972 0.48 0.969
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Table 3. ANOVA results for H. tuna segment dimensions measured after lO-day experiment (n=15), treatment (trt)=alizarin or

alizarin & nutrients, site=SC or PIN, block is nested within site.

Length Width Circumference

Factor F p F p F P

Treatment 17.20 <0.001 0.49 0.492 5.30 0.031

Site 5.67 0.023 8.10 0.007 9.51 0.004

Trt x Site 0.95 0.339 1.25 0.276 0.44 0.511

Block(Site) 0.88 0.633 0.93 0.576 1.42 0.198
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Table 4. ANOVA results for % tissue nutrients after completion of 10-day experiment (n=5, treatment (Trt)=alizarin or alizarin

& nutrients, site=SC or PIN).

TN TP N:P

Factor F p F P F p

Treatment 10.94 0.004 6.00 0.026 1.84 0.194

Site 5.77 0.029 0.07 0.789 0.05 0.829

Trt x Site 1.01 0.329 0.07 0.789 0.18 0.678
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Table 5. ANOVA results for photosynthetic pigments extracted from plants following the 10-day experiment, (n= 12,

treatment=alizarin or alizarin & nutrients, site=SC or PIN).

Chi a ChI b Carotenoid ChI a:b ChI a:Carotenoid

Factor F p F P F P F P F P

Treatment 4.83 0.042 3.54 0.071 5.82 0.027 1.57 0.227 2.28 0.149

Site 1.01 0.328 3.61 0.075 0040 0.537 8.55 0.009 0.07 0.791

Trt x Site 3.63 0.074 2.84 0.110 5049 0.032 1.20 0.289 3.12 0.095

Block(Site) 1.22 0.340 1.91 0.096 1.24 0.332 2.73 0.023 1.75 0.128
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Table 6. ANOVA results for photosynthetic parameters estimated by PAM fluorescence every three days in the field (n=3,

treatment=aliz~n or alizarin & nutrients, site=SC or PIN).

ETRmax Alpha Beta I k

Factor F p F P F p F p

Treatment 10.09 0.003 0.52 0.475 2.24 0.141 10.47 0.002

Site 5.98 0.018 2.50 0.051 3.95 0.050 8.97 0.004

Time 1.84 0.153 0.45 0.721 3.99 0.013 0.88 0.459

Trt x Site 0.13 0.718 15.35 0.001 1.66 0.204 10.27 0.002

Trtx Time 3.01 0.039 1.08 0.368 0.23 0.874 4.22 0.010

Site x Time 0.48 0.701 0.62 0.603 0.24 0.865 0.39 0.757

0.84
Trt x Site x Time 0.481 2.07 0.116 1.38 0.259 0.49 0.691
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Table 7. Summary of general patterns observed in growth and photosynthetic parameters for H. tuna in this study from

Shallow Conch and Pinnacle with and without nutrient enrichment. Different letters indicate significant differences in F

tests (see results) with A and B indicating site differences and C and D treatment differences, higher letters represent

greater values of the given parameter.

Parameter Site Treatment
Shallow Pinnacle Control Nutrient
Conch

A) Growth
Number of Segments A B C C
Weight A B C D

B) Segment Size
Length A B C D
Width A B C C
Circumference A B C D

C) Pigments
Chi a A A C D
ChI b A A C C
Carotenoids A A C D

D) Tissue Nutrients
Nitrogen A B C D
Phosphorous A A C D

Photosynthetic Parameters
ETR
Alpha A B C D
Beta B A C C
Ik A B C C

B A C D
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Figure I, (A) Map of southern Florida, the Florida Keys and the Florida Keys National

Marine Sanctuary (FKNMS), highlighting the research only Conch Reef area. (B)

Bathymetric map ofresearch area showing the topographic complexity associated

with the PIN site in comparison to the SC site.
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Figure 9. Rapid light curves generated in the field using a Pulse Amplitude Modulated

Fluorometer (PAM). Each curve represents the mean (± 1 SE, n=3) ofthree

individually sampled H. tuna plants within each treatment site combination. Curves

were run on plants every three days during the ten-day nutrient enrichment

experiment and began on day 1 immediately following enrichment.

390



LITERATURE CITED

Abel, K. M. and A. Drew. 1985. Response ofHalimeda metabolism to various

environmental parameters. Proc. 5th Int. Coral ReejSymp. 5:21-26.

Alves de Guimaraens, M. and R. Coutinho. 2000. Temporal and spatial variation of Ulva

spp. and water properties in the Cabo Frio upwelling region ofBrazil. Aq. Bot. 66:

101-114.

Andrews, J. C. and P. Gentien. 1982. Upwelling as a source ofnutrients for the Great

Barrier Reef ecosystems: A solution to Darwin's question? Mar. Eco!. Prog. Ser. 8:

257-269.

Aronson, R. B. and W. F. Precht. 2000. Herbivory and algal dynamics on the coral reef at

Discovery Bay, Jamaica. Limnol. Oceangr. 45: 251-255.

Atkinson, M. J. and S. V. Smith. 1983. C:N:P ratios ofbenthic marine plants. Limno!.

Oceanogr. 28: 568-574.

Beach, K., L. Walters, P. Vroom, C. Smith, J. Coyer and C. Hunter. 2003. Variability in

the ecophysiology ofHalimeda spp. on Conch Reef, Florida Keys, USA. J. Phycol.

39: 1-12.

Bell, P. R. F. 1992. Eutrophication and coral reefs: some examples in the Great Barrier

Reeflagoon. Wat. Res. 26: 553-568.

Bode, A., B. Casas, E. Fernandez, E. Maranon, P. Serret and M. Verela. 1996.

Phytoplankton biomass and production in shelfwaters offNW Spain: spatial and

seasonal variability in relation to upwelling. Hydrobiologia 341: 225-234.

391



De Guimaraens, M. A. and R. Coutinho. 1996. Spatial and temporal variation ofbenthic

marine algae at the Cabo Frio upwelling region, Rio de Janeiro, Brazil. Aq. Bot. 52:

283-299.

De Guimaraens, M. A. and R. Coutinho. 2000. Temporal and spatial variation of Ulva

spp. in the Cabo Frio upwelling region ofBrazil. Aq. Bot. 66: 101-114.

Delgado, O. and B. E. Lapointe. 1994. Nutrient-limited productivity ofcalcareous versus

fleshy macroalgae in a eutrophic, carbonate-rich tropical marine environment. Coral

Reefs 13: 151-159.

Dodge, R. E. 1984. Coral calcification rates by the buoyant technique: Effects of alizarin

staining. J. Exp. Mar. BioI. Ecol. 75: 217-232.

Drew, E. A. 1983. Halimeda biomass, growth rates and sediment generation on reefs in

the central Great Barrier Reef Province. Coral Reefs 2: 101-110.

Falkowski, P. G. and J. LaRoche. 1991. Acclimation to spectral irradiance in algae. J

Phycol. 27: 8-14.

Fong, P., J. B. Zedler and R. M. Donohoe. 1993. Nitrogen versus phosphorus limitation

of algal biomass in shallow coastal lagoons. Limnol. Oceangr. 38: 906-923.

Fong, P., R. M. Donohoe and J. B. Zelder. 1994. Nutrient concentration in tissue of the

macroalga Enteromorpha as a function ofnutrient history: an experimental evaluation

using field microcosms. Mar. Ecol. Prog. Ser. 106: 273-281.

Fong P., K. Kamer and K. E. Boyer. 2001. Nutrient content of macroalgae with differing

morphologies may indicate sources ofnutrients for tropical marine systems. Mar.

Ecol. Prog. Ser. 220: 137-152.

392



Frenette, 1. J., S. Demers, L. Legendre and J. Dodson. 1993. Lack of agreement among

models for estimating the photosynthetic parameters. Limnol. Oceanogr. 38: 679-687.

Fujita, R. M. 1985. The role ofnitrogen status in regulating transient ammonium uptake

and nitrogen storage by macroalgae. J Exp. Mar. Bioi. Ecol. 92: 283-301.

Fujita, R. M., P. A. Wheeler and R. L. Edwards. 1988. Metabolic regulation of

ammonium uptake by Viva rigida (Chlorophyta): a compartmental analysis ofthe

rate-limiting step for uptake. J Phycol. 24: 560-566.

Fujita, R. M., P. A. Wheeler and R. L. Edwards. 1989. Assessment of macroalgal

nitrogen limitation in a seasonal upwelling region. Mar. Ecol. Prog. Ser. 53: 293-303.

Furnas, M. J. and A. W. Mitchell. 1995. Nutrient inputs into the central Great Barrier

Reef (Australia) from subsurface intrusions of Coral Sea waters: a two-dimensional

displacement model. Contin. Shel. Res. 16: 1127-1148.

Glynn, P. W. 1977. Coral growth in upwelling and nonupwelling areas off the Pacific

coast of Panama. J Mar. Res. 35: 567-585.

Hader, D.P., M Porst, H. Herrmann, J. Schafer, and R. Santas. 1996. Photoinhibition in

the green algae Halimeda tuna Ellis et Sol measured in situ. Photochem. Photobio.

64: 428-424

Haines, K. C. and P. A. Wheeler. 1978. Ammonium and nitrate uptake by the marine

macrophytes Hypnea musciformis and Macrocystis pyrifera. J Phycol. 14: 319-324.

Hatcher, B. G. 1997. Coral reef ecosystems: how much greater is the whole than the sum

ofthe parts? Coral Reefs 16: 77-91.

393



Hatcher, B. G. and A. W. D. Larkum. 1983. An experimental analysis ofthe factors

controlling the standing crop of the epilithic algal community on a coral reef. J. Exp.

Mar. Bioi. Eco!. 69: 61-84.

Hay M. E., V. J. Paul and S. Lewis. 1988. Can tropical seaweeds reduce herbivory by

growing at night - diel patterns of growth, nitrogen-content, herbivory, and chemical

versus morphological defenses. Oecologia 75: 233-245.

Henley, W.J. and K.H. Dunton. 1995. A seasonal comparison ofcarbon, nitrogen and

pigment content in Laminaria solidungula and L. saccharina (Laminariales,

Phaeophyta) in the Alaskan Arctic. J. Phyco!. 31 :325-331.

Hughes, T. 1994 Catastrophes, phase shifts and large-scale degradation of a Caribbean

coral reef. Science 265: 1547-1551.

Hughes, T. P. and J. H. Connell. 1999. Multiple stressors on coral reefs: A long-term

prospective. Limnol. Oceanogr. 44: 932-940.

Hughes, T., A. M. Szmant, R. Steneck, R. Carpenter and S. Miller. 1999. Algal blooms

on coral reefs: What are the causes? Limnol. Oceanogr. 44: 1583-1586.

Hurd, C. L., P. J. Harrison and L. D. Druehl. 1996. Effect of seawater velocity on

inorganic nitrogen uptake by morphologically distinct forms ofMacrocystis

integrifolia from wave-sheltered and exposed sites. Mar. Bioi. 126: 205-214.

Kiirikki, M. and J. Blomster. 1996. Wind induced upwelling as a possible explanation for

mass occurrences of epiphytic Ectocarpus siliculosus in the northern Baltic proper.

Mar. Bioi. 127: 353-358.

394



Kudela, R. M., W. P. Cochlan and R. C. Dugdale. 1997. Carbon and nitrogen uptake

response to light by phytoplankton during an upwelling event. J. Plank. Res. 19: 609

630.

Lapointe, B. E. 1985. Strategies for pulsed nutrient supply to Graci/aria cultures in the

Florida Keys: Interactions between concentration and frequency ofnutrient pulses. J.

Exp. Mar. BioI. Ecol. 93: 211-222.

- 1997. Nutrient thresholds for bottom-up control of macroalgal blooms in Jamaica

and southeast Florida. Limnol. Oceangr. 42: 1119-1131.

-1999. Simultaneous top-down and bottom-up forces control macroalgal blooms on

coral reefs. Limnol. Oceanogr. 44: 1586-1592.

Larned, S. T. and M. J. Atkinson. 1997. Effects of water velocity on ammonium and

phosphate uptake and nutrient limited growth in the macroalga Dictyosphaeria

cavernosa. Mar. Ecol. Prog. Ser. 157: 295-302.

Lamed, S. T. 1998. Nitrogen versus phosphorus limited growth and sources of nutrients

for coral reefmacroalgae. Mar. Bioi. 132: 409-421.

Latasa, M., M. R. Landry, L. Schluter and R. B. Bidigare. 1997. Pigment-specific growth

and grazing rates ofphytoplankton in the central equatorial Pacific. Limnol.

Oceanogr. 42: 289-298.

Leichter, J. J., S. R. Wing, S. R. Miller and M. W. Denny. 1996. Pulsed delivery of

subthermoc1ine water to Conch Reef (Florida Keys) by internal tidal bores. Limnol.

Oceanogr. 41: 1490-1501.

395



Leichter, J. J., G. Shellenbarger, S. J. Genovese and S. R. Wing. 1998. Breaking internal

waves on a Florida (USA) coral reef: a plankton pump at work? Mar. Ecol. Prog. Ser.

166: 83-97.

Leichter, J. J. and S. L. Miller. 1999. Predicting high-frequency upwelling: Spatial and

temporal patterns of temperature anomalies on a Florida coral reef. Cont. Shel. Res.

19: 911-928.

Leichter, J. J., H. L. Stewart and S. L. Miller. 2003. Episodic nutrient transport to Florida

coralreefs. Limnol. Oceanogr. 44: 1394-1407.

Lerman, D. and P. Biber. 2000. Seasonal dynamics ofmacroalgal communities of the

northern Florida reef tract. Bot. Mar. 43: 305-314.

Litter, M. M., D. S. Littler and B. E. Lapointe. 1988. A comparison ofnutrient- and light

limited photosynthesis in psammophytic versus epilithic forms ofHalimeda from the

Bahamas. Coral Reefs 6: 219-225.

Littler, M. M., D. S. Littler and E. A. Titlyanov. 1991. Comparisons ofN- and P-limited

productivity between high granitic islands versus low carbonate atolls in the

Seychelles Archipelago: a test of the relative-dominance paradigm. Coral Reefs 10:

199-209.

Lyngby, J. E. 1990. Monitoring ofnutrient availability and limitation using the marine

macroalga Ceramium rubrum. Aq. Bot. 38: 153-161.

Malta, E., J. W. Rijstenbil, P. E. M. Brouwer and J. C. Kromkamp. 2003. Vertical

heterogeneity in physiological characteristics of VIva spp. mats. Mar. Bio!. 143:

1029-1038.

396



Maranon, E. and E. Fernandez. 1995. Changes in phytoplankton ecophysio1ogy across a

coastal upwelling front. J. Plank. Res. 17: 1999-2008.

McCook, L. J. 1996. Effects ofherbivores and water quality on Sargassum distribution

on the central Great Barrier Reef: corss-shelftransplants. Mar. Ecol. Prog. Ser. 139:

179-192.

-1999. Macroalgae, nutrients and phase shifts on coral reefs: scientific issues and

management consequences for the Great Barrier Reef. Coral Reefs 18: 357-367.

-2001. Competition between corals and algal turfs along a gradient of terrestrial influence

in the nearshore central Great Barrier Reef Coral Reefs 19: 419-425.

McCook, L. J., J. Jompa and G. Diaz-Pulido. 2001. Competition between corals and

algae on coral reefs: a review of evidence and mechanisms. Coral Reefs 19: 400-417.

Miller, M. W., M. E. Hay, S. L. Miller, D. Malone, E. E. Sotka and A. M. Szmant. 1999.

Effects of nutrients versus herbivores on reef algae: A new method for manipulating

nutrients on coral reefs. Limnol. Oceanogr. 44: 1847-1861.

Nof, D. and J. H. Middleton. 1989. Geostrophic pumping and upwelling in barrier reefs.

J. Phys. Ocean. 19: 874-889.

Odum, H. T. and E. P. Odum. 1955. Trophic structure and productivity of a windward

coral reef community on Eniwetok Atoll. Eco!. Monogr. 25: 291-320.

Ormond, R. F. G. and S. A. Banaimoon. 1994. Ecology of intertidal macroalgal

assemblages on the Hadramount coast of Southern Yemen, an area of seasonal

upwelling. Mar. Ecol. Prog. Ser. 105: 105-120.

Peckol, P., B. DeMeo-Anderson, J. Rivers, I. Valiela, M. Maldonado and J. Yates. 1994.

Growth, nutrient capacities and tissue constituents of the macroalgae Cladophora

397



vagabunda and Gracilaria tikvahiae related to site specific nitrogen loading rates.

Mar. BioI. 121: 175-185.

Payri, C. E. 1988. Halimeda contribution to organic and inorganic production in a

Tahitian reef system. Coral Reefs 6: 251-262.

Pineda, J. 1994. Internal tidal bores in the nearshore: warm-water fronts, seaward gravity

currents and the onshore transport ofneustonic larvae. J. Mar. Res. 52: 427-458.

Ramanujan, S. (1914). http://home.att.net/~numericana/answer/ellipse.htm#elliptic

Rosenberg, G. and T. A. Probyn. 1984. Nutrient uptake and growth kinetics in brown

seaweeds: response to continuous and single additions of ammonium. J. Exp. Mar.

Bioi. Ecol. 80: 125-146.

Rougerie, F., J. A. Fagerstrom and C. Andrie. 1992. Geothermal endo-upwelling: a

solution to the reef nutrient paradox? Contino Shel. Res. 12: 785-798.

Schaffelke, B. and D. W. Klumpp. 1998a. Nutrient-limited growth ofthe coral reef

macroalga Sargassum baccularia and experimental growth enhancement by nutrient

addition in continuous flow culture. Mar. Ecol. Prog. Ser. 164: 199-211.

-1998b. Short-term nutrient pulses enhance growth and photosynthesis of the coral

reef macroalga Sargassum baccularia. Mar. Ecol. Prog. Ser. 170: 95-105.

Schaffelke, B. 1999. Short-term nutrient pulses to assess responses of coral reef

macroalgae to enhanced nutrient availability. Mar. Ecol. Prog. Ser. 182: 305-310.

Smith, S. V. 1984. Phosphorus versus nitrogen limitation in the marine environment.

Limnol. Oceanogr. 29: 1149-1160.

398



Smith, J. E., C. M. Smith and C. L. Hunter. 2001. An experimental analysis ofthe effects

of herbivory and nutrient enrichment on benthic community dynamics on a Hawaiian

reef. Coral Reefs 19: 332-342.

Smith, J. E., C. L. Hunter and C. M. Smith. 2002. Distribution and reproductive

characteristics ofnonindigenous and invasive marine algae in Hawai'i. Pac. Sci. 56:

299-315.

Stimson, J., S. T. Larned and E. Conklin. 2001. Effects ofherbivory, nutrient levels, and

introduced algae on the distribution and abundance of the invasive macroalga

Dictyosphaeria cavernosa in Kane'ohe Bay, Hawai'i. Coral Reefs 19: 343-357.

Szmant, A. M. and A. Forester. 1996. Water column and sediment nitrogen and

phosphorus distribution patterns in the Florida Keys, USA. Coral Reefs 15: 21-41.

Thacker, R. W., D.W. Ginsburg and V. J. Paul. 2001. Effects of herbivore exclusion and

nutrient enrichment on coral reef macroalgae and cyanobacteria. Coral Reefs 19: 318-

329.

Turpin, D. H. 1991. Effects of inorganic N availability on algal photosynthesis and

carbon metabolism. J. Phycol. 27: 14-20.

Umezawa, Y., T. Miyajima, M. Yamamuro, H. Kayanne and I. Koike. 2002. Fine scale

mapping of land-derived nitrogen in coral reefs by 815N in macroalgae. Limnol.

Oceanogr. 47: 1405-1416.

Vroom, P. S. and C. M. Smith. 2001. The challenge ofsiphonous green algae. Am. Sci.

89: 524-531.

399



Vroom, P., C. Smith, J. Coyer, L. Walters, C. Hunter, K. Beach and J. Smith. 2003. Field

biology ofHalimeda tuna across a depth gradient: comparative growth, survivorship,

recruitment and reproduction. Hydrobiologia 501: 149-166.

Walters, L. J., C. M. Smith, J. A. Coyer, C. L. Hunter, K. S. Beach and P. S. Vroom.

2002. Asexual propagation in the coral reefmacroalga Halimeda: production

dispersal and attachment of small fragments. J Exp. Mar. Bio!. Ecol. 278: 47-65.

White, A. J. and C. Critchley. 1999. Rapid light curves: A new fluorescence method to

assess the state of the photosynthetic apparatus. Photosyn. Res. 59: 63-72.

Williams, 1. D. and N. V. C. Polunin. 2001. Large-scale associations between macroalgal

cover and grazer biomass on mid-depth reefs in the Caribbean. Coral Reefs 19: 358

366.

Wolanski, E., E. Drew, K. M. Abel and J. O'Brien. 1988. Tidal jets, nutrient upwelling

and their influence on the productivity of the alga Halimeda in the ribbon reefs, Great

Barrier Reef. Est. Coast. She!. Sci. 26: 169-201.

Wolanski, E. and W. M. Hammner. 1988. Topographically controlled fronts in the ocean

and their biological significance. Science 241: 177-181.

Wolanski, E. and B. Delesalle. 1993. Upwelling by internal waves, Tahiti, French

Polynesia. Contin. Shel. Res. 15: 357-368.

Zimmerman, R. C. and J. C. Kremer. 1984. Episodic nutrient supply to a kelp forest

ecosystem in southern California. J Mar. Res. 42: 591-604.

Zimmerman, R. C., A. Cabello-Pasini and R. S. Alberte. 1994. Modeling daily

production of aquatic macrophytes from irradiance measurements: a comparative

analysis. Mar. Ecol. Prog. Ser. 114: 185-196.

400



CHAPTER 9:

SYNTHESIS
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Tropical reef algae are important components ofboth healthy and degraded coral

reefs ecosystems where the abundance of fleshy macroalgae generally determines a reefs

ecological, economic and aesthetic value. On most healthy reefs macroalgae are limited

to cryptic habitats or are herbivore resistant while turf and encrusting calcified algae

contribute largely to reef productivity. On degraded reefs, a phase shift usually occurs

where fleshy macroalgae replace reef building corals. Macroalgae can either simply

occupy recently opened space as a result of coral death (from bleaching, hurricane

damage or other disturbance) or the algae can actually cause coral death by overgrowth,

shading and smothering. While a number of natural and anthropogenic factors can cause

coral death, primarily two factors have been posited as the most important in driving

algal overgrowth of live coral: a reduction in herbivory as a result ofoverfishing and an

increase in nutrients from terrestrial, anthropogenic sources. However not all algal

blooms or phase shifts are alike. In some cases phase shifts involve a multispecies algal

assemblage while in other cases a single robust alga becomes dominant and still in other

cases these algal blooms are ephemeral. The goals of this study were to understand the

relative roles of nutrients and herbivores in shifting a healthy coral reef ecosystem into a

state of algal dominance, to document and categorize all large-scale algal blooms on

Hawaii's coral reefs, to study in detail the causes for these blooms for a number of

macroalgal species including persistent and ephemeral bloomers and to document how

naturally elevated nutrient concentrations on reef ecosystems may influence benthic algal

abundance and productivity.
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Nutrients and herbivores were experimentally manipulated on a pristine reef on

the island ofHawai'i for 6 months to quantify changes in algal growth and community

structure as well as sediment accumulation and mobile microinvertebrate abundance.

Significant treatment effects were observed for all factors examined. Fleshy algal

biomass was greatest on cages settlement surfaces while calcified algal biomass was

greatest on fertilized surfaces. Sediment accumulation was positively associated with

fleshy algal biomass and mobile microinvertebrates were positively associated with total

algal biomass; crustaceans were more abundant with increases in fleshy algae while

micro-mollusks were more abundant with calcified algae. Benthic community structure in

terms of the species assemblage was significantly different for all experimental

treatments and over time. Turf algae was most common on caged surfaces, crustose

coralline algae was most abundant on fertilized surfaces, macroalgae was most abundant

on caged and fertilized surfaces and the nitrogen fixing cyanobacterium Calothrix

crustacea was most common on unfertilized surfaces. While these results generally

support aspects ofthe relative dominance model over 116 species were identified and

results were more informative at the species level rather than the functional group level.

Clear successional patterns were evident on all experimental surfaces where filamentous

brown and green algae were the primary colonizers; many of these species and the

remaining bare space were eventually occupied by a diverse assemblage of filamentous

and encrusting red algae. To date this study represents the longest-term factorial field

experiment in the tropics that simultaneously tested the effects of herbivores and nutrients

on benthic community dynamics. Because these results show that benthic community

composition can change significantly if either of these factors is altered, every effort
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should be made to protect nearshore fisheries and prevent nutrient pollution on coral

reefs.

Five out ofthe twenty species of non-indigenous marine algae (NIMA) can now

be considered highly successful in Hawaiian waters where they have become ecological

dominants in various locations. Acanthophora spicifera first introduced in the 1950's as a

hull-fouling organism from Guam can now be found on in moderate abundance on all of

the main Hawaiian Islands. Hypnea musciformis, first introduced in the 1970s from

Florida for aquaculture is now found on all ofthe main islands excluding Hawai'i but

blooms in nuisance proportions on the island ofMaui where it causes significant negative

economic impacts and smothers shallow nearshore fringing reefs. Graci/aria salicornia

introduced from a cryptogenic population on Hawai'i to O'ahu and Mo10ka'i for

aquaculture in the 1970s has now spread laterally from initial populations and has

become an ecological dominant on O'ahu's south shore and in southern Kane'ohe Bay.

Kappaphycus spp. first introduced to Kane'ohe Bay in the 1970s from the Philippines for

aquaculture has spread throughout the bay and has become one of the single most

dominant species in the bay where it readily overgrows and kills reef-building coral.

Avranvillea amadelpha first identified off ofO'ahu's south and west shores in the 1980s

from an unknown location has become highly abundant throughout the south shore of

O'ahu and was also found on Kauai. Cladophora sericea, a native filamentous green alga

was found growing in extensive proportions on the west coast ofMaui from shore to

several meters depth and Ulva fasciata occurred in dense masses near Kahului Harbor

and Kihei on the island ofMaui. Detailed studies on the ecology, physiology and

management of Gracilaria salicornia, Kappaphycus spp. and Cladophora sericea were
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conducted because these species were identified as posing the most significant threat to

Hawaii's coral reefs.

Experimental plots were established to determine cover and biomass of G.

salicornia per meter squared and to determine the amount of time and person hours

needed to remove G. salicornia from these plots. Significant amounts of G. salicornia

become dislodged from the reef during large wave events and become periodically

deposited onto the beach in front of the Waikiki Aquarium. Algal beach wash biomass

was quantified and positive relationships were established between swell height and the

amount of algae that washed up onto the beach in this location. We then quantified the

ability of G. salicornia vegetative fragments to re-grow following desiccation to

determine if algal biomass stranded on shore survives the tidal cycle until being washed

back out on the reef at high tide. Graci/aria sa/icornia was remarkably resistant to

temperature, salinity and chemical treatments examined as possible in situ control

options. Herbivore preference tests showed that the native Graci/aria species is

consumed far more frequently than the alien congener. Finally, large-scale community

volunteer efforts were organized to remove drifting G. salicornia fragments from the reef

area in front of the Waikiki Aquarium. Over 20,000 kg of alien algal fragments were

removed from this location in five 4-hour clean-up events. However, based on G.

sa/icornia growth rates, ability to fragment, physical tolerance and low herbivory, it is

clear that a large-scale dedicated effort will be needed to control this invasive species on

Waikiki's reefs.

Kappaphycus spp. distribution has increased within Kane'ohe Bay between

surveys conducted in 1999 and 2002, with individual reefs showing variable results. The
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biomass ofKappaphycus spp. removed and the amount of time required to manually

remove it from the reef varied with habitat type, but in all cases amounted to greater than

10 kg/m2 requiring almost 2 person-hours to clear 1 m2
• Re-growth of the alga following

removal was rapid at most sites, most likely due to the experimentally demonstrated

ability of the alga to re-grow from minute attachment points and the low palatability of

the alga with native herbivorous fishes. The native sea urchin, Tripneustes gratilla,

reduced the biomass ofKappaphycus spp. in small experimental enclosures and may be a

useful biocontrol agent. The alga was susceptible to changes in temperature, salinity, and

the application of herbicides and algicides. Because Kappaphycus spp. is still spreading

in Kane'ohe Bay and can increase in abundance by over 50 % cover on some reefs, we

recommend that rapid management action be taken to prevent further damage and spread

to other Hawaiian coral reefs. Further, this alga was shown to significantly reduce coral

cover and native species diversity suggesting that if it is allowed to continue spreading

there is no indication that it will not be successful on even Hawaii's pristine reefs. Finally

because Kappaphycus has been introduced to over 19 countries around the world it is

likely that similar problems are occurring elsewhere and more effort is needed to prevent

global reef degradation as a result of introduced macroalgae.

The filamentous green alga Cladophora sericea has been forming episodic and

ephemeral nuisance blooms on West Maui's coral reefs over the past decade. Nutrient

rich runoffhas been posited as the cause ofthese blooms. The goals of this study were to

characterize the physical nutrient environment as well as various physiological

characteristics of the alga during a bloom to assess patterns in these parameters along an

onshore offshore gradient. During the summer of200l Kahekili in summer 2001,
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sediment pore water sampled 0.5 m into the substrate had high ammonium, nitrate and

silicate concentrations, and low salinity relative to overlying ambient water, suggesting

groundwater intrusion. Samples collected over a range of depths (3 to 34 m) reflected

highest nutrient concentrations at 9 m. C. sericea tissue samples collected along the same

depth gradient showed clear enrichment ofnitrogen from shore with shallow samples

more enriched (% N and o15N) than deep plants. In situ nutrient enrichments and

subsequent relative electron transport rate determinations of C. sericea using pulse

amplitude modulated fluorometery showed that plants were nutrient limited and

maximum rates of electron transport generally increased with enrichment. Plants located

at sites with the highest DIN concentrations did not show a nutrient effect. Growth rates

measured in the laboratory doubled with elevated inorganic nitrogen and increased even

more with the addition of trace elements. Growth rates of up to 25 % increase in wet

weight were observed for C. sericea when enriched with commercial fertilizer suggesting

that this species is capable of explosive growth. Clearly more research is needed to fully

understand the growth and bloom dynamics of C. sericea but because these blooms are

unpredictable and ephemeral in nature obtaining resources and funds on the spur of the

moment can be difficult. Because this is the only large-scale ephemeral green algal bloom

reported from the tropics any information categorized the bloom will be useful in the

future.

The paradigm that all tropical reefs exist in oligotrophic, low nutrient waters has

recently been revisited as a number ofresearchers have identified that large-scale

physical processes such as upwelling and internal tide events bring cold nutrient rich

waters into coral reef ecosystems. In an area where internal tides and upwelling have
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been identified in the Florida Keys, a study was conducted to test whether one of the

most common benthic reef algae Halimeda tuna, may reflect patterns associated with

natural nutrient enrichment. Results of this study support the idea that benthic algal

communities can reflect the nutrient history of a given area. H tuna grew significantly

more at depth and showed less of a response to enrichment than shallow populations.

Through a number of independent in situ physiological measurements the shallow

populations appeared to be more nutrient limited than deep populations. This study

provides evidence that rich and highly productive benthic communities may thrive in

deep water coral reef environments in response to naturally elevated nutrient conditions.

Algal blooms on coral reefs are complex and can be the result of several

interacting factors. By conducting field and laboratory assessments and manipulations we

can gain a better understanding of the factors responsible for causing such changes. The

research presented here shows that a healthy reef community can change in less than 6

months in response to differing nutrient and herbivore environments. Additionally,

nonindigenous species, which had previously not been considered a large threat to coral

reef ecosystems can also cause phase shifts or become ecological dominants because they

are removed from natural predators and have the remarkable ability to regrow from

vegetative propagation. One of the first large-scale ephemeral algal blooms to occur on a

tropical reef was characterized. In many ways this bloom resembled "green tide algal

blooms" that frequently occur in eutrphied temperate waters. Finally, not all tropical reefs

can be considered oligotrophic in nature. A number of studies have shown upwelling or

internal tides to bring nutrient rich water to deep reef environments. While these natural

nutrient enrichment events are responsible for differences in algal growth rates along a
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depth gradient in the Florida Keys they may also drive the highly productive deep-water

algal assemblages surrounding many tropical islands including the extensive deep reefs

of the North Western Hawaiian Islands.

As degradation of coral reef ecosystems and subsequent phase shifts continue to

occur into the future, researchers, managers and the general public alike need to make

every effort possible to protect and preserve these highly unique systems and the diverse

life they support for future generations.

409




