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ABSTRACT 

This study examined the demography of giant kelp Macrocystis pyrifera (Linnaeus) 

and its interactions with understorey algae and invertebrates in southern New 

Zealand over two and a half years. Most of the study was done at two sites within 

Akaroa Harbour (Banks Peninsula) but ancillary sites at Tory Channel (Marlborough 

Sounds) were used for parts of the study. The kelp forests within Akaroa Harbour 

were generally highly productive, with a high annual turnover of giant kelp. 

Macrocystis plants were mostly annual and rarely reached ages greater than 12 

months. Peak recruitment occurred in spring (November) during 1995-97, but lesser 

recruitment episodes occurred throughout the year.  The maximum growth rates of 

Macrocystis fronds were comparable to rates reported elsewhere in southern 

hemisphere populations (22 mm - 24.5 mm/day), but considerably lower than those in 

northern hemisphere populations. 

The major experiment incorporated in the study tested the effects of the Macrocystis 

canopy and the understorey canopy of the stipitate laminarian Ecklonia radiata on 

macroalgae and invertebrates. The experiment was structured so that the effects of 

clearances at different times could be determined.  One impetus for this experiment 

was the need to address issues relating to the commercial harvesting of giant kelp, 

its sustainability and its effects on other species. The effects of canopy removals on 

understorey algae, mostly juvenile Macrocystis, Ecklonia and Carpophyllum spp, 

were highly dependent on the timing of canopy removals and the combinations of 

canopies removed. For example, winter harvests of the Macrocystis canopy alone 

enhanced the survival of post-settlement Macrocystis recruits, but had little effect on 

Ecklonia recruitment. However, when both Macrocystis and Ecklonia canopies were 

removed in spring, there was heavy recruitment of Ecklonia that grew to dominate 

the understorey. Strong inter and intraspecific interactions from the Macrocystis 

surface canopy appeared to have been reduced by physical factors including water 

turbidity, sedimentation and the deterioration of the surface canopy during summer. 

These physical factors were not as limiting in Tory Channel. 

Fine scale extrinsic factor effects including nutrients, light and grazing on the early life 

history of Macrocystis were investigated in small experiments.  Results suggest that 

recruitment may be nutrient limited even at moderately low temperatures, and that 

small herbivorous gastropods are an important source of mortality in the early life 

stages of Macrocystis. Culturing and transplantation cultivation techniques were also 
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examined as a means of supplementing algal supplies.  Macrocystis was cultured 

successfully through its life cycle onto culture ropes, but generally failed to produce 

visible sporophytes when placed in the field.  Cultured plants did grow in Tory 

Channel, however. Juvenile plants transplanted to ropes for on-farm cultivation 

showed little growth during summer, but the addition of nutrients significantly 

enhanced growth rates of these plants during warmer months when natural nutrient 

levels were low. Increased growth rates at the onset of winter and with the addition 

of nutrients during summer confirmed that low nutrient levels during summer are 

growth limiting. 

Akaroa Harbour kelp forests exhibited considerable variation in Macrocystis canopy 

biomass through time. For example, the 32,000 m2 kelp forest at Wainui had a 

biomass of 144 t in October 1995, which then decreased to 21 t in October 1996. 

Canopies tended to deteriorate during summer.  Thus, at Ohinepaka Bay kelp forest 

had a biomass of 31 t during winter 1997, which decreased to 0.06 t the following 

summer. The greatest reduction in biomass, however, coincided with a period of 

hugely increased sediment, which smothered blades in the sea-surface canopy, 

covered the substratum, and prevented successful recruitment of kelp for over a 

year. Nutrient depletion was one of several factors thought to cause the summer 

deterioration of the Macrocystis sea-surface canopy, which has important 

ramifications for the commercial harvesting of Macrocystis pyrifera in summer. 

Management considerations and options are discussed in relation the commercial 

harvesting of Macrocystis in New Zealand. 

The major conclusion of this study is that although Macrocystis was able to form 

dense surface canopies during winter its ability to dominate kelp forests was 

constrained by physical factors, especially sedimentation, high turbidity, nutrients, 

and storms. The lack of strong interactions between Macrocystis and Ecklonia are 

also largely a result of their different life history characteristics.  Overall, there appear 

to be no significant negative flow-on effects resulting from kelp harvesting and it 

appears that Macrocystis can be harvested sustainably. 
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CHAPTER 1 


GENERAL INTRODUCTION 


"The number of living creatures of all orders, whose existence intimately depends on 

the kelp, is wonderful. A great volume might be written, describing the inhabitants of 

one of these beds of sea-weed." 

Darwin, 1839 

1.1 Distribution and Demography 

Shallow rocky sublittoral habitats in most temperate and boreal areas world-wide are 

characteristically dominated by large brown macroalgae belonging to the orders 

Laminariales and Fucales of the Phaeopyceae (brown algae) (Choat & Schiel 1982; 

Kain 1979; North 1971; Velimirov et al. 1977). Another order, Durvilleales, 

commonly known as the bull kelps, occurs only in Australia, Chile, New Zealand, and 

some of the sub-Antarctic Islands (Clayton 1988;  Hay 1979; Schiel 1994). 

Generally, all these algae are collectively known as kelps although this term 

technically refers to Laminariales only (Dayton 1985a).  Originally kelp was used to 

describe seaweed ash derived from laminarian algae used in the production of soda 

during the 15th Century (Chapman & Chapman 1980). Laminarian algae occur in the 

sublittoral zone in both hemispheres, but most species occur in the north (Schiel 

1994) and typically occur at depths <50 meters (Foster & Schiel 1985).  Of the 

laminarians, those that form canopies extending to the sea-surface have the greatest 

length and biomass. New Zealand seaweed of the Order Fucales are speciose in 

New Zealand and Australia where they typically dominate the shallow sublittoral 

zone. It is beyond the scope of this introduction to list all the major large brown 

macroalgae associated with the worlds kelp forests, but Mann (1982) has 

characterised them by their dominant genera (Dayton 1985a).  Schiel (1994) gave an 

up-to-date list of genera, and selected species of large brown algae that dominate 

Australian and New Zealand sublittoral kelp forests. 

C.A. Agardh first described the laminarian giant kelp Macrocystis pyrifera (Linnaeus) 

in 1820. It forms extensive undersea forests in many places in both the northern and 
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southern hemispheres (Wormersley 1954), although it is more extensively distributed 

in the south. In the northern hemisphere Macrocystis forests are especially dominant 

along the west coast of North America from Santa Cruz to Baja California, (Druehl 

1970; Tarpley & Glantz 1992). With the exception of Antarctica, Macrocystis occurs 

on all of the major land masses including along the east and west coasts of South 

America, off South Africa, Tasmania and south Australia, New Zealand, and many of 

the southern offshore islands (North 1994). The plants can grow from depths of 30m 

to reach the sea surface where they form floating canopies.  The canopies 

themselves can be extensive, reaching many meters in length along the sea surface. 

European Mariners used these floating canopies  in the early 1600’s as means of 

detecting shallow reefs (Darwin 1839).  The presence of off-shore drifting mats of 

individual plants also revealed that the coastline was close.  In older plants >90 % of 

plant biomass is within 1m of the sea surface (Schiel & Forster 1992).  Plants can 

have several hundred fronds arising from a large holdfast and each frond can 

increase in length by up to 300 mm per day.  This makes Macrocystis one of the 

fastest growing plants known (North 1971). 

Macrocystis has several features that enhance its ability to dominate hard bottom 

subtidal habitats. Its life cycle is typical of Laminariales in general, alternating 

between a haploid (1N) microscopic gametophyte generation and the macroscopic 

canopy forming generation (2N). Individual plants have an enormous reproductive 

output of millions of spores that may be released during much of the year (Reed 

1987a). Spores are produced by sporophylls, specialised blades clustered around 

the base of plants just above the holdfast. Although individual spores may not travel 

far, Macrocystis has a very effective dispersal mechanism.  Thus, entire plants are 

frequently torn from the bottom during storms, often because nearby plants come 

adrift and entangle others (Dayton & Tegner 1984a).  These rafts of plants may stay 

afloat and remain viable for several weeks (Edgar 1987). Drifting plants or fertile 

sporophyll fragments may also release spores as they move along the coastline, 

often leaving a defined line of recruitment (Dayton et al. 1984; Ladah et al. 1999). 

Dayton (1985a) suggests that sites well removed from established adult plants (i.e., 

several kilometres away or more) could have considerable recruitment, resulting from 

rafts of plants. 
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There is an extensive literature on Macrocystis, much of it from the West Coast of 

North America (reviewed by Foster & Schiel 1985). Macrocystis pyrifera is the 

dominant species in terms of biomass and community impact in depths of around 5 - 

25 m from Santa Cruz (central California) southwards (Foster & Schiel 1985). 

Because individual plants can be very large, Macrocystis may form dense forests 

when adult plants are at densities as low as one per 10 m2. Macrocystis canopies 

can shade the water below substantially, reducing irradiance by >90% at depths of 

only a few metres (Reed & Foster 1984; Santelices & Ojeda 1984a). Dense surface 

canopies of Macrocystis are often associated with a relatively sparse understorey 

algal flora, presumably because of the reduced light (Foster 1975b). 

Removal of extensive canopies of Macrocystis provides light gaps that allow smaller 

stipitate laminarian algae to recruit, provided there are propagules available (Kimura 

& Foster 1984; Reed & Foster 1984). For example, Pearse and Hines (1979) 

showed that removing Macrocystis from a 20 x 10 m2 area resulted in significant 

recruitment of smaller kelps of other species, including Laminaria denitigera, 

Pterogrophora californica as well as foliose red algae. Longer-term effects were not 

recorded, but Macrocystis eventually returned to the area.  Similarly, Kimura and 

Foster (1984) found that the removal of a 20 m swath of the surface canopy during 

summer and autumn enhanced the recruitment of Macrocystis.  Their results also 

suggest that the timing of canopy removal is important and that recruitment of 

Macrocystis and Pterygophora california is primarily affected by light. The repeated 

harvesting studies of Miller and Geibel (1973), the boating channel studies of North 

(North 1971, 1986; North 1994), the Macrocystis removal studies of Reed and 

Foster (1984), and a study by Graham et al. (1997) on the effects of wave exposure 

are also consistent with these findings.  Overall, there seems to be a negative 

correlation between the amount of Macrocystis canopy cover and the cover of bottom 

canopy species (Foster 1975a; Foster & Schiel 1985). 

During large-scale natural events such as El Niño - Southern Oscillation and winter 

storms, Macrocystis may be removed from many sites.  Smaller species of 

laminarian and fucalean algae may become more abundant at depths formerly 

occupied by Macrocystis, particularly in extended El Niño conditions (Dayton & 

Tegner 1984a; Schiel 1994). It has also been suggested that recruitment may be 

nutrient limited during El Niño events (Dayton et al. 1984). Under natural conditions, 
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Macrocystis generally recruits in spring and early summer, after the surface canopy 

has been thinned by winter storms (Gerard & North 1984;  North 1994;  Rosenthal et 

al. 1974). 

Throughout California, most of the floating canopies of giant kelp are removed by 

winter storms (Hobday 2000). Much of this ends up as detritus in the near shore 

environment or is cast upon the shore.  The decay of kelp detritus helps contribute to 

the productivity of the near shore ecosystem through the transfer of carbon and 

nutrient cycling. For example, Harrold et al. (1998) estimated that drift kelps can 

account for 20 – 83% of the total particulate organic carbon that reaches the sea 

floor, and concluded that drift macroalgae was a major contributor to the organic 

enrichment of carbon to the benthos (Sensu CDFG 2000).  Beach cast wrack 

provides food and shelter for an abundance on insects and crustaceans, including 

crabs, sand hoppers, and kelp flies which in turn can support large populations of 

shorebirds (Bolam et al. 2000; Colombini et al. 2000). For example, Bradley and 

Bradley (1993) found a correlation between an increase in wintering shorebird 

populations off Parlos Verdes Peninsula and the large amounts of wrack generated 

by the return of the Macrocystis forest off the coast. The physical and biological 

breakdown of wreck into smaller pieces, which end up back in the sea, is also an 

important source of food, for filter feeders, gastropods and fish. 

During spring, upwelling of nutrient-rich waters occurs along most of the Californian 

coast in most years, and most active growth of kelps takes place (Jackson 1977).  In 

late-summer, there is often nutrient depletion of inshore waters as upwelling ends 

and growth slows. Considerable deterioration of kelp fronds occurs during this period 

(Gerard 1984; Zimmerman & Kremer 1986).  Aside from seasonal variability in 

Macrocystis forest size, long term observations have shown that the sizes of many 

Californian Macrocystis forests fluctuate substantially over time scales ranging from 

weeks to years (North 1994), and on spatial scales ranging from localised sites to 

hundreds of kilometres (Schiel 1994). Entire kelp beds or portions thereof have been 

known to disappear only to return years latter.  The causes for the high degree of 

spatial and temporal variability in kelp forest size has challenged biologists and 

affected commercial activities that depend on the integrity of Macrocystis forests. 

Losses of forests have been attributed to sea urchin grazing, increased turbidity, 

sedimentation, pollution, low nutrient, high temperatures, and severe storms during El 
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Niño events (North 1971; Rosenthal et al. 1974; Schiel 1994). Causes of mortality 

may result from any one of these or in combination.  For example, catastrophic 

storms prior the 1982 – 84 El Niño severely reduced Macrocystis abundance along 

the Californian coast and subsequent recruitment during the El Niño summer had 

virtually no survivors (Dayton & Tegner 1984a). 

Macrocystis forms important habitat for fishes along the California coast.  Over 50 

spp of rockfishes, in particular, can be very abundant in the vertical matrix provided 

by giant kelp in the water column. Many species of fish recruit into kelp fronds. 

Effects of giant kelp removals and additions on fish recruitment, however, are 

equivocal. For example, Carr (1994) altered the densities of in replicated 25 x 20 m 

quadrats of Macrocystis, and found reduced recruitment of kelp bass (Paralabrax 

clathratus) at the lowest kelp density. Such an effect was not seen, however, at 

another experimental site, probably due to reduced larval supply.  Houk et al. (1993) 

found that harvesting caused juvenile blue rockfish and larger predatory fish to 

migrate into unharvested areas. However, any significant changes that might have 

occurred between harvested and unharvested areas was masked by immigration of 

larger predatory fishes that reduced the numbers of migratory juvenile rockfish. 

Overall, the work of Houk et al. (1993) suggested that populations of some species of 

fish may be displaced for a while following harvesting, but return when kelp returns. 

Other studies have shown no discernible community effects of commercial kelp 

harvesting on either the understorey kelps or fishes (Kimura & Foster 1984).  Miller 

and Geibel (1973) evaluated the impact of repeated harvesting on fish populations 

and found that it was difficult to determine any effects because of high seasonal 

variation and the variety of niche preferences for each species.  At many sites in 

southern California, there is only a weak relationship between the overall assemblage 

structure of fishes and the vegetation structure, which may reflect the high temporal 

variability of these habitats (Holbrook et al. 1990). 

1.2 Commercial uses of Macrocystis 

A major impetus of my study was the potential for commercial harvesting of 

Macrocystis in New Zealand. Off California, there was extensive harvesting of 

Macrocystis for most of the 20th Century, and many aspects relating to sustainability 

of harvests and impacts are known. Not only is Macrocystis one of the main habitat 

formers in near shore regions along southern California, but it also important 
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economically, supporting finfish, invertebrate, and kelp fisheries.  Commercial use of 

Macrocystis in California first developed during the early 1900s when potash and 

acetone were extracted from kelp for use in the production of explosives during World 

War 1. Today, California kelp forests sustain an annual commercial harvest of 

around 155,000 tonnes, with some forests being harvested up to three times per year 

(McPeak & Glantz 1984; Vasquez & McPeak 1998). Large ships (owned by KELCO, 

a company based in San Diego) with cutters in the stern back through kelp forests 

and cut the floating canopies of Macrocystis about one meter below the sea surface. 

The different forests along the California coast are harvested on a rotational basis 

(McPeak & Glantz 1984). Plants regenerate a canopy through the production of new 

fronds that are able to take advantage of light gaps provided by harvesting (Kimura & 

Foster 1984). Kelp harvesting techniques used by abalone aquaculturests include 

the use of modified naval landing craft (~18m in length) which have cutting blades 

mounted on the bow, to the harvesting of kelp by hand from small boats (typically 

<9m in length), using a knife attached to a pole (CDFG 2000).  Macrocystis forests 

are one of California's most valuable marine resources, and during the mid 1980s, 

they supported an industry valued at more than $40 million annually (Tarpley & 

Glantz 1992). It forms the basis of a considerably sized alginates industry, which has 

sales exceeding US$230 million annually (Jensen 1993).  Another increasing use of 

Macrocystis is as food for the abalone culture industry, which relies almost entirely on 

this species (Ebert 1992). The abalone aquaculture industry along the California 

coast economically range from large scale companies to small hobby operations 

(CDFG 2000). At the end of 1999, this industry accounted for approximately 1.7% of 

the annual kelp harvest. It is expected that this figure will increase as the 

international supply of wild abalone declines and the market share of farmed abalone 

increases (CDFG 2000). 

1.3 Cultivation of Macrocystis 

There has been variable success in farming Macrocystis, or in moving it to new 

habitats for forest restoration.  Several artificial reefs have been built in California with 

the purpose of establishing new kelp forests, replacing habitats affected by human 

activities and effluents including power plant and sewage discharge water.  Others 

have attempted to restore or expand existing forests.  Major projects have included 

the Habitat Improvement Project (North 1968b;  North 1971, 1972a), and numerous 

studies by Kelco Company (Barilotti & Zertuche-Gonzalez 1990;  Tarpley & Glantz 
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1992), and the Californian Department of Fish and Game (CDFG 1995;  Wilson et al. 

1978). Adult Macrocystis were moved to some of these reefs, but the configuration 

of the reef itself was often not appropriate for a giant kelp forest and plants did not 

survive (Schiel & Forster 1992). Kelp bed restoration or establishment is an ongoing 

process and the subject of considerable contemporary interest.  A giant kelp farm 

was established successfully off Goleta (near Santa Barbara)(Neushul & Harger 

1987), but it was eventually destroyed by large storms.  Techniques for cultivating 

Macrocystis are well known and there has been considerable in situ experimentation, 

and some success, with out-planting of gametophytes (Deysher & Dean 1984, 1986).  

With the advent of the oil embargo in the early 1970s the focus changed from habitat 

restoration to developing oceanic cultivation of Macrocystis for the production of 

biomass as a renewable source of energy.  During 1970s and 1980s millions of 

dollars were spent by the U.S. Navy, the Department of Energy, the National Science 

Foundation, American Gas Association, the Gas Research Institute, and the Solar 

Energy Research Institute on developing experimental Macrocystis farms (North 

1987). The associated research and development that went into these pilot farms, 

often referred to as the Marine Biomass Program, was contracted to the California 

Institute of Technology, the General Electric Company Work, and Global Marine 

Development Incorporated. However, problems that included grazing, disease, and 

fouling of plants by encrusting organisms, the entanglement of plants with farm 

structures, and the loss of entire farms due to heavy seas, resulted in their failure to 

produce significant harvestable biomass (Benson & Bird 1987).  Whilst the Marine 

Biomass Project was unsuccessful there was still a consensus that in the future the 

cultivation of macroalgae will provide a renewable source of energy and chemicals 

(Neushul 1987). The failure of the oceanic farm trials resulted in a change in 

emphasis of the Macrocystis program to one of near-shore cultivation, which proved 

to be more successful (Benson & Bird 1987).  The commercial success of the near

shore cultivation of Laminaria japonica in China highlights the potential of such 

programs. For example, in 1996 the aquaculture of this kelp totalled more than 4 

million tonnes and was worth more than $US2.7 billion.  In terms of volume this made 

it the most important aquaculture species and the forth most important species in 

terms of value in the world (FAO 2000). 
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1.4 Kelp forests in New Zealand  

Macrocystis pyrifera was known by southern Maori as koauau, “the kelp with crackers 

hanging in strings” (Beattie 1994). Little is known about the demographics of giant 

kelp in New Zealand, and what does exist deals mainly with its geographical 

distribution (Hay 1990; Rapson et al. 1942) morphology, development and growth 

(Brown et al. 1997; Chin 1989; Kain 1982; Nyman et al. 1993; Nyman et al. 1990). 

Macrocystis occurs in quieter waters from Castle Point southwards and at the 

Chatham Islands, but its distribution is patchy.  Individual plants do not appear to be 

as large (i.e., have as many fronds) as those in California (Schiel, pers. com.), but 

multiple sites have never been surveyed scientifically.  Kain (1984) found that plants 

at two sites in southern New Zealand had a slightly different morphology from those 

in the northern hemisphere. 

New Zealand has a depauperate flora of laminarian algae compared to the northern 

hemisphere but is rich in fucalean species (Schiel 1994). In sites along the central 

eastern coast of the South Island, the understorey of Macrocystis forests is 

composed mostly of the kelp Ecklonia radiata and the fucoid Carpophyllum 

flexuosum along with a rich fauna of sessile invertebrates (Schiel & Hickford 2001). 

Many species of fish are associated with kelp beds (Choat & Ayling 1988), but the 

associations with Macrocystis forests have not been specifically described. The 

importance of small, mobile invertebrates that occupy seaweed in northeastern New 

Zealand remain uncertain (Cole et al. 1999). Surveys around Banks Peninsula 

showed that labrids, particularly the spotty Notolabrus celidotus, were the most 

common fishes (Schiel & Hickford 2001). Other inshore species, such as butterfish 

(Odax pullus), that are normally associated with kelp beds may also be common, 

although data on this are scarce. Species equivalent to the California Rock fishes 

that occupy the water column do not occur in New Zealand and a striking feature of 

our giant kelp forests is that very few fishes are visible in the water column around 

giant kelp (pers obs.). 

Macrocystis undergoes annual cycles of abundance in New Zealand. Thus, vast 

quantities of kelp can be seen cast upon the shore after storms, particularly during 

late spring and early winter. As for Californian Macrocystis, it may be that this 

removal of canopies has few lasting effects on adult fishes or understorey kelps. 
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However, the subsequent recruitment of major algal species is unknown in New 

Zealand. 

In recent years, there has been increased commercial interest in harvesting 

Macrocystis in New Zealand, mainly as a cheap source of bulk fodder for culturing 

abalone. A major obstacle to the success of ocean-based aquaculture industry for 

paua (Haliotis spp.) in New Zealand is the availability of a cheap bulk food.  Most 

artificial foods are still being developed or are in the experimental stage, and they are 

expensive or unsuitable for some applications. Macrocystis is a food of proven value 

for abalone in California and commercial abalone farmers rely almost entirely on 

Macrocystis as a food source for rearing abalone (CDFG 2000;  Ebert 1992;  Foster 

& Schiel 1985) Macrocystis has a long history of being harvested without adverse 

effects and is abundant and prolific (CDFG 1995;  Foster & Schiel 1985; McPeak & 

Glantz 1984; North 1968b; Tarpley & Glantz 1992). 

1.5 Rationale for my Work 

The objectives of the research reported in this thesis was to investigate both broad 

and fine scale patterns in Macrocystis forest demography, to examine the short and 

long-term effects of sea-surface canopy removal, and to describe temporal and 

spatial variability in forest biomass production.  The thesis is also intended to assist in 

making management decisions in the commercial development of the New Zealand 

Macrocystis resource. 

This thesis is comprised of a set of manipulative experiments with designs capable of 

detecting the effects of harvesting, grazing, the utility of cultivation, and the effects of 

nutrients and light on growth. It contains 3 result chapters (Chapters 3 - 5).  Each 

results chapter concludes with a summary of the main results rather than a 

discussion. Discussions for these chapters are included in the General Discussion, 

Chapter 6. Chapter 3 examines spatial and temporal demographic variability within 

Macrocystis forest and temporal fluctuations in forest biomass.  Chapters 4 and 5 

examine canopy - sub-canopy interactions with emphasis on the effects of canopy 

removal on forest demography, early life history processes of kelp, and the 

application of cultivation techniques to the marine farming of Macrocystis. The main 

questions considered in each chapter are outlined below. 
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Chapter 3. How does the general demography of Macrocystis forests in 

southern New Zealand waters compare to what is known about Macrocystis 

forests elsewhere?  It is mainly a descriptive chapter that compares and contrasts 

growth, survivorship, and reproduction of Macrocystis and temporal and spatial 

variability in the abundance of associated macroalgae and invertebrates.  The 

influences of abiotic factors, particularly temperature, nutrients, and sedimentation 

will be introduced here. The morphometric relationships of Macrocystis, how 

biomass is apportioned among plants, and whether relationships and proportions 

remain constant through time and over local spatial scales are also considered.  This 

chapter describes temporal and spatial variability of total forest biomass and 

commercially harvestable sea-surface canopy biomass.  The use of morphometric 

relationships and seasonal forest biomass relationships as predictive tools is 

described. 

Chapter 4. What are the responses of Macrocystis forest communities to the 

removal of the surface canopy and how do these vary spatially and temporally? 

This chapter examines interactions between the overlying Macrocystis canopy and 

the dominant Ecklonia radiata sub-canopy, and describes the effect of removing each 

of them on algal recruitment and macro-invertebrate abundance.  The ability of 

Macrocystis plants to recover from frond damage is also investigated.  Abiotic factors 

including light and especially sedimentation are described and evaluated in relation to 

the recovery of vegetation layers. 

Chapter 5. Can existing cultivation techniques be used to enhance or 

supplement natural Macrocystis forests?  What are the finer scale abiotic and 

biotic effects on recruitment? This chapter describes the successful transplantation 

of juvenile and laboratory-reared saprophytes into a marine farming situation.  The 

chapter also examines the effects of elevated nutrients and light, and the effects of 

grazing on recruitment success. 
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GENERAL METHODS 


2.1 Study Sites 

Four major study sites were selected in Akaroa Harbour on Banks Peninsula, and 

two secondary sites were established within Tory Channel in the Marlborough 

Sounds (Figure 2.1). Banks Peninsula is made up of two adjoining volcanic domes. 

Both domes have been reduced to erosion calderas and following drowning now form 

large marine inlets that serve as major harbours to the area (Brodie 1955).  Akaroa 

Harbour opens to the south-west of Banks Peninsula and is approximately 16 km 

long (Heath 1976). Akaroa Harbour is frequently exposed to southerly storms events 

during the winter and onshore northeasterly winds prevail during summer.  Its 

catchment is approximately 200 Km2 and is dominated by steep convex hillsides that 

are mantled with Pleistocene loess. In places, the loess is several meters thick and 

because it is fine-grained, has a high in clay content, and has a low aggregate 

stability, it is readily eroded (Brodie 1955). At low tide, five percent of the harbour’s 

total area of 44 km2, is comprised of exposed mud flats, predominantly in the upper 

reaches of the harbour (Heath 1976;  Millhouse 1977). Towards the entrance, the 

shoreline gives way to steep cliffs that rise several hundred metres above sea level. 

Wave action is generally small, usually of low amplitude and long wavelength.  Wave 

action generally results from oceanic disturbance and may be accentuated by north

east, north-west, and south-west winds. North and south-west winds are stronger in 

the harbour than on shore due to the funnelling effect off the surrounding hills.  These 

winds, when acting against the tide, produce rough short seas of 2+ meters in a very 

short time. Much of the upper harbour, and shoreline of the middle harbour, is 

muddy during these conditions. Here the action of waves, especially during the 

south-west and north-west winds, stir up the sediment which is then transported by 

the tidal currents. The main source of sedimentation is the loess that covers the 

surrounding hillsides. It is easily transported by water and readily forms a thick 

suspension. The courser sediments towards the entrance of the harbour are mainly 

derived from andesites and trachytes (Knox 1980;  Millhouse 1977). Land use in the 

Akaroa catchment is mainly pastoral and dairy farming, serviced by small townships 

(Millhouse 1977). Macrocystis fringes the eastern and western shores of the middle 

and upper reaches of the harbour.  It generally exists as long narrow (5 – 10m wide) 
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beds growing on submerged reefs and boulders.  The largest forests occur in 

embayments from Wainui Bay north and are more pronounced on the western 

shores extending to the harbour head. 

Geologically the Marlborough Sounds area is dominated by sedimentary rocks with a 

central zone of graywacke and argillite that merges into low-grade schist in the east. 

The general landscape is somewhat similar to that of Banks Peninsula, with partially 

drowned river valleys and steep convex hillsides that rise rapidly from deep inlets and 

channels (Fahey & Coker 1992). Soils overlie moderate to strong bedrock, and are 

predominately silty clay loams or silty clays which, as on Banks Peninsula, have a 

high clay content, low aggregate stability and are readily eroded.  Freshwater runoff 

from these clay loams and silty clays are the main source of sedimentation.  Courser 

sediments are mainly derived from greywacke and argillite (Fahey & Coker 1992). 

Within Tory Channel, which is located at the northern entrance to the Marlborough 

Sounds, Macrocystis forms small (<1000 m2), dense beds off the headlands on the 

northern and southern shores of the channel.  It is found from the channel entrance 

to Dieffenbach Point (pers. obs., Hay 1990) (Figure 2.1). Away from the entrance to 

Tory Channel, wave action is generally small, of a low amplitude, and long 

wavelength. Wave action generally results from strong winds and the funnelling 

effect of the surrounding hills of the channel and the strait between the North and 

South Islands. In particular, the funnelling effect of south-west winds down the 

channel, acting against the incoming tide stream (up to 8 knots in places), produce 

very rough short seas of 3+ meters. Towards the entrance of the channel wave 

actions is generally a result of oceanic disturbance.  They are typically large, of high 

amplitude and short wavelength. 

The four main study sites in Akaroa Harbour were at Wainui Bay, Cape Three Points, 

Ohinepaka Bay and Mat White Bay, and in Tory Channel, they were at the Whaling 

Station and in Hitaua Bay (Figure 2.1). 
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Figure 2.1 Location of study sites within Akaroa Harbour and Tory Channel. 
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Sites were chosen because of their proximity to an existing paua farm near Wainui 

and a potential paua farming site in Tory Channel, and because each had permanent 

stands of Macrocystis pyrifera. Cape Three Points was used for commercial 

harvesting trials and was chosen because it is near to, but separate from, the larger 

long-term study sites in Akaroa Harbour. 

A summary of important characteristics of the six study sites as they relate to my 

study is given in Table 2.1.  The Wainui Bay site was located approximately 100 m 

north of the Wainui slipway and supports one of the largest kelp forests in Akaroa 

Harbour. The harbour bed at Wainui consists mainly of large (>1m diameter) to 

medium sized (<1 m diameter) boulders (>90% of the substratum), with cobbles and 

sand interspersed between the boulders. The Ohinepaka and Mat White Bay sites 

were located directly off the foreshore, approximately two and four nautical miles 

south of the Wainui Bay site respectively.  The Cape Three Points study site was 

located approximately 1.5 nautical miles south of the Wainui slipway.  Bottom 

substrate at Ohinepaka Bay and Cape Three Points was slightly more heterogeneous 

than at Wainui, with 2% shingle, 21% rock, 39% boulders and 38% reef.  However, 

Mat White Bay had considerable less hard substratum and the bottom was 

dominated by sand (60%) interspersed with emergent reef (33%) and some medium 

size boulders (7%). The Whaling Station site was located directly opposite the old 

Perano whaling station in Fishermans Bay at the entrance to Tory Channel. The 

Whaling Station sites were smaller than those in Akaroa Habour and dominated by 

patches of sand (55%), 24% reef and 21% medium-sized boulders/rocks.  None of 

these sites was deep, with the bottom at approximately 3 -5 m below MLW.  

At all sites, large boulders and reefs were encrusted with coralline algae. Ecklonia 

radiata was the dominant alga beneath sea-surface canopies of Macrocystis, within 

Akaroa Harbour. Carpophyllum flexuosum also occurred, but although its distribution 

was very patchy it generally bordered the upper inshore limits of the Macrocystis 

forest. In Tory Channel, Ecklonia and Marginariella boryana dominated the 

understorey. 
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2.2 Sampling Methods 

Two sampling methods were used to estimate abundance of the dominant macro-

invertebrates and macroalgae. First, the abundance of the larger macro-

invertebrates and macroalgae including Cookia sulcata, Haliotis iris, Macrocystis, and 

Carpophyllum were determined using 3 randomly placed 20m X 1m underwater 

transects. All large organisms were counted and the total lengths of all Macrocystis 

plants were assigned to one of the following four size classes: 1) <0.5 m; 2) 0.5-1m; 

3) 1-3 m; and 4) >3 m. Second, 10 randomly placed 1 m2 quadrats were used to 

determine the abundance of the smaller, more numerous, macro-invertebrates 

including Trochus viridis, Turbo smaragdus, sea stars (Echinodermata) and the 

macroalga Ecklonia. Quadrats were placed randomly using random numbers 

assigned to points on a 20 m tape measure that defined the transect.  Specifically, 10 

pairs of randomly generated numbers were used to determine quadrat placement 

along the tape measure and distance (number of kicks) away from the tape measure. 

The side of the tape measure sampled was determined by whether the last digit of 

the random number (even = left; odd = right).  The quadrats were specifically 

designed for use within the dense kelp forests and were both collapsible to prevent 

entanglement, and easily transportable. 

Within quadrats plants < 0.5 m in length were recorded as juvenile Macrocystis and 

usually had 1 to 2 frond initials and no sporophytes.  Plants 0.5 to 1 m in length 

usually had 1-4 plant frond initials and no sporophylls.  Plants 1 to 3 m long were 

either older canopy plants whose canopy had senesced, or were maturing younger 

plants. They often had sporophylls present, but the presence of sori was highly 

variable. In general, the four size classes represented a series of increasing-aged 

plants. The only exceptions to this were the adult plants that had senesced to a 

sporophyll bundle, but had one or two juvenile frond initials present.  These plants 

were not included in analyses. 

Unless mentioned specifically, plants belonging to size classes 1 and 2 are referred 

to as juvenile plants, those belonging to size class 3 as sub-canopy plants, and size 

class 4 as canopy plants. 
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Figure 2.2 Diagrammatic representation of adult canopy Macrocystis plant (modified from 
(Nyman et al. 1990)) approximately one year old, standing in approximately 3.5m of water.  Also 
shown is a tagged Ecklonia radiata, in the centre, and a tagged sub-canopy Macrocystis plant, to 
the right. 

In addition to assigning size classes to Macrocystis plants total number of stipes, the 

presence of sporophylls, and the presence or absence of sori were recorded.  The 

occurrence of sporophylls and sori on the sporophyll surface indicate the 

reproductive state of the plant. For the dominant, sub-canopy, stipitate laminarian 

algae Ecklonia radiata all counted plants were assigned to the following three length 

classes: 1) <250 mm; 2) 250 – 500 mm; and 3) >500 mm.  Plants within the first size 

class typically were recently recruited juvenile plants and had a short stipe and 

primary lamina; secondary laminae were often lacking.  Plants belonging to the 

second size class had thicker stipes and primary laminae than the first. Secondary 

lamina was often present or developing and sori were occasionally present on the 

primary laminae of plants. Size class three plants were mostly mature and had a 

long, thick stipe. In general, the primary lamina had sori present and the secondary 

laminae were well developed. Recruitment was inferred from the first appearance of 

small (~ 5 – 10 mm) blades. These small blades could not be identified as 

Macrocystis or Ecklonia until they were approximately 70 - 80 mm long.  They were 

recorded separately, as juvenile laminarians. 
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2.3 Plant and Frond Growth Rates 

To determine mortality and temporal and spatial variability of plant growth (change in 

plant length per unit time) a broad size range of plants was tagged at Wainui and 

Ohinepaka Bays. Macrocystis plants were tagged with plastic-coated ni-chrome wire 

threaded through Floy® FT-4 Lock-On tags tied onto the primary stipe (Figure 2.2). 

Tags were replaced when they became overgrown with newly developing heptera.  In 

August 1995 and December 1995 approximately 100 plants were tagged at Wainui 

and Ohinepaka Bays, respectively. The delay in tagging at Ohinepaka was due to a 

lack of juvenile plants in August. Plants were re-surveyed on an approximately 

quarterly basis and new plants were tagged (if present) on each revisit to replace lost 

plants. Because tag loss can confound mortality estimates, 20 individuals were 

double tagged and the rate of tag loss measured.  No significant tag loss occurred 

(generally < 1% between sampling periods). 

Temporal and spatial growth rates of fronds were examined using a similar method to 

that described above, but instead of tying tags onto the primary stipe, they were tied 

around the base of individual fronds of canopy plants.  Initial frond sizes ranged in 

length from 0.5 to 2m. Fronds more than 2 m long were generally not tagged since 

they usually became entangled in the sea-surface canopy.  This made it difficult or 

impossible to gather growth data because untangling resulted in the fronds breaking. 

Similar problems were encounted when tagging individual plants that were very close 

together or were too large when initially tagged.  Attempts to measure such plants 

resulted in unacceptable disturbance and damage to associated canopy plants.  Low 

recruitment and the general age of the kelp forest dictated the number of Macrocystis 

plants and fronds that could be tagged on subsequent revisits.  Ecklonia plants were 

tagged in a similar way to Macrocystis, but instead of using Floy® FT-4 Lock-On 

tags, numbered Dymo® tape was attached to plastic coated ni-chrome wire tied onto 

the primary stipe, just above the hold fast. No injuries attributed to tagging were 

noted on the plants or fronds of either Ecklonia or Macrocystis. 

2.4 Abiotic Factors 

Sea-surface and bottom temperature recordings were taken throughout most of the 

study, starting in December 1996 and continuing until November 1998.  Optic 

StowAway® temperature loggers were deployed at Wainui and Ohinepaka Bays. 
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Surface temperature loggers (Onset Computer Corporation) were attached to marker 

floats just below the sea-surface, and bottom temperature loggers were attached to 

purpose-built underwater platforms. The platforms were constructed from Dexion® 

40 X 40mm angle aluminium and were attached to the substratum with Ramset® 

FM8 and FM6 Terrier Masonry anchors or to reinforced concrete pillars. 

Temperature data were recorded at continuous intervals of 36 minutes.  Temperature 

data for Hitaua Bay (Tory Channel) and nutrient data for Akaroa Harbour were 

provided by SeaRight Investments Limited.  Wellington NIWA Meteorological Service 

supplied irradiance data. 

Temporal and spatial sediment deposition rates were examined during the latter half 

of the study. Sediment traps were cylindrical plastic containers (Labplas® 

polyethylene terephthalate P.E.T, No. 3 container) with an aspect ratio (height = 

width ratio) of approximately three (inner diameter of the mouth of the container was 

4.1cm and the total length was 11.5cm) (Figure 2.3). Cylinders with ratios of 2-3 

provide the most accurate measurement of vertical flux (Gardner 1980). 
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Figure 2.3 Diagram of a sediment trap, a temperature logger 
and an underwater platform.  Underwater platforms were also 
used to attach temperature loggers at Wainui and Ohinepaka 
Bays. 
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Four replicate sediment traps were set out at Wainui, and two at each of Ohinepaka 

and Mat White Bays during October 1997. To avoid interference between replicate 

sediment traps, traps were kept at least three diameters apart from each other 

(Gardner 1980). Traps were emptied approximately bimonthly until the completion of 

the study in September 1998. Collected sediment samples were preserved with 5% 

formalin before processing. Samples were filtered using pre-weighted filter paper 

and oven dried at 60oC to constant weight. 

Photosynthetic active radiation (PAR) was measured with a Li-Cor LI-189 light meter 

connected to a LI-912SA underwater quantum sensor attached to 10 m of 2222UWB 

underwater cable and a 2009S lowering frame. The meter was calibrated for use 

underwater. PAR was recorded at Wainui and Ohinepaka Bays around midday 

during May 1997. Replicate light readings were taken just below the sea surface 

(~10cm of water covering the sensor), in open water 1 m below the sea surface (no 

overlying canopy), 3 m below the sea-surface under a Macrocystis canopy, and 3 m 

below the sea-surface under a Macrocystis and Ecklonia canopy. Light readings are 
-1.reported as µEm-2s

2.5 Statistical Analysis 

All data manipulation was done using Microsoft Excel (95, 97, 2000 & XP).  StatSoft 

Statistica 5.5A and NCSS 2000 were used for statistical analysis, and graphs were 

processed using Microsoft Excel, GraphPad 3.01, and Photoshop 6.  

Before data analysis all count data were standardised to abundance per m2 and 

tested for homogeneity of variance using Cochran’s C test and normality using the 

Kolmogorov-Smirnov test. In the majority of cases, count data exhibited a Poisson 

distribution (a strong mean to variance relationship) requiring square root (X+1) 

transformation (Underwood 1997). Although ANOVA is robust to heterogeneous 

variances so long as sample sizes remain approximately equal, and to non-normality, 

data that failed to respond to transformation were treated with caution (Underwood 

1997). 
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A posteriori comparisons were carried out using the Tukey HSD (Honest Significant 

Difference) test when sample sizes were equal and the Tukey HSD for unequal 

sample sizes test (Spjotvoll & Stoline test) in the case of unequal sample sizes. 

Growth rate data were tested with repeated measures multivariate ANCOVA.  This 

had the advantage of using all growth data through time in testing for site and season 

effects. Because correlation among sampling dates can lead to problems of 

compound symmetry (requiring that variances (pooled within-group) and covariances 

(across subjects) of different repeated measures are homogeneous) and sphericity 

(within subject model are independent) assumptions are violated.  Therefore, the 

within subjects factors (including time) were tested with multivariate ANCOVA, using 

the Wilks' Lambda, the associated degrees of freedom (d.f.), F and p-values (StatSoft 

1999). 



CHAPTER 3 

FOREST DEMOGRAPHY AND BIOMASS PRODUCTION 

3.1 Introduction 

Use of the giant kelp Macrocystis pyrifera (L.) C.A. Agardh by large scale commercial 

interests along the southern California coast over the last 100 years has stimulated 

research into the sizes, distribution, and ecology of Macrocystis forests (North 1994). 

Along this coastline Macrocystis is the dominant alga in many near-shore subtidal 

habitats (Schroeter et al. 1995). Most of our knowledge of ecological and 

physiological processes within Macrocystis forests is derived from southern 

Californian populations, and an extensive literature on the biology of Macrocystis is 

now available. 

In order to harvest Macrocystis on a commercial scale, resources must not only be 

productive but their standing stocks must be large enough to be gathered 

economically and sustainably. An accurate estimate of the available standing stock 

of a resource is a decisive factor in establishing an extractive industry (McLachlan et 

al. 1987). Standing stocks of New Zealand Macrocystis have been estimated only 

once, during World War 2 (1942), when the possibility of using it as a war time 

substitute for potash was considered. Macrocystis forests in Foveaux and Cook 

Straits were surveyed at the time, since they were considered to be the largest 

forests (Rapson et al. 1942; Voller 1981). 

An understanding of the natural variability and dynamics of kelp forests is also 

needed if one is to harvest kelp, sustainably, since they are far from static entities. 

An understanding of the scale of variation and the processes that bring variation 

about will increase our ability to predict the response of Macrocystis forests to natural 

and anthropogenic disturbances. Commercial harvesting depends on natural 

seaweed production, and knowledge of the basic biology of kelp, including growth 

and biomass production of the surface canopy, is critical if we are to address issues 

of sustainability and impacts of harvesting. 
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In New Zealand the demography of Macrocystis forests on rocky shores and the 

processes responsible for forest organisation have received little attention.  During 

the 1940s, 50s, and 60s attention focused mainly on qualitative descriptions of 

intertidal assemblages of macroalgae and invertebrates in the vicinity of Auckland in 

the north, and Dunedin in the south (Batham 1956, 1958;  Morton & Miller 1968; 

Schiel 1990). Quantitative studies of the rocky sublittoral biota around New Zealand 

have been relatively few. Those that have been undertaken have provided general 

descriptions of the patterns of distribution and abundance of macroalgae and their 

interactions with grazing invertebrates in northeastern New Zealand (e.g., Choat & 

Andrew 1986; Choat & Schiel 1982). Experimental studies have also been lacking 

and what information that does exist again largely concerns the organisation of algal 

assemblages in northeastern New Zealand ( review in Schiel 1988;  Schiel 1990). 

Like their overseas counterparts, subtidal communities associated with New Zealand 

Macrocystis forests are structurally complex and include a diverse array of flora and 

fauna (Schiel 1990). Kelp forests are not isolated systems that respond to local-

scale processes, but are influenced largely by large-scale oceanic events.  Kelp 

forests can be characterised by their vegetation layers, which can be seen as 

comparable to those of terrestrial forests ( Foster 1975a; Dayton & Tegner 1984b). 

Dayton (1989) identified 5 layers, each with its own distinctive morphological 

adaptations. They are: 1) a floating canopy layer at the sea-surface, or just below it; 

2) a layer of plants characterised by their stipitate morphology and with a canopy just 

above the substratum; 3) a low lying layer whose fronds lie on or immediately above 

the substratum; 4) a turfing layer comprised of coralline algae, foliose and low lying 

red algae; and 5) a flat layer of encrusting coralline algae.  Off the California coast, 

Macrocystis typically has a floating sea-surface canopy, which shades plants beneath 

it. They include the stipitate Pterygophora californica, Eisena aborea, Laminaria 

farlowii with its prostrate canopy, and several low lying red and encrusting seaweeds 

(Tegner & Dayton 1987). New Zealand kelp forests, which are found from Cook 

Strait south to the Auckland Islands, show similar vegetation layering. 

Typically, sub-canopies are dominated by the stipitate laminarian alga Ecklonia 

radiata, or less frequently by Lessonia spp., while less abundant are several fucalean 

species, the commonest being three endemic species of Carpophyllum (Schiel 1990). 
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The ability to identify relevant scales of variation for population assemblages is 

pivotal to matters of prediction and explanation in ecology (Levin 1992).  Thus 

understanding the spatial and temporal context of repeatable patterns increases the 

precision with which we can make predictions (Benedetti-Cecchi 2001). 

Interpretation of patterns may also help us understand spatial and temporal scales at 

which variation occurs (Underwood & Chapman 1996).  Different processes, both 

biotic and abiotic, are likely to generate variability in kelp forests at different scales.   

Various processes may help account for observed patterns, including recruitment 

variability, physical and biological variables, and small-scale changes in the 

topography of the substratum (Benedetti-Cecchi et al. 2000; Underwood & Chapman 

1996). Whether these processes interact or operate additively are being debated, 

but understanding them and the scales at which they occur are major issues in 

ecology (Benedetti-Cecchi et al. 2000; Menge & Sutherland 1987).  For example, 

Hay (1990) suggested that temperature alone is the major factor in determining the 

distribution of Macrocystis around New Zealand. Off southern California, Dean and 

Jacobson (1986) suggested that the growth of juvenile Macrocystis was reduced by 

the interaction of high water temperatures (>18 oC) with low nutrient concentrations, 

but they pointed out that stress by high temperature alone cannot be ruled out.  In 

general it is agreed that the primary physical factors controlling the growth, 

recruitment and survival of Macrocystis off southern California are light, 

sedimentation, temperature, nitrogen concentration, and storms.  The interaction of 

these factors, in particular high water temperature and low nutrient concentrations, 

reduce surface canopy biomass during late summer and autumn, while high 

sediment loads inhibit recruitment (Dayton 1985a; DeVinny & Volse 1978; 

Hernandez-Carmona et al. 2000; Hernandez-Carmona et al. 2001; North 1971). 

As stated in Chapter 1 (the general introduction), the aim of the present chapter is to 

compare characteristics of kelp forests in sheltered southern waters with those 

elsewhere. Patterns of variation in the abundance of algae and invertebrate 

populations is examined along with plant and frond growth and survivorship, 

recruitment and plant reproduction over a range of spatial scales.  In particular, I 

discuss the influence of biological and physical factors in a demographic framework. 

Also examined are morphometric relationships of Macrocystis, the apportionment of 

biomass among plants, and whether they remain constant through time and at local 
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spatial scales. Temporal and spatial variability in total forest biomass and 

commercially harvestable sea-surface canopy biomass are examined along with the 

influences of abiotic factors, particularly temperature, nutrients, and sedimentation. 

The use of morphometric relationships and temporal forest biomass relationships as 

predictive tools is evaluated. 

3.2 Methods 

3.2.1 Study Sites 

Three sites, Wainui Bay (43o 49' 0.78" S; 172o 54' 18" E), Ohinepaka Bay (43o 50' 

256" S; 172o 54' 30" E), and Mat White Bay (43o 51' 25" S; 172o 54' 35" E) in Akaroa 

Harbour on Banks Peninsula, and the Whaling Station (41o 12' 58" S; 174o 17' 57.5" 

E) within Tory Channel, Marlborough Sounds, were used to examine the general 

demography of Macrocystis forests. The production of kelp biomass was examined 

at Wainui Bay, Ohinepaka Bay, Mat White Bay, and the Whaling Station.  A detailed 

description of these sites is given in Chapter 2. 

3.2.2 Abiotic Factors 

Sea-surface temperature and bottom water temperature were recorded at Wainui 

and Ohinepaka Bays using temperature loggers (Onset Computer Corporation Optic 

StowAway®). Temperature data for Hitaua Bay (Tory Channel) and nutrient data for 

Akaroa Harbour were provided by SeaRight Investments Limited and the Cawthron 

Institute. The National Institute of Water and Atmospheric Research (NIWA) 

Meteorological Service, Wellington supplied surface irradiance data for Banks 

Peninsula (automated weather agent no. 4882) and Marlborough Sounds (agent no 

12430). The Wellington NIWA Meteorological Service also supplied rainfall, wind 

speed, and wind direction records. 

3.2.3 Sampling Methods 

3.2.3.1 Sediment deposition 

Sediment deposition rates were examined at Wainui, Ohinepaka, and Mat White 

Bays from October 1997 to September 1998. Four replicate sediment traps were set 
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out in water approximately 3 m deep within the Macrocystis forests at Wainui, and 

two were used at each of Ohinepaka and Mat White Bays.  Because the contents of 

the sediment traps often contained animals and were generally rich in organic matter, 

they were preserved with 5% formalin before processing.  All samples were filtered 

through pre-weighed filter paper (Watman No. 1) and oven dried at 60oC to constant 

weight. 

3.2.3.2 Algae and Invertebrate Surveys 

Two sampling methods were used to estimate abundance of the dominant macro-

invertebrates and macroalgae in Macrocystis forests at the study sites. First, plants 

of the larger macroalgae Macrocystis and Carpophyllum flexuosum, and the macro-

invertebrates Cookia sulcata and Haliotis iris were counted on 3 randomly placed 20 

m long X 1 m wide underwater transects. The total lengths of all Macrocystis plants 

were assigned to one of the following four size classes: 1) juvenile (<1 m); 2) sub-

canopy (1-3 m); and 3) canopy (>3). Second, ten randomly placed 1 m2 quadrats 

were used to determine the abundance of the smaller more numerous, macro-

invertebrates and the macroalga Ecklonia radiata. Only those invertebrates attached 

to the substratum were counted.  Total lengths of all Ecklonia radiata plants were 

assigned to the following three size classes: 1) juvenile (<250 mm); immature (250 – 

500 mm); and 3) adult (>500 mm). Juvenile plants that were too small 

(approximately 5 – 80 mm long) to be identified as Macrocystis or Ecklonia were 

recorded separately, as juvenile laminarians.  The appearance of these small-bladed 

laminarians inferred recruitment. 

Macrocystis plants were tagged for growth and mortality rate estimates.  Initially, 

plants were tagged through the haptera of the holdfast, but they soon became 

overgrown by the haptera.  Therefore, plants were re-tagged around the base of the 

stipe using plastic coated ni-chrome wire threaded through Floy® FT-4 Lock-On tag. 

Macrocystis frond growth rates were examined in a similar manner to that described 

above. For more details on sampling and tagging methods, refer to Section 2.2 of 

the General Methods Chapter 2. 
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3.2.3.3 Biomass Estimates 

Estimates of canopy biomass and total biomass of Macrocystis were obtained from 

measurements of the portion of plant biomass within 1m of the sea-surface canopy (= 

harvestable biomass), and the proportion of the plants biomass below the surface , 

respectively, from October 1995 to July 1998.  Total plant biomass of Ecklonia was 

also estimated during this period. 

Two methods were used to determine canopy biomass and total biomass of 

Macrocystis. First, aerial photographs of the sea-surface canopy of Macrocystis 

forests at Wainui, Ohinepaka, and Mat White Bays were taken approximately 

quarterly for two years (October 1995 to July 1998).  Photographs were always taken 

on low tides of similar magnitude. Second, in situ biomass estimates were made 

either prior to, or just after taking the aerial photographs, as described below.  A 

ground reference (50 m tape) was laid out on the shore beside the section of 

Macrocystis forest to be photographed as a scale reference.  At the large Wainui kelp 

forest, aerial photos were calibrated by destructively sampling plants in five randomly 

placed 2 m X 2 m quadrats. All plant material was placed in sacks and weighed on 

site using a hand-held spring balance (accurate to 100 g).  Comparable sampling of 

the smaller forests at Ohinepaka and Mat White Bays could not be done as it would 

have had too great an impact on the study site. 

3.2.4 Aerial photographs and Image analysis 

Aerial photographs were taken directly over Wainui, Ohinepaka and Mat White Bays. 

Except in April 1998 when low cloud prevented photography above 1500 feet, (~460 

m) photographs were taken from approximately 2000 ft (~610 metres).  Photographs 

were recorded on Fujichrome Provia® 400 ASA colour slide film.  Slides were 

scanned, subsequently and edited using Adobe PhotoShop® 5.  Edited TIFF images 

were analysed using the PC beta 2 version of the Scion Image multisprectral digital 

imaging program (Scion Corporation 1997). The program is based on the popular 

NIH Image on the Macintosh platform. NIH Image is a public domain image 

processing and analysis program for the Macintosh.  It was developed at the 

Research Services Branch (RSB) of the National Institute of Mental Health (NIMH), 

part of the National Institutes of Health (NIH).  This method was faster and more 
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accurate than the initial manual method of outlining aerial photographs onto graph 

paper and counting individual 1 mm squares. 

3.2.5 Morphometric Relationships 

Temporal variability in the apportionment of biomass among Macrocystis plants was 

examined at Wainui Bay, Ohinepaka Bay and the Whaling Station.  A broad size 

range of Macrocystis plants was randomly selected and sampled destructively each 

season from May 1995 to October 1998. Plants were collected by SCUBA diving and 

placed in pre-weighed, woven, polythene mesh onion sacks (40 cm X 82.5 cm). 

Particular care was taken not to allow plants to dry out following collection, and they 

were kept moist by hanging the sacks off the side of the dive boat until they could be 

transported back to shore. During transportation, plants were kept moist by 

splashing seawater over the sacks. Portions of plants form the canopy and sub-

canopy as well as the holdfasts of each plant were wet weighed immediately using a 

spring balance onshore to an accuracy of a 0.1 kg.  Total length, number of canopy 

fronds (≥3 m in total length), sub-canopy fronds (<3 m total length), total number of 

fronds, and the presence of sporophylls and sori were recorded. 

3.2.6 Statistical analysis 

Correlation analysis was used to determine the relationship between various biotic 

and abiotic factors, including temperature, nitrate-N concentrations, sunshine hours, 

and the sea-surface canopy biomass of Macrocystis. Regression analysis was 

carried out to determine seasonal relationship between the initial length of 

Macrocystis and growth rate, and the relationship between harvestable biomass and 

Macrocystis sea-surface canopy area at various sites. 

Multivariate ANOVA was used to test the null hypothesis that patterns in abundance 

of individual species did not change significantly in space and time.  Prior to ANOVA, 

data were tested for homogeneity of variances using Cochran’s test, and in general, 

all data were rendered homogeneous when squared root (X + 1) transformed.  Data 

that remained heterogeneous after transformation were treated with caution 

(Underwood 1997). Two-factor ANOVAs, with sample time and site as factors were 

used to compare the abundance of Macrocystis and Ecklonia size classes, juvenile 
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laminarians, C. flexuosum, the macro-invertebrates Haliotis iris, Cookia sulcata, 

Turbo smaragdus, Trochus viridis and seastars. Two-factor ANOVAs, with sample 

time and site as factors were also used to compare frond abundance and the number 

of fronds per plant size class.  To test the abundance of Macrocystis and Ecklonia in 

each size class at each site across seasons (i.e., sample time, which was pooled into 

an appropriate season) a three-factor mixed ANOVA was used, the factors being size 

class, site, and season. Post hoc pooling was used to eliminate non-significant (p > 

0.25) interactions in the model. Post hoc pooling increases the power of the tests 

and protects against excessive Type 1 error (Underwood 1997). 

A posteriori comparisons of means were carried out using the Tukey HSD (Honest 

Significant Difference) test when sample sizes were equal and the Tukey HSD for 

unequal sample sizes test (Spjotvoll and Stoline test) when sample sizes were 

unequal. 

Repeated measures multivariate analysis of covariance was used to test among site 

differences, seasonal differences, and site X seasonal interactions in plant growth. 

ANCOVA was used to compare the slopes of growth rate curves.  Because I was 

interested in evaluating significant changes in growth, changing covariates were used 

in the analysis rather than fixed covariates.  That is, if a covariate was also measured 

at each point when the dependent variable was measured, the correlation between 

the changes in the covariate and in the dependent variable were computed (StatSoft 

1999). For example, every time a plant was re-measured to determine growth rate 

over time, this new length came from the initial length for subsequent re

measurement, and therefore the covariate changed.  The lack of balanced seasonal 

growth data within sites required the factor site to be nested within season for the 

statistical comparison of seasonal plant growth rate between sites.   

Survival analysis was carried out using StatSoft Statistica 5.5A and NCSS 2000. 

Because the distributions of survival data were often skewed, most common 

parametric statistical tests could not be used.  Therefore, the Peto-Wilcoxon, Gehan's 

Wilcoxon, log-Rank, and Cox Mantel non-parametric tests were used instead. 

However, because the performance of each test depends on the survival 

distributions, it was necessary to examine survival time distributions before analysis 

(Lee 1992). NCSS 2000 was used to fit exponential, linear exponential, Weibull, and 
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Gompertz theoretical survival functions.  The goodness of fit of each model was 

tested using incremental chi-square tests based on log likelihood for the fitted 

distributions. Wainui and Ohinepaka Bay plant and frond survival distributions were 

best described by the Weibull survival function and therefore they were analysed 

using the Peto-Wilcoxon log rank test. This test is more powerful than the others 

mentioned above when the data are from the Weibull distribution (Lee 1992).  Size 

class comparisons of plants were undertaken with Statistica's multiple sample test 

survival analysis, which is an extension (or generalisation) of Gehan's generalised 

Wilcoxon test, Peto and Peto's generalised Wilcoxon test, and the log-rank test.  The 

method assigns a score to each survival time using Mantel's procedure (Mantel 

1967). A Chi-square value is then computed based on the sums (for each group) of 

these scores. 

Correlation analysis of mean monthly water and air temperatures, radiation 

(irradiance) levels, sea-surface canopy biomass, and nitrate-N concentration was 

used to investigate their temporal similarities.  Resulting correlation matrices were 

corrected for multiple comparisons using an adjusted α level (Ezekiel 1945). 

The corrected α level was derived from the following equation 

0.05α = = corrected α r , = y
ns) correlatio of (number corrected α d.f. (2), 

This reduces the chance of a Type I error when making multiple comparisons. 

Principle component analysis was used as a factor analytic technique to: (1) reduce 

the number of morphometric variables, and (2) to detect structure in the relationships 

between these variables; that is, to classify these variables.  Therefore, PCA was 

applied as a data reduction and structure detection method.  Prior to analysis length 

and abundance data were Log (x +0.5) transformed, and percentage data arcsine 

transformed. Standard residual analysis was used to detect outliers, and data 

exceeding ±3 standard deviations were examined and removed where appropriate. 

Discriminant analysis and forward stepwise regression analysis of quarterly 

morphometric data was used to display the relationship between morphometric 

variables derived from PCA analysis. 



31 CHAPTER 3 FOREST DEMOGRAPHY & BIOMASS PRODUCTION 


3.3 Results 

3.3.1 Environmental Parameters 

Mean annual seawater temperature at all Akaroa Harbour sites was approximately 

12.6oC, and ranged from 7.2oC in winter to 21.2oC in summer. At Hitaua Bay, Tory 

Channel, mean annual seawater temperature was 13.6, and ranged from 10oC in 

winter to 16.8oC in summer (Figure 3.1). Compared to Akaroa Harbour the 

temperature range was less extreme. 

The mean monthly difference between surface and bottom temperatures in the 

summers of 1996/97 and 1997/98 was 0.6oC (± 0.32 SE) at Wainui and 0.6 (± 0.32 

SE) at Ohinepaka Bay. During summer, daily surface and bottom temperature 

differences could be as much as 2oC (Figure 3.3). 
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Figure 3.1 Radiation data (solid and open circles), average water temperature (solid and open triangles), 
and mean air temperature (solid and open squares) for Banks Peninsula (and Tory Channel respectively, 
from December 1996 to November 1998. Data from the Rue Lavaud weather station (agent no. 4951), 
Lincon weather station (agent no.  4887 – radiation only), Onawa Devauchelle Bay (agent no. 4928), 
Brothers Islands AWS (agent no. 4395), and Blenheim Research ESW (agent no. 12430 – radiation only) 
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It was not possible to place surface temperature loggers within the first few 

centimetres of the sea-surface, but it is likely that summer differences between 

bottom and sea surface temperatures would be larger directly at the sea-surface. 

The possible significance of a warm surface inversion layer is discussed in Chapter 

6. 

Nitrate-N, temperature, radiation, and Macrocystis sea-surface canopy biomass data 

were strongly correlated. However, only temperature / irradiance, temperature / 

nitrate-N, and temperature / biomass correlations were significant (Table 3.1).  The 

lack of significance in the other correlations may have been due to small sample 

sizes and associated large variation among replicates. 

The positive irradiance:water temperature correlation reflects seasonal differences in 

light levels, air temperature, and seawater temperature. The strong negative 

correlation between temperature and nitrate-N levels, even with such a small sample 

size, indicates that there was less nitrate-N in Akaroa Harbour in summer than winter 

(Table 3.1). 

Table 3.1 Correlation coefficients for light, seawater temperature, nutrients (nitrate-N), and 
forest canopy biomass data for the Wainui Bay kelp forest. 

 Irradiance (light) Water Nitrate-N Canopy 
Temperature Biomass 

Irradiance (light) 
-

0.87 
p<0.02 
n=6 

-0.98 
p=0.01 
n=4 

-0.77 
p=0.07 
n=6 

Temperature -
-0.98 
p<0.01 

-0.86 
p=0.03 

n=4 n=6 

(Nitrate-N) -
0.67 
p=0.09 
n=7 

*Nutrient data gathered from both Ohinepaka and Mat White Bays were combined.  
α level corrected for multiple correlations: 

Nitrate-N levels were generally highest during the cooler months of spring 1995, 

winter 1996, winter 1997, and winter 1998, when values of 7.9, 6.29, 4.26, and 5.87 

µM were obtained respectively. Lower concentrations were recorded in the summer 

months of 1996, 1997, and 1998 ranging from 0.35, 0.32, and 0.59 µM, respectively 

(Figure 3.2). On average summer nitrate levels were 14.5 times lower than winter 
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levels. Although non-significant forest canopy biomass was associated with nitrate 

levels (Table 3.1; Figure 3.2). This is better illustrated in Figure 3.2 which shows that 

when forest canopy biomass was high, nitrate-N levels are also high.  Alternatively, 

when canopy biomass was low,so were nitrate levels.  The relationship between 

biomass and temperature also corresponds to seasonal changes in the Wainui kelp 

forest 
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Figure 3.2 Canopy biomass (tonnes) for the Wainui, Ohinepaka and Mat White Bay Macrocystis 
forests. Also shown are the combined Ohinepaka and Mat White Bay seawater nitrate-n 
concentrations (open circles). 

Multivariate analysis of variance indicated that surface and bottom water 

temperatures in the summers (Dec. Jan. Feb.) of 1996/97 and 1997/98 were 

significantly different (Figure 3.3;Table 3.2).  Mean summer surface and bottom water 

temperatures for Wainui and Ohinepaka Bays combined were 16.03 (±0.087 SE) and 

15.5 (±0.009 SE) (Figure 3.3; Table 3.2).  Overall (combined bottom and surface 

temperatures), there were no significant summer temperature differences between 

Wainui and Ohinepaka Bays (Table 3.2). 
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Figure 3.3 Mean monthly (±SE) surface and bottom sea temperature (square and round 
symbols) for Wainui (solid squares & circles) and Ohinepaka Bays (open squares and circles) 
between December 1996 and October 1998. 

Significant differences between December, January and February temperatures were 

also found (Table 3.2), with December being significantly cooler than January and 

February (Tukey unequal n HSD, p < 0.05), ranging from 14.97, 16.05 and 16.15 oC 

respectively. However, because there was a significant interaction between month 

and year (Table 3.2) and that accounted for the majority of the total variation, 

significant differences between the summer monthly temperatures should be treated 
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with caution. The month x year interaction reflects that, for combine surface and 

bottom temperatures, 1996/97 summer water temperatures were decreasing 

between the months of December and February, whilst during the 1997/98 summer 

temperatures were still increasing over the same period (Figure 3.3). Pooling higher 

order interactions did not change the overall outcome of the MANOVA. 

Table 3.2 Summary of ANOVA results (F values) for water temperature.  Factors 
include surface and bottom temperatures (depth), summer months (Dec. Jan. Feb.), 
years (1996/97 &1997/98), and sites (Wainui and Ohinepaka Bays). % = percentage of 
total variance accounted for by each factor. 

Source 
of df MS F % 

Variation 
Depth 1 5.68 14.82** 7 
Site 1 0.01 0.02 0.01 
Month 2 4.83 12.60*** 13 
Year 1 0.22 0.57 0.3 
Depth x site 1 0.19 0.51 0.25 
Depth x month 2 0.04 0.10 0.1 
Site x month 2 0.04 0.11 0.1 
Depth x year 1 0.07 0.18 0.1 
Site x year 1 0.59 1.55 0.8 
Month x year 2 15.68 40.92*** 41 
Depth x site x month 2 0.08 0.22 0.2 
Depth x site x year 2 0.05 0.13 0.06 
Depth x month x year 2 0.13 0.35 0.3 
Site x month x year 2 0.01 0.04 0.04 
Depth x site x month x year 2 0.02 0.06 0.06 
Error 74 0.38 37 

Significance is denoted by *(0.05), **(0.01), ***(0.001). 

All Cochran's tests were n.s.


Average monthly rainfall at Akaroa varied considerably between May 1995 and 

November 1998. When grouped according to season, seasonal differences were 

apparent (F3, 41= 5.68, p = 0.002), with a low of 39 mm per month in summer and a 

high of 120 mm per month in winter (Figure 3.4a). Air temperature also varied 

seasonally (F3, 41 = 57.335, p < 0.001), ranging from 5.5 oC in winter to 15  oC in 

summer (Figure 3.4a and Figure 3.4b). A weak but, significant negative correlation 

was found between mean monthly air temperature and total monthly rainfall (r = -

0.55, p <0.001). 
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Figure 3.4 Mean monthly (± SE) air temperature and total monthly rainfall for Akaroa Harbour (B). Data 
from the Rue Lavaud weather station (agent no. 4951). Insert top graph groups rainfall and air 
temperature data for the years 1996 to 1998 according to seasons (A). 

Average summer monthly temperatures in 1997 were lower than the average 

monthly summer temperatures in 1996 and 1998.  Average monthly and seasonal 

wind directions were highly variable (Figure 3.5a).  Seasonal wind directions differed 

significantly between seasons (χ2
(0.05,21)= 11.44, p = 0.04), changing from 

predominantly a southerly direction during autumn, winter, and spring to a more 

easterly direction during summer. 
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Figure 3.5 Mean monthly (± SE) wind direction (A), mean seasonal wind direction for 1996, 97 and 98, 
(B) and overall mean seasonal wind direction for all years (C) within Akaroa Harbour. Data from the Rue 
Lavaud weather station (agent no. 4951) and Onawe Duvauchelle Bay (agent no. 4928). 

Although not statistically significant, there is evidence of annual variation in the 

prevailing seasonal wind direction. For example, during 1997 prevailing summer 

winds were atypically from a southerly direction, compared to the expected E/NE 

direction (Hickford 2000). 

Sediment traps were deployed at Wainui, Ohinepaka and Mat White Bays from 

October 1997 until September 1998 and were recovered 7 times (Figure 3.6). 

Analysis of daily deposition rates showed significant temporal (sampling period) and 

spatial variation (site) (Table 3.3). 
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Figure 3.6 Log10 transformed mean (± SE) quarterly sediment accumulation rates at Wainui 
(solid circle), Ohinepaka (open circle) and Mat White Bay sites (open triangle).  Insert graph 
represents mean (± SE) seasonal sediment accumulation rates. 

Sixty percent of the total variation was explained by site and 12% by sampling period.  

Grouping these data according to season showed that sedimentation rates in spring 

were significantly higher than those in autumn, but were not different from those in 

summer and winter (Table 3.4; Figure 3.6). Significant differences in sedimentation 

rates were found between sites (Table 3.4). Thus sediment rates at Mat White Bay 

were considerably higher than those at Wainui and Ohinepaka Bays, ranging from 

2.01 0.29, 0.16 g/day, respectively (Tukey unequal n HSD, p < 0.001). Site 

differences explained 46 % and sampling period 8.5 % of the total variation in 

sediment accumulation. 
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Table 3.3 Summary of ANOVA tests (F values) of sediment accumulation rate.  Factors include 
sampling period (time), and sites (Wainui, Ohinepaka and Mat White Bays). % = Percentage of total 
variance accounted for by each factor. 

Source of Variation df MS F p % 
Sampling Period 6 1.67 2.96 0.029 12 

Site 2 23.87 42.25 <0.001 60 

Sampling period x Site 12 0.87 1.55 0.183 13 

Error 21 0.56 
Data were logn transformed. All Cochran's tests were n.s. 

Table 3.4 Summary of ANOVA tests (F values) of sediment accumulation rate.  Factors include Season 
(sampling time grouped according to season), and sites (Wainui and Ohinepaka Bays). % = Percentage of 
total variance accounted for by each factor. 

Source of Variation df MS F p % 
Season 3 2.41 3.00 0.040 8.5 

Site 2 19.54 24.37 <0.001 46 

Season x Site 6 0.57 0.69 0.656 4 

Error 44 0.80 41.5 
Data were logn transformed. All Cochran's tests were n.s. 

Higher sedimentation rates at Mat White Bay were a result of sediment shift. 

Located near Akaroa Harbour entrance, Mat White Bay is more exposed to storms 

and strong surge conditions, which frequently shifted sand around, often covering 

small low lying emergent reefs. Sediment deposition at Wainui and Ohinepaka Bays 

resulted mainly from re-suspended inshore sediments.  Overall, kelp forest detritus 

and very fine clay-silt dominated the sediment collected at Wainui and Ohinepaka 

Bays, whereas fine and course sand dominated Mat White Bay collections. 

3.3.2 Algal Abundance 
Surveys of juvenile Macrocystis pyrifera (< 0.5 m) abundance at Wainui and 

Ohinepaka Bays were started in November 1995.  Surveys of the remaining 

Macrocystis size classes commenced in May 1995.  Surveys for total Ecklonia 

radiata and Carpophyllum flexuosum were started in May 1995, whilst surveys for the 

remaining Ecklonia size classes started in November 1995.  I found considerable 

variation in the abundance of all size classes of Macrocystis and Ecklonia radiata 

through time (Figure 3.7). 
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Figure 3.7 Mean number (±SE) per m2 of Macrocystis (M.p.) size classes at (A) Wainui Bay, and B) 
Ohinepaka Bay, and Ecklonia (E.r.) size classes at (C) Wainui Bay, and (D) Ohinepaka Bay.  Also shown 
are Carpophyllum flexuosum (C.f.) abundance’s (±1 SE) for (C) Wainui Bay, and (D) Ohinepaka Bay. 

All Macrocystis size classes abundance showed significant temporal variation in 

abundance, but only sub-canopy (1 – 3 m) and canopy (> 3 m) size classes differed 

significantly among sites (Table 3.5).  For all Macrocystis size classes, the 2-way 

interaction was significant, but in most cases the interaction term accounted for little 

of the total variation in abundance. The interaction term with the highest explained 

total variation, (50%) belonged to the 0.5 – 1m Macrocystis plant size class. Thus, in 

May 1995, there were no plants of this size class at Ohinepaka Bay, compared to 4.4 

(±2 SE) per m2 at Wainui (Figure 3.7a and Figure 3.7b).  Between May 1995 and 

February 1996 the numbers of plants (0.5 – 1 m) ranged from 4.4 to 2, whilst at 

Ohinepaka Bay there was a two-fold increase from 0 to 2 plants per m2. After this 

period numbers generally decreased, and remained low through to April 1997 and 

August 1998 at Wainui and Ohinepaka Bays respectively. The overall low numbers 
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Except in November 1995, the number of blade-stage juvenile laminarians (< 80 mm) 

per m2 were more abundant at Wainui Bay than at any other time (Figure 3.7a and 

Figure 3.7b). Overall, blade-stage juvenile laminarian algal densities were 

significantly higher at Wainui Bay than Ohinepaka Bay (Tukey HSD, p = 0.003). 
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Figure 3.8 Mean number (±SE) per m2 for newly recruited laminarian algae, juvenile Macrocystis 
pyrifera (M.p.), and Ecklonia radiata (E.r.) at (A) Wainui and (B) Ohinepaka Bays. 

Recruitment of blade-stage juvenile laminarians at Wainui and Ohinepaka Bays 

showed significant temporal and spatial variability (Table 3.5; Figure 3.7a and Figure 

3.7b). The significant time x site interaction suggests that the timing of recruitment 

episodes varied between sites (Table 3.5), for example, minor peaks in recruitment 

occurred at Wainui Bay during February 1996, December 1996, and April 1997, with 

densities of juveniles ranging from 5.2 (±3.4 SE), 4.7 (±1.9 SE), and 5.5 (±1.4 SE) 

per m2, respectively.  At Ohinepaka Bay minor recruitment episodes occurred only 

during November 1995 and February 1997, when densities of blade-stage juveniles 

were 3.2 (±1 SE) and 2.4 (±1 SE) per m2, respectively. 
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Table 3.5 Summary of ANOVAs (F values) testing of major macroalga taxa abundance (assigned to size 
class) . Factors include sampling period (time), sites (Wainui and Ohinepaka Bays). % = Percentage of 
total variance accounted for by each factor. 

Time 
Source 

Macrocystis (0 - 0.5m)1

Macrocystis (0.5 –1m)1

Macrocystis (1 - 3 m) 
Macrocystis (> 3 m) 

Ecklonia (0 - 250 mm) 

Ecklonia (250–

500mm) 

Ecklonia (>500 mm) 


Juvenile laminarian 

Carpophyllum spp.

df 
 6, 28 
 6, 28 

7, 32 
7, 32 

6, 126 

6, 126 

6, 126 

6, 126 
 6, 126 

MS 

1.36 
0.21 
0.28 
1.06 

0.51 

0.80 

2.42 

25.55 
0.21 

F % 

30.58*** 
3.12* 
9.36*** 
35.13*** 

2.26* 

3.37** 

4.71*** 

24.7*** 
1.63 

70 
20 
38 
73 

9 
11 

16 

48 
6 

Site Time x Site Residua 
l 

Source df MS F % df MS F % % 
Macrocystis (0 - 0.5m) 1, 28 0.14 3.10 1.2 6, 28 0.35 8.0*** 11 11 
Macrocystis (0.5 – 1m) 1, 28 0.05 0.75 0.8 6, 28 0.54 8.0*** 50 28 
Macrocystis (1 – 3m) 1, 32 0.64 21.35*** 12 7, 32 0.23 7.7*** 31 18 
Macrocystis (> 3m) 1, 32 0.25 8.49*** 2.5 7, 32 0.21 7.0*** 15 10 

Ecklonia (0 – 250mm) 1, 126 0.17 0.78 1 6, 126 0.59 2.59* 10 80 
Ecklonia (250-500mm) 1, 126 1.42 5.95* 4 6, 126 1.09 4.61*** 15 70 
Ecklonia (>500mm) 1, 126 7.99 15.52*** 8 6, 126 1.25 2.44* 8 68 

Juvenile laminarian 1, 126 9.34 9.05** 3 6, 126 4.89 4.73*** 9 40 
Carpophyllum spp. 1, 126 0.68 5.16* 3 6, 126 0.41 3.06** 12 79 

Significance is denoted by *(0.05), **(0.01), ***(0.001).  Data were √(x + 0.5) transformed; with the 
exception of juvenile laminarians, all Cochran's tests were n.s 
Sampling period from November 1995 to August 1998 

In November 1997 a major recruitment episode occurred at both sites, and densities 

of juveniles was 29.8 (±7.2 SE) and 11.7 (±3.2 SE) per m2 at Wainui and Ohinepaka 

Bays, respectively. Overall, 70% of the variation in abundance was explained by 

time. The time x site interaction term explained only 9%, indicating that recruitment 

was predominantly time specific. When these data were grouped according to 

season, mean abundance of blade-stage juveniles per m2, at both sites, varied 

significantly between seasons (F3, 132 = 9.3657, p < 0.001). Abundance was 

significantly greater in spring than any other season (Tukey HSD, p < 0.01).  At  

Wainui, mean abundance of blade-stage juveniles during summer, autumn, winter, 

and spring were 4.9, 5.5, 0.2, and 15 per m2 and at Ohinepaka Bay 1.2, 0.7, 0.5, and 

7.2 per m2, respectively. 
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In general, peaks in monthly blade-stage juvenile recruitment failed to translate into 

any significant increase in either small juvenile Macrocystis (< 0.5 m) or Ecklonia (< 

250 mm) plants (Figure 3.8).  Abundance of small juvenile Macrocystis (< 0.5 m) 

plants at Wainui Bay remained at very low levels from November 1995 to December 

1996 (0.01 to 0.4 plants per m2). In April 1997, juvenile abundance at Wainui 

increased to 4 (±0.8 SE) per m2 but decreased to approximately 1 per m2 in 

November 1997 and August 1998. 

In general, sub-canopy (1 – 3 m) and canopy (> 3 m) Macrocystis plants were 

significantly more abundant at Wainui than Ohinepaka Bay (Table 3.5), but only 12 

and 2.5%, respectively, of the total variation in abundance was explained by site 

difference. Temporal differences in the abundance of both size classes were 

considerable, however, and explained 38 and 73% of the variation, respectively 

(Table 3.5). Temporal differences were most obvious when data were grouped 

according to season. Sub-canopy plants were significantly more abundant in 

summer and winter than in autumn (Tukey HSD, p < 0.02), but spring abundance 

was not significantly different from that of autumn.  Canopy plants were significantly 

more abundant in winter than summer and spring (Tukey HSD, p < 0.01), whereas 

autumn abundance was intermediate.  These seasonal differences, in particular 

differences between the warmer and cooler months, was in part, due to the 

senescence of canopy fronds during summer. Sub-canopy plants quickly grew 

through to the canopy size class during autumn and winter. 

Overall, total Macrocystis plant abundance (all size classes) ranged from 0.76 to 0.44 

per m2 at Wainui and Ohinepaka Bays, respectively and were significantly higher at 

Wainui (F7,64 = 3.69; p < 0.002). 

All Ecklonia size classes showed significant temporal variation in abundance, but 

only 250 – 500 mm and > 500 mm size classes varied significantly in abundance 

between sites. For all Ecklonia size classes, the 2-way (time x site) interaction was 

significant (Table 3.5) (Figure 3.7c and Figure 3.7d).  However, most of the total 

variation was unexplained (residual), and ranged from 80, 70 and 68% for the 0 – 

250 mm, 250 – 500 mm and >500 mm Ecklonia size classes (Table 3.5). When 

these data were grouped according to season, abundance patterns for 250 – 500 

mm and >500 mm size classes were not consistent between sites or through time. 
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For example, the abundance of 250 – 500 mm plants at Ohinepaka Bay showed no 

significant seasonal abundance differences, but at Wainui Bay abundance was 

significantly different between seasons (F3,66 = 6.48, p < 0.001), with higher plant 

abundance during winter than summer and autumn (Tukey HSD unequal n, p = 

0.02). The abundance of Wainui Bay plants in the >500 mm size class were also 

significantly different between seasons (F3, 66 = 2.96, p = 0.04), with summer having 

significantly higher plant abundance than winter (Tukey HSD unequal n, p = 0.02). 

Ohinepaka Bay plants in the >500 mm size showed no significant difference between 

seasons. 

Abundance of juvenile (0 – 250 mm) Ecklonia plants at Wainui and Ohinepaka Bays 

was consistently low, ranging from 0.4 (±0.2 SE) to 1.8 (±0.3 SE) and 0.0 to 2.3 (±0.9 

SE), respectively. The overall, mean abundance for this 0 – 250 mm size class not 

significantly different at Wainui (1.07 ±0.17 SE) and Ohinepaka Bays (1.0 ±0.3) 

(Figure 3.8). When these data were compared however according to season 

abundance of juvenile Ecklonia was significantly lower in winter than in the other 

seasons (F3,132=2.91, p = 0.037; Tukey HSD, p = 0.02). 

Total abundance of Ecklonia at Ohinepaka Bay was high throughout 1995 and 1996, 

ranging from 9.7 in November to 10.4 plants per m2 in July 1997 and 8.3 plants per 

m2 in November 1996. During 1997 however, total plant abundance dropped to half 

that recorded in the previous years and ranged from 4.2 to 5 plants per m2. The 

decline in total Ecklonia plant numbers was due largely to an overall decline in adult 

Ecklonia plants (>500 mm) over the same period (Figure 3.7d).  However, at Wainui 

Bay total abundance of Ecklonia plants remained fairly constant throughout the 

course of the study, ranging from a low in May 1995, of 4.6 to a high of 6.8 plants per 

m2 in October 1998 (Figure 3.7c).  Total Ecklonia plant (all size classes) abundance 

ranged from 5.8 to 7.4 per m2 at Wainui Bay and 4.2 to per m2 at Ohinepaka Bay, 

and was significantly greater at Ohinepaka Bay (F1,126 = 7.78, p = 0.006). 

The distribution of Carpophyllum flexuosum was extremely patchy at both Wainui and 

Ohinepaka Bays. Throughout the course of the study abundance was low at Wainui 

and Ohinepaka Bays, but overall it was significantly higher at Ohinepaka Bay (Table 

3.5; Figure 3.7c and Figure 3.7d). Mean Carpophyllum abundance at Wainui and 

Ohinepaka Bays was 0.18 (± 0.07 SE) and 0.79 (±0.25 SE) per m2. In general, 
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abundance never exceeded 1 per m2 at Wainui Bay and 2 per m2 at Ohinepaka Bay. 

The significant time x site interaction reflected changes in abundance at different 

times at the two sites. Thus, between May and November 1995 Ohinepaka Bay 

Carpophyllum abundance decreased from 1.9 to 0.1 plants per m2, while in the same 

period Wainui Bay plant abundance increased from 0.0 to 0.6 plants per m2. 

Grouping these data according to season showed no significant difference in plant 

abundance between seasons (F3,132 = 1.52, p = 0.213), or between sites (F1,132 = 

3.46, p=0.065). There also appeared to be an inverse relationship between Ecklonia 

abundance and Carpophyllum abundance (Figure 3.7c and Figure 3.7d), In general, 

as total Ecklonia plants increased, numbers of Carpophyllum plants decreased. 

3.3.3 Invertebrate Abundance 
Surveys to determine the abundance of the dominant macro-invertebrates at Wainui 

and Ohinepaka Bays were commenced in May 1995 and continued through to 

October 1998 (Figure 3.9). The abundance of all taxa varied temporally and between 

sites. 

Abundance of Haliotis iris (paua) was significantly greater at Wainui (1.08 ±0.03 SE 

m2) than Ohinepaka Bay (0.83 ±0.04 SE m2), and varied significantly through time. 

Time and site factors explained 30 and 34% of the total variation, respectively (Table 

3.6). The significant time effect was partly due to the sudden decline in paua 

abundance at Ohinepaka Bay between February 1996 and July 1996 (Figure 3.9b). 

Thus, mean abundance between May 1995 and March 1996 ranged from 0.60 to 

0.73 per m2, declining to 0.3 animals per m2 in July 1997. No paua were encounted 

in the August 1998 survey. However, abundance of Cookia sulcata showed the 

opposite trend with an increase from 0.7 (±0.44 SE) in February 1996 to 2.5 (±0.21 

SE) in July 1996 (Figure 3.9b and Figure 3.9b). During this time, an algal bloom 

consisting of Fibrocapsa spp. Mesodinium rubrum and Gymnodiniun mikimotoi, 

turned toxic, killing the majority of wild and farmed paua in Ohinepaka Bay (R. Beattie 

pers. com.) The toxic algal bloom also caused mass mortalities of ocean ranched 

salmon, situated just north of Mat White Bay.  Mass mortalities of Cookia were not 

observed or reported. 
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Figure 3.9 Mean number (±SE) per m2 of paua (Haliotis iris)(squares), and Cookia sulcata, 
(circles) at (A) Wainui Bay, and (B) Ohinepaka Bay, and Trochus viridis (top shell) 
(diamonds), sea stars1 (stars), and Turbo smaragdus (triangles) respectively at (C) Wainui 
Bay, and (D) Ohinepaka Bay.  The arrow shown on (B) indicates the occurrence of a toxic 
algal bloom. 1Sea stars included Astrostole, Coscinasterias, and Patiriella species. 

The bloom itself persisted for several weeks around the seaward bays on the 

southern side of Akaroa Harbour.  North to north-easterly winds during this time 

exacerbated the problem by trapping the bloom within these bays (see Figure 3.5a). 

During March 1996 dominant southerly winds dissipated the majority of the bloom, 

but trapped it in leeward facing bays, including Ohinepaka Bay.  However, the bloom 

did not reach the inner harbour, including Wainui Bay.  In April 1996, north to north

westerly winds dispersed the bloom (Figure 3.5). Algal blooms were common-place 

during the course of this study, predominantly occurring in autumn and spring.  Algal 

blooms occurred during April/May 1995, March/April 1997, and April-May 98 (Figure 

3.10). 
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Figure 3.10 Aerial photograph showing a typical algal bloom (April/May 1998) within Akaroa harbour 
near Mat White Bay (B), and surrounding the Wainui Bay Kelp forest (A).  Photographs taken at 
approximately 300 and 600m respectively. 

Abundance of paua at Wainui Bay showed less temporal variation than in Ohinepaka 

Bay and ranged from 0.52 (±0.11 SE) to 0.92 (±0.17 SE) per m2. Except in July and 

August 1996, Cookia abundance remained reasonably constant, ranging from 0.25 

(±0.01 SE) to 0.42 (±0.15 SE).  Significant differences in abundance of both species 

were found between sites (F2, 33 = 37.720, p < 0.001). Abundance of paua at Wainui 

(0.7 ±0.05 SE) was greater than Ohinepaka Bay (0.37 ±0.07 SE), and there were 

fewer Cookia at Wainui (0.33 ±0.05 SE m2) than at Ohinepaka Bays (1.39 ±0.14 SE 

m2). 

Abundance of Turbo smaragdus, Trochus viridis, and sea stars was highly variable 

through time and between sites, with 83%, 75% and 75% of the variation being 

unexplained, respectively. However, abundance of Turbo, Trochus, and sea stars 

were significantly higher at Wainui Bay (Table 3.6; Figure 3.9c and Figure 3.9d) than 

Ohinepaka Bay. 
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Table 3.6 Summary of ANOVA tests (F values) of invertebrate taxa numbers.  Factors include sampling 
period (time), sites (Wainui and Ohinepaka Bays). % = percentage of total variance accounted for by each 
factor. 

Time 
Source df MS F % 

Haliotis iris 6, 28 0.35 4.61** 30 
Cookia sulcata 6, 28 0.08 4.30** 14 
Turbo smaragdus 
Trochus viridis1 

Seastars1,2

6, 126 
5, 108 

 5, 108 

0.14 
1.05 
0.57 

1.68 
2.41* 
2.15 

7 
11 
8 

Site Time x Site Residua 
l 

Source df MS F % df MS F % % 
Haliotis iris 1, 28 2.33 30.94*** 34 6, 28 0.07 0.99 6 30 
Cookia sulcata 1, 28 2.12 107.0*** 60 6, 28 0.06 3.29* 11 15 
Turbo smaragdus 
Trochus viridis1 

Seastars1,2 

1, 126 
1, 108 
1, 108 

0.38 4.72* 
4.96 11.33** 
4.06 15.17* 

3 
7 

11 

6, 126 
5, 108 
5, 108 

0.14 1.73 
1.18 2.70* 
0.16 0.58 

7 
7 
2 

83 
75 
79 

Significance is denoted by *(0.05), **(0.01), ***(0.001).  Data were square root (x + 0.5) transformed; 

with the exception of juvenile laminarians, all Cochran's tests were n.s.

1

2
Sampling period from November 1995 to August 1998 
Seastars include Astrostole, Coscinasterias and Patiriella species. 


Trochus was the only one of these to show significant temporal variation, and a 

significant time x site interaction. However, the latter accounted for relatively little of 

the total variation. Temporal variability in Trochus abundance at the two bays was 

high (range 0.1 to 7 per m2 and 1 to 3.6 per m2, respectively), and may have been 

affected by sampling and diving conditions during survey periods.  During calm clear 

conditions large numbers of Trochus were observed on the upper portions of 

Macrocystis fronds, including canopy fronds, and on Ecklonia. However, during 

rough conditions Trochus was mainly found on the substratum. 

During the course of the study, Turbo abundance never exceeded 1 per m2. Sea star 

abundance was highly variable through time but was not significantly different.  Turbo 

and sea star abundance data indicated significant seasonal differences (F9,316 = 4.88, 

p < 0.001). Sea star abundance was significantly higher during winter and spring 

(Tukey HSD unequal n, p < 0.01), and Trochus abundance was significantly lower 

during spring (Tukey HSD unequal n, p < 0.001). There was no significant seasonal 

difference in Turbo abundance (Tukey HSD unequal n, p < 0.06). 

3.3.4 Macrocystis Plant Growth 
Except in the winter/spring 1996 growth period, a significant negative relationship 

was found between initial plant length and plant growth rate (Figure 3.11) at Wainui 
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Bay. The degree to which initial length explained plant growth rate was highly 

variable, ranging from 0.23 to 0.84% in winter/spring 1995 and spring 1996, 

respectively. In general, initial length accounted for more growth variation during the 

warmer months than in winter.  These differences are reflected in the significant 

differences (F9, 239 = 5.78, p <0.0001) between the slopes of the regression lines 

(Figure 3.11). 

Plants at Ohinepaka Bay showed similar negative relationships between initial length 

and plant growth rates to those at Wainui Bay, and as at Wainui Bay, no significant 

relationship was found between them in winter/spring 1996 (Figure 3.12). Growth 

over summer 1996 also failed to show a significant relationship between initial length 

and plant growth rate, probably because of the narrow size range of plants available 

for tagging. Initial length was used subsequently as a floating covariate in growth 

rate analysis (see methods). 

Comparisons of Macrocystis growth rates between sites were made from January 

1996 to October 1997, and in August 1998. Growth rates of plants varied 

significantly over time and between sites, but showed no significant time x interaction 

(Figure 3.13b; Table 3.7). Time explained 57 % of the total variation in growth 

(repeated measures MANOVA results) and site 26% (univariate ANOVA, Table 3.7). 

Overall, Ohinepaka Bay Macrocystis plants grew faster than those at Wainui 

Bay(7.07±2.6 SE mm/day). 

Table 3.7 Repeated measures univariate analysis of variance model for Macrocystis growth 
rates between sites through time (A), and repeated measures multivariate analysis of growth 
rates within subjects through time and interactions between time and sites within subjects 
(B). % = Percentage of total variance accounted for by each factor. 

A 
Source of Variation df MS F p % 
Site 6, 90 731.35 5.13 0.03 26 
Residual 74 
B 
Source of Variation 
Time 
Time X Site 

Wilks 
0.068 
0.288 

df 
6, 10 
6, 10 

F 
10.97 
2.08 

p 
0.00 
0.02 

% 
57 
3 

Residual 40 
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Figure 3.11 Initial length vs. growth rate relationship for Macrocystis plants at Wainui Bay. Lines of best fit 
are represented by the solid line and surrounding 95% confidence intervals by the dashed lines. 
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Figure 3.12 Initial length vs. growth rate relationship for Macrocystis plants at Ohinepaka Bay. Lines 
of best fit are represented by the solid line and surrounding 95% confidence intervals by the dashed 
lines. 
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Figure 3.13 Mean (±SE) growth rates of Macrocystis at Wainui Bay (open circles) 
and Ohinepaka Bay (closed circles). Note that no growth rate data were collected 
for plants at Ohinepaka Bay during March 1998. 

Grouping data according to season indicated significant seasonal (F3,523= 25.41, p < 

0.001) and site (season) differences (F4,523 = 9.490, p < 0.001) (Figure 3.13a). Thus, 

positive growth rates were observed in autumn, winter and spring, and ranged from 

9.8 (±0.68 SE) to 4.6 (±0.98 SE), and 8.3 (±1.18 SE) mm/day, respectively.  During 

summer, plants decreased in size by 0.26 (±1.52 SE) mm/day.  Site differences were 

not tested since nesting sites within seasons in the ANOVA model tested grouped 

seasonal growth rate data only. 
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3.3.5 Plant Survival 

Measurements of survivorship of Macrocystis plants was begun in spring 1995 at 

Wainui Bay and in summer 1995 at Ohinepaka Bay.  Plant survival at Wainui Bay 

was not significantly different from that at Ohinepaka Bay (Peto-Wilcoxon; χ2
(0.05,1)= 

0.09, p>0.05). Fifty percent of plants survived for 8.5 months (256 days) at Wainui 

Bay and 8 months (244 days) at Ohinepaka Bay (Figure 3.14).  The average the life
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span of plants at Wainui and Ohinepaka Bays was approximately 10 months (293 

days) and 12 months (348 days), respectively. At Wainui, one Macrocystis plant 

survived for 2.5 years and at Ohinepaka Bay one survived for 2.3 years. On average, 

plants lived approximately 10.5 months (both sites combined). Hazard ratio analysis 

showed that the mortality of plants at Wainui Bay was approximately 0.98 times that 

of Ohinepaka Bay, i.e., essentially the same. 
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Figure 3.14 Percentage survival of Macrocystis at Wainui (solid line) 
and Ohinepaka Bays (dashed line). Size class data combine. 

Size class survival analysis (combined Wainui and Ohinepaka Bay data) showed 

significant differences in the survival rates of plants in different size classes (Peto-

Wilcoxon; χ2
(0.05,3)= 59.4, p < 0.001). Overall, the smallest plants survived the shortest 

time. Thus, the median survival time for plants < 0.5 m in length was approximately 5 

months (153 days), compared to 9 (269 days), 10 (308 days), and 16 (484 days) 

months for 0.5 – 1, 1 – 3, and > 3 m sized plants.  Mean survival times showed a 

similar trend, ranging from 7.5 (227 days), 10 (288 days), 12 (348 days) and 16 (485 

days) months for < 0.5, 0.5 – 1, 1 – 3, and >3 m plants. 



54 CHAPTER 3 FOREST DEMOGRAPHY & BIOMASS PRODUCTION 


Typical sources of plant mortality encountered included smothering of new recruits 

(<0.5 m) by fine sediment, sediment completely burying reef outcrops and partial 

burial of larger plant-hold fasts. Autumn and winter storms also resulted in adult 

Macrocystis attrition. Storm related mortality was exacerbated when sea-surface 

canopy plants were numerically most abundant and formed a dense, floating surface 

canopy. In such situations, sub-canopy and canopy plant fronds tended to be 
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entangled, with the surface fronds acting as a large algal raft that could break free 

during a storm or strong surge, taking with it much of the surface canopy.  During 

calmer periods, movements of the raft could gradually loosen and pull away the 

holdfasts of entangled plants, and holdfasts were seen suspended in mid-water. 

Drifting or dislodged plants quickly become entangled with attached plants and may 

dislodge them (Figure 3.16). On many occasions, tagged adult plants were observed 

to be entangled with the fronds, blades, and holdfasts of drifting and attached plants. 

A futile attempt was made to untangle these plants, many of which died.  Decaying 

holdfasts were also observed during the course of the study, particularly during the 

summer months. Handling such plants often, resulted in their being dislodged, since 

the attachment area of the hold-fast had been greatly reduced.  In summary, plants 

with weakened holdfasts, either through burial, decay or partial dislodgement, were 

highly vulnerable to physical stresses resulting from: 1) storms and strong surge, and 

2) entanglement of drifting and attached plants. 
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Figure 3.15  Percentage survival of 4 Macrocystis size classes for 
combined Wainui and Ohinepaka Bay data. 
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Figure 3.16 A detaching holdfast of a Macrocystis plant resulting from mass entanglement 
of surface canopy fronds with surrounding canopy plants. Photograph taken at Wainui Bay 
during spring 1998. 

3.3.6 Reproduction 

With the exception of sub-canopy plants at Ohinepaka Bay in autumn, sub-canopy 

and canopy plants possessed sporophylls and sori during all seasons (Figure 3.17 a

d). A MANOVA of arcsine transformed percentages of plants containing sporophylls 

and/or the presence of sori, with site, season, and size class as factors, showed no 

significant differences between sites (Wilks lambda test =0.93, F(6,134) = 2.40, p = 

0.10). Therefore, site data were pooled.  Significant seasonal differences in the 

percentage of sub-canopy (Wilks lambda test = 0.63, F(6,74) = 3.22, p = 0.007) and 

canopy plants (Wilks lambda test = 0.50, F(6,74) = 5.08, p < 0.001) possessing 

sporophylls and/or sori were found. The percentage of sub-canopy plants with 

sporophylls was significantly higher during summer (69%) than to autumn (10.5%), 

winter (35%), and spring (54%) (Tukey HSD unequal n, p = 0.04). However, the 

high percentage of sub-canopy plants processing sporophylls in summer is probably 

an artefact of canopy-sized plants moving into the sub-canopy size class, following 

canopy frond senescence. 
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Figure 3.17 Percentage of 1–3 m  (A & C) and >3 m (B & D) sized plants at Wainui and Ohinepaka 
Bays with sporophylls present (clear bar), and the percentage of plants with sporophylls possessing 
sori present (shaded bar). 

Similarly, canopy plants showed significant seasonal variation in the percentage of 

plants possessing sporophylls (F(3,38) = 3.42, p = 0.03), but unlike sub-canopy plants 

the percentage of canopy plants processing sporophylls was highest during autumn 

(97%) and winter (93%). Summer and spring percentages were 75% and 50% 

respectively. Peaks in seasonal fertility did not result in corresponding seasonal 

Macrocystis peaks in recruitment (see section 3.2.1 Algal Abundance, Recruitment). 

Not all sporophylls contained sori. At Wainui Bay 78% of sub-canopy plants 

possessed sporophylls in summer but only 21% of them had sori present (Figure 

3.17a). At Ohinepaka Bay 94% of canopy plants possessed sporophylls in autumn 

and 97% of them contained sori (Figure 3.17d). Combined site data for sub-canopy 

plants indicated no significant seasonal difference in the percentage of plants 

producing sori (F (3,38) = 0.64, p = 0.59) (Figure 3.17a and (Figure 3.17c).  However 

the percentage of canopy plants with sori was significantly higher during autumn 
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(97%) and winter (84%) than in summer (40%) and spring (32%) (F(3,38) = 7.24, p < 

0.001) (Figure 3.17b and Figure 3.17d). 

Overall, canopy plants appeared to be reproductive throughout the year with peaks in 

autumn and winter. Sub-canopy plants were also reproductive throughout the year, 

although at lower levels. Plants less than 1 m length were not observed to have 

sporophylls present. 

3.3.7 Macrocystis Frond Growth 

Except in autumn 1996, no significant relationship was found between initial frond 

length and frond growth rate (Figure 3.18) at Wainui Bay 
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Figure 3.18 Initial length vs. growth rate relationship for 
fronds at Wainui Bay. 



58 CHAPTER 3 FOREST DEMOGRAPHY & BIOMASS PRODUCTION 


Although a significant relationship was found in autumn 1996, initial length explained 

only 28% of frond growth rate. At Ohinepaka Bay, initial length accounted for 50%, 

34% and 90% of growth variation during winter/summer 1996, summer 1996/97 and 

summer/autumn 1997, respectively. However, there appeared to be no clear 

seasonal pattern to the initial length growth rate relationship. Overall, the data show 

that smaller sub-canopy fronds (formerly subcanopy fronds of dominant sea-surface 

canopy plants), grew faster than fronds already at the sea-surface tagged fronds (> 3 

m). 
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Figure 3.19 Initial length vs. growth rate relationship for fronds at Ohinepaka Bay. 
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At Wainui Bay, poor plant survivability and a general lack of suitable sized fronds to 

tag resulted in limited frond growth data being obtained.  However, the data that was 

obtained indicated considerable differences in growth rate of fronds tagged at 

Ohinepaka Bay (Figure 3.20). Lack of seasonal replication precluded further analysis 

at Wainui Bay. However, significant seasonal variation was found at Ohinepaka Bay 

(F(3,66) = 5.10, p =0.003), with maximum growth during summer (21.9 mm/day) and 

autumn (24.5 mm/day) and minimum growth during winter (-2.3 mm/day) and spring 

(14.7 mm/day). Frond growth in winter was significantly lower than in all other 

seasons (Tukey HSD unequal n, p = 0.01). Summer, spring, and autumn growth 

were non-significantly different (Tukey HSD unequal n, p > 0.12). 
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Figure 3.20 Mean (±1 SE) seasonal Macrocystis frond growth rates for Ohinepaka Bay 
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3.3.8 Frond Survival 

Measurements of survivorship of Macrocystis fronds began in the summer of 1995 at 

Wainui and Ohinepaka Bays. Frond survival at Wainui Bay was significantly lower 

than Ohinepaka Bay (Peto-Wilcoxon; χ2
(0.05,1)= 4.63, p<0.05) with 50% of fronds 

surviving 5.4 months (162 days) compared with 7 months (203 days) at Ohinepaka 

Bay (Figure 3.21). The average life spans of fronds at Wainui and Ohinepaka Bays 
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were 5.6 months (168 days) and 6.7 months (201 days), respectively, while the 

maximum life span of Macrocystis fronds at Wainui and Ohinepaka Bays was 7.4 

months (223 days) and 15 months (484 days), respectively. Hazard ratio analysis 

showed that the mortality of fronds at Wainui Bay was approximately 1.47 times that 

at Ohinepaka Bay. 
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Figure 3.21 Percentage frond survival at Wainui (solid line) and 
Ohinepaka Bays (dashed line). 

3.3.9 Production of Biomass 

The sea-surface canopy of the Macrocystis forest could be seen clearly on 

processed images, except in areas (generally small) where a combination of surface 

reflection and seawater surface chop detracted from the clarity of the image. 
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Aerial photographs clearly show the variation in the harvestable biomass and canopy 

forest area (Figure 3.22and Figure 3.23) through time.  Forest canopy biomass of 

Wainui was greatest at the start of spring 1995 (144 tonnes) and at the end of the 

study in winter 1998 (289 tonnes). During summer 1996, canopy biomass was 

reduced to about one seventh the amount it was 3 months earlier.  This equated to a 

net loss of approximately 125 tonnes of canopy biomass.  For the same period, 

canopy area was reduced by one third, from approximately 31,750 m2 to 10,600 m2 

(Figure 3.24). Significant recovery had occurred by late autumn, however, and was 

followed by another period of reduced canopy biomass and area the following spring 

and summer. In 1997 and 1998, canopy biomass and area were greatest during the 

colder months and least during summer. Relationships between forest canopy 

biomass and area are discussed in more detail later, but in general reflect on how 

plants apportion biomass within the canopy between seasons 

A possible explanation as to why canopy biomass at Wainui Bay in winter 1996 was 

only half that in the subsequent two winters relates back to the after-effects of 

extensions made to the breakwater in summer 1996 (Figure 3.25). During this time, 

a large amount of sediment accumulated around and into the kelp forest from slipway 

extensions onshore. The effects of this high sediment load were clearly visible during 

routine surveys. In particular, slipway construction coincided with a peak in juvenile 

Macrocystis (blade stage) numbers and resulted in them being covered in a fine layer 

of sediment. Covered plants showed signs of necrosis around their tips and along 

the edges of the blades; in others, only the primary stipe remained.  

Earlier work on the ecology, development and growth of Macrocystis in the same 

area (Cummack 1981), also indicate that canopy biomass was maximal in autumn / 

winter. His aerial photographs (Appendix A) taken in winter 1980 show a dense area 

of canopy forest. Cummack (1981) estimated biomass of the Wainui kelp forest at 

this time to be approximately 3.9 kg/m2. This figure is close to my Wainui Bay 

biomass estimates of 2.3 kg/m2, 4.47 kg/m2, and 4.84 kg/m2 for the winters of 1996, 

1997, and 1998, respectively. 
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Figure 3.22 Aerial photographs of the Wainui kelp forest taken at 610m in successive seasons, spring 
1995 – winter 1998. Total forest sea-surface canopy biomass estimates, based on above aerial 
photographs and in situ measurements (metric tons), are shown for each forest in the top right corner for 
each season. 
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Figure 3.23 Aerial photographs of the Ohinepaka and Mat White Bay kelp forests taken at 610m in 
successive seasons, spring 1995 – winter 1998. Total forest sea-surface canopy biomass estimates, 
based on above aerial photographs and in situ measurements (metric tons), are shown for each forest in 
the top right corner for each season. 
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Figure 3.24 Area of the kelp forest canopy through time at Wainui, Ohinepaka and Mat White 
Bays kelp forests. 

Figure 3.25 (A) A close up view of the thick sediment layer on the surface of sea-surface canopy 
fronds, and (B) an aerial photograph showing severe sedimentation of the Wainui Bay Kelp forest 
during February 1996. Note the position of the breakwater at the lower right of the photo (total length 
~ 50m). 
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Ohinepaka and Mat White Bays showed similar seasonal patterns of canopy biomass 

(Figure 3.23) with maxima during the colder months and minima during the summer. 

Canopy biomass estimates for these sites varied greatly and ranged from 60 kg in 

summer 1997 to 35 tonnes per forest area in winter 1998 at Ohinepaka Bay, and 

from approximately 2 kg in summer 1997 to 35 tonnes per forest area in winter 1998 

at Mat White Bay. At both sites, values were highest at the end of the study. 

Overall, the Wainui forest was the largest kelp forest (Figure 3.24) and had the 

greatest biomass in the canopy (Figure 3.22).  However, there were clear differences 

among sites in the temporal occurrence of peak canopy biomass production and 

canopy area. Thus, Mat White Bay had biomass peaks in summer 1995/96 and 

summer 1997/98 when biomass at the other sites was declining. 

Plant growth and the amount of canopy biomass at Wainui and Ohinepaka Bays 

showed similar trends (Figure 3.27), and during summer 1996/97 when canopy 

biomass was at its minimum, many sea-surface canopy plants were senescing 

(Figure 3.26). 

Figure 3.26 Typical healthy canopy fronds of Macrocystis (right) and unhealthy summer canopy 
fronds, (left). Ruler in top right corner represents 20 cm. 

Overall, plant growth rates and sea-surface canopy biomass were greatest in the 

cooler months (Figure 3.27). However, growth rates of plants were not always low in 
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summer and positive mean growth rates were recorded at Wainui during summer 

1997/8 and at Ohinepaka Bay during summer 1996. 
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Figure 3.27 Relationship between canopy biomass and plant growth rate at (A) Wainui 
Bay, and (B) Ohinepaka Bay through time. 

The abundance of Macrocystis canopy plants did not mirror canopy biomass at 

Wainui (Figure 3.28a) or Ohinepaka Bay (Figure 3.28b).  At both sites canopy 
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biomass and the number of plants reaching the sea surface tended to peak at 

different times. 
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Figure 3.28 Mean abundance of plants per m2 (± SE) of canopy and sub-canopy 
Macrocystis plants, and the tonnes of sea surface canopy biomass at Wainui (A) and 
(B) Ohinepaka Bays. 

This reflected the extensive growth of fronds along the surface of the water once they 

had reached it. The presence of juvenile (< 1m) plants also peaked at different times 



70 CHAPTER 3 FOREST DEMOGRAPHY & BIOMASS PRODUCTION 


at the two sites.  Peak juvenile abundance at Wainui Bay was during the winter (e.g., 

1995 and 1997), whereas at Ohinepaka Bay peak abundance of new plants was in 

the summers of 1995/96 and 1997/98. Between these periods there was virtually no 

recruitment. At Wainui this was attributed to the large amount of sediment from the 

slipway breakwater extensions in summer 1996. 

It is not known why the abundance of canopy plants at Ohinepaka Bay was so low 

during winter 1995, but it is possible that early winter storms removed the sea-

surface canopy. In contrast, Wainui canopy plants were generally more abundant 

during the winter months.  The number of canopy plants ranged from a low of 0.12 

plants per m2 during summer 1995/96 to a high of 1.6 plants per m2 during winter 

1998 (Figure 3.28a). 

A strong relationship was found between canopy biomass and forest canopy area at 

Wainui and Ohinepaka Bays between seasons (Figure 3.29).  Forest canopy area 

and biomass were highest during the cooler months and lowest during summer and 

early autumn. Similarly, a strong relationship between canopy biomass and area was 

found at Mat White Bay, but seasonal differences were less defined (Figure 3.29). 

No significant difference was found between the slopes of the lines (F(2,21) = 0.25, p = 

0.78) or their intercepts (F(2,23) = 0.48, p = 0.62) for the 3 sites. It was therefore 

possible to calculate a common regression equation describing canopy biomass and 

forest canopy area for all sites. The common regression model (adjusted r2 = 0.83; 

F(1,25) = 125.29 p<0.001) for untransformed canopy biomass and canopy area 

indicates that kelp forest sea-surface canopy area is a major contributor to the 

explanation of variance (83%) in biomass.  Therefore, the following equation could 

prove to be a powerful tool in predicting future biomass estimates: 

Canopy biomass (tonnes) = -7.11 + 0.004 * forest canopy area (m2) 

Canopy plants showed a significant increase in numbers of fronds per m2 as 

temperature decreased and a corresponding decrease in frond numbers with the 

onset of summer F(3,40) = 3.84, p =0.02). Peak numbers of fronds were 9.2 per m2 in 

winter at Wainui, and 8.7 and 7.8 per m2 in winter and spring at Ohinepaka Bay 

(Figure 3.30b and Figure 3.30d). Seasonal peaks in numbers of canopy plant fronds 
2per m  coincided with peaks in canopy biomass (Figure 3.30g and Figure 3.30h). 
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Sub-canopy plant fronds per m2 were also sensitive to season, but peak frond 

abundance was significantly higher during summer than in winter (F(3,40) = 4.83, p 

=0.006) (Figure 3.30a and Figure 3.30c). Decreases in the average number of 

fronds per sub-canopy plant were associated with decreases in temperature and light 

(day length) and increases in stipe numbers during spring and summer (Figure 3.30e 

and Figure 3.30f). For sea-surface canopy plants, the average number of fronds per 

plant peaked in autumn and spring at Wainui and in autumn at Ohinepaka Bay 

(Figure 3.30e and Figure 3.30f). The decrease in frond numbers during winter may 

have been a density dependent effect, since the number of canopy plants per m2 

peaked at this time (Figure 3.30b, e and Figure 3.30d, f). 

In summary, clear differences in frond numbers and plant abundance per m2 were 

found between seasons. The relationships provide alternative measures of sea 

surface canopy biomass. In addition, seasonal changes in the number of fronds per 

plant appear to provide an index of plant growth (Figure 3.31), while stipe density per 

m2 may reflect carrying capacity of the forest. 
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sea-surface canopy biomass data between seasons at (A) Wainui, (B) Ohinepaka and (C) Mat White 
Bays. 
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Morphometric parameters  

The amount by which canopy plants apportion biomass shows a high degree of 

seasonal variation (Figure 3.31). During summer, very little biomass is contained 

within the sea-surface canopy with percentages of total plant biomass ranging from 

about 15 to 30% at Wainui Bay, and from 0 to 7% at Ohinepaka Bay.  During 

autumn/winter individual canopy plants apportioned more of their biomass to the sea-

surface canopy (46 to 73% at Wainui and 67% at Ohinepaka, respectively). 
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Figure 3.31 Percentage of sea surface canopy biomass of the total Macrocystis plant 
biomass through time. 

Plants at the Whaling Station site, Tory Channel showed a similar trend, but with a 

less extreme range. Plants apportioned up to 23.5% of their biomass in the canopy 

during summer 1996 and 48% and 49% during autumn and spring 98.  In general, 

canopy plants had larger, more abundant fronds at the sea-surface during 

autumn/winter than in summer. 
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Total biomass of Macrocystis per m2 was greatest during late autumn and early 

spring when sea-surface canopy plants were numerically dominant (Figure 3.32). 

Interestingly, as the biomass of Macrocystis plants per m2 increased at Wainui, the 

biomass of Ecklonia plants decreased (Figure 3.32). 
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Figure 3.32 Total Macrocystis plant biomass (open triangles), and total Ecklonia plant biomass 
(open circles) per m2 at Wainui Bay. 

Principle component analysis (PCA) was used. The main utility of using PCA was to 

detect changes in the patterns of association between canopy weight, canopy frond 

length and the number fronds at the sea surface with season. 

A high association was found among morphometric variables for all sites combined 

between season, with canopy biomass and the number of canopy fronds explaining 

81 and 15% of the total variation respectively. 
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Figure 3.33   Graphical representation of canopy frond numbers vs. canopy length   vs. 
canopy weight.  The Z - axis was determined using distance weighted least squares 
derived from PCA. 

 

Forward stepwise multiple regression analysis on quarterly morphometric data 

showed that sea-surface canopy frond numbers and sea-surface canopy frond 

lengths best predicted canopy biomass. (r2 = 0.87; F(2,44) = 315.66 p < 0.001).  

Combining these data explained 87% of the total variation associated with canopy 

weight.  An accurate and non-destructive estimate of canopy weight can be 

determined therefore using the following regression equation:  

 

Canopy Weight = -0.24 + 0.51 * Canopy Length + 0.19 * Canopy frond Abundance. 

 

Figure 3.33 illustrates use of the above equation with respect to the relationship 

between canopy weight, canopy length and canopy frond abundance, for all seasons 

and all sites combined.  I also performed a discriminant analysis for the whole set of 

morphometric variables, which showed a fair segregation between winter and 

summer (Figure 3.34). 
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Figure 3.34 Plot of 2 functions of a discriminant analysis using season as the classification factor, based 
on morphological data, including canopy weight, canopy frond length and canopy frond numbers taken 
from quarterly samples, for plants at Ohinepaka and Wainui Bays 

The model predicted 64 to 83% of the classification results (Table 3.8), and all 3 

derived discriminant functions were significant (Table 3.8), but the segregation was 

observed mainly on the second axis, which explained 83% of the total variance 

(Figure 3.34). Thus winter points fall along the lower half of the y-axis and summer 

points in the upper half.   

Table 3.8 Discriminant function analysis summary for three variables, of canopy length, canopy weights 
and canopy frond abundance grouped by season (4 grps.). 

Wilks' Lambda: 0.68 approx. F (9,343) = 6.60 p < 0.0001 

N=147 Wilks' 
Lambda 

Partial 
Lambda F-remove p–level 

(3,141) Tolerance r2 

Canopy length 0.78 0.87 7.02 <0.0001 0.36 0.64 
Canopy weight 0.77 0.88 6.20 <0.0001 0.17 0.83 
Canopy frond numbers 0.86 0.79 12.31 <0.001 0.29 0.71 
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3.4 Summary 

A summary of the major demographic changes, as they relate to season, are outlined 

in Table 3.9. Macrocystis abundance showed significant temporal variation, but only 

sub-canopy (< 3 m) and canopy plants (> 3 m) showed significant temporal variation, 

with Wainui Bay supporting significantly higher numbers than Ohinepaka Bay. 

Grouping data according to season highlighted these temporal differences, with sub-

canopy plant abundance higher during summer, and canopy plant abundance higher 

during winter. This pattern was consistent between sites.  Throughout the study 

Macrocystis recruitment (presence of blade stage sporophytes) remained at low 

levels, but showed significant temporal and spatial variation.  During the 3-year study 

there were several minor and one major recruitment episode. When data were 

grouped according to season recruitment was found to be significantly highest during 

spring. In general, recruitment episodes failed to translate into discernible or 

significant increases in small juvenile Macrocystis (<0.05 m) or Ecklonia (< 250 mm) 

plants. Overall, total Macrocystis plant abundance was higher at Wainui Bay. 

In general, sub-canopy and canopy plants were reproductive through the year, 

although there were significant seasonal differences in the percentage of plants 

possessing sporophylls and/or sori. Sub-canopy plants possessed significantly more 

sporophylls during summer, whereas canopy plants had more during autumn and 

winter than at other times of year.  However, possessing sporophylls did not 

necessarily mean that plants were reproductive, since plants containing sporophylls 

did not necessarily contain sori. Seasonal percentages of sub-canopy plants 

processing sori remained at low levels throughout the year.  Percentages of canopy 

plants possessing sori were significantly higher during autumn and winter.  Plants 

less than 1 metre in length were not observed to have sporophylls. 

All size classes of Ecklonia showed a high degree of temporal variation in 

abundance, most of which remained unexplained.  However, significant site 

differences in the abundance of adult plants (> 250 mm) were found. At Ohinepaka 

Bay no significant difference in the abundance of adult Ecklonia was observed 

between seasons, but at Wainui 250 – 500 mm and > 500 mm plants were 

significantly more abundant during winter and summer, respectively.   
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Table 3.9 Summary of the main seasonal changes in demography of the Wainui and Ohinepaka Bay Kelp 
forests. 

Season Biotic Factors Abiotic Factors 

Spring 
• Recruitment of Juvenile Macrocystis 
• Low abundance of canopy plants 
• Low frond growth rates 
• Low survival of new recruits. 
• Trochus abundance at its greatest 
• Occasional occurrence of algal blooms 

• Nutrient levels start to 
decline 

• water temperatures start 
to increase 

• High sediment levels 
• Strong surge and storms 

Summer • Generally high juvenile plant growth rates (<1m) 
• Senescence of canopy plants (negative growth 

rates) 
• High sub-canopy frond growth rates 
• Lower numbers of Ecklonia 
• The sea-surface canopy of previous year’s plants 

declines, resulting in low canopy biomass 
• High sub-canopy frond growth rate 
• Increase in numbers of fronds per m2 from sub-

canopy plants 

• Low nutrient levels 
• High water temperatures 

especially surface waters 
• High radiation (light) 

levels 
• North to north-easterly 

winds predominate 

Autumn 
• Macrocystis plants potentially more reproductive 
• Higher growth rates of sub-canopy plants 
• High frond growth rates 
• Algal blooms prevalent 

• Nutrient levels start 
increasing 

• Water temperatures start 
to decrease 

• Irradiance levels drop 

Winter 
• High number of fronds per m2 from canopy plants 
• Low sub-canopy frond growth rates 
• Maximum sea-surface canopy biomass – resulting 

from sub-canopy plants 
• Generally low growth rates for all plants 
• Higher number of canopy plants 
• Higher number of Ecklonia plants 
• Lower number of juvenile Ecklonia plants 

• Higher nutrient levels 
• Higher rainfall 
• Lower sea and air 

temperatures 
• Storms and strong surge 

start dislodging canopy 
plants 

• Southerly winds dominate 

Recruitment of juvenile Ecklonia  (0 – 250 mm) was not significantly different 

between sites. The abundance of these plants was consistently low (0.4 - 2.3 per 

m2). However, there were significantly fewer juvenile Ecklonia plants during winter 

than in other seasons. 

Macrocystis plants grew fastest during autumn (10 mm/day), but canopy plants 

senesced over the summer months (-0.26 mm/day).  For all size classes, plant 
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survival rates were not significantly different between sites, and on average plants 

survived for less than a year (10.5 months), suggesting that they are annuals rather 

than perennials. Survival analysis of Macrocystis plant size classes showed that as 

plants got larger their survivability increased.  Juvenile plants (< 0.5 m) survived the 

shortest length of time (approximately 5 months) whereas the larger canopy plants 

lived for about 16 months. Mortality of smaller juvenile plants typically was a result of 

smothering by fine sediment. Winter and spring storms were a major cause of adult 

plant mortality, typically resulting from the entanglement of drifting, or dislodged 

plants with attached plants. Plants with damaged holdfasts were also dislodged 

during storms and strong surges. 

Growth rates of surface canopy plants sub-canopy fronds varied seasonally at 

Ohinepaka Bay, with maximum growth during summer (21.9 mm/day) and autumn 

(24.5 mm/day) and minimum growth during winter (-2.3 mm/day) and spring (14.7 

mm/day). 

Canopy biomass of Macrocystis pyrifera underwent seasonal and annual cycles, with 

maximum production of canopy biomass from autumn through winter.  Most of the 

Macrocystis plants in the kelp forests tend to be juveniles (<1m length) with low 

biomass. Morphometric data analysis showed mean surface canopy frond length and 

mean number of canopy fronds best predicted surface canopy biomass and that kelp 

forest surface canopy area and forest surface canopy showed a strong relationship. 

During the summer months higher water temperatures and associated lower nutrient 

loadings were associated with reduced canopy biomass.  Storms contributed 

substantially to the decline in surface-canopy area.  Natural deterioration of 

Macrocystis surface canopy during summer has important ramifications for the 

commercial harvesting of Macrocystis, since it potentially limits the supply of kelp. 

Similarly, total Ecklonia radiata biomass undergoes seasonal and annual cycles. 

Ecklonia biomass changed inversely with that of Macrocystis, its peak biomass 

occurring when the surface canopy biomass of Macrocystis was at its minima. 

The abundance of all macro-invertebrate taxa varied temporally and spatially. 

Haliotis iris (paua) was more abundant at Wainui Bay than Ohinepaka Bay, but 

Cookia sulcata was more abundant at Ohinepaka Bay. In autumn 1996 a toxic algal 

bloom devastated paua populations at Ohinepaka Bay to almost undetectable levels 
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for the remainder of the study. Cookia abundance at Ohinepaka Bay increased after 

this bloom, however. Abundances of the top shells Turbo smaragdus and Trochus 

viridis, and sea stars were highly variable through space and time. 

The influence of seasonal solar radiation was apparent with regard to air and sea 

water temperatures, and nitrate-N levels.  In Akaroa Harbour, differences in water 

temperatures averaged 14oC between summer and winter. However within Tory 

Channel, winter and summer temperature fluctuations were half those recorded in 

Akaroa Harbour (~ 7oC). In summer, surface sea-water temperatures within Akaroa 

Harbour were appreciably higher than bottom waters Therefore; during summer 

Akaroa Harbour waters show defined signs of thermal stratification.  Increasing 

summer temperatures and decreasing nitrate-N concentrations, were associated with 

the rapid decline in Macrocystis sea-surface canopy biomass.  In winter, water 

temperatures were lower, presumably due to the combined effects of influxes of cold 

water, low air and ground temperatures, and general atmospheric cooling.  Prevailing 

winds fluctuated seasonally. East to north-easterly winds prevailed during summer 

often resulted in a high frequency of small waves that re-suspended fine inshore 

sediments. In winter, and to a lesser degree in autumn and spring, south to south

westerly winds prevailed and often were associated with storm events resulting in 

strong surges that tear away the Kelp forest surface canopy. 

In conclusion, the major kelp forests within Akaroa Harbour are highly productive and 

there is a high annual turnover of Macrocystis plants. Plants are typically short lived 

(annual) recruiting throughout the year, with peak recruitment in spring.  Surviving 

recruits grow steadily from spring through to winter when the number of fronds per 

plant increases. By early winter, the majority of sub-canopy fronds have grown 

through to the sea-surface where they form a dense surface canopy.  Individual, total 

and surface canopy biomass of Macrocystis plants are greatest at this time whereas 

Ecklonia biomass is at its lowest. Winter months also see slower sub-canopy frond 

and plant growth. Storms and strong surges removed the majority of surface canopy 

plants in late winter to early spring. Previous years surviving surface canopy plants 

that survive into the summer become moribund (holdfast rot) and are generally 

removed during autumn storms. 



CHAPTER 4 

CANOPY - SUBCANOPY INTERACTIONS 

4.1 Introduction 

Macrocystis pyrifera is commonly found in protected and sheltered bays and off 

headlands along the east coast of southern New Zealand (Schiel 1990), Australia 

(Womersley 1959), Chile (Santelices & Ojeda 1984b, c), and Argentina (Barrales & 

Lobban 1975). In the Northern Hemisphere Macrocystis commonly occurs from Baja 

California Sur, Mexico to Santa Cruz, in central California (Druehl 1970).   

Macrocystis canopies can cause considerable shading that significantly decreases 

the amount of light available to organisms in the understorey and below it.  Intense 

shading affects the types and abundance of understorey algae (Dayton 1985a; 

Dayton & Tegner 1984b; Kain 1979; Kastendiek 1982;  Reed & Foster 1984; Schiel 

& Foster 1986). Off the California coast, Macrocystis typically has a floating sea-

surface canopy, which shades the plants beneath.  These include the stipitate 

Pterygophora californica, Eisena aborea, Laminaria farlowii with its prostrate canopy, 

and several low lying red and encrusting seaweeds (Tegner & Dayton 1987).  In 

southern New Zealand, the algal assemblage in the kelp forest consists of perennial 

species forming three major vertical layers that can be categorised into guilds 

distinguished by their morphological adaptations: a floating Macrocystis canopy, a 

dense sub-canopy of the stipitate laminarian Ecklonia radiata and an understorey of 

juvenile kelp and articulated and encrusting coralline algae.  In southern New 

Zealand Macrocystis and Ecklonia radiata generally coexist. A vertical arrangement 

of canopy layers such as that described above is a conspicuous feature of kelp 

forests worldwide. Typically, the abundance of sub-canopy algae, including the 

juvenile stages of Macrocystis and other sea-surface canopy kelps is reduced within 

stands of Macrocystis forests (Kimura & Foster 1984;  Neushul et al. 1976; Reed & 

Foster 1984). 

In many ways the vertical structure of a Macrocystis forest is comparable to that of a 

terrestrial forest (Foster 1975a; Neushul et al. 1976; Reed & Foster 1984). 

Correlative (Dawson et al. 1960; Foster 1975a), and manipulative experimental 
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studies (Barilotti & Zertuche-Gonzalez 1990;  Dayton et al. 1992; Kimura & Foster 

1984; Reed & Foster 1984) indicate that shading by the surface-canopy of 

Macrocystis affects understorey algae, in a similar way to tree canopies on 

understorey plants on land. Potentially, competition for light within the kelp forest 

may be more intense because the algal community, depth and also water quality 

(transparency) affect light intensity.  Competition for light among canopy layers is 

hierarchical, based on the position of plants in the water column (Watanabe et al. 

1992). Surface canopy plants can often invade and eventually dominate the 

understorey, although dense understorey stands can inhibit recruitment of the 

dominant canopy forming species for long periods (Dayton & Tegner 1984a;  Miller & 

Geibel 1973). In the Northern Hemisphere, sea-surface canopies of Macrocystis can 

reduce light levels to <1% of surface light intensity (Kimura and Foster, 1984; Reed 

and Foster, 1984). Experimental removal of these canopies often results in 

increased abundance of understorey species and changes in species composition 

(Dayton & Tegner 1984b; Dayton et al. 1999; Pearse & Hines 1979; Reed & Foster 

1984). Most recruits probably come from nearby surrounding populations (North 

1968a), although examples of long distance spore dispersal have been documented 

(Reed et al. 1988). 

Removal of canopy layers also may affect hydrodynamic conditions that in turn may 

affect sedimentation deposition and resuspension rates, and/or scour (Kennelly 1989;  

Madsen et al. 2001). Sediment deposition and scouring may also be enhanced if the 

blades of sub-canopy algae are removed (Kennelly 1989;  Kennelly & Underwood 

1993). Sedimentation affects kelp forests in several ways.  Large shifts in bottom 

sediments or terrestrial runoff can scour or bury algae and sessile macro-

invertebrates. Sedimentation and the resuspension of even small amounts of 

sediment can reduce the amount of light reaching sub-canopy algae and prevent the 

attachment and development of algal spores, thereby preventing or reducing algal 

recruitment (Dean & Jacobson 1984; DeVinny & Volse 1978;  Konar & Roberts 

1996; Schroeter et al. 1995). 

Macrocystis serves as habitat for a large variety of macro-invertebrates (Feder et al. 

1974; Vasquez 1993) that use the seaweed as a nursery ground and a refuge from 

predation and wave surge. Many species graze Macrocystis, but local populations 

are usually affected by only a few species (North 1994).  These typically include 
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echinoids, fishes, and gammarid and isopod crustaceans (Dayton 1985b;  North 

1994; Tegner & Dayton 1987). In California, sea urchins are the most important 

grazers in terms of frequency and extent of damage to forests (CDFG 2000), and 

elsewhere sea urchin grazing often results in deforested patches ranging in area from 

hectares to many kilometres. Such sea-urchin dominated patches may persist for 

many years (Dayton 1985a). In New Zealand, large sea urchin-dominated patches 

are common in northern New Zealand, but are rare in southern New Zealand kelp 

forests (Schiel & Hickford 2001). In southern New Zealand the largest herbivores 

found in kelp systems are Trochus spp., the turbinid gastropod Cookia sulcata and 

the abalone Haliotis iris. 

Removal of Macrocystis surface canopies can result from commercial harvesting, 

physical disturbance (storms) and seasonal changes to the biological and physical 

environment (fouling, high water temperatures and/or low nutrient levels) (Dayton & 

Tegner 1984a; Dean & Jacobson 1984; Kennelly 1987;  Kimura & Foster 1984). In 

New Zealand, winter storms can remove extensive Macrocystis surface canopies, 

while nutrient limitation during summer may result in canopy dieback (Brown et al. 

1997).  Removal of  Macrocystis surface canopy and the sub-canopy of Ecklonia 

produces “light gaps” that algae can exploit, provided propagules are available. 

Removal of canopy layers may not only affect productivity of the seaweed 

populations, but also the diversity and abundance of associated herbivorous macro-

invertebrates that rely on drift algae or attached plants for food. 

In New Zealand a moratorium on the issuing of fishing permits to harvest wild stocks 

of Macrocystis is in place. However, off the southern Californian coast from San 

Diego to Santa Barbara Macrocystis pyrifera has been harvested since 1911. In 

early years, it was harvested to extract potash and acetone for the production of 

explosives. Today it is used primarily for the production of alginate products that 

have a myriad of applications, ranging from industrial processes to food technology. 

Macrocystis forms the basis of a large alginate industry, which has sales exceeding 

US$230 million annually (Jensen 1993), and it is the most important commercially 

harvested seaweed in the United States (Merrill & Waaland 1998).  

In California, special boats with underwater cutters are used for harvesting thousands 

of tonnes of algae (CDFG 2000). In New Zealand, however, Macrocystis forests are 
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small compared to those in other temperate areas, particularly southern California, 

and they generally lack extensive canopy areas.  Large-scale harvesting, as carried 

out in California would be uneconomic, and almost certainly ecologically damaging in 

New Zealand. 

This Chapter examines Macrocystis forests and community responses of understorey 

species of algae to sea-surface canopy removal both spatially and temporally.  It also 

examines interactions between the overlying Macrocystis canopy and the dominant 

sub-canopy kelp Ecklonia radiata, and describes the effects of removing different 

amounts of Macrocystis and Ecklonia canopy on algal recruitment and macro-

invertebrate abundance. The ability of Macrocystis plants to recover from frond 

damage is also considered. Relationships between light, sedimentation and 

vegetation layers are evaluated, particularly the effects of increased sedimentation 

and light when canopy layers are removed. 

In addition to asking biotic and abiotic questions associated with the removal of 

various canopy levels, I worked alongside industry to develop and evaluate a 

practical, commercial-scale Macrocystis harvester (kelp cutter). In New Zealand, any 

future commercial kelp harvesting proposals will require that cropping and harvesting 

methods minimise damage to surrounding algae while maximising yield from the 

harvest track. Accordingly, my work included the development of a kelp cutter that 

neatly trimmed all fronds in the harvesting track and allowed algal material to be lifted 

on-board for removal. The kelp cutter developed is evaluated in this thesis and used 

commercially to determine potential impacts of harvesting the Macrocystis surface 

canopy on the remaining sub-canopy algae and macro-invertebrates. 

Two main hypotheses were examined. Firstly, that pre-emption of light by dense 

sea-surface Macrocystis canopies impacts sub-canopy algae, and secondly, that pre

emption of light by lower sub-canopy guilds, following the removal of Macrocystis 

surface canopy, affects on the demographics of these sub-canopy algae and 

associated macro-invertebrates. 
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4.2 Methods 

Three manipulative field experiments were undertaken in 1995, 1997, and 1998 to 

test possible temporal and spatial effects of canopy plants on those in the 

understorey. Experimental manipulations varied in terms of location, area and 

sampling design, but all were located in Macrocystis forests of similar depths. None 

were less than I ha in area. To aid in recovery of treatments all experimental areas 

were marked permanently with sea-surface buoys, while treatments were identified 

by small sub-surface floats (underwater net-floats).  All three experiments addressed 

the general theme of the effect of removing canopy layers, but each was designed to 

address more specific questions. Thus, experiments conducted in 1997 and 1998 

addressed the potential effects of commercial harvesting (i.e., removing Macrocystis 

surface canopies) on sub-canopy algae and macro-invertebrates. 

4.2.1 Study Sites 

Three sites, Wainui Bay (43o 49’ 10” S 172o 54’ 28” E) and Cape Three Points (43o 

49’ 50” S 172o 54’ 30” E) in Akaroa Harbour, Banks Peninsula, and the Whaling 

Station (41o 12’ 58” S 174o 17’ 57.5” E) within Tory Channel, Marlborough Sounds, 

were used to examine the effects of removing Macrocystis and Ecklonia canopies on 

kelp forest communities. A detailed description of these sites is given in Chapter 2.  

4.2.2 Sampling Methods 

4.2.2.1 Sediment deposition 

Sediment deposition rates were examined at Wainui Bay from October 1997 to 

September 1998. Four replicate sediment traps were set out beneath the 

Macrocystis canopy and Ecklonia sub-canopy, and two where these canopies had 

been removed. All traps were in water approximately 3 m deep.  Because the 

sediment traps often included animals and were generally rich in organic matter, they 

were preserved with 5% formalin before processing.  All samples were filtered 

through pre-weighed filter paper (Watman No. 1) and oven-dried at 60oC to constant 

weight. 
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4.2.2.2 Photosynthetic active radiation 

Photosynthetic active radiation (PAR; 400 – 700 nm) was measured with a Li-Cor LI

189 light meter calibrated for use underwater.  It was connected to a LI-912SA cosine 

underwater quantum sensor attached to 10 m of 2222UWB underwater cable and a 

2009S lowering frame. PAR was recorded at Wainui and Ohinepaka Bays at midday 

during May 1997. Replicate light readings were taken just below the sea surface 

(~10 cm of water covering the sensor), in open water 1 m below the sea surface (no 

overlying canopy), 3 m below the sea-surface under a Macrocystis canopy, and 3 m 

below the sea-surface under a Macrocystis and Ecklonia canopy. Light readings 
-1were recorded as µEm-2s . 

4.2.2.3 Plant and Frond Growth 

Macrocystis plants were tagged to enable growth and mortality rate estimates to be 

made. Initially, plants were tagged through the haptera of the holdfast, but they soon 

became overgrown by the haptera.  Plants were re-tagged around the base of the 

stipe using plastic coated ni-chrome wire threaded through a Floy® FT-4 Lock-On 

tag. Ecklonia plants were tagged in a similar way to Macrocystis plants, but instead 

of using Floy® FT-4 Lock-On tags, numbered Dymo® tape was attached to plastic 

coated ni-chrome wire loops on the primary stipe.  Growth rates of Macrocystis 

fronds were examined by tying tags around the bases of individual fronds.  For more 

details on sampling and tagging methods, refer to Section 2.2 of General Methods 

Chapter 2. 

4.2.3 Harvesting Experiments 

4.2.3.1 Wainui Bay Clearance Experiment 

To determine the potential impact of harvesting the Macrocystis surface canopy on 

associated understorey species and the canopy plants themselves, and more 

specifically, interactions between the Macrocystis surface canopy and the Ecklonia 

sub-canopy layer, a series of canopy removal treatments were designed and 

implemented in October 1995. Each treatment consisted of a 2 m x 2 m quadrat and 

was replicated five times. The nature of the individual treatments is described in 

Table 4.1. 
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Table 4.1 Outline of experimental design used in the first Macrocystis harvesting experiment. 

Treatment Date initiated Replicates To Test 

Control (both plant canopies 
remain intact) 

October 1995 (spring) 5 -To test treatment effect 

Macrocystis canopy 
removed (sub-canopy plants 
remain intact, including 
Ecklonia and Macrocystis) 
(-M.p. c. +E.r.) 

October 1995 (spring) 5 

-Effect on cut fronds 
-Effects on sub-surface 
fronds 
-Effects on understorey 
-Production of new biomass 

All Macrocystis plants > 0.5 
m in length removed 
(-M.p. -E.r.) 

October 1995 (spring) 5 
-Effect on recruitment 
-Effects on understorey 
-Production of new biomass 

All Ecklonia understorey 
plants greater >250 mm in 
length removed 
(+M.p. -E.r.) 

October 1995 (spring) 5 
-Effects of understorey kelp 
on Macrocystis production 

All Macrocystis  plants (>0.5 
m) and all Ecklonia (>250 
mm) removed 
(-M.p. -E.r.) 

October 1995 (spring) 5 
-Effects of resident kelp on 
new recruitment 
-Seasonal variability 

Additional treatment added, testing for seasonal effects 

Repeated Removal of 
Macrocystis Canopy 
(-M.p. c +E.r.) 

Dec. 1996 (summer) 
May 1996 (autumn) 
Oct. 1996 (spring) 
Feb.1997 (summer) 

5 

-Effect on cut fronds 
-Effects on sub-surface 
fronds 
-Effects on understorey 
-Production of new biomass 
-Seasonal variability 

Additional treatments added, testing for seasonal effects 

Repeat Removal of all adult 
kelp (Macrocystis & 
Ecklonia) 

October 1996 (spring) 
5 

-Effects of resident kelp on 
new recruitment 
-Seasonal variability 

Repeat Removal of all adult 
kelp (Macrocystis & 
Ecklonia) 

February 1997 (summer) 5 -Effects of resident kelp on 
new recruitment 
-Seasonal variability 

Repeat Removal of all adult 
kelp (Macrocystis & 
Ecklonia) 

March 1998 (autumn) 
5 

-Effects of resident kelp on 
new recruitment 
-Seasonal variability 

Treatments were designed to test the effects of major kelp components on the 

abundance, recruitment, growth, and survival of Macrocystis and Ecklonia. They 

were used to examine the rate of recovery of Macrocystis, and effects on understorey 

algae and invertebrates. The quadrats were permanently marked using sub-surface 

floats bolted to the substratum and surveyed for all attached macroalgae and macro-

invertebrates. Initially (October 1995), the Macrocystis canopy was removed from 5 

quadrats, and entire plants were removed from another 5 quadrats by prising their 
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holdfasts loose from the substratum. Five replicate quadrats had all adult kelp 

removed; this was subsequently repeated in new quadrats to provide a seasonal 

component. Five had only understorey Ecklonia radiata removed and five 

unmanipulated quadrats served as controls.  Between the summer of 1996 and 

summer 1997, another 5 quadrats had their canopies removed while all adult kelp 

was removed from further sets of 5 quadrats in spring 1996, summer 1997, and 

autumn 1998. Subsequent changes to the kelp assemblage, recruitment of all 

species to the understorey, and changes in macro-invertebrate distribution were 

surveyed quarterly for a year and less frequently for a further 2 years. 

Abundance of the dominant macro-invertebrates and macroalgae within replicate 

treatments was surveyed prior to manipulation.  Only those sessile invertebrates on 

the substratum were counted. The total lengths of all Macrocystis plants were 

assigned to one of three size classes: 1) juvenile (<1 m); 2) sub-canopy (1-3 m); and 

3) canopy (>3). Total lengths of all Ecklonia radiata plants were also assigned to 

three size classes: 1) juvenile (<250 mm); 2) immature (250 – 500 mm); and 3) adult 

(>500 mm). Juvenile plants that were too small to be identified as Macrocystis or 

Ecklonia (those approximately 5 – 80 mm long) were recorded as juvenile 

laminarians. The appearance of these small-bladed laminarians inferred recruitment. 

Where numbers permitted, up to five Macrocystis plants were tagged (as described 

above within each quadrat for growth rate and mortality analyses in the presence or 

absence of Macrocystis canopies. Tagging enabled survival of cut fronds, and both 

growth and mortality of young uncut fronds to be measured.  Sub-canopy fronds 

were mostly < 1 m long and were the most likely parts of plants to form a new surface 

canopy. Macrocystis fronds were re-tagged when necessary. Up to 5 juvenile 

Ecklonia were also tagged within each quadrat, and total plant lengths and plant 

losses were recorded on each sampling date. 

4.2.3.2 Cape Three Points Commercial Harvesting Experiment 
As mentioned previously, it was necessary to develop a kelp cutter that neatly 

trimmed all fronds in the harvesting track and enabled algal material to be lifted on-

board for removal. The kelp cutter was based on the design of drain clearing 

machines of various types in use around New Zealand and was built by Alac Farrar 

Ltd, Christchurch (see Appendix B for operation details).  The prototype kelp cutter 
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was attached to a mussel barge hiab crane (hiab crane = hydraulically operated) 

(Figure 4.1), while associated modifications were made to the barge that the 

company already possessed. If successful, permanent mounting would be via a pole 

mounting shown in Figure 4.2. 

The cutting blade consists of a moving, fine-tooth saw blade mounted in a fixed cutter 

bar frame. Shark tooth guide tines on a fixed frame guide surface canopy fronds 

onto the cutting blade. Blade speed and the depth of the cutter are controlled by on-

board hydraulics. Cutting blade speed can be adjusted by the operator to match the 

thickness of the surface canopy, thereby minimising the potential for uprooting plants. 

Figure 4.1 Photo of kelp cutter temporally attached to the hydraulic hiab crane lowered into the 
water and ready for a cutting run. 
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Figure 4.2 Side view diagrammatic representation of the kelp cutter in the water and permanently 
attached to the barge (Diagram not to scale). 

To examine the effects of removing the Macrocystis canopy on a commercial scale, 

and to test the efficiency of a prototype commercial seaweed cutter, a larger scale 

kelp regeneration experiment was performed.  Four 10 m x 2 m transects were 

established in a dense Macrocystis forest south of Cape Three Points, Akaroa 

Harbour. Transects were marked permanently using lead lines and the beginning 

and end of each transect was marked with surface floats.  Prior to the commercial 

harvesting trial, transects were sampled for major brown algae and macro-

invertebrates by randomly sampling five x 1 m2 quadrats at regular intervals along 

each treatment. 

Macrocystis plants were also sampled on two (1 x 10 m) transects that ran along 

either side of the permanent treatment transects.  Ecklonia and Macrocystis plants 

were tagged throughout the treatments for growth rate and mortality analysis.  On a 

low tide in May 1997, two of the four transects were harvested to a depth of about 1 

m using the prototype commercial seaweed cutter.  The other two transects served 

as controls. Transects were re-sampled five times at approximately four monthly 

intervals after the initial harvest. To examine possible seasonal effects of canopy 
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removals a further two permanent transects were added in February 1998 (summer), 

and were harvested commercially in the same month.  Transects were re-sampled 

during August 1998. Surface canopy biomass remaining within the second harvested 

transects was removed by hand. This enabled the efficiency of the kelp cutter to be 

assessed. Methodological differences prevented statistical comparisons being made 

between the winter and summer canopy removal periods. 

Abundances of the dominant macro-invertebrates and macroalgae within replicate 

treatments were determined prior to harvesting and plant lengths measured as 

described above. 

4.2.3.3 Tory Channel Harvesting Experiment 

A simulated harvesting experiment similar to that undertaken at Cape Three Points, 

was started at the Whaling Station, Tory Channel in March 1998.  Because, it was 

not possible to transport the barge and prototype kelp cutter to Tory Channel, 

harvested treatments were cut manually to simulate a commercial harvest.  The 

Macrocystis forest at the Whaling Station was generally much narrower than forests 

in Akaroa Harbour and extended no more than 20 – 30 m from the shore.  Because 

of this (and because of swash produced close inshore by Inter-islander ferries), four 

5 x 5 m permanent quadrats were used instead of 10 m long transects.  Before 

harvesting, they were marked out using surface floats in each corner (Figure 4.3). 

Major brown and green algae and invertebrates were surveyed by randomly sampling 

five 1 m2 quadrats within the 5 x 5m treatment quadrats.  Total lengths of all 

Macrocystis plants were assigned to three size classes: 1) juvenile (<1 m); 2) sub-

canopy (1-3 m); and 3) canopy (>3). The abundance of low-lying prostrate algae 

including red seaweeds and the green seaweed Caulerpa brownii were determined 

as percentage cover. Total lengths of all Ecklonia radiata plants were assigned to 

two size classes: 1) juvenile (<250 mm) and 2) adult (> 250 mm).  Macrocystis and 

Ecklonia plants were tagged for growth rate and mortality analysis.  Two of the four 

quadrats were harvested from a small tender in March 1998, while the other two 

quadrats served as controls. Quadrats were re-sampled in September 1998. 
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Figure 4.3 Photo showing the harvesting of surface canopy within a treatment area.  Arrows to the 
left of the photo depict treatment area marker floats while the white dashed line roughly depicts the 5 
X 5 m treatment area. 

4.2.4 Statistical Analysis 

Because the sampling designs of the 3 experimental manipulations differed, it was 

necessary to perform separate analyses for each experiment.  Prior to analysis all 

data were tested for homogeneity of variances using Cochran’s test, and most 

abundance data were rendered homogeneous when square root (X + 0.5) 

transformed. Sediment irradiance data were rendered homogenous when logn 

transformed. Data that remained heterogeneous after transformation were treated 

with caution (Underwood 1997). 

4.2.4.1 Wainui Clearance Experiment 

Due to the complexity of repeated measures ANOVA it was necessary to consider 

the dependent variables individually. Therefore, separate repeated measures 

ANOVAs (StatSoft 1999) were used to test for differences between treatments in 

plant mortality, macroalgae, and macroinvertebrate abundance, through time. 

Repeated measures multivariate ANCOVA was used to test for Macrocystis plant 

growth differences between treatments through time, and ANCOVA for Ecklonia plant 
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growth differences. Multivariate F-values (Wilk's Lambda) were used to test within – 

time and time X treatment effects (see Chapter 2 for further details).  The addition of 

a second repeated Macrocystis canopy removal trial in December 1995 (Table 4.1), 

required growth and mortality analysis to be performed over two separate 

experimental periods: October 1995 to February 1997 and December 1995 to 

February 1997. 

4.2.4.2 Cape Three Points Commercial Harvesting Experiment 

As in the Wainui Bay clearance experiment, the addition of an extra summer removal 

trial meant that two analyses were needed; May 1997 - September 1998 and 

February 1998 - September 1998. 

Multivariable repeated measures ANOVAs were used to test the null hypothesis that 

there were no significant treatment and time effects (canopy removals vs controls) on 

abundances of Macrocystis and Ecklonia size classes, juvenile laminarians, 

Carpophyllum flexuosum, the macro-invertebrates Haliotis iris, Cookia sulcata, Turbo 

smaragdus, Trochus varidus and seastars. McNemar Chi-square was used to 

compare Ecklonia plant and Macrocystis frond mortalities. This particular test is 

suitable for situations where frequencies in the 2 x 2 table represent dependent 

samples (StatSoft 1999). Effects of treatments on the growth rates of juvenile 

Ecklonia (<500 mm) and Macrocystis (<1 m) were examined by ANCOVA with 

growth rate as the dependent variable and initial length as the covariate. 

Homogeneity of variances was tested prior to ANCOVA analysis. 

4.2.4.3 Tory Channel Clearance Experiment 

ANOVAs with treatment as the main factor were used to compare abundances of the 

major algal species and the Macrocystis and Ecklonia size classes. The abundance 

of macro-invertebrates was too low for statistical analysis.  As at Cape Three Points, 

McNemar Chi-square was used to compare Ecklonia plant and Macrocystis frond 

mortalities and growth rates of juvenile Ecklonia.  Juvenile Macrocystis were 

examined by ANOVA and ANCOVA as described above. 
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4.3 Results 

4.3.1 Environmental Parameters 

4.3.1.1 Sedimentation 
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Sediment accumulation rates were significantly greater when a canopy was absent 

(Ecklonia > 250 mm and Macrocystis > 0.5 m plants removed) than when it was 

present (Table 4.2; Figure 4.4). 
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Figure 4.4 Mean (±SE) sediment accumulation rates in the presence (closed circles) 
and absence (open circles) of kelp canopy. 

Table 4.2 Two-way ANOVA of the effects of time and treatment (kelp canopy present versus canopy 
removed) on sediment accumulation rates. % = Percentage of total variance accounted for by each factor 

Source of Variation Df MS F p % 
Time 6 0.625 1.08 0.46 11 

Treatment 1 3.91 6.80 0.04 12 

Time x Treatment 6 0.58 0.70 0.65 10 

Error 28 0.82 67 
Data were logn transformed. All Cochran's tests were n.s. 
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Sediment accumulation rates did not differ significantly through time and there was 

no significant time X treatment interaction (Table 4.2). However, the significant 

treatment effect explained only 12% of the variation, indicating a weak relationship 

between sediment accumulation rates and algal cover. 

4.3.1.2 Light 

Irradiance (photosynthetically active radiation, PAR; 400 – 700 nm) was measured at 

midday during May 1997. Light penetration through the kelp canopy decreased 

significantly with increasing water depth, and explained 93% of the total variation in 

irradiance (Table 4.3; Figure 4.5). At Wainui Bay, surface irradiance levels 

(immediately below the surface) decreased from 1064 µEm-2 s-1 to 565 µEm-2 s-1 at 1 

m depth in open water. At 3 m depth irradiance declined further to 40 µEm-2  s
-1under the Macrocystis surface canopy, and to 11.6 µEm-2  s  under combined 

Macrocystis and Ecklonia canopies. Irradiance levels decreased in a similar manner 

at Ohinepaka Bay (Figure 4.5), but declined more strongly to 9 µEm-2 s-1 at 3 m depth 
-1under the Macrocystis surface canopy and 5 µEm-2  s  under both Macrocystis 

surface and Ecklonia canopies (Table 4.3; Figure 4.6). 

Table 4.3 Two-way, fixed-effects ANOVA of the effects of site and depth on irradiance.  % = 
Percentage of total variance accounted for by each factor. 

Source of Variation df MS F p % 
Depth 2 3.87 268.49 <0.001 93 

Site (Wainui vs Ohinepaka Bay) 1 0.32 21.97 0.003 4 

Depth x Site 2 0.09 6.54 0.03 2 

Error 6 0.01 1 
Data were logn transformed. All Cochran's tests were n.s. 

-1 
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Figure 4.5 Log10 transformed irradiance data at 4 depths: 1) sea-surface (~10 cm 
below the sea surface), 2) open water (at 1 m depth in the absence of canopy layers), 3) 
under Macrocystis surface canopy only (3 m depth), and 3) under Macrocystis and 
Ecklonia  canopies (3 m depth) at Wainui and Ohinepaka Bay kelp forests 

The significant 2-way interaction (depth x site) explained 2% of the total variation in 

irradiance, and was probably a reflection of a combination of site-specific differences 

in turbidity and Macrocystis surface canopy density. Irradiance was significantly 

lower beneath the combined Macrocystis surface canopy and Ecklonia sub-canopy 

compared to the Macrocystis surface canopy alone (Tukey HSD, p =0.01). 

In summary, within the first metre of water and in the absence of a kelp canopy, 

irradiance decreased by 53% and 61% at Wainui and Ohinepaka Bays, indicating 

that turbidity plays an important role in the transmission of light through the water 

column. At 3 m beneath the Macrocystis surface canopy, irradiance was further 

reduced to 1% and 3.75% of surface irradiance, and declined to 1% and 0.5% 

beneath both the Macrocystis and Ecklonia canopies at Wainui and Ohinepaka Bay, 

respectively (Figure 4.6). Overall, irradiance penetration through the kelp canopies to 

a depth of 3 m was reduced by 91 and 186 times at Wainui and Ohinepaka Bays, 

respectively. 
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Figure 4.6 Diagrammatic representation showing the potential affects of the Macrocystis sea-surface 
canopy and the Ecklonia sub-canopy on the amount of surface light reaching Macrocystis and Ecklonia 
sub-canopy plants, low lying prostrate brown algae, juvenile Ecklonia and Macrocystis, and encrusting 
seaweeds immediately above the substratum. 

4.3.2 Wainui Bay Clearance Experiment 

4.3.2.1 Biomass production from repeatedly harvested areas 

Five months after initial harvesting (Dec 1995 – May 1996), surface canopy biomass 

(yield) from previously cut areas was significantly lower (F(3,21) =13.32, p=0.01) than 

that in uncut areas (Figure 4.7). Despite this, there was no overall treatment effect of 

repeated harvesting on yield (Table 4.4).
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Figure 4.7  Canopy biomass per square meter from control (uncut) and 
harvested areas (harvested in December 1995, May 1996, October 1996 and 
February 1997) ± S.E. 

Table 4.4 Yield from uncut areas and the repeatedly cut treatments; repeated 
measures univariate analysis of variance model between treatments through time 
(A), and repeated measures multivariate analysis within subjects through time and 
interactions between time and treatments within subjects (B) 

A 
Source 

of 
Variation 

df MS F P 

Treatment 1, 7 49.042 2.2759 0.1751 

B 
Source Wilks Df F P 

of 
Variation 

Time 0.2119 3, 5 6.1994 0.0388 
Time X Treatment 0.3243 3, 5 3.4722 0.1069 

All Cochran's tests were n.s. 

However, during the course of the study I found a significant overall decrease in yield 

for both uncut and control treatments (Table 4.4). A major reason for this was natural 

fluctuations in surface canopy biomass: recovery of cut areas to a level equivalent to 

uncut areas was not always dependent on the formation of new canopy biomass.   
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4.3.2.2 Harvested frond mortality 

The cumulative percent mortality of uncut and cut canopy-length fronds was 

compared after 2 and 7 months, respectively (Figure 4.8). After 2 months, mortality 

of cut fronds was higher than that of uncut fronds, but the difference was not 

significant (F(1,7) =2.32; p=0.172). No canopy-length frond survived the complete 7 
P
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y 

months in any treatment. Cut fronds persist for some time after cutting, but gradually 

senesce and lose buoyancy at which time I counted them as dead. 
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Figure 4.8  Percent mortality (±SE) of uncut fronds and fronds removed 1 m 
below the sea-surface (to simulate a commercial harvest) after two and seven 
months. 

4.3.2.3 Algal abundance 

The abundance of new recruits (blade stage juvenile laminarians belonging to 

Macrocystis and Ecklonia < 80 mm) showed no significant treatment effect, but did 

show significant temporal variation (Table 4.5; Figure 4.9). Abundance peaked during 

December 1995 (1.8 ±0.70 SE per m2), October 1996 (1.07 ±0.5 SE per m2), and 

February 1997 (1.53 ±0.2 SE per m2), but was low during May 1997 (0.04 ±0.02 SE 

per m2). 
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Figure 4.9  Mean (±SE) abundance of blade stage juvenile laminarian 
algae within canopy removal treatments: (A) (+M.p+E.r) control, (B) (-
M.p.c+E.r) Macrocystis surface canopy removed, (C) (-M.p+E.r) 
Macrocystis plants removed, (D) (+M.p-E.r) Ecklonia plants removed, (E) 
(-M.p-E.r) Macrocystis and Ecklonia plants removed, and (F) repeated 
removal of Macrocystis canopy (Rpt.-M.p.c+E.r.). 

The abundance of juvenile Macrocystis plants showed no significant treatment effect 

and explained only 9 % of variation in the univariate model.  However, they did show 

significant temporal variation in abundance (Table 4.5; Figure 4.10a).  Temporal 

variation explained 79% of variation in the multivariate model, indicating that temporal 

effects were more important than the removal of canopy on the abundance of 

juvenile Macrocystis plants. On average, there was less than one juvenile 

Macrocystis plant per m2 among all treatments between October 1995 and October 

1996. However, the numbers increased to 9 (±2.2 SE) per m2 during February 1997 

(Figure 4.10a).  Increased abundance at this time coincided with an increase in 

recruitment prior to, and during February 1997 (Figure 4.9). Over the same period, 

the abundance of juvenile Macrocystis plants was high in the Wainui Bay and 

Ohinepaka Bay kelp forests (see Chapter 3).  The continuing removal of Macrocystis 

surface canopy (Rpt.-M.p.c) resulted in a higher abundance of juvenile Macrocystis 

plants than were found in other treatments (+M.p+E.r, -M.p.c+E.r, -M.p+E.r, -M.p-E.r) 

during February 1997, although the differences were not statistically significant 

(Figure 4.9). 
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The abundance of Macrocystis sub-canopy plants (plants 1 – 3 m in length) was 

significantly different between treatments and showed significant temporal variation 

(Table 4.5; Figure 4.10b).  Difference in abundance between treatments were in part 

a reflection of the initial treatment manipulation. For example, removing all 

Macrocystis plants > 0.5 m whilst leaving all Ecklonia (-M.p.+E.r.) and removing all 

kelp (-M.p.-E.r.) resulted in an initial decline in sub-canopy plants.  Treatment effect 

explained approximately 70% of total variation in the univariate model.  Whilst these 

were obvious effects, the removal of Ecklonia alone (+M.p.–E.r.) resulted in an 

increase in sub-canopy plants between October 1995 and May 1996, whereas in the 

initial Macrocystis canopy removal treatment and the repeated Macrocystis canopy 

treatment abundances decreased. Differences between treatments through time 

largely explain the significant treatment x time interaction.  The increase in plant 

abundance in the +M.p.–E.r. treatment suggests that the higher light levels promoted 

growth of juvenile Macrocystis and new recruits.  In contrast, abundance of sub-

canopy plants in the control treatment showed little variation and ranged between 1 

and 2 plants per m2. In the Rpt.-M.p.c treatment, a gradual decline in abundance of 

sub-canopy plants occurred over the course of the experiment (Figure 4.10b) as they 

grew towards the surface. Once at the sea surface they reduced light levels further, 

and in doing so limited further growth of smaller plants that might otherwise have 

grown sub-canopy sized plants. During spring and summer the abundance of sub-

canopy sized plants increased in all treatments where Macrocystis plants remained. 

Thus, abundance between October 1995 and December 1995 and between October 

1996 and February 1997 (except in the Rpt.–M.p.c treatment) increased. These 

increases reflected the reduction in numbers of canopy length plants and the growth 

of smaller plants to sub-canopy length (Figure 4.10c). 

The abundance of Macrocystis canopy plants showed significant treatment and 

temporal variation and explained 45% of variation in the univariate model and 14% in 

the multivariate model. Overall, the abundance of canopy plants in the -M.p.-E.r. 

treatment (0.6 ±0.26 SE per m2) was significantly lower than in the +M.p.-E.r. 

treatment (0.06 ±0.06 SE per m2) (Tukey HSD, p < 0.01). Significantly more plants 

were present in October 1996 (1.1 ±0.1 per m2) than February 1997 (0.31 ±0.01 SE 

per m2). 
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Table 4.5 Summary of repeated measures univariate analysis of variance model (F values) between treatments 
through time (A) and, repeated measures multivariate analysis (F values) within subjects through time and 
interactions between time and treatments within subjects (B). 

A Treatment Error 
Between Subjects df MS F % % 

Macrocystis (< 1 m) 5,24 0.77 0.49 9 91 
Macrocystis (1 – 3 m) 5,24 6.16 10.67*** 69 31 
Macrocystis (> 3) 5,24 1.16 3.95** 45 55 
No. Macrocystis fronds 5,24 20.90 7.90*** 62 38 
No. fronds per plant 5,13 0.94 2.71 51 49 
Ecklonia <250 mm 5,24 15.23 6.06*** 56 44 
Ecklonia 250 - 500 mm 5,24 4.84 4.21 47 53 
Ecklonia > 500 mm 5,24 23.5 30.25*** 86 14 
Juvenile laminarian 5,24 0.62 0.46 9 91 
Carpophyllum 5,24 4.79 3.17* 40 60 
B 

Time Time x Treatment Error 
Within Subjects Wilks df F % Wilks df F % % 

Macrocystis (< 1 m) 0.12 3,22 59.9*** 79 0.61 15.61 0.77 3 18 
Macrocystis (1 – 3 m) 0.44 3.22 9.25*** 81 0.35 15,61 1.88*** 18 61 
Macrocystis (> 3) 0.44 3,22 9.46*** 14 0.41 15,61 1.55 23 63 
No. Macrocystis fronds 0.48 3,21 5.6** 13 0.21 20,70 2.14** 37 50 
No. fronds per plant 0.07 3,10 31.0*** 32 <0.01 20.34 11.14*** 55 12 
Ecklonia < 250 mm 0.28 3,22 18.5*** 27 0.33 15,61 2.0* 28 45 
Ecklonia 250 – 500 mm 0.22 3,22 26.5*** 41 0.22 15,61 2.92** 29 30 
Ecklonia >500 mm 0.61 3,22 4.66** 15 0.31 15,61 2.12* 32 53 
Juvenile laminarian 0.18 3,22 33.10*** 25 0.67 15,61 0.63 10 65 
Carpophyllum 0.80 3,22 1.83 15 0.46 15,61 1.23 32 53 

Significance is denoted by *(0.05), **(0.01), ***(0.001).  Data were √(x + 0.5) transformed; all Cochran's tests were n.s. 

Canopy plants reappeared in the -M.p.-E.r. treatment during October 1996, 

approximately 1 year after the original plants were removed but, in the -M.p.+E.r. 

treatment, canopy plants started reappearing within 7 months.  The difference in the 

timing of reappearance of canopy plants after all Macrocystis (> 0.5 m) plants were 

removed suggests that the presence of an overlying Ecklonia canopy affords some 

benefit to new recruits and juvenile Macrocystis plants. 

Such benefits may result form lower sediment levels associated with the presence of 

a canopy (see Section 4.3.1.1 Sedimentation).  Regardless of treatment, the 

abundance of canopy plants remained below 1 per m2 after the initial manipulation, 

and generally decreased during the course of the experiment.  
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Figure 4.10 Mean (±SE) abundance of (A) juvenile Macrocystis, (B) sub-canopy Macrocystis, (C) canopy 
Macrocystis, (D) Ecklonia < 250 mm, (E) Ecklonia  250 – 500 mm, (D) Ecklonia > 500 mm within canopy 
removal treatments: (+M.p+E.r) control, (-M.p.c+E.r) Macrocystis surface canopy removed, (-M.p+E.r) 
Macrocystis plants removed, (+M.p-E.r) Ecklonia plants removed, (-M.p-E.r) Macrocystis and Ecklonia 
plants removed, and (Rpt.-M.p.c-E.r) repeated removal of Macrocystis canopy. 
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The abundance of juvenile Ecklonia (> 250 mm) showed significant variation among 

treatments and over time including a significant treatment x time interaction (Table 

4.5; Figure 4.10d).  The significant time x treatment interaction reflected differences in 

the treatment response through time. Thus, abundance of juveniles within the control 

treatment declined between December 1995 and May 1996, while it increased in all 

other treatments. Ecklonia abundance in all treatments were significantly higher 

during May 1998 and October 1997 than at any other time (Tukey HSD, p<0.05). 

Treatment effect explained 56% of total variation associated with the univariate 

model. Removal of all kelp (-M.p.  –E.r.) resulted in a significant increase in the 

abundance of juvenile Ecklonia compared to all other treatments (Tukey HSD, 

p<0.05). Thus, between December 1995 and May 1996 there was a 4½ fold 

increase in abundance of juvenile Ecklonia compared to an almost 2 fold decrease in 

controls. The abundance of juvenile Ecklonia within the +M.p.  –E.r. treatment, also 

increased during this period. These juvenile Ecklonia plants had been recruited in 

December 1995 (Figure 4.9). 

Although non-significant, differences in abundance of juvenile Ecklonia between May 

1996 and February 1997 appeared to be related to the canopy-removal 

combinations. The order in which juvenile Ecklonia abundance was influenced by 

treatments was as follows: (-M.p.-E.r.) > (+M.p.-E.r.) > (-M.p.+E.r.) > (-M.p.c+E.r.) > 

(Rpt.-M.p.c = Control). These results suggest that reduction of light by the Ecklonia 

canopy (self shading) had the greatest impact on juvenile Ecklonia abundance, 

whereas removal of Macrocystis plants resulted in only a slight increase in 

abundance. Removal of the Macrocystis surface canopy and repeated removal of 

the Macrocystis canopy had little impact on abundance. Therefore, removing canopy 

levels down through the water column appears to result in an increase in the 

abundance of juvenile Ecklonia. 

The abundance of 250 – 500 mm Ecklonia plants was significantly different between 

treatments and through time, with univariate treatment and multivariate temporal 

variation explaining 47% and 41%, respectively.  A significant treatment x time 

interaction was also found and accounted for 29% of the variation (Table 4.5; Figure 

4.10e).  The significant treatment effect was the result of the large increase in 

abundance of 250 – 500 mm Ecklonia plants between December 1995 and February 

1997 the -M.p.-E.r. treatment compared those treatments in which the Ecklonia 
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canopy remained intact (Tukey HSD, p <0.03) (Figure 4.10e).  In February 1997 the 

abundance of 250 – 500 mm Ecklonia plants within the -M.p.-E.r. treatment was 3 

times greater than in the control, and 6-7 times greater than at the start of the 

experiment (October 1995). The continual rise in abundance of 250 – 500 mm 

Ecklonia plants between May 1996 and February 1997 mirrored the decline in 

abundance of juvenile Ecklonia plants over the same period (Figure 4.10d).  This 

suggests that juvenile Ecklonia were growing through to the 250 – 500 mm size class 

at a constant rate without suffering much mortality. 

The abundance of > 500 mm Ecklonia showed a significant treatment effect with 

treatment explaining 86% of the univariate variation (Table 4.5; Figure 4.10f). 

Significant treatment differences were a direct result of the original Ecklonia removal 

treatments (-M.p.-E.r. and +M.p.-E.r. treatments) (Tukey HSD, p < 0.001). For 

example, removing all Ecklonia plants whilst leaving all Macrocystis resulted in the 

initial decline of Ecklonia. The abundance of > 500 mm Ecklonia plants within these 

treatments increased slowly, but was still significantly lower in February 1997 (Tukey 

HSD, p < 0.001, 16 months after the start of the experiment) than in controls.  As in 

the 250 – 500 mm size class, increase in abundance of the > 500 mm Ecklonia within 

the -M.p.-E.r. and the +M.p.-E.r. treatments were a result of the 250 – 500 mm size 

class growing through to the > 500 mm size class.  The abundance of > 500 mm 

Ecklonia plants was unaffected by the initial removal of the Macrocystis sea surface 

canopy, Macrocystis plants, or the repeated removal of Macrocystis sea surface 

canopy. Generally, the abundance of > 500 mm Ecklonia within these treatments 

remained constant after December 1995, and ranged from 2 to 3 plants per m2. 

Significant temporal differences were the result of a gradual increase in the 

abundance of > 500 mm Ecklonia plants through time. The significant treatment x 

time interaction reflected the different responses of treatments through time; for 

example, the abundance of > 500 mm Ecklonia plants within the -M.p.-E.r. the 

treatment increased between October 1996 and February 1997, whereas  abundance 

in the +M.p.- E.r. treatment decreased. 

The fucalean alga Carpophyllum flexuosum was the only common brown alga apart 

from Macrocystis and Ecklonia. It occurred sporadically across all treatments with 

treatment explaining 40% of total univariate variation in its abundance (Table 4.5; 

Figure 4.11). 
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Figure 4.11 Mean abundance (±SE) of Carpophyllum flexuosum within 
canopy removal treatments: (+M.p+E.r) control, (-M.p.c+E.r) Macrocystis 
surface canopy removed, (-M.p+E.r) Macrocystis plants removed, (+M.p -E.r) 
Ecklonia plants removed, (-M.p-E.r) Macrocystis and Ecklonia plants 
removed, and (Rpt. -M.p.c -E.r) repeated removal of Macrocystis canopy. 

Except in the -M.p+E.r treatment, abundance of Carpophyllum increased significantly 

when the overlying canopy was removed (Tukey HSD, p < 0.05). Within all 

treatments, Carpophyllum abundance increase immediately after the start of the 

experiment (October 95 – December 1995).  Between December 1995 and May 1996 

Carpophyllum abundance within the -M.p.-E.r. treatment continued to increase, 

whereas in all other treatments it either remained static or decreased slightly.  The 

continuing increase in the abundance in the –M.p.-E.r. treatment was probably due 

to increased irradiance prior to the reestablishment of the overlying canopy layers. 

The time when the Macrocystis surface canopy was removed appeared to influence 

Carpophyllum abundance. Within the -M.p.c+E.r. treatment Carpophyllum 

abundance doubled from 0.7 (±0.12 SE) plants per m2 to 1.4 (±0.62 SE) per m2 

between October 1995 when the canopy was removed and December 1995 but it did 

not change when canopy was removed in December 1995 or May 1996.  Similarly, 

Carpophyllum abundance increased from 1.0 (±0.22 SE) to 2.15 (±0.71 SE) plants 
2per m  between October 1996 and February 1997 after the Macrocystis surface 

canopy was removed in October. These results suggest that increased irradiance in 

spring - early summer enhanced recruitment of Carpophyllum. 
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Abundance of Macrocystis fronds per m2 was compared among treatments between 

December 1995 and February 1997. Abundance showed significant treatment and 

temporal variation, which explained 62% of variation in the univariate model and 13% 

in the multivariate model (Table 4.5). Significant treatment effects resulted in part 

from the initial Macrocystis plant removal treatment manipulations, such that 

significantly more fronds per m2 was found within the +M.p.-E.r. treatment between 

October 1995 and December 1996 (Tukey HSD, P<0.02). This was due largely to an 

increase in the abundance of sub-canopy plants (see Figure 4.10b). Less marked 

increases in the number of fronds, were found in the other treatments where 

Macrocystis plants remained (control and -M.p.c+E.r treatments). A general decline 

in the abundance of fronds between December and February was found in those 

treatments where Macrocystis remained (control, +M.p.-E.r., -M.p.c+E.r, Rpt-M.p.c 

+E.r treatments), and was associated with a general decline in plant abundance over 

the same period (r2 = 0.68, p < 0.001), (Figure 4.10b-d). Where the Macrocystis 

surface canopy was harvested repeatedly, frond abundance per m2 decreased more 

rapidly (see section 4.3.2.2 Harvested frond mortality). 
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Figure 4.12 Mean (±SE) Macrocystis frond abundance per m2 within canopy 
removal treatments: (+M.p+E.r) control, (-M.p.c+E.r) Macrocystis surface 
canopy removed, (-M.p+E.r) Macrocystis plants removed, (+M.p-E.r) Ecklonia 
plants removed, (-M.p-E.r) Macrocystis and Ecklonia plants removed, and 
(Rpt.-M.p.c -E.r) repeated removal of Macrocystis canopy. 
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The number of fronds per Macrocystis plant showed no significant treatment effect, 

but showed significant temporal variation and a significant treatment x time 

interaction (Table 4.5; Figure 4.13). Significant temporal effects were the result of 

plants having significantly more fronds in February 1997 than on any other sampling 

date (Tukey HSD, p < 0.04). In general, where all Macrocystis plants were removed, 

plants tended to accumulate fronds as time progressed, whereas where Macrocystis 

plants remained, changes in frond numbers were small.  The significant treatment x 

time interaction accounted for 55% of total multivariate variation, and reflected 

differences in treatment response at different stages of the experiment.  Thus, 

repeatedly removing the Macrocystis surface canopy between December 1995 and 

October 1995 resulted in a continual decline in frond abundance per plant, whereas 

frond numbers remained fairly constant in the control.  Increases in the number of 

fronds per plant did not necessarily translate into an increase in the number of frond 
2per m . Instead, other factors including a weak but significant density dependent 

relationship between Macrocystis plant numbers and the number of fronds per plant 

(r=0.16, p < 0.001) may limit them. For example, the large increase in plant frond 

numbers within the -M.p.-E.r. treatment between December 1995 and February 

1997 (Figure 4.13) coincided with the low abundance of sub-canopy and canopy 

plants. 
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Figure 4.13 Mean (±SE) number of fronds per Macrocystis plant within 
canopy removal treatments: (+M.p +E.r) control, (-M.p.c +E.r) Macrocystis 
surface canopy removed, (-M.p +E.r) Macrocystis plants removed, (+M.p -E.r) 
Ecklonia plants removed, (-M.p-E.r) Macrocystis and Ecklonia plants 
removed, and (Rpt.-M.p.c +E.r) repeated removal of Macrocystis canopy. 
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4.3.2.4 Plant Growth and Mortality 

Macrocystis growth rates for 4 growth periods are shown in Figure 4.14.  Poor 

Macrocystis plant survival and a general lack of suitable sized plants precluded 

repeated measures multivariate analysis of covariance of Macrocystis growth for all 

treatments. Three treatments were analysed using repeated analysis of variance 

including the control, -M.p.c and Rpt.-M.p.c +E.r.  Individual one-way ANCOVAs were 

preformed for the majority of treatments within each given sampling period.  

Repeated measures of covariance showed no significant treatment effects (p>0.05) 

on Macrocystis plant growth rates. Treatment explained 14% of variation in the total 

univariate model, but 85% remained unexplained (Table 4.6). This suggests that 

treatment had very little effect on plant growth.  However, Macrocystis growth rates 

varied significantly through time and were significantly higher during the December 

1995 to May 1996 growth period than at any other time (Tukey HSD, p < 0.05). 

Temporal variation explained 41% of total multivariate variation.  There was also a 

significant time x treatment interaction, but its effect was small and explained only 4% 

of the variation. Overall, time was the main factor explaining growth in the control, -

M.p.c and Rpt.-M.p.c+E.r. treatments. 

One-way ANCOVAs run for each growth period also showed no significant treatment 

effects (Figure 4.14). Note that during this period a new treatment was added, the 

repeated removal of the Macrocystis surface canopy (Rpt. -M.p.c+E.r.). Three 

months after the start of the Wainui clearance experiment plants showed little or 

negative growth between treatments, suggesting that increased irradiance had little 

effect on plant growth (Figure 4.14a). Macrocystis plant growth rates between 

December 1995 and May 1996 were positive in all treatments.  Although non

significant, growth rates of plants in the -M.p+E.r. treatment and the Rpt-M.p.+E.r. 

treatments were faster on average than in other treatments.  The slower growth rates 

of plants in the -M.p.-E.r. treatment may have been a consequence of elevated 

sediment levels (see 4.3.1.1 Sedimentation). Thus, increased irradiance associated 

with the removal of Macrocystis plants in October 1995, and the removal of the 

Macrocystis surface canopy in December 1995 may have reduced growth rates to 

some degree. 
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Table 4.6 Repeated measures univariate analysis of variance model between treatments through time (A), and 
repeated measures multivariate analysis within subjects through time and interactions between time and 
treatments within subjects (B). 

A Treatment Error 
Between Subjects 

Macrocystis growth1 

Macrocystis mortality rate2 

Macrocystis mortality rate3 

Macrocystis frond mortality4 

Ecklonia growth rate2 

Ecklonia growth rate3 

Ecklonia mortality rate2 

Ecklonia mortality rate3 

B 

df 
2,3 
4,15 
5,19 
3,15 
5, 79 
4,64 
4,20 
5,24 

MS 

0.21 
0.02 
0.01 

<0.01 
0.67 
1.38 

<0.01 
<0.01 

F 

0.02 
3.83* 
1.83 
0.29 
0.87 
1.46 
0.57 
0.82 

%

14 
51 
33 
5 
5 
8 
10 
15 

%

85 
49 
67 
95 
95 
92 
90 
85 

Time Time x Treatment Error 
Within Subjects Wilks df F % Wilks df F % % 

Macrocystis growth1 

Macrocystis mortality rate2 

Macrocystis mortality rate3 

Macrocystis frond mortality4 

Ecklonia growth rate2 

Ecklonia growth rate3 

Ecklonia mortality rate2 

Ecklonia mortality rate3 

0.01 
0.21 
0.23 
0.37 
0.17 
0.01 
0.01 

<0.01 

2,2 
3,13 
2,18 
2,30 
2.78 
3,62 
3,60 
2,48 

114.36** 
16.21** 
30.2*** 

0.02 
185.9*** 
1902*** 

2.60 
1.75 

41 
7 
2 

16 
72 
90 

10.5 
6 

0.01 
0.22 
0.38 
0.02 
0.61 
0.19 

<0.01 
0.01 

4,4 7.24* 
12,35 2.18 
10,36 2.24* 
6,30 0.51 

10,156 3.85*** 
12,164 11.65 
12,60 0.54 
10,48 0.55 

4 
34 
51 
8 
6 
5 
9 

10 

55 
59 
47 
76 
23 
5 
81 
84 

Significance is denoted by *(0.05), **(0.01), ***(0.001).  Data were √(x + 0.5) transformed; all Cochran's tests were n.s. 
(1) Control, M.p.c+E.r., and Rpt. –M.p. c +E.r. treatments for all sampling periods between Dec. 1995 & Feb 1997. 
(2) Control, -M.p.c+E.r., -M.p.+E.r., +M.p.–E.r., and -M.p.–E.r., treatments for all sampling periods between Oct. 1995 & Feb 1997. 
(3) Control, -M.p.c+E.r., -M.p.+E.r., +M.p.–E.r., and -M.p.–E.r., & Rpt. –M.p. c +E.r. treatments for all sampling periods between Dec. 95 – Feb 

)1997.(4 Macrocystis frond growth and mortality based on three periods only (Dec 1995 – May 96, May 1996 – Oct 96, and Oct 1996 – Feb 97) for the 
control, -M.p.c +E.r. , +M.p. –E.r., and Rpt. –M.p. c +E.r. treatments. 

High mortality of tagged fronds and the general lack of suitable sized fronds to tag on 

many sampling visits precluded a balanced statistical analysis of the whole 

experiment. For the first 6 months of the experiment, growth analysis could not be 

performed in treatments where Macrocystis plants were removed (all fronds 

removed). Therefore, analysis was restricted to selected treatments in each 

sampling period. In the May 1996 and October 1996 growth periods, no significant 

treatment effects on Macrocystis frond growth were found (Figure 4.15). 
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Figure 4.14 Mean (±SE) Macrocystis plant growth rates for four growth 
periods: (A) October 1995 to December 1995, (B)  December 1995 to May 
1996, (C) May 1996 to October 1996, and (D) October 1996 to February 1997 
within canopy removal treatments: (+M.p+E.r) control, (-M.p.c+E.r) 
Macrocystis surface canopy removed, (-M.p +E.r) Macrocystis plants 
removed, (+M.p-E.r) Ecklonia plants removed, (-M.p-E.r) Macrocystis and 
Ecklonia plants removed, and (Rpt.-M.p.c+E.r) repeated removal of 
Macrocystis canopy. Results of one-way ANOVAs testing treatment effect for 
individual growth periods are shown. 
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Figure 4.15  Mean (±SE) Macrocystis frond growth rates between (A) October 
1995 – December 1995, (B) December 1995 - May 1996, (C) May 1996 – 
October 1996, and (D) October 1996 – February 1997 within canopy removal 
treatments: (+M.p+E.r) control, (-M.p.c+E.r) Macrocystis surface canopy 
removed, (-M.p+E.r) Macrocystis plants removed, (+M.p-E.r) Ecklonia plants 
removed, (-E.r-M.p) Macrocystis and Ecklonia plants removed, and (Rpt-
M.p.c.+E.r) repeated removal of Macrocystis canopy. Results of one-way 
ANOVAs testing treatment effect for individual growth periods are shown Note 
that missing data is either a result of low frond survival or because fronds were 
removed during treatment manipulation. 
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The ANOVA for frond growth rate data between May and October 1996 showed a 

significant difference between treatments, with the -M.p.+E.r. treatment fronds 

growing significantly faster than fronds in the control, -M.p.c+E.r. and Rpt.-M.p.c+E.r 

treatments (Tukey HSD, p < 0.02). However, the lack of significance between -

M.p+E.r., +M.p  -E.r. and -M.p.-E.r. treatments and the fact that only 34% of the 

model variation in frond growth rates was due to the treatment factor, (66% was due 

to uncontrolled factors), makes it difficult to interpret this result.  However, the lower 

abundance of sub-canopy plants (see Figure 4.10b) within the -M.p.+E.r.  treatment 

during this growth period may have resulted in increased irradiance levels since light 

penetration through kelp forests increases with increasing distance from individual 

plants (Gerard 1984). 

Repeated measures ANCOVA for the 4 sampling periods between October 1995 and 

February 1997 showed no significant effect between the 5 initial treatments for the 

growth rates of Ecklonia (Table 4.6; Figure 4.16).  Similarly, no significant treatment 

effects were found for the 3 sampling periods between December 1995 and February 

1997 for the initial 5 treatments and Rpt-M.p.c+E.r.. In these cases treatment 

explained only 5 and 8% of variance in the univariate model, while 95 and 92% 

remained unexplained.  In both sampling periods, significant temporal variation 

resulted from an overall decline in growth through time (Figure 4.16). Temporal 

variation explained 72 and 90% of total variation in the multivariate model for the 

October 1995 to February 1997 and the December 1995 to February 1997 periods, 

respectively. There was also a significant treatment x time interaction for the 5 initial 

treatments between October 1995 and February 1997.  In this case however, only 

6% of multivariate model variation was explained by the interaction, and 23% 

remained unexplained. Thus, the treatment x time interaction was unimportant given 

there were no significant treatment effects and that temporal variation explained the 

majority of the model’s variation. 
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Figure 4.16 Mean (±SE) Ecklonia plant growth rates between October 1995 and 
February 1997 within canopy removal treatments: (+M.p +E.r) control, (-M.p.c +E.r) 
Macrocystis surface canopy removed, (-M.p +E.r) Macrocystis plants removed, (+M.p 
-E.r) Ecklonia plants removed, (-E.r -M.p) Macrocystis and Ecklonia plants removed, 
and (Rpt. -E.r +M.p) repeated removal of Macrocystis canopy. 

Unlike the repeated measures analysis for Ecklonia growth rates, separate one-way 

ANCOVAs for the first two growth periods showed a significant treatment effect 

(Figure 4.17a and Figure 4.17b). Three months after the start of the Wainui 

clearance experiment plants showed positive growth across all treatments.  However, 

Ecklonia growth rates were significantly greater in the -M.p.c+E.r. and -M.p.+E.r. 

treatments than the control, but were not significantly different from growth rates in 

the +M.p.+E.r. and -M.p.-E.r. treatments (Tukey HSD, p < 0.001). Thus, Ecklonia 

growth was greatest in treatments where Macrocystis (surface canopy and/or plants) 

was removed and Ecklonia was left intact. This suggests that a greater increase in 

irradiance was associated with the removal of Macrocystis, and that further increases 

in irradiance resulting from the removal of the Ecklonia canopy layer were insufficient 

to increase growth rates further (Figure 4.17a). This suggestion is consistent with 

irradiance readings obtained beneath the Macrocystis and Ecklonia canopies (see 

4.3.1.2 Light). For example, results show that surface irradiance decreased by 97 to 

99% by the time it reached the Ecklonia canopy level but decreased by only 1 – 2% 

beneath the Ecklonia canopy layer. The lack of a significant treatment effect 

between the control and the -M.p.-E.r treatment is inconsistent with the above 

findings, but since irradiance levels would have been greatest within this treatment.  It 
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is probable, therefore, that any increase in irradiance within this treatment was offset 

by increases in sedimentation. Overall, however, the effect of removing canopy 

layers on Ecklonia growth was relatively unimportant.  Four percent of the variation in 

the growth rates of Ecklonia was accounted for by the treatment factor, whereas 96% 

was due to unexplained factors. 

Growth rates of Ecklonia between December 1995 and May 1996 were highly 

variable in all treatments and differed significantly (Figure 4.17b), due solely to the 

addition of a new treatment (Rpt.-M.p.c+E.r.). In fact it differed significantly only from 

the +M.p.-E.r. (Tukey HSD, p = 0.04) and the -M.p.+E.r. (Tukey HSD, p < 0.01) 

treatments. The effect of removing the Macrocystis canopy layers on Ecklonia 

growth was relatively small. Thus, only 5% of the variation in the growth rates of 

Ecklonia was accounted for by the treatment factor, whereas 95% was due to 

unexplained factors. Nevertheless, these results suggest that increased irradiance 

associated with the removal of the Macrocystis surface canopy during December 

1995 enhanced growth slightly. Note that during this period a new treatment was 

added, that is the repeated removal of the Macrocystis surface canopy (Rpt. -

M.p.c+E.r.). 

Growth rates of Ecklonia during the May 1996 to October 1996 period showed no 

significant differences between treatments (Figure 4.17c).  Treatment effect on 

Ecklonia growth explained only 2 percent of the variation, while 98% was due to 

unexplained factors. Growth rates were positive among all treatments and ranged 

from 0.78 to 0.95 mm per day. The lack of a significantly higher growth rate within 

the Rpt-M.p.c+E.r. treatment may have been a consequence of thick Macrocystis 

surface canopy material floating over the treatment area during the winter months 

when irradiance levels were low. Ecklonia growth rates between October 1996 and 

February 1997 showed no significant treatment effect (Figure 4.17d).  Treatment 

explained 5% of total variation in growth, while 95% remained unexplained.  Growth 

rates were consistently low among all treatments and showed no relationship with the 

condition of the canopy layer. 

In all sampling periods, treatment was relatively unimportant in explaining Ecklonia 

plant growth. It explained only 1 – 5% of individual ANOVA model variations, while 

95 to 99% of variation remained unexplained. 
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Figure 4.17 Mean (±SE) Ecklonia plant growth rates between (A) October 1995 
– December 1995, (B) December 1995 - May 1996, (C) May 1996 – October 
1996, and (D) October 1996 – February 1997 within canopy removal treatments: 
(+M.p +E.r) control, (-M.p.c +E.r) Macrocystis surface canopy removed, (-M.p 
+E.r) Macrocystis plants removed, (+M.p -E.r) Ecklonia plants removed, (-E.r -
M.p) Macrocystis and Ecklonia plants removed, and (Rpt. -M.p.+E.r.) repeated 
removal of Macrocystis canopy. Results of one way ANOVA testing for individual 
growth periods is also shown. 
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Weak treatment effects for the first two growth periods are the main reason for the 

lack of a significant treatment with repeated measures ANCOVA.  What uncontrolled 

factors influenced growth rates remain unknown, but may include turbidity, sediment 

deposition, and plant density. Bias may have arisen also during the experiment since 

generally one cohort of juvenile Ecklonia plants were tagged at the start of the 

experiment, and only a few additional plants were tagged during the course of the 

experiment. Thus, potential bias towards the slower growth rates of older plants, as 

the experiment progress, may be responsible for the apparent decline in growth rates 

through time. 

Repeated measures analysis for the 4 sampling periods between October 1995 and 

February 1997 showed a significant effect between treatments on the mortality of 

Macrocystis (Table 4.6; Figure 4.18b).  Fifty-one percent of variation in mortality of 

Macrocystis explained by the univariate model was due to treatment, while 49% was 

due to uncontrolled factors. The removal of Macrocystis plants while leaving 

Ecklonia plants intact resulted in significantly lower Macrocystis plant mortality than 

the +M.p.  –E.r. treatment, suggesting that entanglement with neighbouring 

Macrocystis plants was a major source of mortality and that the presence of Ecklonia 

afforded some protection (Tukey HSD, p < 0.01). Mortality of Macrocystis varied 

significantly through time and was higher during the October 1995 – Dec 1995 period 

(Table 4.6; Figure 4.18a). Macrocystis plant mortality rates for all treatments 

including Rpt.-M.p.c +E.r. showed no significant treatment effect, but showed 

significant temporal variation (Table 4.6). Fifty-one percent of variation in the 

multivariate was due to the treatment x time interaction, while 49% was due to 

uncontrolled factors. Uncontrolled factors that may have influenced mortality include 

sedimentation and minor storm events. 

Mortality rates of Ecklonia in the initial 5 treatments between October 1995 and 

February 1997, and for the initial 5 and the Rpt.-M.p.c +E.r. treatments between 

December 1995 and February 1997 were not significantly different (Table 4.6). 

There was also no significant temporal variation, and no significant treatment x time 

interaction. These findings suggest that Ecklonia is unaffected by the removal of the 

canopy and that plant mortality is unaffected by increased irradiance and 

sedimentation. Ecklonia was rarely seen entangled with Macrocystis plants 

suggesting that entanglement is unlikely to be a major source of mortality. 
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Figure 4.18  (A) Mean (±SE) monthly proportional mortality (±SE) of Macrocystis within canopy removal 
treatments: (+M.p +E.r) control, (-M.p.c +E.r) Macrocystis surface canopy removed, (-M.p +E.r) 
Macrocystis plants removed, (+M.p -E.r) Ecklonia plants removed, and (-E.r -M.p) Macrocystis and 
Ecklonia plants removed.  (B) Mean (±SE) monthly proportional mortality of treatment effect for all 
sampling periods. 
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4.3.2.5 Abundance of Invertebrates 

With the exception of Cookia sulcata, abundance of all macro-invertebrates, including 

Trochus viridis, Haliotis iris, Turbo smaragdus and seastars showed significant 

treatment effects and significant temporal variation (Table 4.7; Figure 4.19a-e). 

There were no significant treatment x time interactions for any of these invertebrates. 

The abundance of trochids was significantly higher in treatments where either the 

Macrocystis plants or the Macrocystis surface canopy was removed, and was largest 

in the -M.p.+E.r. treatment (Tukey HSD, p < 0.01) (Table 4.7; Figure 4.19a).  The Rpt 

-M.p.c+E.r. treatment possessed proportionally more animals than the once only 

Macrocystis canopy removal treatment, suggesting that increased light levels and/or 

the repeated removal of habitat space enhanced trochid abundance.  When both 

kelps were removed, trochid abundance remained low but similar to that in the 

control. Overall, treatment had a reasonably large effect on the abundance of 

trochids and explained 77% of total univariate model variation (Table 4.7).  With the 

exception of the control and the -M.p.-E.r. treatment, significant temporal variation 

was a direct response to an overall increase in abundance throughout all treatments. 

These results indicate that the increase in irradiance associated with Macrocystis 

surface canopy or plant removal was responsible for the increase in trochid 

abundance. Increased light levels may increase the abundance of food for trochids, 

including benthic diatoms, blue – green and other filamentous algae and juveniles of 

larger plants, including Macrocystis and Ecklonia.  An alternate, though not mutually 

exclusive, explanation is that the loss of vertical habitat space resulted in a higher 

abundance of trochids on the substratum.  The lack of any significant increase in 

trochid abundance when all kelp was removed suggests that any increased 

sedimentation may have negated any increase in the trochids food source and/or 

reduced their ability to occupy the substratum. 

Turbo abundance showed a similar response to treatments as seen for the trochids. 

However, abundance changes were less marked with total abundance never 

exceeding 1 per m2 at any time during the course of the experiment (Table 4.7; 

Figure 4.19b).  Significant treatment effects were largely due to differences between 

the control and -M.p +E.r. treatment (Tukey HSD, p < 0.001). 
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Table 4.7 Repeated measures univariate analysis of variance model (F values) between treatments 
through time (A), and repeated measures multivariate analysis (F values) within subjects through time and 
interactions between time and treatments within subjects (B). 

A Treatment Error 
Between Subjects df MS F % % 

Trochus 5,24 12.36 15.91*** 77 23 
Haliotis 5,24 1.24 15.19*** 77 23 
Cookia 5,24 0.29 1.61 25 75 
Turbo 5.24 2.22 9.11*** 66 34 
Seastars 5,24 6.71 15.30*** 76 24 
B 


Time Time x Treatment Error 
Within Subjects Wilks df F % Wilks df F % % 
Trochids . 0.21 3,22 27.03*** 38 0.48 15,61 1.26 19 43 
Haliotis 0.92 3,22 0.67 3 0.39 15,61 1.66 24 73 
Cookia 0.61 3.22 4.7** 7 0.64 15,61 0.69 11 82 
Turbo 0.58 3,22 5.36** 16 0.50 15,61 1.17 18 65 
Seastars 0.39 3,22 11.60*** 27 0.52 16,61 1.08 14 58 
Significance is denoted by *(0.05), **(0.01), ***(0.001).  Data were √(x + 0.5) transformed 
All Cochran's tests were n.s. 

For both canopy removal treatments, abundance increased steadily over time, but 

except in October 1996, Turbo abundance within the –M.p.-E.r treatment showed 

little change. This result was contrary to that found for the trochids, and may reflect 

different feeding preferences between the two groups as Turbo was often observed 

feeding on drift algae. Overall, the treatment had a moderate effect on the 

abundance of Turbo, explaining 66% of variation in the total univariate model. 

Significant temporal differences resulted from an overall increase in the abundance of 

Turbo through time. However, time only explained 16% of variation in the 

multivariate model and 85% remained unexplained.  This result suggests that 

temporal variation was less important than treatment effects.  

The abundance of Cookia sulcata did not show a significant treatment effect, but 

increased significantly through time (Table 4.7; Figure 4.19c).  In contrast, the 

abundance of Haliotis iris showed a significant treatment effect with treatment 

explaining 77% of variation in the univariate model (Table 4.7; Figure 4.19c).  This 

significant effect was solely a result of a large decline in abundance within the -M.p.-

E.r. treatment in October 1995. Haliotis abundance remained consistently low for the 

remainder of the experiment.  The decline in abundance of Haliotis may have 

resulted from increasing irradiance that in turn may have disturbed the animal.   
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Figure 4.19 Mean (±SE) abundance of (A) Trochus viridis (B) Turbo smaragdus, (C) Cookia sulcata, (D) 
Haliotis iris, and (E) seastars within canopy removal treatments: (+M.p +E.r) control, (-M.p.c +E.r) 
Macrocystis surface canopy removed, (-M.p +E.r) Macrocystis plants removed, (+M.p -E.r) Ecklonia plants 
removed, (-E.r -M.p) Macrocystis and Ecklonia plants removed, and (Rpt. -E.r -M.p) repeated removal of 
Macrocystis canopy. 
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Alternatively, the decline in numbers may have resulted from a general reduction in 

their food source, since drift algae was often less abundant within the –M.p.  –E.r. 

treatment (pers. obs.). No significant temporal effect or treatment x time interaction 

was found. 

Seastar abundance showed significant treatment and temporal effects with treatment 

explaining 76% of univariate model variation and time explaining 27% of the 

multivariate variation (Table 4.7; Figure 4.19e).  The significant temporal effect 

resulted from a general increase in seastar abundance through time.  Seastar 

abundance changes in response to treatments were similar to those seen for the 

trochids and Turbo. Thus, as trochid and Turbo abundance increased so did seastar 

abundance. Seastar abundance was significantly higher in treatments where either 

Macrocystis plants or the Macrocystis surface canopy was removed, the largest 

increase being in the -M.p.c+E.r. treatment (Tukey HSD, p < 0.03). Multiple 

correlation analysis showed a strong association between seastar, Trochus and 

Turbo abundance (multiple r = 0.77, p < 0.001). The association between seastar 

abundance and Trochus and Turbo abundance implies a possibly predator-prey 

response. 

4.3.2.6 	 Seasonal effects of additional kelp removal treatments on kelp and 

invertebrate abundance 

To determine any remaining long-term treatment effects a final survey was carried 

out during October 1998 on all experimental treatments, including the additional kelp 

removal treatments (-M.p.-E.r.) initiated in October 1996, February 1997, and March 

1998 (see Table 4.1). Note, however, that the addition of kelp removal experiments 

through time confounds the final analysis; therefore, statistical analyses need to be 

treated with caution. 

The abundance of new recruits (blade stage juvenile laminarians) within and between 

treatments was highly variable, and showed no significant difference between the 

initial October 1995, the Rpt.-M.p.c+E.r, and the repeated kelp removal treatments 

(Table 4.8;Figure 4.20). Treatment effect explained only 17% of individual ANOVA 
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model variation, while 83% remained unexplained.  Abundance of plants was low in 

all treatments and ranged from 0.05 to 0.4 plants per m2. Lack of treatment effects, 

especially between the control and the March 1998 -M.p.-E.r. treatment, reflects the 

elapsed time between the start of the treatment and the final survey (8 months).   
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Figure 4.20 Mean (±SE) abundance of blade stage juvenile laminarians 
during October 1998 within the initial 1995 canopy removal treatments: 
(+M.p +E.r) control, (-M.p.c +E.r) Macrocystis surface canopy removed, (-
M.p +E.r) Macrocystis plants removed, (+M.p -E.r) Ecklonia plants removed, 
(-E.r -M.p) Macrocystis and Ecklonia plants removed, and (Rpt. –M.p.c +E.r 
) repeated removal of Macrocystis canopy, and the additional 1996, 1997 & 
1998 (-E.r -M.p) Macrocystis and Ecklonia plants removal treatments. 

Thus, it is likely that any major recruitment episodes occurring during this time would 

have been missed and that new recruits grew through into larger plant size classes. 

For example, juvenile Macrocystis plants (< 1 m) were significantly more abundant in 

the March 1998 -M.p.-E.r. treatment than the October 1996 treatment (Tukey HSD, p 

= 0.03) (Table 4.8; Figure 4.21a). Although not significantly different, juvenile 

abundance in the March 1998 treatment was higher than in all other treatments 

(Figure 4.21a). During this time (March 1998), the abundance of > 500 mm Ecklonia 

plants was significantly lower in the -M.p.-E.r. treatment (Tukey HSD, p < 0.04) 

compared to all other treatments (Oct 95 +M.p +E.r; -M.p.c+E.r; -M.p +E.r; +M.p-E.r; 

-E.r -M.p; Dec 95 Rpt.-M.p.c +E.r), except the previous two kelp removal treatments 
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(i.e., October 1996 -M.p.-E.r. and February 1997 -M.p.-E.r) whereas, the abundance 

of sub-canopy Macrocystis plants was significantly higher than in all other treatments 

except the control and the +M.p.-E.r. treatment (Table 4.8; Figure 4.21b). This 

suggests that the timing of kelp removal is important in determining the success level 

and intensity of recruitment, and that the presence of larger sized Ecklonia plants (> 

500 mm) may inhibit Macrocystis recruitment. My results also indicate that the 

presence of Macrocystis sub-canopy and canopy plants in the March 1998 -M.p.-E.r. 

treatment had little impact on juvenile Macrocystis. The increase in abundance of 

juvenile Macrocystis observed in October (spring) is consistent with the findings 

reported in Chapter 3. 

Table 4.8 Summary of one-way ANOVA tests (F values) of major algal taxa abundance 
(assigned to size class) for all treatments during October 1998.  % = percentage of total 
variance accounted for by each factor. 

Source 
of df MS F p % % 

Variation Error 
Macrocystis (< 0.1m) 8,36 3.70 2.69 0.02 37 63 
Macrocystis (1 - 3 m) 8,36 1.63 2.62 0.02 37 63 
Macrocystis (> 3 m) 8,36 1.26 3.11 0.01 41 59 

Ecklonia (< 250 mm) 8,36 1.77 4 <0.01 47 53 
Ecklonia (250–500 mm) 8,36 0.87 1.64 n.s. 27 73 
Ecklonia (>500 mm) 8,36 7.5 10.15 <0.01 69 31 

Juvenile laminarian 8,36 0.21 0.94 n.s. 17 83 
Carpophyllum 8,36 1.7 1.21 n.s. 21 79 

n.s. denoted no significance (p > 0.05) 
Data were √(x + 0.5) transformed; all Cochran's tests were n.s.


The additional kelp removal treatments had a greater abundance of < 250 mm 

Ecklonia plants than the initial 1995 treatments (Figure 4.21d).  Thus, their 

abundance in the October 1996 -M.p.-E.r treatment was significantly higher than in 

the original October 1995 treatments and in the December 1995 Rpt. -M.p.c+E.r. 

treatment (Table 4.8). However, the October 1996 abundance was not significantly 

different from that in the February 1997 and March 1998 -M.p  -E.r. treatments. As 

with juvenile Macrocystis, this suggests that the timing of kelp removal is important in 

determining the level of subsequent recruitment episodes. 
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Figure 4.21 Mean (±SE) abundance of Macrocystis and Ecklonia plant size classes in October 1998 

within the initial 1995 canopy removal treatments: (+M.p +E.r) control, (-M.p.c +E.r) Macrocystis surface 

canopy removed, (-M.p +E.r) Macrocystis plants removed, (+M.p -E.r) Ecklonia plants removed, (-E.r -M.p) 

Macrocystis and Ecklonia plants removed, and (Rpt.–M.p.c +E.r ) repeated removal of Macrocystis

canopy, and the additional 1996, 1997 & 1998 (-E.r -M.p) Macrocystis and Ecklonia plants removal 

treatments. 
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With the exception of the last two kelp removal treatments (February 1997 and March 

1998), the age structure of Macrocystis plants in those treatments where all 

Macrocystis plants were removed appears to have been reset compared to where 

Macrocystis were left intact. 

Thus, in October 1998 the abundance of juvenile Macrocystis plants was low in the 

October 1995 -M.p.+E.r., October 1995 -M.p.-E.r., and October 1996 -M.p.-E.r 

treatments (Figure 4.21a).  The abundance of Macrocystis sub-canopy plants was 

also low in these treatments (Figure 4.21b).  However, abundance of canopy sized 

plants was similar in all treatments except the October 1995 -M.p.-E.r treatment 

where there were fewer (Tukey HSD, p < 0.04) (Figure 4.21c).  The significantly lower 

numbers of canopy sized Macrocystis plants within the October 1995 -M.p.-E.r. 

treatment may have been related to the high abundance of > 500 mm Ecklonia plants 

(6.95 ±3.5) (Figure 4.21f).  Overall, the removal of Macrocystis plants in the same 

month (October) of different years had a similar effect.  However, the effects of this 

removal were less obvious in the February 1997 and March 1998 treatments.  This 

may be a recruitment effect. Thus, removing all Macrocystis plants (>0.05 m) when 

recruitment was at its peak resulted in all Macrocystis plants being < 0.5 m resulting 

in a general even plant size distribution. 

The time of kelp removal is important in determining the intensity of recruitment and 

subsequent growth of juvenile Macrocystis and Ecklonia plants. This was particularly 

apparent in the original October 1995 -M.p.-E.r. treatment where the abundance of 

juvenile Ecklonia plants increased dramatically in the 7 months following the start of 

the treatment. These plants grew slowly into the 250 - 500 mm and > 500 mm size 

classes, resulting in the treatment being dominated by >500 mm plants in October 

1998 (Table 4.7 and Figure 4.4f). The significantly higher overall density of > 500 

mm Ecklonia plants in October 1998 was a direct result of the October 1998 -M.p.-

E.r.  treatment (Table 4.8). A similar situation also appeared to be developing in the 

October 1996 -M.p.-E.r. treatment, which in October 1998 (1 yr later) had significantly 

more < 250 and 250 - 500 mm sized Ecklonia plants (Table 4.8; Figure 4.4d,e). This 

trend was less obvious in the February 1997 and March 1998 -M.p.-E.r.  treatments. 
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In addition, the increased abundance of > 500 mm Ecklonia plants and the mean 

total plant biomass per m2 in the October 1995 -M.p.-E.r. treatment during October 

1998, were significantly higher than in the control and the March -M.p.-E.r treatment 

(Figure 4.22b). Mean total Macrocystis plant biomass per m2 was significantly lower 

in the October 1995 and March 1998 -M.p.-E.r treatments than in the control (Figure 

4.22b; Tukey HSD, p < 0.01). This difference can be accounted for by the lower 

numbers of > 3 m Macrocystis plants, especially in the October 1995 -M.p.-E.r 

treatment, and the lower number of fronds per m2 within the October 1998 -M.p.-E.r. 

and March 1998 treatments (Figure 4.23). 
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Figure 4.22 (A) Mean (±95% CI) total Macrocystis and (B) Ecklonia plant 
weight per m2 in the control, the initial 1995 (-E.r -M.p) Macrocystis, and 
Ecklonia plant removal treatments, and the March 1998 (-M.p.-E.r) Macrocystis 
and Ecklonia plant removal treatments. 
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The lower mean total biomass in the October 1995 -M.p.-E.r treatment indicates that 

its carrying capacity of Macrocystis was reduced because of the high abundance of 

Ecklonia plants. Differences in biomass and the number of fronds within the March 

1998 -M.p.-E.r treatment reflects the younger age structure of the Macrocystis plants. 
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Figure 4.23 Mean (±SE) number of fronds (plants > 1m in length) per m2 in the 
control, the initial 1995 (-E.r -M.p) Macrocystis and Ecklonia plant removal 
treatments, and the March 1998 (-M.p.+E.r) Macrocystis and Ecklonia plant 
removal treatments. 

The distribution of Carpophyllum flexuosum was extremely patchy within all 

treatments and overall, showed no significant difference between treatments (Table 

4.7). Mean Carpophyllum plant abundance ranged from 0.7 (±0.4) to 3 (±1) per m2. 

Abundances between treatments and the abundance of trochids, Cookia Turbo and 

seastars did not differ among treatments (Table 4.9), but Haliotis abundance was 

significantly lower in the original October 1995 - M.p.-E.r. treatment than in all other 

treatments (Table 4.9; Figure 4.4). However, treatment explained only 35% of the 

variation in Haliotis abundance in the ANOVA model. This weak, but significant 

difference is consistent with that found in the October 1995 and February 1997 trials 

(see 4.3.2.5 Abundance). These results indicate that Haliotis abundance did not 

return to its pre-treatment level after 3 years despite the fact that Ecklonia abundance 

was high. One possible explanation for the lower numbers of Haliotis within the 
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original October 1995 -M.p.-E.r.  treatment may be higher irradiance levels 

associated with the low abundance of canopy Macrocystis plants (> 3 m in length). 

However, this is unlikely the sole cause for the difference as Ecklonia abundance 

were high, providing suitable cover and shade. 

Table 4.9 Summary of one-way ANOVA tests (F values) of major invertebrate taxa 
abundance for all treatments during October 1998.  % = percentage of total variance 
accounted for by each factor. 

Source 
of 

Variation df MS F p % % 
Error 

Trochus 8,36 1.31 1.53 n.s. 25 75 
Haliotis 8,36 0.65 2.44 0.03 35 65 
Cookia 8,36 0.20 0.77 n.s. 15 85 
Turbo 
Seastars1

8,36 
8,36 

0.19 
0.12 

0.71 
0.25 

n.s. 
n.s. 

14 
5 

86 
95 

n.s. denoted no significance (p > 0.05)  

Data were √(x + 0.5) transformed; all Cochran's tests were n.s. 

1Seastars include Astrostole, Coscinasterias and Patiriella species.
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Figure 4.24 Mean (±SE) abundance of Haliotis iris during October 1998 in 
the initial 1995 canopy removal treatments: (+M.p +E.r) control, (-M.p.c +E.r) 
Macrocystis surface canopy removed, (-M.p +E.r) Macrocystis plants 
removed, (+M.p -E.r) Ecklonia plants removed, (-E.r -M.p) Macrocystis and 
Ecklonia plants removed, and (Rpt. –M.p.c +E.r ) repeated removal of 
Macrocystis canopy, and the additional 1996, 1997 & 1998 (-E.r -M.p) 
Macrocystis and Ecklonia plant removal treatments. 
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Overall, Macrocystis abundance within the repeated kelp removal treatments 

recovered quickly, with juvenile plants (< 1 m in length) often growing up to form a 

dense sea-surface canopy in as little as 6 months.  The reestablishment of larger 

sized Ecklonia (> 500 mm) was slower, however, and in the last 3 kelp removal 

treatments the abundance of > 500 mm Ecklonia was proportional to the length of 

time after treatment manipulation. 

4.3.3 Cape Three Points Commercial Harvesting Experiment 

4.3.3.1 Harvester Performance 

In May 1997, the first of two commercial harvest trials removed an average of 4.5 

(±0.55 SE) kg/m2 of the Macrocystis surface canopy. During this trial the cutter had a 

tendency to snag, rather than cutting the surface canopy fronds.  Maneuverability of 

the vessel also proved to be a problem and was exacerbated by a strong onshore 

southerly breeze. On average, 11.5 canopy plants, approximately 48% were 

snagged and uprooted (destroyed) during the cutting process.  Most of these plants 

were from the first transect cut (21 plants), however, not all the uprooted plants were 

from within the treatment area.  Plants were also pulled up during the lowering and 

raising of the cutter at the beginning and end of the transect, and canopy plants from 

outside the initial transect drifted across transects during this initial cut.  The number 

of uprooted plants was greatly reduced on the second transect (2 plants).  The 

problem of uprooting plants was not unexpected, since it was the first trial with the 

prototype cutter. Increasing boat speed during the cutting process resulted in a 

cleaner cut and fewer plants were pulled up. Thus, when harvested and control 

treatments were re-sampled, 47% of canopy plants that were subjected to harvesting 

had their canopies removed. This initial trial indicated that the saw blade teeth were 

too small for effective kelp cutting. Therefore, in an attempt to improve performance, 

larger teeth were welded onto the blade and were placed so they closed fully against 

the shark tooth guide. 

In January 1998 a second commercial harvesting trial cut an average of 2.4 kg/m2 of 

surface canopy Macrocystis. The reduced amount of canopy biomass cut in this 

second trial was in keeping with the general reduction in canopy biomass of all kelp 

forests during summer. On average, only one plant was uprooted during the cutting 

process, considerably fewer than the 23 plants uprooted in the initial commercial 
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harvesting trial. The kelp cutter removed an average of only 21.4% of canopy 

biomass from the two harvested treatments, 33.8% from the first and 9% from the 

second commercially harvested transects. These results indicate that while the 

number of plants uprooted was greatly reduced, the ability of the cutter to efficiently 

remove the surface canopy was poor. 

My results show that familiarity and experience with the cutter and the boat’s 

handling ability during the harvesting process, combined with modified cutting teeth, 

greatly reduced the uprooting of plants.  Results of the second harvest trial indicated 

that modifications made to the saw blade teeth may have improved cutter efficiency. 

Thus, with the new design, all saw blade teeth were fully closed a proportion of the 

time during the cutting process. This stops fronds being cut when the teeth are 

closed, and reduces the likelihood of fronds being snagged between the saw blade 

teeth and the shark tooth guide tines. 

4.3.3.2 Harvesting Effects 

Winter Harvesting 
Removal of canopy biomass during the winter of 1997 had little effect on harvested 

plants, the dominant understorey alga Ecklonia, and the dominant macro-

invertebrates (Table 4.10a). However, treatment effects were significant for juvenile 

Macrocystis, total Macrocystis and Cookia abundance. 

The abundance of new recruits (blade stage juvenile laminarians < 80 mm in length) 

showed no significant treatment effect, but showed significant temporal variation 

(Table 4.10b; Figure 4.25a).  The significant temporal variation could be attributed to 

a major recruitment episode prior to and during February 1997.  This recruitment 

episode coincided with an increase in recruitment at the neighbouring Wainui and 

Ohinepaka Bay sites (see Chapter 3). 

The significant difference in juvenile Macrocystis (< 1 m in length) abundance was 

the result of a large difference between treatments during summer 1997/8 (Figure 

4.25b), and probably stemmed from a heavy recruitment episode prior to the summer 

1997/8 surveys. Thus, approximately 9.2 (±2.7 SE) plants per m2 were in the 

harvest treatment transect, but only 1.0 (±0.39 SE) plant per m2 on the control 

transect. 
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Table 4.10 (A) Repeated measures univariate analysis of variance model for treatments through time, 
and (B) repeated measures multivariate analysis within subjects through time including interactions 
between time and treatments for the first harvest started during winter 1997.  

A Treatment 
Between Subjects 

Juvenile Macrocystis
df 

 1, 6*
MS 

3441.0 
F 

10.97 
p 

0.02* 
Sub-canopy Macrocystis 1, 6 1.60 0.158 0.70 
Canopy Macrocystis 1, 6 50.62 4.164 0.09 
Total Macrocystis
Immature Ecklonia

 1, 6 
 1, 18*

2788.9 
8.40 

7.29 
0.55 

0.03* 
0.47 

Adult Ecklonia 1, 18 0.01 0.001 0.97 
Total Ecklonia 1, 18 9.00 0.50 0.49 

Juvenile laminarians 1, 18 0.09 0.02 0.88 
Carpophyllum 1, 18 0.01 0.02 0.90 
Haliotis 1, 18 0.04 0.07 0.79 
Cookia 1, 18 2.56 9.22 0.01* 
Trochus 1, 18 1.44 0.26 0.62 
Seastars 1, 18 3.24 0.98 0.33 

B 
Time 


Within Subjects Wilks df F p 

Juvenile Macrocystis 
Sub-canopy Macrocystis 
Canopy Macrocystis 
Total Macrocystis 
Immature Ecklonia 
Adult Ecklonia 
Total Ecklonia 

0.06 4, 3 10.98 0.04* 
0.005 4, 3 147.94 0.01* 
0.17 4, 3 3.50 0.16 
0.12 4, 3 5.26 0.10 
0.62 4, 15 2.32 0.10 
0.71 4, 15 1.56 0.24 
0.71 4, 15 1.52 0.24 

Juvenile laminarians 
Carpophyllum 
Haliotis 
Cookia 
Trochus 
Seastars 

0.38 4, 15 6.18 0.004* 
0.97 4, 15 0.12 0.97 
0.70 4, 15 1.57 0.23 
0.81 4, 15 0.87 0.50 
0.25 4, 15 6.92 0.002* 
0.50 4, 15 3.68 0.03* 

Time x Treatment 
Wilks df F p 
0.13 4, 3 5.0 0.11 
0.01 4, 3 77.37 0.002* 
0.15 4, 3 4.085 0.14 
0.22 4, 3 2.57 0.23 
0.70 4, 15 1.60 0.22 
0.95 4, 15 0.18 0.95 
0.68 4, 15 1.75 0.19 

0.76 4, 15 1.21 0.35 
0.81 4, 15 0.87 0.51 
0.83 4, 15 0.75 0.57 
0.92 4, 15 0.33 0.85 
0.78 4, 15 1.07 0.40 
0.75 4, 15 1.23 0.34 

*Differences in d.f. reflect different sampling methods and associated replicates for Macrocystis and other macroalgae 
and invertebrates.  1Seastars include Astrostole, Coscinasterias and Patiriella species. 

During the same period, a smaller increase in juvenile abundance was found at 

neighbouring Ohinepaka Bay (see Chapter 3).  It is possible that harvesting 

increased light levels reaching the bottom thereby enhancing the "recruitment 

window". The significant changes in abundance of juvenile plants through time 

(Table 4.10b) reflect the large increase in juvenile abundance during summer 1997/8 

and their subsequent decline by winter 1998. Significant differences in total 

Macrocystis abundance between treatments and through time (juvenile, + sub-

canopy, +canopy plants) reflect the contribution of juvenile abundance during 

summer 1997/8 to total abundance (Table 4.10a) 
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A significant time x treatment interaction with respect to abundance of sub-canopy 

Macrocystis plants (1 - 3 m in length) indicates that changes in abundance were 

occurring over time irrespective of treatment effect. The abundance of canopy 

Macrocystis (> 3 m in length) and the abundance of all Ecklonia plant size classes 

showed no significant treatment or temporal effects, and no significant treatment x 

time interaction (Table 4.10a & b; Figure 4.25d - f).  Similarly, Carpophyllum 

abundance showed no significant treatment effect, although its distribution was 

extremely patchy in both the control and the commercially harvested treatment 

(Table 4.10a & b; Figure 4.25g). Throughout the course of the experiment its 

abundance was low. 

In general, the invertebrate assemblage was unaffected by commercial harvesting of 

the Macrocystis canopy (Table 4.10a & b; Figure 4.26a - d).  However, abundance of 

Cookia was greater in the commercially harvested treatment prior to the beginning of 

the harvesting trial (May 1997) and remained so until the last sampling period (winter 

1998) when it was approximately the same as in the control.  The overall difference in 

Cookia abundance between the control and the commercially harvested treatment 

throughout the experiment was unlikely to have been a treatment effect (Table 4.10b; 

Figure 4.26b).  Significant temporal changes in the abundance of seastars and 

trochids reflected natural changes in abundance, irrespective of treatment over the 

sampling periods (Table 4.10b; Figure 4.26a).  The abundance of Trochus viridis in 

the control and treatment combined gradually increased throughout the duration of 

the study from 1.2 per m2 in May 1997 to 5.2 per m2 in September 1998. 
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Figure 4.25 Mean (±SE) abundance of (A) juvenile laminarians (new recruits), (B) juvenile Macrocystis, 
(C) sub-canopy Macrocystis, (D) canopy Macrocystis, (E) < 250 mm Ecklonia, (F) > 250 mm Ecklonia, and 
(G) Carpophyllum in the control and commercially harvested treatments. 



136 CHAPTER 4 CANOPY SUB-CANOPY INTERCTIONS 


C8 1.5 
A

bu
nd

an
ce

 p
er

 m
2 

7 

6 

5 

4 

3 

2 

1 

0 

1.5 

1 

0.5 

0 
M J J A S  O N D J F M  A  M J J A S  M J J A S  O  N D J F M  A  M J J A S  

1997 1998 1997 1998 

i lB 

0 

1 

2 

3 

4 

5 D 

i

0 

1 

iA 

Cook a su cata Seastars 

Haliot s iris 

0.5 

Control 
-M.p. canopy 

Trochus v ridis 

Figure 4.26 Mean (±SE) abundance of (A) Trochus viridis, (B) Cookia sulcata, (C) Haliotis iris (D) 
seastars in the control and commercially harvested treatments at Cape Three Points. 

Ecklonia and Macrocystis plant growth rates did not differ significantly between 

harvested and control treatments in the first five months of the experiment (May to 

October 1997) (Table 4.11 & Table 4.12). Ecklonia plants grew at 0.86 mm/day 

(±0.13 SE) and 0.97 mm/day (±0.13 SE) and Macrocystis plants at 16.41 mm/day 

(±2.47 SE) and 16.00 mm/day (±3.38 SE) in control and harvested treatments, 

respectively. However, repeated measures ANCOVA revealed significant temporal 

variation in Ecklonia growth rates between the three main growth periods as a result 

of an overall decrease in Ecklonia growth rate through time (Figure 4.27; Wilks = 

0.26, F(2,9) = 12.48, p = 0.002). This gradual decrease in growth rate over time 

reflects bias towards the larger, slower growing plants originally tagged at the start of 

the experiment. For example, the mean initial sizes of tagged Ecklonia plants at the 

start of the experiment (May 1997) were 0.29 (±0.08) and 0.29 m (±0.06) in the 

control and canopy removal treatments, respectively, but by the end of the 

experiment mean plant sizes were 0.49 (±0.6) and 0.53 (±0.3) m, respectively. 
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Table 4.11 Results of an ANCOVA testing Ecklonia growth 
rates between treatments over a five-month growth period in the 
first commercial harvesting trial (growth period from June 1997 
to October 97) 

Source 
of 

Variation 
df MS F p 

Initial length 1 0.13 1.01 0.33 
Treatment 1 0.10 0.77 0.40 
Error 13 0.13 
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Figure 4.27 Mean (±SE) Ecklonia growth rates in the control 
and harvested treatments over 5 month periods ending in 
October 1997, February 1998 and August 1998. 

Table 4.12 Results of an ANCOVA testing Macrocystis growth 
rates between treatments over a five-month period in the first 
commercial harvesting trial (June 1997 to October 1997) 

Source 
of 

Variation 
df MS F p 

Initial length 1 4146.70 45.37 <0.0001 
Treatment 1 0.10 0.001 0.97 
Error 20 91.40 
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Macrocystis frond survival over the initial 5 months following the start of the 

experiment (June 1997 to October 1997) showed no significant difference between 

the control and harvested treatment (McNemar χ2 = 0.6, p = 0.81). Similarly, there 

was no significant difference in Ecklonia plant mortality between treatments 

(McNemar χ2 = 2.5, p = 0.11). 

In summary, the initial winter 1997 harvesting trial had no significant negative impact 

on the abundances of Macrocystis plants, plants of the dominant understorey alga 

Ecklonia or macro-invertebrates. A significant positive effect on the recruitment of 

juvenile Macrocystis plants was found, however, when the canopy was removed, but 

increased light levels did not translate into significant differences in the growth rates 

of either Ecklonia or Macrocystis plants. 

Summer Harvesting 

Removal of canopy biomass during summer 1998 had little effect on the growth, 

survival or abundance of harvested Macrocystis plants, the dominant understorey 

alga Ecklonia or dominant macro-invertebrates (Table 4.13a). 

No significant between-treatment effects on the abundance of Macrocystis plants, 

Ecklonia plants or the abundances of dominant macro-invertebrates was found. 

Abundances of Macrocystis canopy plants, juvenile laminarians, trochids and 

seastars changed significantly within treatments through time (Table 4.13b). As 

found in the winter 1997 harvest, these differences reflected natural changes in 

abundance, irrespective of treatment. 

Harvesting the sea-surface canopy during summer 1998 had no significant effect on 

growth rates of juvenile Ecklonia or Macrocystis fronds (Table 4.14 & 4.14). Ecklonia 

plants grew 0.27 mm/day (±0.20 SE) and 0.59 mm/day (±0.17 SE) in control and 

harvested treatments, respectively, while Macrocystis plants grew 28.37 mm/day 

(±4.82 SE) and 24.54 mm/day (±3.64 SE) in the 2 treatments.   
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Table 4.13 (A) Repeated measures univariate analysis of variance model for 
treatments through time, and (B) within subjects through time including interactions 
between time and treatments for the second harvest started in summer 1998. 

A Treatment 
Between Subjects 

Juvenile Macrocystis
Subcanopy Macrocystis
Canopy Macrocystis
Total Macrocystis
Immature Ecklonia
Adult Ecklonia
Total Ecklonia

Juvenile laminarians 
Carpophyllum 
Haliotis 
Cookia 
Trochus 
Seastars1

B 

df 
 1, 6 

 1, 6 
 1, 6 

 1, 6 
 1, 18 

 1, 18 
 1, 18 

1, 18 
1, 18 
1, 18 
1, 18 
1, 18 

 1, 18 

MS 

175.56 
25.00 
0.25 
60.06 
0.40 
1.60 
0.40 

32.40 
0.02 
0.22 
4.90 
0.90 
3.02 

F 

0.58 
0.93 
0.04 
0.13 
0.08 
0.32 
0.04 

3.82 
0.16 
0.28 
3.13 
0.23 
0.79 

p 
0.48 
0.37 
0.85 
0.73 
0.78 
0.58 
0.83 

0.06 
0.70 
0.60 
0.09 
0.64 
0.38 

Time 
Within Subjects Df MS F P 

Juvenile Macrocystis 1, 6 297.56 2.38 0.17 
Subcanopy Macrocystis 1, 6 6.25 1.59 0.25 
Canopy Macrocystis 1, 6 81.00 9.77 0.02* 
Total Macrocystis 1, 6 564.62 3.52 0.11 
Immature Ecklonia 1, 18 12.10 3.54 0.08 
Adult Ecklonia 1, 18 2.50 0.40 0.53 
Total Ecklonia 1, 18 3.60 0.31 0.58 

Juvenile laminarians 1, 18 40.00 9.22 0.01* 
Carpophyllum 1, 18 0.02 0.31 0.60 
Haliotis 1, 18 0.62 0.28 0.42 
Cookia 1, 18 3.60 2.84 0.11 
Trochus 1, 18 84.10 17.96 0.0005* 
Seastars1 1, 18 27.22 7.29 0.01* 

Time x Treatment 
df MS F P 

1, 6 162.56 1.30 0.30 
1, 6 0.250 0.06 0.81 
1, 6 2.25 0.27 0.62 
1, 6 115.56 0.72 0.43 
1, 18 6.40 1.87 0.19 
1, 18 0.10 0.02 0.90 
1, 18 8.10 0.70 0.41 

1, 18 0.90 0.21 0.65 
1, 18 0.02 0.31 0.60 
1, 18 0.02 0.03 0.87 
1, 18 3.60 2.84 0.11 
1, 18 19.60 4.18 0.05 
1, 18 0.02 0.01 0.93 

*Differences in d.f. reflect different sampling methods and associated replicates for Macrocystis and other 
macroalgae and invertebrates.  1Seastars include Astrostole, Coscinasterias and Patiriella species. 

Overall, the summer harvesting trial had no significant negative impact on 

Macrocystis plants, the dominant understorey alga Ecklonia, or macro-invertebrate 

abundance. Unlike the winter 1997 harvest, there was no significant effect on the 

recruitment of juvenile Macrocystis plants when the sea-surface canopy was 

removed. Thus, the provision of a light gap had no significant effect on recruitment of 

Macrocystis plants in harvested treatments. 
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Table 4.14 Results of an ANCOVA testing Ecklonia growth rates 
between treatments over a five-month period in the second 
commercial harvesting trial (February 1998 to September 1998) 

Source 
of 

Variation 
df SS MS F p 

Initial 1 0.2079 0.2079 0.7044 0.4154 
length 
Treatment 1 0.0291 0.0291 0.0987 0.7551 
Error 14 

Table 4.15 Results of an ANCOVA testing Macrocystis frond 
growth rates between treatments over a five-month period in the 
second commercial harvesting trial (February 1998 to September 
1998) 

Source 
of 

Variation 
df SS MS F p 

Initial 1 22.898 22.898 0.2462 0.6330 
length 
Treatment 1 31.216 31.216 0.3357 0.5782 
Error 8 

Survival of Macrocystis fronds over the 7 months following the start of the experiment 

(February 1998 to September 1998) did not differ significantly between the control 

and harvested treatments (McNemar χ2 = 0.28, p = 0.6). Similarly, no significant 

difference in Ecklonia plant mortality was found between treatments (McNemar χ2 = 

1.05, p = 0.32). 

4.3.4 Tory Channel Commercial Harvest 

Approximately 6.95 (±1.01 SE) kg/m2 of surface canopy was removed from harvested 

treatments at the Whaling station site in late summer 1998.  This was considerably 

more than the amount harvested two months earlier at Cape Three Points.  Removal 

of canopy biomass had little effect on the survival and abundance of the harvested 

Macrocystis plants, or on the abundance of dominant understorey algae (Table 

4.16a). 
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Table 4.16 (A) Univariate repeated measures analysis of variance model for treatments through time, and 
(B) within subjects through time including interactions between time and treatments (Sampling periods 
March 1998 and September 1998). 

A Treatment 
Between Subjects 

Juvenile Macrocystis1

Subcanopy Macrocystis
Canopy Macrocystis
Total Macrocystis
Total No. fronds 
Juvenile Ecklonia
Adult Ecklonia
Total Ecklonia

Marginariella 
Carpophyllum
Caulerpa 2 

B 

df 
-

 1, 18 
 1, 18 

 1, 18 
1, 18 

 1, 18 
 1, 18 
 1, 18 

1, 18 
 1, 18 

1, 18 

MS 

-

0.10 
6.40 
6.40 

57.60 
0.90 
0.40 
0.10 

0.02 
0.60 
0.01 

F 

-

0.24 
1.53 
1.23 
0.20 
0.73 

0.051 
0.01 

0.001 
1.03 
1.01 

p 
-

0.63 
0.23 
0.28 
0.66 
0.40 
0.82 
0.93 

0.97 
0.32 
0.33 

Time 
Within Subjects df MS F P 
Juvenile Macrocystis 
Subcanopy Macrocystis 
Canopy Macrocystis 
Total Macrocystis 
Total No. fronds 

Juvenile Ecklonia 
Adult Ecklonia 
Total Ecklonia 

- - - -
1, 18 1.60 6.54 0.02* 
1, 18 8.10 2.37 0.142 
1, 18 25.60 6.46 0.022* 
1, 18 846.4 3.61 0.072 

0 
1, 18 6.40 8.41 0.01* 
1, 18 2.50 0.41 0.53 
1, 18 16.90 2.08 0.17 

Marginariella 1, 18 11.02 1.3834 0.25 
Carpophyllum 1, 18 0.00 0.00 1.00 
Caulerpai2 1, 18 0.31 2.54 0.13 

Time x Treatment 
df MS F P 

1, 18 0.00 0.00 1.0000 
1, 18 6.40 1.87 0.19 
1, 18 8.10 2.04 0.17 
1, 18 152.10 0.65 0.43 

1, 18 0.90 1.18 0.29 
1, 18 67.60 10.97 0.004* 
1, 18 52.90 6.51 0.02* 

1, 18 21.02 2.64 0.12 
1, 18 6.40 6.50 0.20 
1, 18 0.00 0.10 0.92 

2 
 Low abundance of juvenile laminarians (new recruits < 80 mm) precluded statistical analysis 
Percentage cover data were arcsine transformed. 

Unlike Akaroa Harbour where the understorey of the Macrocystis forest was 

dominated by Ecklonia radiata, the sub-canopy at the Whaling Station consisted of a 

mixture of algae. The dominant sub-canopy species were the large brown algae 

Carpophyllum flexuosum (1.7 ±0.3 SE plants per m2) and Marginariella boryana (2.0 

±0.65 SE plants per m2). Sargassum sinclairii  (0.15 ±0.36 SE plants per m2) and 

Xiphophora gladiata (0.25 ±0.55 plants per m2) were also present. The low-lying 

green algae Caulerpa brownii and Codium adherens covered 4.5% and < 1% of the 

area beneath the sub-canopy algae. Only 5 starfish and 7 trochids were encounted 

in 20 m2, and macro-invertebrate abundance was too low for statistical analysis.  
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No significant differences were found between treatments in the abundances of 

Macrocystis, Ecklonia, Marginariella and Carpophyllum plants, or the percentage 

cover of Caulerpa. Total Macrocystis abundance, Macrocystis sub-canopy plant 

abundance and juvenile Ecklonia abundance showed significant changes within 

treatments through time, however (Table 4.16b), these differences again reflecting 

natural temporal changes in abundance, irrespective of treatment.  Abundances of 

juvenile Ecklonia declined from 1.4 (±0.27 SE) plants per m2 in March 1998 to 0.6 

(±0.15 SE) plants per m2 in September 1998. 

Table 4.17 Results of an ANCOVA testing Ecklonia growth rates 
between treatments over a five month period after the start of the 
experiment (March 1998 to September 1998) 

Source 
of 

Variation 
df SS F p 

Initial length 1 0.91 2.98 0.11 
Treatment 1 0.18 0.59 0.45 
Error 14 

Significant time and treatment interactions in the abundances of adult Ecklonia and 

total Ecklonia plants, also indicate that changes in abundance were occurring over 

time and within treatments irrespective of treatment effect. 

Treatment effects on the growth rates of juvenile Ecklonia and juvenile Macrocystis 

were examined by ANCOVA with growth rate as the dependent variable and initial 

length as the covariate. Ecklonia showed no significant differences in growth rates 

between harvested and control treatments (Table 4.17). On average, Ecklonia 

plants grew 0.39 (±0.17 SE) and 0.58 (±0.21 SE) mm per day in the unharvested 

control and harvested treatment, respectively. However, Macrocystis grew 

significantly faster in the harvested treatments than in the unharvested controls 

(Table 4.18). On average, Macrocystis plants grew 19 (±4.28 SE) mm per day in 

controls compared to 45.7 (±4.85 SE) mm per day in the harvested treatment. 
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Table 4.18 Results of an ANCOVA testing Macrocystis growth 
rates between treatments over a five month period after the start 
of the experiment (March 1998 to September 1998) 

Source 
of 

Variation 
df SS MS F p 

Initial 1 13.450 13.450 0.0815 0.7797 
length 
Treatment 1 2055.6 2055.6 12.459 0.0037* 
Error 13 

Macrocystis survival over the 7 months following the start of the experiment (March 

1998 to September 1998) did not differ significantly between the control and 

harvested treatment (McNemar χ2 = 1.0, p = 0.32). Similarly, no significant difference 

in Ecklonia plant mortality was found between treatments (McNemar χ2 = 2.15, p = 

0.14). 

4.4 Summary 

Sediment accumulated on the seabed significantly faster in areas devoid of algal 

canopy. Therefore, the presence of canopy layers afforded some protection to the 

sub-canopy algae from fine sediments. Canopy layers may reduce sedimentation 

either through directly intercepting the sediment as it settles or through scour.  Light 

penetration decreased significantly with increasing water depth.  In the absence of an 

overlying algal canopy, irradiance decreased by 61% within the first metre of water, 

whereas light penetration through the kelp canopies (Macrocystis and Ecklonia) was 

reduced by 99 to 99.5% in 1 m.  At a depth of 3 m, turbidity and the presence of 

overlying algal canopies combine to reduce surface irradiance by as much as 185 

times. 

Removal of Macrocystis and Ecklonia canopy and subcanopy layers at Wainui Bay 

during spring 1995 had little effect on the abundance of new recruits (blade stage 

juvenile laminarians < 80 mm) and juvenile Macrocystis. However, the abundance of 

juvenile Macrocystis showed significant temporal variation that resulted from a major 

recruitment episode during February 1997 across all treatments.  When all overlying 

canopies were removed, Ecklonia recruitment was enhanced, and the long term 

removal of all Ecklonia and Macrocystis plants resulted in significantly more > 500 

mm sized Ecklonia plants than in the control. The presence or absence of a 
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Macrocystis surface canopy had no effect on the survival of mature Ecklonia and the 

long-term effects of Macrocystis surface canopy removal on Ecklonia appear to be 

largely benign. One year after initiation of the Wainui Bay clearance experiment 

(spring/summer 1996), no differences in Ecklonia plant growth rates were found in 

the original removal treatments. However, in the short-term, growth rates appear to 

be enhanced by canopy removal. Where all Macrocystis and Ecklonia were removed 

and/or only Ecklonia plants were removed, > 500 mm Ecklonia were slow to recover, 

and were still significantly underrepresented in these treatments 16 months after the 

start of the experiment. However, the long-term effects of removing all kelp on 

Ecklonia abundance were pronounced, resulting in a dramatic increase in their 

abundance with > 500 mm plants at twice the abundance of the control treatment.  A 

similar trend appeared to be developing for the spring 1996 kelp removal treatment, 

but was less clear for the later summer 1997 and autumn 1998 treatments.  Thus, 

Ecklonia’s ability to dominate areas in which all kelp is removed may depend on the 

timing of the removals and the availability of propagules.  If, however, Macrocystis 

recruits at the same time it is unlikely that Ecklonia would dominate. The abundance 

of canopy Macrocystis within the October 1995 kelp removal treatment remained low 

throughout the experiment. By October 1998, 3 years after all kelp were removed, 

canopy Macrocystis was still significantly less abundant than in all other treatments. 

Thus, Ecklonia was able to dominate numerically in places where all kelp had been 

removed and competitively dominate juvenile Macrocystis. 

Repeated cutting of canopy-length Macrocystis plants, on an approximately quarterly 

basis had no significant effect on the survival of Macrocystis.  However, it did 

influence the growth rate of Macrocystis plants, which was enhanced in late summer. 

The time when the surface canopy was removed was also important in determining 

the abundance of juvenile Macrocystis. In the Wainui Bay clearance experiment 

juvenile Macrocystis abundance was unaffected by the removal of canopy layers 

during spring (October) 1995, but increased (non-significantly) when the Macrocystis 

surface canopy was removed in spring (October) 1996.  At Cape Three Points 

juvenile Macrocystis abundance increased significantly when the Macrocystis surface 

canopy was removed in winter (May) 1997, but not when the canopy was removed in 

summer (January) 1998. Significant increases in the abundance of juvenile 

Macrocystis were probably a result of more light reaching the bottom thereby 

enhancing recruitment shortly after harvesting.  In general, harvesting of the surface 
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canopy of Macrocystis at Cape Three Points during winter 1997 and summer 1998 

had no measurable negative impacts on harvested plants, the dominant understorey 

alga Ecklonia, or the dominant macro-invertebrates.  Growth rates of Ecklonia and 

Macrocystis showed no measurable differences between treatments in either winter 

1997 or summer 1998 harvesting trials at Cape Three Points. Similarly, 

summer/autumn 1998 harvesting in Tory Channel resulted in no measurable 

differences in the recruitment of Macrocystis between harvested and unharvested 

areas or on the abundance of the dominant understorey algae.  However, a large and 

significant increase in the growth rate of juvenile Macrocystis plants was observed in 

the harvested treatments. Overall, harvesting Macrocystis resulted in no measurable 

negative impacts and under certain conditions appeared to be beneficial.  For 

example, removing a dense sea-surface canopy may reduce canopy plant 

entanglement thereby lowering the risk of plants being uprooted in high surge 

conditions. 

At Wainui, the presence of a Macrocystis surface canopy and Ecklonia sub-canopy 

inhibited the recruitment of Carpophyllum.  Where all kelp was removed 

Carpophyllum abundance increased significantly, probably due to an increase in 

irradiance prior to the reestablishment of the overlying canopy layers.  At all sites, 

Carpophyllum occurred sporadically across all treatments.  At Wainui the timing of 

canopy removals appeared to influence the abundance of Carpophyllum, and 

increased irradiance in spring-early summer enhanced recruitment.  Removal of the 

Macrocystis surface canopy during winter 1997 and summer 1998 at Cape Three 

Points, and during autumn at the Whaling Station had no effect on Carpophyllum 

abundance. Abundance of another large brown alga Marginariella boryana and the 

green alga Caulerpa brownii were unaffected by the removal of the Macrocystis 

surface canopy. 

Macro-invertebrate abundance at Cape Three Points and the Whaling Station were 

unaffected by the removal of the Macrocystis surface canopy. At Wainui, however, 

Trochus Viridis, abundance increased in treatments where either the Macrocystis 

plants or the Macrocystis surface canopy were removed, but when both kelps were 

removed the abundance of Trochus remained low. Turbo smaragdus showed a 

similar response to treatments, but changes were less marked.  Differences in the 

abundance of these two gastropods between treatments appeared to reflect their 
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different feeding preferences. Thus, the increased light levels associated with 

canopy removals may have increased the abundance of food available to trochids. 

At Wainui, changes in seastar abundance were similar to those seen for Trochus and 

Turbo.  Seastar abundance increased significantly through time across all treatments 

and was significantly higher in treatments where either Macrocystis plants or the 

Macrocystis surface canopy was removed. A positive association between seastar 

abundance and Trochus and Turbo abundance may imply a predator-prey response. 

Although statistically non significant, a similar positive association between seastars 

abundance and Trochus and Turbo abundance was seen at Cape Three Points 

between October 1997 and September 1998. Cookia sulcata increased significantly 

through time at Wainui, but remained unchanged at Cape Three Points.  No Cookia 

were observed at the Whaling Station. At Wainui, abundance of Haliotis iris declined 

significantly after all kelp was removed during spring 1995.  Haliotis failed to return to 

the area and its abundance remained low for the 3 years of the experiment.  This 

negative effect on Haliotis was not observed in later kelp removal treatments, and its 

abundance was unaffected by the winter and summer sea-surface canopy removal 

experiments at Cape Three Points. No Haliotis were observed at the Whaling 

Station. It is unclear why there was a significant decline in the initial spring 1995 kelp 

removal treatment, but it may have been a consequence of increased light, reduced 

cover, reduced food availability, high sedimentation or some combination of these 

factors. 

A prototype kelp cutter was developed for possible commercial harvesting and its 

utility assessed during a large-scale kelp regeneration experiment in Akaroa Harbour.  

Experimental cuts were carried out in winter and summer.  The effect of harvesting 

plants in Tory Channel was also assessed.  One problem that arose was that whole 

plants were being uprooted rather than cut. Familiarity and experience in operating 

the cutter and the modification of saw blade teeth greatly reduced the number of 

plants uprooted during the cutting process.  Repeated harvesting of the Macrocystis 

surface canopy caused no detrimental effect on the dominant sub-canopy plants or 

macro-invertebrates. However, yield from these plants can be expected to decline if 

canopy biomass fails to recover completely over time. 

The harvesting of Macrocystis canopy fronds had a negligible effect on Macrocystis 

plants. Although cut fronds died, other fronds continued to grow and plant survival 
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was not significantly affected. Thirty percent of cut fronds survived for 2 months 

compared with 64% survival of uncut fronds over the same period.  All mature fronds 

(whether cut or uncut) died within seven months.  Senescent fronds may persist for 

up to seven months. Thus, the major effect of canopy harvesting appears to be the 

premature senescence of cut fronds. Overall, the abundance of canopy sized 

Macrocystis plants and the abundance of Macrocystis fronds within cut areas were 

not affected significantly by harvesting. However, yield from repeatedly cut areas, 

declined between December 1995 and March 1997, although not significantly, in 

relation to uncut areas due to large fluctuations in natural levels of surface canopy 

biomass. 

The interplay of abiotic and biotic factors is important in structuring the kelp forest 

community. At Wainui, intraspecific competition for light (self-shading) amongst 

Ecklonia plants had an effect on recruitment, whilst the removal of entire Macrocystis 

plants, or the repeated removal of Macrocystis surface canopy had little impact on 

abundance. Similarly, shading by Macrocystis canopy plants limited the recruitment 

of juveniles. Increased sedimentation in areas where all kelp plants had been 

removed prevented benefits associated with increased irradiance from stimulating 

recruitment. However, recruitment of Ecklonia was enhanced within cleared areas 

and seemed to be little affected by increased sedimentation, although growth rates 

were reduced. These findings indicate there is a trade off between enhanced 

Ecklonia recruitment associated with increased irradiance, and reduced growth 

associated with sedimentation. 

In conclusion, there appear to be no significant long-term flow-on effects resulting 

from the harvesting of the Macrocystis surface canopy. What effects there are seem 

to be benign. Harvesting may even prevent loss of whole plants during winter storms 

by reducing tangling within long canopies.  In Akaroa harbour, the distribution of 

Macrocystis seems to be constrained by physical factors, especially sedimentation, 

generally low sub-surface light and storms, rather than competitive effects from sub-

canopy plants. Macrocystis is competitively dominant over Ecklonia in terms of 

interception of light, but the two kelps are able to coexist because of their  different 

life histories. Thus, Ecklonia is slow growing, perennial and suffers little mortality, 

whereas Macrocystis is fast growing, usually annual, and suffers high mortality. 

Macrocystis also was able to recover quickly from disturbances such as storms, 
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summer senescence and commercial harvesting. The removal of Macrocystis plants 

and/or the surface canopy provides light gaps that allow recruitment of both kelps. 

Thus, frequent disturbances to the Macrocystis canopy allow recruitment and growth 

of sub-canopy plants of both Macrocystis and Ecklonia and prevent Macrocystis from 

completely excluding Ecklonia.  The presence of Macrocystis plants and the low 

density of Ecklonia plants prevented Ecklonia from competitively excluding 

Macrocystis. Underpinning biotic interactions between the two kelps are the effects 

of high water turbidity. In Akaroa Harbour highly turbid conditions were prevalent and 

resulted in low light penetration through the water column.  Under such conditions 

recruitment of both kelps was low.  However, in clear conditions Macrocystis has a 

competitive advantage and quickly grows up to the water surface.  Low irradiance 

associated with high turbidity may also help explain the low algal diversity within the 

harbour compared to that at the Whaling Station.   

In practice, harvesting of Macrocystis twice a year should be sustainable. During late 

spring/early summer, old fronds within the canopy begin to senesce naturally.  These 

fronds can be cut just before they are due to disappear with negligible effects on 

frond density, abundance of canopy-length plants, and the recruitment of new 

individuals. Canopy fronds can be cut again in late autumn/early winter.  At this time 

the canopy is beginning to thicken and it will continue to form sub-canopy fronds after 

cutting due to high winter nutrient concentrations and the increased light levels 

brought about by canopy removal. 



CHAPTER 5 


EARLY LIFE HISTORY 


5.1 Introduction 

Establishing boundary conditions for successful Macrocystis recruitment and growth 

is important for determining factors that regulate the distribution and abundance 

(Schroeter et al. 1995). Processes influencing the early life stages of Macrocystis 

can be broadly categorised into intrinsic and extrinsic factors.  Vadas et al. (1992) 

define intrinsic variables as being inherent to the species which are relatively 

unaffected by the environment, for example age specific survival, attachment and 

settling times, germination and spore viability and growth rate and size.  Extrinsic 

factors are external to the natural functioning of the alga, including the light 

environment, inter- and intra-specific competition, sedimentation, scour, temperature, 

nutrients, water motion, and temporal refuges to name a few.  This chapter focuses 

on extrinsic factors affecting the early life history of Macrocystis in southern New 

Zealand. 

Experiments and observations within the kelp forests of Akaroa Harbour have shown 

that extrinsic factors such as irradiance, water temperature, and nutrient availability 

are important factors affecting growth, survival, recruitment of juvenile Macrocystis, 

and production of biomass of mature Macrocystis. For example, there was 

correlative evidence between the disappearance of the surface canopy in summer 

and nitrate-N concentrations in Akaroa Harbour (Chapter 3).  Summertime decreases 

in canopies in Lyttelton and Dunedin Harbours have also been attributed to nutrient 

limitation (Brown et al. 1997; Hay 1990). Hay (1990) further suggested that the 

distribution of Macrocystis around New Zealand is restricted to areas where mean 

monthly seawater temperatures are less than 16 - 17oC. Similar North American 

ecological studies have indicated the same environmental variables to be important 

factors affecting growth of juvenile and mature plants (Gerard 1982a;  Lobban et al. 

1988; North 1968a; North 1971, 1972a; van Tussenbroek 1989b). Although there 

is an extensive literature on how these factors affect the survival of Macrocystis along 

the west coast of North America, there is little information on how environmental 

factors affect the early life history of Macrocystis in New Zealand. Understanding 
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these extrinsic factors helps in understanding the key demographic processes 

involved in structuring Macrocystis forests in New Zealand. 

Factors controlling growth of Macrocystis pyrifera in southern California include light 

temperature, nitrogen concentration and fouling (Dean & Jacobson 1984;  Deysher & 

Dean 1984; Dixon et al. 1981; Hernandez-Carmona et al. 2001; North 1986; North 

1987). Much of this knowledge has resulted from 40 years of detailed studies on the 

effects of El Niño events on the health of Californian kelp forests (Ladah et al. 1999). 

Reduced juvenile growth and the deterioration of sea-surface canopies during 

summer and autumn have been attributed to nitrogen limitation (Jackson 1977; 

North & Wheeler 1978;  Zimmerman & Kremer 1986).  Dean and Jacobsen (1986) 

found that the addition of fertilizer to juvenile Macrocystis plants during the 1982

1984 El Niño increased their growth rates to levels seen in non-El Niño years and 

Dean and Deysher (1983) found that more sporophytes were produced on fertilised 

than unfertilised substrates inoculated with Macrocystis spore. Similarly, North and 

Zimmerman (1984) and Zimmerman and Kremer (1986) showed that fertilising 

mature plants under low nutrient and high temperature conditions enhanced growth.  

Where nutrients are not limiting irradiance appears to have the greatest influence on 

growth of Macrocystis  (Dean & Jacobsen 1986). Using outplanting techniques, 

Dean and Jacobsen (1986) concluded that juvenile Macrocystis growth was usually 

influenced most by light when nutrient levels were not limiting, and by nutrients when 

nutrient levels are low in combination high water temperatures. In southern 

California, good recruitment and growth occurs after storm disturbances that thin or 

remove the surface canopy layers and allow increased light penetration to the bottom 

substrate (Dayton & Tegner 1984a).  In general, germination of Macrocystis and 

other kelp spores is greatest after the surface canopy has been thinned (Dayton & 

Tegner 1984a; Rosenthal et al. 1974). Blue light is necessary for gametogenesis in 

all laminarian algae. The total amount of blue light required for gametogenesis varies 

according to temperature (Luning 1980;  Luning & Neushul 1978) and instantaneous 

irradiance (Deysher & Dean 1984). The development of sporophytes from 

gametophytes under field conditions requires irradiance levels of 0.4 E m-2d-1 at 

temperatures approaching 16oC (Dean & Jacobson 1984), but no sporophyte 

production occurs at temperatures > 17.6 oC, irrespective of irradiance levels (North 

1994). Irradiance levels may occasionally be low enough to limit the distribution and 
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growth of juvenile Macrocystis, especially near the bottom in kelp forests and under 

dense sea-surface canopies. For example, the presence of dense Macrocystis 

surface canopies off Stillwater Cove, California prevented recruitment (Reed & Foster 

1984). Conversely, very high irradiance can inhibit recruitment or kill post-settlement 

stages (Graham 1996). 

The effects of grazers on the early life stages of algal communities have received far 

less attention than on larger juvenile and mature plants in investigations of subtidal 

algal community structure. Macrocystis spores, gametophytes, and microscopic 

sporophytes are probably consumed by many grazers including amoebas, 

protozoans and detritus feeders ranging in size from small amphipods to small 

gastropods (Dayton 1985a). Herbivores are a major source of mortality to many 

algae species (Vadas et al. 1992). In California, even the tube feet of the white sea 

urchin, which feeds on the microscopic stages of kelp, trampled the kelp microflora, 

and prevented the expansion of the kelp beds (Dean et al. 1988). As plants grow, 

they quickly reach a size refuge from smaller herbivores.  In most temperate areas 

where kelp forests are present sea urchins can heavily graze almost any size of 

plant. In California, sea urchins are by far the most important grazer in terms of 

frequency and the amount of damage, often resulting in deforested patches (barrens) 

(CDFG 2000; Pearse & Hines 1979). In New Zealand the presence of the sea 

urchin Evechinus chloroticus can cause barrens but these appear to be limited mostly 

to areas north of Cook Strait (Choat & Schiel 1982;  Schiel & Hickford 2001). 

Although less common in southern New Zealand, Evechinus chloroticus occurs in 

some sites (Dix 1970; Schiel & Choat 1980;  Schiel & Hickford 2001). 

Severe El Niño events along the coast of California are characterised by warm, 

nutrient-poor waters (Dayton & Tegner 1984a; Foster & Schiel 1985; North 1994; 

Tegner & Dayton 1987). Seymour and Dayton papers show the clear interactions of 

depressed nutrients, increased temperatures and storm damage associated with El 

Niño events. These can damage kelp, removing them from large tracts of coastline 

and inhibiting re-establishment (Seymour et al. 1989). Consequently, there is large 

spatial variation in extent of kelp forests and canopies, especially inter-annually 

(CDFG 1995) (Tegner & Dayton 1987). 
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Severe events can affect aquaculture, algin and herring roe-on-kelp industries 

through a reduction in kelp harvesting. For example, commercial harvesting of kelp 

off California during the El Niño years of 1941, 1957 - 1959, and 1982 - 1984 was 

stopped (CDFG 1995). The 1957 - 1959 El Niño, one of the largest recorded, 

devastated Macrocystis canopies throughout most of California (Dayton & Tegner 

1984a) and was followed by an extended period of poor nutrients.  A large kelp forest 

near San Diego was eradicated and took years to re-establish after the El Niño 

subsided (North 1994). 

Many attempts have been made to restore or enhance Macrocystis stands. Efforts 

have involved kelp culturing and transplanting, grazer control, and competitive 

seaweed control. In the 1970’s juvenile and adult Macrocystis were transplanted to 

areas they formally occupied in an attempt to establish a nucleus of fertile plants from 

which propagules would spread (Hernandez-Carmona et al. 2000; Schiel & Forster 

1992). This technique proved to be costly, labour-intensive and unsuccessful.  Kelco 

of San Diego did establish adult stands by transplanting approximately 35,000 

juvenile Macrocystis plants between 1973 and 1976, but they were all subsequently 

lost to storms (North 1994).  No stable population was ever established as a result of 

restoration efforts (Tarpley & Glantz 1992). The kelp forests eventually became re

established naturally in 1986-1987, restoring the population to its pre-1957 size 

(North 1994). 

The removal of sea urchins and competitive species, combined with transplanting 

Macrocystis plants, aided in the establishment of a small population near Los 

Angeles (Palos Verdes Peninsula). However, increases in the abundance of sea 

urchin population contributed to the near elimination of the restored bed (Schiel & 

Forster 1992; Wilson et al. 1978). 

An alternative method to transplanting juvenile or adult plants as a method 

enhancement or restoration is to seed ropes or other suitable substrate, in the 

laboratory, with gametophytes. The requirements for raising Macrocystis through its 

early life stages are well documented (Dean & Jacobsen 1986;  Dean & Jacobson 

1984; Neushul et al. 1972; North 1972a; Reed et al. 1999). Macrocystis has a 

typical laminarian life cycle, consisting of an alternation of generations between a 

haploid, microscopic gametophyte and a diploid sporophyte which eventually can 
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form kelp forests.  Macrocystis plants produce millions of biflagellated zoospores that 

are released from sori on specialized blades (sporophylls).  Spores can be released 

throughout the year (Anderson & North 1966;  Reed 1987) and are transported away 

from parent plants by water motion and their own swimming activity (although their 

swimming ability is limited) (CDFG 2000).  On suitable solid substrate, spores attach 

and produce a germ tube within a few hours, then develop into either multicellular 

male or uni-orbicellular female gametophytes (North 1994).  Eggs on female 

gametophytes are fertilised, and zygotes develop into macroscopic sporophytes.  The 

outplanting of small, laboratory-cultured sporophytes has been successful on a small 

scale, although survival is often poor (Harris & Chester 1996;  Harris et al. 1984; 

Reed 1990; Schiel & Forster 1992). The advantage to using this technique, as 

opposed to transplanting whole plants, is that it is less expensive in time and labour.   

Can cultivation techniques be used to supplement natural Macrocystis forests with 

cultivated plants? What are the finer scale extrinsic effects on the early life stages? 

This chapter describes the transplanting of juvenile Macrocystis and seeding 

laboratory-reared gametophytes and juvenile sporophytes into a marine farm.  The 

main objectives were to: (A) develop processes for seeding lines with Macrocystis in 

the laboratory and then outplant these to a marine farm, and (B) develop other 

cultivation techniques that will augment natural harvests.  This chapter also examines 

the effects of nutrients, light and grazing on the early stages of Macrocystis. Field-

based experiments were used to test three main null hypotheses: (1) that grazing has 

no effect on post-settlement survival, (2) that elevating nutrient levels surrounding 

new recruits has no effect on their survival and growth, and (3) that increased 

irradiance has no effect in growth and survival of Macrocystis gametophytes or young 

sporophytes. 

5.2 Methods 

To investigate various post-recruitment processes, commonly used cultivation 

techniques were used. First, naturally recruited plants were transferred onto aged 

nylon rope and outplanted to an ocean-based paua farm.  Second, plants were 

cultured in the laboratory onto suitable substrata for outplanting.  Prior to 

transportation to the field, the temperature of culture media in the laboratory culture 

chamber was gradually increased or decreased to match field conditions.  Culture 
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lines and plates were transported in the dark, in containers filled with culture media. 

To minimise water movement during transport, containers contained internal baffles 

and were completely filled with water. During transport all containers were placed in 

a refrigerated compartment set to the ambient sea temperature in the field. 

Transportation times between sites and treatments were kept to a minimum and were 

no more than 30 min. 

5.2.1 Study Sites 

Wainui Bay (43o 49' 0.78" S; 172o 54' 18" E), Ohinepaka Bay (43o 50' 256" S; 172o 

54' 30" E), and Mat White Bay (43o 51' 25" S; 172o 54' 35" E) in Akaroa Harbour on 

Banks Peninsula, and Hitaua Bay (41o 15' 18"S174o 10' 6"E) within Tory Channel, 

Marlborough Sounds, were used for the outplanting experiments (see Chapter 2 site 

descriptions). 

5.2.2 Laboratory Cultured Plants 

I used a culture chamber made from a 2 m vertical commercial refrigerator (Figure 

5.1). There were 4 levels of shelves with the first 3 housing culture tanks and the 

fourth acting as a reservoir. Six Phillips® TDL 18W/54 fluorescent tubes lit the 

shelves. Each level was aerated and contained 5 l of media to a depth of 

approximately 60 mm. Media was pumped from the reservoir tank through an 

external filter/heater unit and a UV filter unit. 

Spores for cultivation experiments, were obtained from adult Macrocystis pyrifera 

growing in the kelp beds near Wainui.  Fertile sporophylls were collected from several 

plants, rinsed in seawater, washed in a 0.2% sodium hypochlorite seawater solution 

for approximately 2 minutes, blotted dry, and placed into a large tray sealed with 

plastic wrap, at 15 (±0.2) oC for 12 hours. Spore release was induced by re-

immersing the sporophylls in sterile nutrient-rich seawater (PES: Provasoli (1968), 

refer Appendix A) at 15 oC under ambient light. To prevent bacterial contamination 

50 IU/ml pf penicillin G and 25 IU/ml of streptomycin sulphate were added to the 

nutrient-rich spore settlement solution. 
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Figure 5.1   The refrigerator used as a culture chamber showing the upper 3 
culture chamber tanks and the bottom reservoir tank.  Attached to the left 
side of the tank is a series of filters and pumps to aid in water sterilisation 
and water circulation. 

Spores were also settled onto glass slides and Perspex plates for periodic 

examination. Once seeded, culture ropes and slides were transferred into the culture 

chamber with fresh nutrient enriched seawater.  Media were changed weekly 

thereafter. Cultured substrate were kept in the culture chamber at 15oC, 60 µEm-2s

and a 15:9 light:dark cycle. After the development of microscopic sporophytes the 

cultures were transferred to study sites. 

-1 
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It was impractical to sterilise the 30 l of seawater in the culture system, but the water 

was treated with ultraviolet radiation for 48 hours prior to the start of each culturing 

run. During ongrowing, the media in the culture system was UV-treated for 4 hours 

per day. Exchange water was also UV-treated prior to its introduction in the system. 

There was a high risk of contamination by diatoms in the culture system because 

they are resistant to UV treatment. Diatom contamination can result in overgrowth 

and competition for nutrients. To prevent or retard diatom contamination, germanium 

dioxide (GEO2) was added to culture medium at 0.5 µg/l (Levin & Hay 1996; 

Chapman & Craigie 1977). 

Bacterial infection can also affect mass algal cultures.  As cultures progress it 

becomes harder to remove contaminates using conventional methods, such as 

harsher chemical treatments or repeated washing using ultrasonic treatment.  In 

these instances an unintrusive chemical method rather than a physical one may be 

adopted. Antibiotics can be used either singly or in combination to kill or inhibit the 

contaminants  (Droop 1967; Machlis 1962; Provasoli 1968).  The addition of 

germanium dioxide or the antibiotics did not appear to retard gametophyte 

development and was employed in all Macrocystis cultures. 

5.2.3 Culture Techniques 

5.2.3.1 Grazing and Nutrient Effects 

Caging experiment 

To examine post settlement survival, 12 90 X 90 mm perspex plates were seeded 

with a thick gametophyte film. Possible grazing effects were examined by placing 

cultured plates with and without cages under a Macrocystis canopy and in areas 

where the canopy had been removed.  Cages were constructed of 16 X 16 mm 

Netlon™ mesh that excluded grazers such as Haliotis iris, Cookia sulcata, and Turbo 

smaragdus, and Trochus viridis. Plates were distributed at random, and bolted to 

reinforced concrete pillars (77L X 11.5W X 4.3H cm). 
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Figure 5.2 In situ caged 90 x 90 mm cultured plates: (A) beneath kelp forest canopy and (B) in 
the absence of a canopy layer at Ohinepaka Bay.  All plates and cages were bolted to reinforced 
concrete pillars. 

Canopy removal involved removing Ecklonia and Macrocystis plants within two 

meters of the treatment area.  This was repeated at two sites, Wainui and Mat White 

Bays (see Table 5.1 for treatment outline). The experiment was started in August 

1997 and treatments were monitored for percentage gametophyte cover and the 

development of visible sporophytes for approximately 1.5 months (Figure 5.2). 

Table 5.1 Experimental design for caging experiment.  Design replicated at two sites, 
Wainui, and Mat White Bays. 

Treatment 

Culture Plants Culture Plants Blank Plate 
Canopy Present Caged No Cage No Culture 

(n=3) (n=3) (n=3) 

Culture Plants Culture Plants Blank Plate 
Canopy Removed Caged No Caged No Culture 

(n=3) (n=3) (n=3) 
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Uncaged Grazing and Nutrients experiments 

Similar to the above caging experiment the effects of grazing and elevated nutrient 

levels was evaluated at Mat White Bay by seeding a thick gametophyte film onto 90 

X 90 mm Perspex plates (Table 5.2a).  A total of 12 plates, with and without the 

presence of a gametophyte film and the addition of nutrients were distributed at 

random, and bolted to reinforced concrete pillars (77L X 11.5W X 4.3H cm) within the 

Mat White Bay kelp forest. 

Nutrients were contained within mesh bags, in the form of a slow-release pellet 

fertiliser (Osmocoate®), a blend of ammonium nitrate, phosphate, and potassium 

salts (15% N, 4% P, and 8% K) coated with a semipermeable polymer coat.  Nutrient 

bags were bolted under the experimental plates.  Control plates contained 4 mm 

glass boiling beads in place of the Osmocoate® fertiliser pellets bags, which were 

added to seeded and unseeded plates.  All canopy-forming Ecklonia and Macrocystis 

plants were removed within 4 meters of the treatment area.  Both experiments ran 

from September to November 1998. 

Figure 5.3 In situ nutrient-enriched cultured plates bolted to reinforced concrete pillars.   
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Table 5.2 Experimental design for substrate grazing experiment with and without the addition 
of nutrients (A), and suspended grazing experiment without the addition of nutrients (B) Both 
Experiments were done out at Mat White Bay, Akaroa Harbour. 9 = present, X = absent 

A 
Treatments 

Attached to Substrate N Nutrients Added Gametophyte Film 

+ Nut.  + Gam.  Plate 3 9 9 

+ Nut.  - Gam. Plate 3 9 X 

- Nut. + Gam.  Plate 3 X 9 

- Nut. - Gam. Plate 3 X X 

B 

Treatments 

Suspended from Farm N Nutrients Added Gametophyte Film 

+ Gam. Plate 6 X 9 

- Gam. Plate 6 X X 

To examine post settlement survival in the absence of grazing, an additional 12 

plates (6 seeded and 6 unseeded) were vertically suspended from drop lines on the 

Mat White paua farm. No nutrients were added to these treatments (Table 5.2b). 

The experiments ran for 66 days from September 1998. 

5.2.3.2 Cultured line Cultivation  

A series of experiments aimed at investigating the suitability of using the 

aforementioned culturing methods as a cultivation technique were done.  An outline 

of the experiment is in Table 5.3. Macrocystis sporophytes were cultured onto nylon 

ropes at densities ranging from 3 - 20 per mm2 and outplanted at Wainui Bay, Mat 

Bay White Bay, and Hitaua Bay (Tory Channel).  Cultured juvenile plants ranged in 

size from 0.05 - 5.0 mm total length. 

Cultured and control ropes were outplanted on two occasions in 1996 and 1997 at 

Wainui Bay and in September 1998 at Mat White Bay, Akaroa Harbour and Hitaua 

Bay, Tory Channel. Except for the September 1998 experiment, all cultured 

sporophytes died. Therefore, only the September 1998 results are presented. 

During September 1998, two 4 m long cultured lines and two 4 m control lines were 

outplanted at Mat White Bay and Hitaua Bay.  Juvenile sporophyte abundance at the 
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time of outplanting was 9.64 (±1.4 SE) per mm2 and ranged in size from 1 - 5.0 mm 

in total length. Control lines were unseeded.  Cultures lines were attached to farm 

structures by suspending culture lines horizontally at 1.5 m depths between weighted 

drop lines. The experiment was sampled two months later after placement in the 

field. 

Table 5.3 Experimental design of culture line cultivation experiment.  Experiments were carried out 
at Mat White Bay, Akaroa Harbour and Hitaua Bay, Tory Channel. 9 = present, X = absent 

Treatments 
Suspended from Farms N Gametophyte Film 

+ Gametophytes Line, Mat White 2 9 

- Gametophytes Line, Mat White 2 X 

+ Gametophytes Line, Hitaua Bay 2 9 

- Gametophytes Line, Hitaua Bay 2 X 

5.2.4 Transplantation Cultivation 

A series of transplantation experiments were done using naturally recruited plants 

collected from Ohinepaka Bay. Entire plants were removed from the bottom by hand 

and placed into sacks for transport to a boat. Plants were transferred to 12 mm 

diameter nylon ropes by splicing each holdfast through the rope (Figure 5.4). All 

plants were tagged for growth analysis.  After the attachment of plants, the ropes 

were immediately submerged and then moved to experimental sites.   

The initial experiment was conducted done from September 1996 to May 1997 on the 

Ohinepaka Bay farm. Nineteen juvenile plants (mean size 410mm ±30mm SE) were 

transferred to two nylon ropes (4 m length) and suspended at 3 m depth. Lines were 

attached horizontally between vertical drop (Figure 5.4 and Figure 5.5). 
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Figure 5.4 Individually tagged plants 3 weeks after being transferred onto aged nylon rope. First 
section of the ruler is 17 cm. 

Figure 5.5 A diagrammatic representation of the transplantation cultivation 
experiment. Treatments shown include only the suspended transplanted plants with and 
without the addition of nutrients 
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In December 1997 a second transplantation experiment was done at Ohinepaka Bay 

to investigate nutrient limitation on the growth of juvenile plants.  The experiment ran 

for 6 months and an outline of the experimental treatments is shown in Table 5.4. 

Forty-four juvenile plants (mean total length 370 mm ±0.01 SE) were collected from 

Ohinepaka Bay and transplanted to suspended or attached treatments, with or 

without nutrients. The attached lines were bolted to the substratum of the inshore 

kelp forest using cable ties and Ramset® Terrier FM8 masonry anchors. Both 

suspended and attached treatments were set to a depth of approximately 3 metres 

(see Figure 5.5 for suspended).  Treatments were sampled 4 times between January 

1998 and June 1998. “Condition” was measured on a 4 point scale (1=very healthy, 

2=healthy, 3=poor, 4=dead). It was based on plant colour, amount of fouling, the 

presence of rot, and the presence of rips or tears on blades.  For nutrient addition 

mesh bags filled with Osmocoate® were strapped to the nutrient treatments with 

cable ties. 

Table 5.4    Experimental design for nutrient limitation experiment (transplanted plants) 

Treatment 

Plants suspended 
column (~3m) 

in water Transferred plants 
Nutrients added 
(n=12 plants) 

Transferred plants 
No added nutrients 
(n=10 plants) 

Transferred plants Transferred plants 
Plants attached to substratum Nutrients added No added nutrients 

(n=12 plants) (n=10 plants) 

During the course the experiment it was noted that suspended plants had high 

densities of the fouling gammarid amphipod Jassa falcata than plants attached to the 

substratum. Jassa was most abundant on the holdfasts and blades.  Amphipod 

abundances were assessed at the end of the experiment on 4 holdfasts from each 

control treatment. 

5.2.5 Statistical Analysis 

Multivariate repeated measures ANCOVA were used to test for differences in growth 

rates between transplant treatments through time.  Initial length was used as the 

covariate. One-way ANOVA was used to test for differences in amphipod abundance 
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between treatments. Because plant condition was measured using an ordinal 4 point 

scale, an ordinal multinomial linear model with probit link was used to test for 

differences in plant condition between treatments (StatSoft 1999).  Multiple 

regression analysis was used to determine the relationship between holdfast volume 

and amphipod abundance. Prior to analysis amphipod abundance data was tested 

for homogeneity of variances using Cochran’s test. All data were rendered 

homogeneous when square root (X + 1) transformed. 

Multivariate repeated measures ANOVAs were used to test for differences in 

percentage gametophyte film cover between sites (Wainui and Mat White Bays) and 

treatments (caged and uncaged cultured plates with or without the presence of a 

overlying canopy) through time. Controls were uncaged and caged blank plates. 

Because there was no variance in the controls (i.e., s=0), they were excluded from 

analyses. Data were arcsine transformed using the method of Bartlett (1937) and 

Anscombe (1948), by Freeman (1950) was used. 
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Where p represents each proportion, i.e., X / n 

Equation 5.1   Arcsine transformation equation as used by Freeman and Tukey (1950). 

This modified arcsine transformation makes allowances for the extreme ends of the 

data (0 and 100%), whereas the normal arcsine transformation does not.  Preliminary 

test on variance of repeated measures among treatments were done prior statistical 

analysis. 

Multivariate repeated measures ANOVAs were used to test for differences in 

percentage gametophyte film cover between nutrient and control treatments through 

time. Controls were uncultured plates with no nutrients and cultured with no 

nutrients. Similar to the caging experiment, the first and two last sampling periods 

were excluded from data analysis because all values were 0 (i.e., s=0). Percentage 

cover data were transformed using Equation 5.1.  At the completion of the experiment 
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differences in the abundance of blade stage sporophytes between treatments were 

tested using a one-way ANOVA. Prior to analysis abundance data tested for 

homogeneity of variances using Cochran’s test. All data were rendered 

homogeneous when square root (X + 1) transformed. 

5.3 Results 

5.3.1 Laboratory Cultured Plants 

Figure 5.6a - c plots the progression of a Macrocystis life-cycle in a typical laboratory 

culture. Spores attach at high densities (26,000 mm2) and within 48 hours after 

settlement they develop germ tubes (Figure 5.6a).  Gametophytes become apparent 

within the first week (Figure 5.6b) and sporophytes appear as early as 14 - 18 days 

after the start of the culture (Figure 5.6c). 

5.3.2 Transplantation Techniques 

In the line cultivation experiment there were weak, but significant differences in the 

growth rates of transplanted plants between treatments through time (Table 5.5a). 

The treatment effect accounts for 37.5% of total variation in the univariate model. 

There were higher growth rates in the substratum plus nutrients treatment (14.20 

±1.12 SE mm/day) than in the suspended plants (8.3 ±1.19 SE mm/day) with added 

nutrients, and the attached (10.08 ±1.00 SE mm/day) and suspended controls (9.65 

±1.18 SE mm/day). 

Significant changes in plant growth rates over all treatments through time (Table 

5.5b) reflect a large growth rate increase at the onset of autumn (Figure 5.8a). 

Eighty-four percent of the variation in growth rates was due to time, while 13.7% was 

due to uncontrolled factors. Thus, time was the most important factor affecting plant 

growth. Growth rates for all treatments ranged form 4.1 (±0.49 SE), 6.4 (±0.81 SE), 

and 2.6 (±0.85 SE) mm/day for the December to January, January to February, and 

February to March growth periods, respectively.  Growth rate increased significantly 

to 29.2 mm/day (±1.83 SE) during the autumn (March to June 1998) period. 

Suspended plants showed no significant difference between treatments and controls 

(Tukey HSD, p>0.05). 
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Figure 5.6 Series of photographs from a typical culture showing the progression of Macrocystis 
through its various life cycle stages.  (A) the germination of newly settled spores, which in turn 
develop into male or female gametophytes (B).  Fertilized eggs develop into microscopic 
sporophytes (C &D) that grow into Macrocystis plants. 

Figure 5.7 Cultured perspex (90 mm x 90 mm) plate with a thick 
gametophyte cover. 
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Figure 5.8 (A) Growth rates for suspended and attached transplanted plants with and without the 
addition of nutrients during the summer months of 1997/98 and through to the early winter months 
of 1998, inset graph shows growth of an earlier rope cultivation without the addition of nutrients.  (B) 
plant condition of suspended and attached transplanted plants with and without the addition 
nutrients during the summer months of 1997/98 through to the early winter months of 1998 
(condition: 1=very healthy, 2=healthy, 3=poor, 4=dead) (B). 
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A weak, but significant time x treatment interaction indicated that treatments behaved 

differently through time. However, < 3% of the variation in the multivariate model 

was due to the treatment x time interaction. Except for the autumn growth period, the 

attached plus nutrient treatment had constantly higher growth rates during the 

experiment when compared to other treatments.  This suggests that throughout 

summer nutrients are limiting. The “time” effect was probably a reflection of the 

natural increase in nutrients from summer to winter. 

Table 5.5 (A) Repeated measures univariate analysis of variance model testing for growth 
rate differences between treatments through time, and (B) and repeated measures 
multivariate analysis of growth rates within subjects through time and interactions between 
time and treatments within subjects. 

A Treatment 
Between Subjects df MS F p 
Treatment 3 193.58 4.81 0.009 
Error 24 40.25 

B Time 
Within Subjects Wilks df F p 
Time 0.07 3, 22 95.06 <0.001 
Time X Treatment 0.44 9, 54 2.37 0.02 
Error 

Error 
% 


37.5 
62.5 

Error 
% 


83.6 
2.6 
13.7 

Figure 5.8a (inset) shows the results of an unmanipulated rope cultivation experiment 

(plants suspended from the paua farm) a year prior to the experiment above.  There 

was very little or negative growth over the spring and summer months of 1996/7, with 

growth rates ranging from -3.04 (±1.60 SE), -0.87 (±0.12), -5.03 (±0.67) and 0.93 

(±1.17) mm/day for the September to October, October to December, December to 

January, and January to March growth periods, respectively.  Growth increased 

substantially over the autumn (March to May) period to 22.10 mm/day.  The overall 

lack of growth during spring to summer is consistent with low growth rates of plants in 

general at both sites over the same period. Substantial growth rate increases over 

the autumn period again suggests that plants are nutrient-limited over the summer 

months, but become less so at the start of the cooler seasons. 
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From December 1997 to June 1998, the condition of plants attached to the 

substratum, regardless of nutrient enrichment was significantly better than those 

suspended from the farm (F(3, 40) = 36.74, p< 0.001). The reasons for the difference 

in condition are unknown, but it is possible that sea-surface currents and tidal flow 

affected the uptake of nutrients in plants suspended near the surface.  Alternatively, 

high abundances of the fouling amphipod Jassa falcata (see below) and a heavy 

infestation by the bryozoan Membranipora membranacea on the surface canopy 

blades may have affected growth. 

0 

200 

400 

600 

800 

l
A

bu
nd

an
ce

 p
er

 h
o

df
as

t 

Attached to substratum Suspended from farm 

Figure 5.9 Mean (±SE) abundance of Jassa falcata per suspended 
and attached Macrocystis holdfast. 

Abundance of Jassa falcata was significantly higher within the holdfasts of 

suspended Macrocystis plants than holdfasts attached to the substratum (F(1, 6) = 

18.42, p=0.005). Mean abundances were 135.25 (±61 SE) and 634 (±130 SE) for 

attached and suspended holdfasts, respectively.  Multiple regression analysis showed 

a strong relationship between the abundance of Jassa and holdfast volume (multiple 

r2 = 0.82, p = 0.01). The great abundance of Jassa on the suspended culture may 

have negatively affected the growth rates of plants. 
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These above results suggest that without the addition of nutrients through the 

warmer months the use of transplantation as a cultivation technique would be of 

limited use. However, during the cooler months plants can be cultivated successfully 

using this technique. 

5.3.3 Grazing Effects 

Cage experiments 

At Wainui Bay the retention of the cultured gametophyte film was significantly higher 

in the caged treatment than the uncaged treatment (Table 4.4a). 

Table 5.6 (A) Repeated measures univariate analysis of variance model testing for percentage 
gametophyte cover differences between sites, the presence of canopy, and treatments through time, 
and (B) repeated measures multivariate analysis within subjects through time and interactions 
between time and treatments within subjects (B) 

A Treatment Error 
Between Subjects MS F p % 

Intercept 91.36 5460.26 <0.001 

Site (Wainui and Mat White Bays) 0.22 12.87 <0.001 2.66 

Canopy (canopy intact or removed)  0.05 3.25 0.09 0.67 
Treatment (caged or uncaged) 0.72 43.17 <0.001 89.21 
Site*Canopy 0.14 8.49 0.01 1.75 
Site*Treatment 0.08 4.67 0.05 0.96 
Canopy*Treatment 0.01 0.53 0.48 0.12 
Site*Canopy*Treatment 0.11 6.40 0.02 1.32 
Error 0.02 3.31 

B Treatment x Time Error 
Within subjects Wilks F df p % 

Time 0.07 94.57 2,15 <0.001 54.36 
Time*Site 0.98 0.15 2,15 0.87 0.08 
Time*Canopy 0.64 4.25 2,15 0.03 18.33 
Time*Treatment 0.36 13.56 2,15 0.00 2.72 
Time*Site*Canopy 0.78 2.12 2,15 0.15 4.38 
Time*Site*Treatment 0.79 1.94 2,15 0.18 11.53 
Time*Canopy*Treatment 0.88 1.02 2,15 0.38 2.21 
Time*Site*Canopy*Treatment 0.83 1.54 2,15 0.25 0.31 
Error 6.10 
All Cochran's tests were n.s. 
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There was no difference between the +canopy and – canopy treatments.  There was 

a similar pattern at Mat White Bay site. The retention of the gametophyte film again 

was significantly higher in caged treatments with canopy compared to the uncaged 

treatments (Table 4.4a). Overall, the gametophyte film percentage cover was 

significantly higher in the caged compared to uncaged treatments (Table 4.4, Tukey 

HSD, p < 0.001). The caging treatment accounted for 89 % of the variation in 

gametophyte cover in the model. Time, was significant, due largely to the decline in 

gametophyte cover over the course of the experiment.  All treatments failed to 

produce visible juvenile sporophytes despite the presence of microscopic 

sporophytes at the beginning of the experiment. 

At both sites the caged treatments under the canopy retained the gametophyte film 

longer than where the canopy had been removed (Figure 5.10). This may be due to 

the canopy removal treatments having more sediment accumulation on top of the 

gametophyte film. Grazers such as Cookia sulcata, Trochus viridis, and Turbo 

smaragdus may have significant localised impacts on newly recruited Macrocystis 

plants 
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Figure 5.10 Mean percentage gametophyte coverage (±SE) for caged and 
uncaged treatments with and without the presence of an overlaying kelp 
canopy through time at Wainui and Ohinepaka Bays. 

Uncaged Grazing and Nutrient Experiments 

The percentage cover of gametophytes showed no significant difference between 

nutrient enriched seeded plates and control treatments, but decreased significantly 

through time (Table 5.7; Figure 5.11a).   
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Table 5.7   Repeated measures univariate analysis of variance model testing percentage 
gametophyte cover differences between nutrient enriched seeded plates and controls through 
time (A) and, repeated measures multivariate analysis of growth rates within subjects through 
time and interactions between time and treatments within subjects (B).  

A Treatment Error 
Between Subjects df MS F p % 
Treatment 1 0.00 0.02 0.90 0.42 
Error 4 0.03 99.58 

B Time Error 
Within Subjects df MS F p % 
Time 1 0.72 26.24 0.007 86.35 
Time X Treatment 1 0.00 0.15 0.71 0.49 
Error 4 0.027 13.16 

Regardless of whether nutrients had been added, the percentage cover of 

gametophytes declined by 50% within 24 hours.  Within seven days, less than a 1% 

cover remained. During this period, the gastropod Trochus viridis were observed 

grazing on several of the seeded plates.  All seed plates showed distinctive radula 

grazing tracks within 24 hours of being placed in the field.  Sixty-six days after the 

start of the experiment, a large number of juvenile Macrocystis were observed on the 

mesh bags containing nutrients and low numbers were found on controls (Figure 

5.11b).  No plants occurred on the surface of treatment or control plates.  More 

juvenile Macrocystis appeared on nutrient enriched plates (F(3, 8) = 34.88, p < 0.001). 

The plant abundance was 84 (±13.0 SE) to 1 (±1 SE) per treatment on nutrient 

enriched and control plates, respectively. Plants sizes ranged from 2 to 100 mm in 

total length. These results indicate that the high abundance of juvenile plants on 

nutrient enriched mesh bags were derived from the seeded culture film on treatment 

plates, rather than from natural recruitment.  As some treatment plates were 

separated by only 20 cm, it is likely that the presence of plants on control treatments 

probably originated from seeded treatments.  It also appears that the weaving and 

interstitial spaces of the mesh bags provided a spatial refuge from grazing.   

Unlike the seeded plates attached to the substratum, seeded plates suspended from 

the Mat White farm showed no signs of grazing and retained 100% of the 

gametophyte film 14 days after being outplanted.  However, treatment and control 

plates became heavily infested with Scytosiphon lomentaria and Ectocarpus 

siliculosus (Figure 5.13b).  No juvenile Macrocystis sporophytes occurred on the 
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suspended plates 66 days after the start of the experiment.  It seems likely that the 

high abundance of Ectocarpus and Scytosiphon smothered any developing 

microscopic sporophytes. 
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Figure 5.11 Mean percentage gametophyte coverage (±SE) for (A) nutrient 
enriched and control treatments, and (B) final mean abundance (±SE) of 
juvenile Macrocystis plants (B). (+Nut. = nutrients enriched, + Gam. = 
Gametophyte film present, -Nut. = no nutrients added, -Gam. = no 
gametophyte film present) 
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Figure 5.12 In situ nutrient enriched cultured plates showing small juvenile Macrocystis on 
the nutrient mesh bags. Arrow depicts a cluster of 98 juvenile Macrocystis . 

Figure 5.13 Seeded culture line (A), and suspended seeded plates (B) heavily infested with 
Scytosiphon lomentaria and Ectocarpus siliculosus at Mat White Bay.  (B) note that the culture plate to 
the left of the photo is a seeded treatment, the middle plate a control (blank plate) and to the right a 
blank control plate prior to being outplanted. The photograph was taken 66 days after treatments were 
outplanted. 
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5.3.4 Culture Line Cultivation 

Control and seeded culture ropes were outplanted on the Mat White Bay, and Hitaua 

Bay, farms in September 1998. From September to November 1998 ropes at Hitaua 

produced juvenile sporophytes ranging in size from 80 to 400 mm in length (mean 

size 177 mm ±28 SE) (Figure 5.14). On average plants grew at c. 1 (±0.35) mm/day 

and had 1 frond per plant. During the same period cultured ropes outplanted at Mat 

White Bay failed to produce visible sporophytes.  However, the seeded and control 

culture lines quickly became overgrown with Scytosiphon and Ectocarpus, which 

probably smothered developing sporophytes (Figure 5.13a). 
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Figure 5.14 Percentage frequency of cultured plants within 40 mm size class ranges at Hitaua Bay. 

The success in culturing plants for cultivation at the end of the study was 

encouraging giving the past failures in Akaroa Harbour.  However, my results suggest 

that the clear, nutrient-rich waters in Tory Channel are more suited to rope cultures of 

Macrocystis than is Akaroa Harbour. Furthermore, given the limited success of 

cultivating plants from laboratory cultures, and the extreme labour and time-intensive 

nature of the technique, it may be impossible to implement this cultivation technique 

on a large scale. However, further research into determining what factors are 
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responsible for the limited success of these results may yield more promising 

methods. 

5.4 Summary 

The feasibility of Macrocystis cultivation as a method for supplementing natural algal 

supplies was examined using transplantation and culturing techniques.  Based on 

standard cultivation techniques a multi-layered culture chamber was developed and 

Macrocystis was cultured successfully, through various stages of its life cycle, onto 

nylon rope and perspex plates. Sporophyte size at the time of out-planting ranged 

from 0.5–5mm. Naturally recruited juvenile plants were transplanted onto fertilised 

and unfertilised nylon rope and outplanted in Ohinepaka Bay, Akaroa Harbour. 

Investigations into possible nutrient limitation and grazing effects on post-settlement 

survival and juvenile plant growth were examined using both cultivation techniques.   

At Ohinepaka Bay, the addition of nutrients significantly enhanced growth of plants 

transplanted to the substratum, but failed to enhance growth of plants suspended in 

the water column. Nutrient-enriched plants attached to the substratum remained 

healthier during the summer than attached control and suspended treatments.  A 

significant decline in the condition of suspended plants was attributed, in part to the 

high abundance of the fouling amphipod Jassa falcata and a bryozoan Membranipora 

membranacea. Elevated amphipod abundance on those treatments suspended from 

the farm may have resulted from a lack of predators, for example reef fish.  For all 

treatments the single most important factor influencing growth was time.  Except for 

the nutrient-enriched attached line treatment where growth was positive, all other 

treatment plants declined in size during spring and summer 1998.  However, growth 

rates increased with the advent of autumn and winter.  A similar growth rate / season 

relationship was observed in an unmanipulated (no nutrients added) rope cultivation 

experiment carried out the previous year.  Again transplanted Macrocystis plants 

senesced during spring and summer, but increased to 22.1 (±2.4 SE) mm/day during 

the autumn - winter growth period. 

Results of experiments examining possible grazing and light effects suggested that 

grazers may have localised impacts on newly recruited Macrocystis plants, and that 

removal of overlying canopy layers impacted the survival of gametophytes.  Caging 

Experiments at Wainui and Mat White Bays showed cage treatments retained 
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gametophytes significantly longer than uncaged treatments.  At both sites caged 

treatments with kelp forest canopy retained gametophytes longer than in areas where 

the canopy had been removed. Higher sediment accumulation on seeded plates in 

areas devoid of overlying canopies was may have been responsible for the lower 

retention of gametophytes in caged treatments. 

From September to November 1998, experiments examining the effects of grazing 

and elevated nutrient levels on growth and survival of Macrocystis gametophytes and 

juvenile sporophytes were investigated.  Nutrient-enriched cultured and control 

treatments (controls = no nutrients + seeded plate & no nutrient blank plate) were 

attached to the substratum at Mat White Bay in places where grazers were present. 

To avoid grazing, control (control = blank plate) and cultured treatments were 

suspended from the Mat White farm. Attached and suspended treatments ran 

concurrently. In the presence of grazers, attached nutrient-enriched, and control 

cultured plate treatments, showed similar grazing effects as the uncaged treatments 

in the caging experiment. The percentage cover of gametophytes, regardless of 

treatment was quickly grazed, decreasing from 100% cover to less than 1% cover 

within 7 days. The gastropod Trochus viridis was observed grazing cultured 

treatments, and distinctive grazing tracts were also evident on all cultured plates. 

Sixty-six days after out-planting large numbers of blade stage juvenile Macrocystis 

were observed on the mesh bags of the nutrient-enriched treatments.  The 

abundance of juvenile plants was significantly higher on nutrient-enriched treatments 

compared to controls (p < 0.01) indicating that recruitment was enhanced 

significantly in treatments seeded with gametophytes and added nutrients.  Mesh 

bags also appeared to provide a spatial refuge for Macrocystis juvenile plants from 

grazing, since no juvenile plants were found on the smooth plate surface, but they 

were occasionally seen at the concrete pillar culture plate interface. 

In the absence of grazers, all culture plates retained 100% of the gametophyte film 

14 days after out-planting. However, after 66 days cultured and control treatments 

became heavily overgrown with Scytosiphon and Ectocarpus, which precluded 

sporophyte development. No Macrocystis sporophytes were observed on the 

suspended treatments 66 days after outplanting. Thus, in the absence of grazing the 

opportunistic algae Scytosiphon and Ectocarpus dominated all treatments, 

smothering any existing juvenile Macrocystis. 
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A series of experiments aimed at investigating the suitability of using laboratory 

culturing methods as a cultivation technique was undertaken.  Macrocystis 

sporophytes were cultured on nylon ropes at densities ranging from 3 - 20 per mm2 

and outplanted at Wainui, Mat White and Hitaua Bays.  Cultured juvenile plants 

ranged in size from 0.05 - 5.0 mm length at the time of out-planting.  Cultured and 

control ropes outplanted in different seasons through 1996 to 1998 in Akaroa 

Harbour failed to produce visible sporophytes in all experiments.  In contrast, the 

cultured ropes outplanted at the Hitaua Bay farm in Tory Channel from September 

1998 to November 1998 produced juvenile sporophytes ranging in size from 80 to 

350mm in length (mean length 177 mm ±28 SE).    On average, plants grew at 

approximately 1 (±0.35) mm/day and had an average of 1 frond per plant.  During the 

same period cultured ropes outplanted at Mat White Bay again failed to produce 

visible sporophytes, but became overgrown by Scytosiphon lomentaria and 

Ectocarpus siliculosus. In general, culturing Macrocystis plants in the laboratory is 

straightforward provided the appropriate facilities are available and appropriate 

culturing techniques are followed. 

My results confirm earlier demographic observations (Chapter 3) that nutrients, in 

particularly nitrate-N, limit growth during summer and that fertilisation at moderately 

low temperatures can enhance recruitment. Field manipulations suggest that grazing 

by herbivorous gastropods, in particular that of Trochus viridis, was a major source of 

gametophyte and juvenile sporophyte mortality.  Abundant recruitment and survival 

on mesh nutrient bags suggest that substratum characteristics such as topographic 

irregularities are important for the survival of juvenile sporophyte.  The spatial refuge 

provided by mesh bags allowed developing plants to grow large enough to escape 

some of the smaller herbivores. In the absence of grazers opportunistic Scytosiphon 

and Ectocarpus dominated. 

Despite the relative ease with which juvenile plants can be cultured, transferring them 

to the field resulted in very poor survival.  Of the two cultivation techniques examined, 

the transfer of juvenile plants to ropes proved to be the more successful.  However, 

because low nutrient levels limited growth rates of plants in summer it was not 

successful in that season. Nutrient limitation was not apparent during autumn.  In 

general, plants appeared to be nutrient limited during the warmer months.  Culturing 

plants for cultivation proved to be less reliable cultivation technique. 



CHAPTER 6 

GENERAL DISCUSSION 

The aims of this thesis were to understand the canopy effects of Macrocystis pyrifera 

(giant kelp) on understorey species, the demography of Macrocystis, and the effects 

of harvesting giant kelp on other species in the assemblages of kelp forests in 

southern New Zealand. The study not only makes comparisons with the large 

literature on giant kelp from other parts of the world, but also with a commercial intent 

in mind because of the need to understand the functioning of New Zealand kelp 

forests before commercial harvesting is permitted.  This General Discussion deals 

with the comparative structure of kelp forests, the effects of algal species 

interactions, and the relevant demographic features of giant kelp, including its early 

life history. It concludes with a section on management considerations and options. 

6.1 Comparative Structure of Giant Kelp Forests 

Macrocystis pyrifera is widely distributed in both hemispheres, in warm to cool 

temperate regions where rocky substrata occur (Womersley & Edmonds 1952). 

Large forests dominated by this species are found along the coasts of central and 

southern California, extending in Baja Mexico (Druehl 1970;  North 1972b), along 

much of the coast of Chile (Dayton 1985b;  Moreno & Sutherland 1982b;  Santelices 

& Ojeda 1984a), Argentina (Barrales & Lobban 1975), South Australia and Tasmania 

(Wormersley 1954), southern New Zealand (Rapson et al. 1942; Schiel & Hickford 

2001), and most of the sub-antarctic islands (Hay 1990).  In New Zealand, giant kelp 

does not occur in the warmer waters of the northern part of the country (Schiel 1988), 

where the stipitate laminarian Ecklonia radiata dominates. Macrocystis occurs from 

just north of Cook Strait (c. 41o) and extends south around the east coast of the 

South Island to Fiordland on the southwest coast, Stewart Island, the Chatham 

Islands, and the sub-antarctic of the Auckland, Bounty, and Campbell Islands (Hay 

1990). Despite this wide distribution, giant kelp is confined mostly to shallow rocky 

reefs in the immediate nearshore area.  It also seems to be restricted by the 

unavailability of suitable rocky substrata along much of the coastline.  For example, 

along the eastern coast of the central South Island it occurs only around Banks 

Peninsula and around a rocky intrusion (Motunau) some 100 km to the north. 
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The distribution of Macrocystis in New Zealand encompasses a wide range of 

physical conditions. The forests around the Chatham Islands, a remote group some 

700 km east of the South Island, occur in very clear, nutrient rich, oceanic waters. 

The giant kelp forests there extend to 30 m depth in some places (Schiel 1990; 

Schiel & Hickford 2001), comparable to the depths they attain in California (North 

1971). Over most or all of its mainland distribution, however, giant kelp occur in 

turbid, sediment-laden waters because of coastal run-off and the outflows of large 

braided rivers that characterise the South Island (Garner 1961; Hume & Bell 1992). 

Coincident with these conditions, therefore, is a relatively low-light environment, 

which is very apparent around Banks Peninsula, where seawater is invariably turbid 

conditions inshore (Brodie 1955). The kelp forests within Akaroa Harbour are more 

accessible than those along the outer coast of the peninsula but they occur in similar 

conditions. The sediment and low light levels undoubtedly affect all aspects of giant 

kelp forest structure and demography (discussed below). 

The Macrocystis forests within Akaroa Harbour include few prominent algal species. 

They have a relatively simple, three-tiered structure: a canopy of giant kelp, a 

somewhat sparse understorey of Ecklonia radiata, and a primary substratum cover of 

encrusting coralline algae. Occasional plants of Carpophyllum flexuosum, a fucalean 

species that can be dominant to 10 m depth in much of southern New Zealand, are 

also found. In some of the forests around the peninsula, there are also numerous 

filter-feeding invertebrates inhabit the understorey, but there occurance depends on 

water flow (Schiel and Hickford 2001). Inshore of the kelp forests, there are often 

dense beds of fucalean algae, especially C. maschalocarpum but they rarely extend 

into the kelp forest. 

This vertical layering and paucity of larger algal species contrasts strongly with the 

structure of forests in Tory Channel and those described elsewhere in the world. 

Tory Channel has clear waters and a very strong tidal flow, which is generated by its 

proximity to Cook Strait (Heath 1985). Here, the forests are four-tiered: a canopy of 

giant kelp; an understorey comprising a mixture of algae including Ecklonia and the 

fucaleans Marginariella boryana, Sargassum sinclairii, C. flexuosum, and the green 

alga Caulerpa brownii; a sub-canopy cover of turfing coralline algae; and a primary 

substratum cover of encrusting corallines. These more speciose forests of Tory 

Channel have a similar vertical structure to those reported worldwide.  Along the 
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Californian coast, for example, there is often a very dense canopy of giant kelp, a 

diverse sub-canopy of a wide range of smaller kelps, a further understorey of turfing 

corallines and a primary cover of coralline paint (Dayton et al. 1984; Foster & Schiel 

1985). These highly complex forests are greatly affected by upwelling conditions that 

bring nutrient-rich water into the coast and by the diversity of kelps present there 

(Huyer 1983). Along the coast of Chile, the understorey canopy is often occupied by 

laminarians of the genus Lessonia (Moreno & Sutherland 1982;  Santelices & Ojeda 

1984b, c). While this genus also occurs in New Zealand, the species found along the 

coast of the mainland (L. variegata) tends to occur in patches in very exposed 

inshore conditions, rather than as an understorey species within kelp forests (Schiel 

& Hickford 2001). 

The vertical layering within kelp forests has prompted the testing of numerous 

hypotheses involving intra- and interspecific effects among algae (Foster & Schiel 

1985), (Dayton et al. 1984). These involve the potential for overstorey species to 

affect the light environment of species beneath them, reduce flow caused by giant 

kelp, affect the filtering of plankton by fishes within kelp forests (Gaines et al. 1985), 

reduce space available for recruitment, and affect of growth and survival of 

understorey algae (Dayton et al. 1984). It seems likely that similar interactions are 

affected by the different light and sediment environments of the forests in Akaroa 

Harbour. These are discussed below. 

6.2 Intra- and Interspecific Effects of Macrocystis 

The canopy effects of M. pyrifera have been examined and documented in studies of 

kelp forests in California and Chile. Almost invariably, there have been relatively 

quick and dramatic changes to the composition of the understorey assemblage when 

the canopy is removed. For example, in an early study of the removal of a giant kelp 

canopy (Pearse & Hines 1979) there was strong recruitment of several laminarian 

species, notably Laminaria dentigera and Pterygophora californica, within a few 

months of the giant kelp being removed. Although there was no replication at the 

treatment level in the above experiment, there was a strong effect.  Eventually, 

Macrocystis dominated again, but only after several years. 

Similarly, Reed and Foster (1984) found increased recruitment of Pterygophora 

californica and the annual brown alga Desmarestia ligulata when the giant kelp 
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canopy was removed. They attributed the response of these understorey species to 

the provision of light once the dominant canopy had gone.  Likewise, in a study in 

Alaska, Dayton (1975b) removed three species of Laminaria that resulted in an 

increase in the percentage cover and density of Agarum species. The removal of 

understorey kelps also results in an increase in other species.  In northern New 

Zealand, for example, moving a Carpophyllum maschalocarpum canopy allowed the 

invasion of Ecklonia species (Schiel 1981, 1988). Similar responses have been 

found elsewhere when a dominant canopy of stipitate laminarians has been removed 

(Duggins 1980). A conclusion from these studies is that dominance by one or a few 

species in the understorey is the result of the timely provision of a light gap.  

The responses of understorey species to light gaps can be complex, however, and 

the timing of canopy removal can affect the resulting assemblages, even long-lived 

species. Thus, Schiel (1990) found in northern New Zealand, that if gaps were made 

in algal canopies during the summer months when fucalean species were 

reproducting, these species frequently recruited and occupied the free space. 

However, if gaps were provided during the cooler months, the spaces were almost 

invariably occupied by Ecklonia, which reproduces for several months in winter and 

spring (Schiel 1988). Ecklonia also grows faster than most other species (Novaczek 

1984a) and quickly forms a canopy once it occupies space.  All of these effects are 

dependent on the density of recruits.  Dense recruitment tends to result in closed 

canopies and also can affect the demographics of species (Schiel & Choat 1980).  In 

one experiment, Schiel (1981) continually removed the dominant Ecklonia canopy to 

test the ability of other species to assume dominance in its absence.  He found that 

the response of other species was quite variable, possibly related to density-

dependent recruitment based on the proximity of reproductive adults of the fucalean 

species. 

In my experiments, several of these hypotheses were tested simultaneously.  I not 

only removed the Macrocystis canopy at different times during the year, but also had 

a treatment where the canopy was continually removed to test whether any of the 

understorey assemblage would respond in the absence of Macrocystis. 

In my study, the removal of all Macrocystis and Ecklonia layers at Wainui Bay 

significantly enhanced Ecklonia recruitment. In contrast, all other canopy removal 
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combinations, Ecklonia understorey removed, Macrocystis plants removed, 

Macrocystis canopy removed, and continuous Macrocystis canopy removal, showed 

no short-term effect on recruitment or on the abundance of juvenile Ecklonia or 

Macrocystis plants. Although non-significant, differences in juvenile Ecklonia 

abundance 8 months after the start of the Wainui Bay clearance experiment 

appeared to be related to the canopy-removal combinations. The order in which 

juvenile Ecklonia abundance was influenced by treatments was: (all kelp removed) > 

(only Ecklonia understorey removed) > (only Macrocystis plants removed) > 

(Macrocystis surface canopy removed) > (repeatedly removed Macrocystis surface 

canopy). These results suggest that interspecific interactions on Macrocystis and 

Ecklonia recruitment are weak compared to intraspecific effects on the Ecklonia sub-

canopy. These findings contrast with those of Reed and Foster (1984) who found 

that the presence of a dense Macrocystis canopy was sufficient to inhibit the 

recruitment of Pterygophora.  However, as in my study, Reed and Foster (1984) 

found that removing both Macrocystis and Pterygophora canopies enhanced 

recruitment of both species and the annual brown alga Desmarestia ligulata. Dense 

Pterygophora canopies alone were observed to inhibit their own recruitment, 

however, these effects were negligible when dense Macrocystis canopies were 

present. 

In Akaroa Harbour, Macrocystis recruitment failed to respond to the removal of the 

overlying Macrocystis and Ecklonia canopies during spring 1995. The lack of 

response was possibly because canopies were removed in spring, after the autumn 

and winter spore release. Therefore, any benefit from increased irradiance would 

have passed. This proposal is consistent with the significant increase in Macrocystis 

recruitment 7 months after a winter commercial harvesting trial at Cape Three Points, 

and the lack of recruitment enhancement when the canopy was harvested during 

summer. Similarly, there was no significant increase in recruitment of Ecklonia or 

Macrocystis when the Macrocystis canopy was harvested during summer in Tory 

Channel. This response contrasts with the findings of Kimura and Foster (1984) who 

reported enhanced Macrocystis and Pterygophora recruitment after partial harvests 

during summer and autumn. They suggested that recruitment of both species was 

predominately affected by light, and suggested that spores and dormant 

gametophytes were available all year round. In contrast, my results suggest that 
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spores and gametophytes may have the ability to lay dormant for extended periods 

during autumn and winter until light levels increase in spring.  

Repeated removal of the Macrocystis surface canopy in Wainui Bay had no 

significant effects on Macrocystis and Ecklonia abundance, however, there was some 

indication of elevated growth of sub-canopy fronds.  These results are in marked 

contrast to those of Miller and Geibel (1973) who found enhanced Macrocystis 

recruitment and an increase of red algae after they repeatedly harvested the 

Macrocystis canopy in California. The effects of single removals of the Macrocystis 

surface canopy were dependent on their timing. Harvesting Macrocystis surface 

canopies either side of the main spore settlement period (autumn through winter) for 

Ecklonia and Macrocystis had little effect on the abundance of either species. 

However, I found that harvesting during the main settlement period can increase 

Macrocystis recruitment, and may result in increased canopy plant abundance the 

following winter. In contrast, Ecklonia recruitment, irrespective of timing, was largely 

unaffected by the removal of the Macrocystis surface canopy in my study. These 

differences in response between Ecklonia and Macrocystis may in part reflect their 

different light requirements for gametogenesis, gametophyte development and 

embryonic sporophyte development. Thus, the lower light limit for Ecklonia 

reproduction was estimated by Novaczek (1984b) to be 5 µE M-2s-1, whereas Fain 
-1and Murry (1982) reported that 70 µE M-2s  was required before Macrocystis 

gametophytes and embryonic sporophytes became saturated.  Additionally, Luning 

and Neushul (1978) estimated that vegetative growth by Macrocystis gametophytes 
-1became saturated at 20 µE M-2s . These findings suggest that removal of the 

Macrocystis surface canopy during periods when light penetration was minimal may 

have elevated light to saturation levels for Macrocystis. For Ecklonia, saturation 

levels may already be present beneath the Macrocystis surface canopy. 

Long-term effects of removing all kelp were more dramatic. Where all Macrocystis 

and Ecklonia were removed, and/or only Ecklonia plants were removed, mature (> 

500 mm total length) plants were slow to recover and were still underrepresented 16 

months after the start of the experiment.  The proportional progression of Ecklonia 

recruits through the size classes during the 16 months suggests that mortality rates 

were similar for all Ecklonia size classes and that Ecklonia suffered little mortality 

overall. Three years (spring 1995 - spring 1998) after the start of the Ecklonia and 
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Macrocystis removal treatment, the abundance of > 500 mm sized plants was twice 

that in unmanipulated control areas.  A similar trend also appeared to be developing 

within the spring 1996 Ecklonia and Macrocystis removal treatment. In contrast, 

Macrocystis remained significantly less abundant in the spring 1995 Ecklonia and 

Macrocystis treatments than in all other treatments.  These differences were also 

reflected by the lower mean total Macrocystis plant biomass and the higher total 

Ecklonia plant biomass within the spring 1996 Ecklonia and Macrocystis removal 

treatment compared to the unmanipulated control.  The mean number of Macrocystis 

fronds per m2 was also lower. However, this trend was not observed when both 

canopies were removed in summer 1997. Thus, Ecklonia’s ability to dominate in 

areas where all kelp is removed may depend on the timing of the removals.  Similar 

sub-canopy interactions have been observed between Macrocystis and 

Pterygophora. Reed and Foster (1984) found that the Pterygophora understorey was 

able to dominate in places where Macrocystis and Pterygophora plants were 

removed. In northern New Zealand, the effect of adult canopy removals on 

recruitment was largely dependent on the timing of clearances (Schiel 1988). 

Schiel’s (1981) results with respect to the seasonal effects of removing adult Ecklonia 

on recruitment were consistent with the Ecklonia removal results obtained in my 

study. Thus, removal of the adult Ecklonia canopy during spring resulted in strong 

recruitment of Ecklonia 3 months later. However, Ecklonia canopy removal during 

summer resulted in a slight increase in the abundance of Carpophyllum species, 

while large numbers of Ecklonia reappeared 6 to 9 months later. In my study, the 

trend towards increased Carpophyllum abundance was also observed in treatments 

where the Macrocystis surface canopy was removed, and in treatments where all 

Ecklonia and Macrocystis were removed. 

Many studies have attributed increases in growth of understorey algae to increased 

irradiance (Dayton 1975a; Dayton et al. 1999; Gerard 1984; Kimura & Foster 1984; 

Kirkman 1989; Reed & Foster 1984).  The Macrocystis pyrifera canopy and 

Pterygophora californica sub-canopy structure off California parallels the 

Macrocystis/Ecklonia canopy layer structure in New Zealand.  In California, 

Macrocystis exerts a strong competitive dominance over the Pterygophora californica 

sub-canopy through the pre-emption of light (Pearse & Hines 1979;  Reed & Foster 

1984). Dense canopies are able to reduce light to levels low enough to reduce 

understorey gametogenesis and growth (Dayton et al. 1992). Dayton et al. (1992) 
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found that removing Macrocystis doubled the growth rate of Pterygophora compared 

to that found in unmanipulated control areas.  Removal of the Macrocystis canopy 

results in substantial recruitment of both kelps and Macrocystis rapidly over-grows 

Pterygophora (Dayton & Tegner 1984b; Reed & Foster 1984).  In Western Australia 

the removal of overlying adult Ecklonia resulted in a significant increase in the 

biomass of recruits compared to areas where the adult Ecklonia canopy remained. 

In Akaroa Harbour Macrocystis growth was unaffected following the removal of the 

Macrocystis surface canopy or the Ecklonia sub-canopy, however, a weak, but 

significant increase was observed in the growth of Ecklonia, presumably because of 

increased light. Ecklonia growth rates were greater where either the Macrocystis 

canopy or whole plants were removed than where all kelps were removed or left 

intact. However, these effects were only short lived and treatment effects 

disappeared as the Macrocystis surface canopy quickly grew back during autumn, or 

as surface canopy senesced during summer. In Tory Channel, Macrocystis growth 

was significantly enhanced by the removal of the Macrocystis surface canopy, but 

Ecklonia growth remained unchanged. The effect of canopy removal on Macrocystis 

in Tory Channel was considerably greater than was found for Ecklonia in Akaroa 

Harbour. These contrasting results probably reflect differences in turbidity between 

the sites. In Akaroa Harbour, the greatest proportional decline of Photosynthetic 

Active Radiation (PAR) was a result of water turbidity.  For example, at midday in 

May 1997 a 61% reduction in PAR was observed 1 m below the sea surface without 

the presence of an overlying canopy. Beneath both Ecklonia and Macrocystis 

canopies at 3 m PAR can drop to 0.5% of that at the surface.  Instantaneous 
-1readings of PAR beneath both canopies ranged from 5 to 9 µEm-2s . In Tory 

Channel water clarity was exceptional, and although no light readings were taken, it 

is unlikely that such a reduction result would result from turbidity alone.  Apparent 

light saturation levels for Ecklonia growth and Macrocystis are 5 µEm-2s-1 and 200 

µEm-2s-1, respectively (Gerard 1984; Novaczek 1984b).  These results suggest that 

in Akaroa Harbour, increases in irradiance were enough to reach saturation levels for 

Ecklonia, but not for Macrocystis. In Tory Channel, irradiance beneath the 

Macrocystis canopy layer was probably above saturation levels for Ecklonia, but not 

for Macrocystis. The differences in growth response by Macrocystis between these 

sites may also be due to time and site differences, since my two experiments were 
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carried out in different seasons and years and the results may partially reflect long-

term differences in growth and recruitment. 

An interesting result I obtained was the lack of any significant increase in growth of 

Macrocystis or Ecklonia juveniles in areas where canopies of both algae were 

removed. Juvenile Ecklonia growth was similar to that in areas where both kelps 

remained, but lower where individual canopies were removed singly.  This suggests 

that factors other than increased irradiance levels were impacting growth.  One 

possible factor is sedimentation which was higher in complete canopy removal 

treatments. The increase in sedimentation, particularly fine silt which settled on the 

laminae of juveniles, may have reduced growth by direct shading of the 

photosynthetic tissue of these plants.  The smothering of laminae with fine sediment 

also may have reduced nutrient uptake by providing a barrier between plant tissue 

and the surrounding water. It appears that the presence of a canopy affords some 

protection from fine sediments, and their sweeping action may reduce sediment build 

up (Kirkman 1989). Lyngby and Mortensen (1995) reported that a heavy suspension 

of fine grained sediments generated from dredging activities, reduced growth rates of 

Laminaria saccharina by as much as 20%. North et al. (1986) reported that even 

light layers of sediment layers were enough to cause laminae necrosis.  Similarly, I 

observed that the laminae of juvenile Ecklonia and Macrocystis quickly become 

necrotic after being covered by fine sediments. 

The effect of canopy removal on macro-invertebrate abundance varied between 

treatments and sites. Macro-invertebrate abundance was unaffected by the removal 

of the Macrocystis surface canopy at Cape Three Points and in Tory Channel. At 

Wainui the abundance of Trochus viridis and Turbo smaragdus was higher in 

treatments where Macrocystis plants, or the Macrocystis surface canopy, were 

removed. The increases in abundances of Trochus and Turbo within these 

treatments may have been a response to increased ephemeral and microalgae as a 

result of increased light. Thus, Moreno and Sutherland (1982) found that removing 

the Macrocystis canopy resulted in an increased abundance of ephemeral algae, 

which in turn resulted in an increase in the abundance of the trochid Teguia atra. 

However, when ephemeral algae disappeared through competition with Macrocystis, 

Tegula migrated to areas where food was more abundant. 
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In my study, Trochus abundance was low in treatments where all kelp canopy layers 

were removed, but increased where Macrocystis or Ecklonia were removed 

singularly. The lower abundance of Trochus within the former treatment may have 

been a response to increased sedimentation limiting ephemeral and microalgae 

abundance, or simply to the kelp habitat on which rely for shelter and food being 

removed. Abundance of Haliotis iris was also lower within this treatment, and may 

have been a response to disturbance, sedimentation, a change in the abundance of 

drift algae, or some combination of these factors.  The effects of canopy removal in 

my study were small, however, in comparison to the major changes in community 

structure seen after severe storm disturbances off California (Ebeling et al. 1984). 

Overall, the effects of canopy removal on Ecklonia and Macrocystis were dependent 

on the timing of the removals and the number of canopy levels removed.  The 

recovery of Macrocystis and Ecklonia after this total removal depends firstly on their 

patterns of recruitment, growth, and survival.  The initial development of Ecklonia, 

and the subsequent development of Macrocystis within cleared areas, is influenced 

by dispersal, either through drift of reproductive material or from neighbouring plants, 

and by gametogenesis, juvenile growth, and survivorship (Dayton et al. 1999; Dean 

et al. 1989). These factors in turn are influenced by high turbidity, sedimentation and 

seasonal changes in nutrient concentration. The overall weak intra and interspecific 

interactions of Macrocystis on the recruitment and growth of Macrocystis and 

Ecklonia reflect the turbid, low-light environment within Akaroa Harbour.  At best, 

Macrocystis may be classed as a weak competitive dominant as the continual annual 

cycle of spring through summer canopy deterioration releases both Macrocystis 

Ecklonia from light limitation.  During winter, the Macrocystis surface canopy limits its 

own recruitment, but holds little influence over the recruitment or growth of Ecklonia. 

These seasonal differences in inter and intraspecific canopy interactions suggest that 

commercial harvesting during autumn through winter would have little impact on 

Ecklonia, but have the potential to increase Macrocystis recruitment. 

6.3 The Demography of Macrocystis 

Macrocystis recruitment occurred at low levels throughout my study, but was usually 

highest during spring, when nutrient concentrations in seawater were still high and 

temperatures low. In the autumn and winter months prior to spring recruitment the 

percentage of adult plants possessing sporophylls and sori was greatest, coinciding 
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with peak nitrate-N concentrations and maximum plant biomass.  During this time it is 

likely that spores are released, attach, and develop through the gametophyte stage, 

until they start to appear as new recruits in spring.  Near Santa Barbara, California, 

Reed et al. (1996) found a similar increase in the percentage of Macrocystis plants 

possessing sori during winter and suggested that the quality and quantity of spore 

production tracked resource availability. Macrocystis therefore maximises its 

reproductive success by matching reproductive output to resource levels in the cool 

period of nutrient enriched water. Reed (1987) suggested that plant fecundity is 

related to vegetative biomass and that loss of vegetative biomass through 

experimental removal, by winter and spring storms, or summer senescence had a 

negative effect on the production of sporophylls.  Although the effects of canopy 

removal on production of sori was not measured in my study, the strong association 

between maximum plant biomass and the winter maximum of plants possessing 

sporophylls and sori is consistent with Reed’s (1987) findings.  Reed et al. (1996) 

also suggested that a peak in spore release during spring was not advantageous to 

the survival of juveniles (gametophytes and young sporophytes) because surface 

canopies were developing and nutrient levels were declining towards critically low 

levels during late summer and autumn (Deysher & Dean 1986). In Akaroa Harbour, 

however, the Macrocystis surface canopy is often lost during spring storms or 

dieback during summer when sea surface temperatures increase and nitrate-N 

concentrations decline. Therefore, at the time of recruitment, growth of new recruits 

off California are potentially nutrient and light limited, whereas in Akaroa Harbour 

plants are potentially nutrient limited.  However, periodic recruitment combined with 

mild winters and calm spring conditions may result in some plants surviving into the 

following year. Such plants may contribute to a more varied age structure of the 

Macrocystis population (Kimura & Foster 1984). 

During my study only one large recruitment episode was observed.  This occurred in 

spring 1997 (November) at all study sites within Akaroa Harbour.  It is difficult to 

explain why there was substantial recruitment in spring 1997 and not in the springs of 

1995 and 1996. Differences in recruitment intensity between years may result from 

differences in water conditions and weather patterns.  For example, in the winter 

leading up to the spring 1997 recruitment pulse, rainfall in the surround catchment 

was considerably lower than in previous years.  During periods of high rainfall, as in 

the winters of 1995 and 1996, substantial amounts of fine sediment laden water 
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drained directly into the Harbour as described in Chapter 3.  Microscopic stages of 

Macrocystis are particularly vulnerable to even the smallest amounts of sediment. 

DeVinny and Volse (1978) found that a thin layer of sediment can prevent 

Macrocystis spore attachment, and that suspended sediment can prevent  spores 

attaching successfully by abrasive scour. Akaroa Harbour is highly turbid, a 

characteristic of most inlets, embayments, and other southern harbours in New 

Zealand (D. Schiel pers. com.) Therefore, higher sedimentation rates resulting from 

higher rainfall during 1995 and 1996 may have limited Macrocystis recruitment. The 

extension of the Wainui breakwater during summer 1996 also resulted in a high 

amount of fine sediment being dumped into the Wainui kelp forest where it remained 

for several weeks. Flow-on effects also persisted for several months after the 

sediment plume disappeared. For example, newly recruited Macrocystis and 

Ecklonia plants were smothered and died. Rosenthal et al. (1974) also found that 

juvenile Macrocystis were vulnerable to burial for any length of time. 

The occurrence of algal blooms during the autumns of 1995 and 1996 resulted in 

near dark conditions on the bottom at noon on several sunny days. These extended 

periods of low light may have been responsible for low spore production and low 

spring recruitment. The toxic algal bloom of 1996 also may have affected spore 

viability. Similar algal blooms responsible for low Macrocystis recruitment at Point 

Loma were reported by Dayton et al. (1999). 

As a consequence of the November 1997 recruitment episode in Akaroa Harbour, 

there was a large increase in canopy sized plants 6 months later at all sites.  This 

recruitment pulse significantly altered the age structure of Macrocystis within all kelp 

forest populations in Akaroa Harbour and subsequently resulted in the highest 

surface canopy biomass observed during the study.  With the exception on the large 

November 1997 recruitment episode, minor peaks in recruitment failed to translate 

into any significant increases in juvenile or sub-canopy abundance.  In California, 

Deysher and Dean (1984) found that irregular recruitment occurred when water 

temperature was no higher than 16.3oC and irradiance levels were above 0.4 Em-

2day-1. Results from my study suggest that other extrinsic environment factors 

including adequate nitrate-N levels, low sedimentation, and less turbid water 

conditions are also important in the formation of recruitment ‘windows’.  The 
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availability of propagules is obviously necessary if large numbers of plants are to 

recruit during these ‘windows’. 

During my study there was a pronounced oscillation in the abundance of all size 

classes of Macrocystis. Macrocystis abundance showed a high degree of seasonal 

variability, which was consistent between areas.  General fluctuations in surface 

canopy plants (> 3m) and sub-canopy plants (1 - 3 m in length) reflected the summer 

deterioration of canopy plants, which consistently died back.  This resulted in canopy 

plants dropping in to the sub-canopy plant size class.  However, during winter, 

Macrocystis canopy forming plants were dominant. 

Macrocystis growth rates were significantly lower than have been reported for plants 

off the Falkland Islands, Tasmania, the Kerguelen Islands, the northern hemisphere 

(i.e. California) and Otago Harbour (southern New Zealand).  Seasonal patterns 

contrasted with those found in the northern hemisphere and the Falkland Islands.  In 

Akaroa Harbour average plant growth rates were lowest during summer when plants 

decreased in size by 0.26 mm/day. Maximum growth rates of 10 mm/day occurred 

during autumn. These patterns reflect the general decline in canopy plants through 

summer months and the increase in growth sub-canopy plants through autumn and 

winter into the canopy size class. Negative growth rates during summer were 

correlated with low nitrate-N concentrations and high sea-surface temperatures. 

Zimmerman and Kremer (1986) also related higher winter growth to higher nitrate 

concentrations. 

Frond elongation rates however, contrast with those found by Brown et al. (1997) in 

Otago Harbour. For example, sub-canopy frond elongation rates in autumn were 

considerably higher in Akaroa Harbour than Otago Harbour, average growth rates 

being 24.5 mm/day and 12 mm/day, respectively.  However, during winter elongation 

rates were considerably lower in Akaroa Harbour (-2.3 mm/day) than Otago Harbour 

(13 mm/day). In Akaroa Harbour, summer elongation rates were also higher than 

those found by van Tussenbroek (1989b) in the Falkland Islands (5 – 8 mm/day).  In 

Tasmania, Cribb (1954) recorded elongation rates of 34 mm/day during summer, 

similar to frond elongation rates in Port Stanley Harbour (Falkland Islands), at the 

same time of year. Off California, elongation rates ranged from 60 to 140 mm/day 

(Zimmerman & Kremer 1986). Thus, maximum elongation rates found in my study 
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where similar to, or higher than those reported for other southern hemisphere 

Macrocystis, but considerably lower than those found off California. 

The extreme seasonal range in frond elongation rates observed in Akaroa Harbour, 

and differences between the harbours probably reflects turbidity, nutrient, irradiance, 

and temperature differences. The presence and condition of an overlying sea-

surface canopy may also be important. The loss of sub-canopy frond tissue during 

winter appears unique to Akaroa Harbour, where fronds often showed signs of 

necrosis and were often covered in sediment.  Irradiance conditions beneath the 

dense winter canopies combined with high water turbidity often reduced light levels to 

near darkness. Therefore, it appears that sub-canopy fronds are light-limited during 

winter. Another possible reason for low winter growth is that during low light, low 

temperature, and high turbidity conditions, plants may be utilising carbohydrate 

reserves to maintain growth, because they are unable to produce sufficient 

photosynthetic products. Zimmerman and Kremer (1986) and Gerard (1982a), found 

that when nitrates were limiting, carbohydrates in sub-canopy fronds are sacrificed. 

It is unlikely that nitrate-N concentrations were limiting during winter since nitrate-N 

levels were well above 1 µM. Jackson (1987) constructed a mathematical model that 

predicted growth, biomass, and productivity as a function of various environmental 

parameters (sensu North 1994).  One interesting prediction that arose from the 

model is that large tissue masses (as found in winter within Akaroa Harbour) place 

significant respiratory burdens on the plant that has to compensate by substantial 

photosynthesis. Therefore, during winter plants may compensate for the large 

number of canopy fronds, and associated large surface biomass, by reducing sub-

canopy frond elongation rates. Another possible mechanism to maintain a high ratio 

of photosynthesis to respiration is to reduce the number of fronds per plant. 

Evidence supporting this comes from my study where sub-canopy plants had 

significantly fewer fronds per plant than summer sub-canopy plants.  Similarly, Druehl 

and Wheller (1986) observed lower frond numbers during winter.   

Higher, summer sub-canopy frond elongation rates of canopy plants whose canopy 

fronds were senescing are at odds with the findings of Zimmerman and Kremer 

(1986) and Gerard (1982a). Thus, high summer irradiance and the lack of overlying 

surface canopy promoted growth, even when nutrients concentrations become 

limiting, and may explain the higher summer frond elongation rates.  Nitrogen 
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reserves, which had been accumulated during winter, may have accounted for the 

majority of growth during spring and early summer when nitrate-N levels declined. 

Although no quantitative data were collected on internal nitrogen reserves in my 

study, similar studies have shown this to be the case.  Lags between periods of high 

growth rate and low seawater nitrate concentration were found by Brown et al. (1997) 

in Otago Harbour, by Zimmerman and Kremer (1986) in southern California, and by 

van Tussenbroek (1989b). Therefore, plants may be able to maintain relatively high 

growth rates for short periods by utilising reserves of nitrogen as nitrate-N 

concentrations decline. For example, Gerard (1982a) found that Macrocystis were 

able to maintain growth for 2 weeks when transferred to a low-nitrogen environment. 

Alternatively, colder water lower in the water column may reduce the effect of low 

nitrate-N concentrations in summer. Sub-canopy fronds may also be obtaining 

nitrate form generated from the sediments or from the re-suspension of decaying 

organic material (Schroeter et al. 1995). Brown et al. (1997) suggested that 

ammonium availability may enhance summer growth rates. 

The maximum life span of fronds at Wainui and Ohinepaka Bays was 7.4 and 15 

months, respectively. These were similar to those estimated by van Tussenbroek 

(1989a) (12-13 months), and Cribb’s (1954) estimates of 7 to 10 months in 

Tasmania. They were also substantial higher than the 6 months reported by North 

(1961) for fronds off southern California.  Gerard (1976) estimated the maximum age 

of fronds to be between 5.5 to 6.5 and 7 to 7.5 months for fronds formed in the 

summer and winter, respectively. Off British Columbia, Lobban et al. (1988) 

estimated the maximum age of Macrocystis integrifolia to be 6 months, but 

suggested that they may live for up to 10 month if they survive the winter and grow to 

maturity in spring. It is interesting to note that estimates of maximum frond life spans 

are generally higher in the southern hemisphere than in the north.  Reasons for these 

differences are difficult to explain, but may be related to hemispherical differences in 

frond elongation rates. For example faster frond elongation rates in the northern 

hemisphere suggests that plants may complete their life cycles more rapidly than 

their slower growing southern hemisphere counterparts.  Other hemispherical 

differences may include the presence of large macro-grazers such as sea urchins in 

the north and their relative scarcity in the south.  North (1961) attributed a significant 

amount of frond loss in California to sea urchin grazing, encrustations with the 

bryozoan Membranipora spp. storms, and high temperatures.  A common source of 
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mortality suggested by all authors is the effects of storms on frond loss.  In Akaroa 

Harbour, high summer surface temperatures, fouling by Membranipora 

membranacea, and autumn and spring storms were the major sources of surface 

canopy frond mortality. Large amounts of sedimentation were also observed to 

adversely affect surface canopy fronds as discussed above. 

Plant survival rates were considerable lower than those found elsewhere.  In Akaroa 

Harbour the average life span of plants ranged from 10 to 12 months whereas North 

(1961) suggested that plants off La Jolla, California survived for at least 5 years, and 

Rosenthal et al. (1974) suggested that plants offshore from Del Mar, California could 

reach 7 years of age. Dayton et al. (1984) suggested that Macrocystis plants in the 

Point Loma kelp forest lived approximately 5 years before they died.  Therefore, 

Macrocystis in Akaroa Harbour may be considered as annual rather than a perennial 

alga. Major sources of mortality included the burial of new recruits by fine sediments.  

Canopy plant entanglement and early spring storms often result in a dramatic decline 

in surface canopy biomass. Sub-canopy frond entanglement with larger plants was 

also a source of mortality for sub-canopy plants.  Dislodged, drifting plants often 

became entangled with attached plants, leading to the “snowball” effect described by 

Rosenthal et al. (1974). For example, during spring 1997 a major south-westerly 

storm removed the entire surface canopy. During summer, canopy plants were often 

seen with decaying holdfasts that quickly became detached.  Decaying holdfasts also 

appeared to have a white fungal like growth covering them, perhaps the white rot 

Tseng (1981) mentions. White rot disease often occurs when nutrients are low and 

temperatures a high in greenhouse tanks, conditions remarkably similar to those 

found at Akaroa during summer. The presence of this fungus-like material warrants 

further investigation. 

Ecklonia Demography 

Abundance of Ecklonia radiata varied both spatially and temporally.  Spatial changes 

in abundance were related to age structure and poor recruitment.  For example, at 

Ohinepaka Bay, mature Ecklonia plants (> 500 mm) dominated the sub-canopy, 

however, low recruitment and a gradual dieback of the aging population resulted in a 

significant temporal decline of total Ecklonia abundance. Such a pattern was not 

observed at Wainui; there total Ecklonia abundance remained constant and 

recruitment was constantly low. Abundance of adult Ecklonia (> 0.5 m) was 
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generally highest during summer and lowest during winter. Ecklonia biomass per m2 

was also consistently higher during summer than winter, in part due to the plants 

being more abundant, and because Ecklonia tends to accumulate the carbohydrate 

storage products mannitol and laminaria. Mannitol is also accumulated during 

periods of low nitrogen concentrations (Gerard 1982a), and the accumulation of 

carbohydrate reserves in other kelp species often coincides with nitrogen limitation 

(Chapman & Graigie 1978). Although amounts of these storage products were not 

measured directly, the pattern of increased biomass is consistent with the 

accumulations of storage products and increases in mean plant weight during 

summer found by (Novaczek 1984a; Stewart et al. 1961). Maximum Ecklonia 

biomass also occurred a time when vegetative growth was at its minimum and sori 

production was at its maximum (Novaczek 1984a).  In Akaroa Harbour, peak 

Ecklonia growth occurs during spring, but declines during summer (Lees 2002). 

Growth measurements made by Lees (2002) are consistent with those of Kirkman 

(1989) and Novaczek (1984b) who found a similar pattern of high late winter-spring 

growth followed by slower summer growth when carbohydrate reserves are built up. 

Lees (2002) also attributed low growth rates of Ecklonia in Akaroa Harbour to the 

presence of an overlying Macrocystis canopy, and high water turbidity. It is possible 

that Ecklonia uses stored organic reserves to maintain growth during winter when 

light levels are high, water is turbid and a dense Macrocystis surface canopy is 

present. Similarly, the ability of some northern hemisphere laminarians to store 

organic reserves enables them to maintain high growth rates when light is below 

saturation levels (Chapman & Graigie 1978; Gagne et al. 1982; Hatcher et al. 

1987). Thus, during summer Ecklonia takes advantage of increased seasonal light 

levels associated with Macrocystis canopy deterioration by storing carbon reserves in 

order to maintain growth and survive the winter.  The low total abundance of plants 

may also be attributed to the low light environment of Akaroa Harbour.  For example, 

total Ecklonia abundance at Ohinepaka Bay ranged from 10.4 to 8.3 plants per m2 

and 5 to 7 plants per m2 at Wainui Bay.  However, in the less turbid waters off Godley 

Heads, just north of Akaroa Harbour Ecklonia occur at 13-15 per m2 , and in 

Fiordland, in southern New Zealand at approximately 10 plants per m2 in 11 m of 

water (Schiel & Hickford 2001). At Goat Island, in Northern New Zealand, Ecklonia 

may occur at densities of 47 plants per m2 in 7 m of water.  In Tory Channel, Ecklonia 

occurred at densities of 1.3 plants per m2, and its abundance may be limited by high 

algal diversity rather than light (Foster 1975b). 
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6.4 Early Life History of Macrocystis 

It has long been acknowledged that levels of recruitment have important effects on 

structuring marine populations, including kelp forests (Caley et al. 1996; Schiel 1994; 

Underwood & Fairweather 1989). Despite this recognition, attention has been 

focused mainly on the balance between effects of competition and disturbance 

(Vadas et al. 1992). Studies examining kelp communities have also focused on the 

balance between competition and disturbance of more mature plants.  Typically these 

have considered mechanisms such as intraspecific and interspecific interactions, 

herbivory, and the physical characteristics of the environment, including light, 

nutrients, temperature, and water motion (Dayton 1985;  Foster & Schiel 1985;  North 

1994; Schiel et al. 1995). Little attention has been given to mechanisms involved in 

the mortality of early post settlement stages of benthic algae.  In my study, a series of 

experiments examined the effects of irradiance, grazing and nutrients on the survival 

and growth of immediate post-settlement stages of Macrocystis. 

Large active macrophyte grazers, such as the sea urchin Evechinus chloroticus were 

significantly lacking at my sites as is common in most southern, kelp-dominated 

communities (Schiel & Hickford 2001). However, smaller micro-fauna and drift algal 

feeders were present in significant numbers, including Cookia sulcata, Trochus 

viridis, and Haliotis iris. In northern New Zealand, sea urchins are commonly found in 

large aggregations (Choat & Schiel 1982) on substrates devoid of fucalean and 

laminarian algae (Schiel 1994). Off California, sea urchins are the most important 

grazers in terms of frequency of grazing and extent of damage caused to kelp forests 

(Lawrence 1975; Pearse & Hines 1979). Three species of sea urchins commonly 

graze Macrocystis forests off California; the red sea urchin Strongylocentrotus 

franciscanus, the purple sea urchin S. purpuratus, and the white urchin Lytechinus 

anamensus (CDFG 2000). Of these the Strongylocentrotus species have been 

associated with low or declining abundances of algae, especially Macrocystis pyrifera 

(North 1971; Pearse & Hines 1979). The destruction of kelp forests by sea urchins 

has also been reported for the Laminaria-dominated communities of Alaska (Duggins 

et al. 1990; Estes et al. 1978). 

Without the presence of large grazers such as sea urchins, are the smaller gastropod 

grazers having a significant effect on kelp forest community structure in Akaroa 

Harbour? There have been few subtidal studies on the effects of small gastropods 
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on recruited algae, and even fewer on the their effects on early post-settlement 

phases. Watanabe (1983; 1984a; 1984b) assessed some of the effects of three 

trochid gastropods (Tegula spp.) in a central Californian Macrocystis forest. Like 

Trochus viridis, Tegula spp. occur on the fronds of Macrocystis but he found that their 

grazing activities had no discernable effect or Macrocystis abundance of distribution. 

Schiel and Foster (unpublished data) observed that Tegula heavily grazed the ends 

of broken old fronds of Macrocystis and the ends of blades of Pterygophora, but had 

no long lasting effects on plant viability (Foster & Schiel 1985).  In Chile, Moreno and 

Sutherland (1982), also found that Tegula had little effect on Macrocystis. Choat and 

Andrew (1986) showed that the combined interactions of Cookia and the limpet 

Cellana stellifera could reduce the densities of turfing algae in northern New Zealand, 

while Cummack (1981) suggested this damage to fronds of Macrocystis at Wainui 

caused by the grazing gastropod Cantharidus purpuratus only became apparent if 

numbers were 12 X natural densities.  He concluded that very little damage was done 

to Macrocystis. In Akaroa Harbour Trochus viridis and juvenile Cookia sulcata were 

often observed on the fronds of senescing Macrocystis and on the laminae of 

Ecklonia. My experiments also showed that the presence of Cookia sulcata and 

Trochus viridis had the potential to limit kelp recruitment.  Gametophytes survived 

longer when these grazers were absent (suspended from a marine farm) or were 

excluded using cages. Subsequent sporophyte survival and development was also 

enhanced with the provision of a spatial refuge (mesh bags) and added nutrients. 

Distinct grazing tracts were observed on all outplanted gametophytes and Trochus 

was often observed feeding on plates. Although Cookia was not seen grazing 

directly, it is probable that juveniles at least did so.  Schiel (1981) caged fixed 

densities of Cookia and demonstrated that the recruitment of fucalean algae could be 

greatly reduced. However, by themselves they are unlikely to greatly influence the 

overall distribution of large brown algae.  The presence of macro-invertebrates may 

also prevent ephemeral algae, such as Ulva spp. Scytosiphon lomentaria and 

Ectocarpus siliculosus from becoming abundant on bare substrate.  This was 

indicated by the rapid colonisation of Macrocystis on culture lines and on culture 

plates seeded with Macrocystis gametophytes suspended away from the influences 

of grazers. 

In my study I examined the relationship between availiabiliy of nutrients and 

Macrocystis sporophyte production and survival. The main hypothesis tested was 

that successful recruitment of Macrocystis during summer was limited by low nutrient 



198 CHAPTER 6 GENERAL DISCUSSION 


concentration, which is correlated with high water temperatures. Nitrate-N 

concentrations fall well below 1 µM during summer and reaching levels greater than 

7 µM during winter. Brown et al. (1997) observed similar seasonal nitrate-N 

differences in Otago Harbour. In California relationship between nutrient 

concentrations and water temperature are well known (Gagne et al. 1982; Jackson 

1977; North & Zimmerman 1984; Zimmerman & Kremer 1986). 

In my study, nutrient enrichment experiments with transplanted juvenile Macrocystis 

and seeded culture plates showed that, under certain conditions, nutrients were 

important in the recruitment, growth and survival of juveniles, particularly during 

summer. Large numbers of blade-stage juvenile Macrocystis were observed on 

nutrient filled mesh bags surrounding plates seeded with a thick gametophyte film. 

The lack of blade-stage plants on control mesh bags suggests that plants were 

nutrient limited during this time. Transplanted juvenile plants with access to 

additional nutrients showed enhanced growth and remained healthier than 

transplanted plants without added nutrients during low summer nitrate-N 

concentrations (0.59 µM @ 16oC). However, these differences ceased at the onset 

of winter when natural increases in nitrate-N concentrations (5.87 µM @ 9oC) 

occurred. These results are consistent with those of Gerard (1982b) whose model 

suggested that plant growth is not limited when nitrate-N concentrations are 

approximately 1 - 2 µM. Similar experiments examining the role of nitrogen on 

reproduction and growth have demonstrated that recruitment and growth of 

sporophytes are enhanced when plants are artificially fertilised (Chapman & Craigie 

1977; Deysher & Dean 1986; North & Wheeler 1978;  Zimmerman & Kremer 1986). 

Dean and Deysher (1983) found that more sporophytes were produced on fertilised 

than unfertilised substrata when inoculated with Macrocystis spores. Their results 

are comparable to those obtained by Hernandez-Carmona et al. (2000) who seeded 

areas with sporophylls and provided them with a slow-release fertiliser. 

Overall, the production of visible sporophytes on culture lines of plates is highly 

variable and consistent with the findings of Deysher et al. (1986) who found that 

recruitment from outplanted gametophytes also was highly variable.  The results of 

Deysher and Dean (1986), Hernandez-Carmona et al. (2000) as well as my studies 

indicate that recruitment is limited during periods of low nutrient (nitrate-N) 

concentration. 
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6.5 Biomass Production 

One striking feature about the Akaroa Harbour kelp forests was the consistent loss of 

sea-surface canopy biomass during summer.  Surface canopy biomass was 

generally well-developed in autumn - winter 1995-96 but declined to a low in summer.  

The bulk of plant biomass during winter was contained within 1 m of the sea-surface, 

whereas in summer the bulk of canopy plant biomass was in the lower water column. 

At all sites, there was a 6-fold difference between summer and winter biomass.  In 

southern New Zealand, canopy deterioration during summer also occurs in Lyttelton 

and Otago Harbours (Brown et al. 1997; Hay 1990). Similar canopy deteriorations 

have been observed off central California, generally at the end of summer when 

surface water temperatures are maximal and nitrogen levels are minimal (Kimura & 

Foster 1984; North & Zimmerman 1984). The presence of El Niño, and conditions 

associated with the event, particularly storms, further exacerbates surface canopy 

decline (Tegner & Dayton 1987). In Akaroa Harbour loss of biomass from the canopy 

during summer is probably a result of the synergistic effects of high irradiance 

(Brown et al. 1997; Cabello-Pasini & Alberte 1997;  Franklin & Forster 1997; 

Graham 1996; Huovinen et al. 2000; Pakker et al. 2000), high surface water 

temperature, and low nitrate levels (Gerard 1982b;  Jackson 1977; North & 

Zimmerman 1984; Tegner & Dayton 1987).  However, other factors may also be 

important, for example the fouling of surface fronds by bryozoans that renders stipes 

and blades brittle and more susceptible to breakage (Aleem 1973;  Dixon et al. 1981; 

North 1987). 

The role of low nutrients and heat stress during El Niño as a probable cause of the 

decline in Macrocystis biomass has been examined by Hernandez-Carmona et al. 

(2001) and for other species by Gerard (1997).  Similarly, I examined nutrients as a 

possible factor in the loss of Macrocystis canopy biomass during summer, using a 

series of transplant experiments with and without the addition of nutrients. 

Additionally, these experiments served to evaluate the possibility of using various 

transplantation techniques and culturing techniques to supplement natural supplies 

during summer. Plants suspended from a marine farm quickly became infested with 

the bryozoan Membranipora membranacea, and the fouling amphipod Jassa fulcata 

occurred in greater numbers on suspended plants than plants attached to the 

substratum. Hernandez-Carmona et al. (2001) also found that isolated transplanted 
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plants, such as those suspended from marine farms, often attract encrusting 

organisms and fish. Enhanced growth of transplanted plants was only observed in 

nutrient-enriched treatments attached to the substratum within the Ohinepaka Bay 

kelp forest. The high degree of fouling associated with suspended plants, and the 

dilution of elevated nutrient concentrations through water movement, were probably 

responsible for the lack of growth differences between fertilised and control culture 

lines. The significant difference in growth rates between nutrient enriched 

transplanted plants and controls on attached culture lines during summer, followed by 

a general increase in growth rates across all treatments during winter, confirms that 

Macrocystis becomes nutrient limited during summer.  Nutrient enriched plants also 

maintained better condition than control plants.  North and Zimmerman (1984) also 

found that fertilised canopy plants maintained their condition better than controls that 

suffered high canopy tissue loss. Sub-canopy fronds, however, remained healthy 

leading North and Zimmerman (1984) to suggest that plants sacrificed their surface 

canopies to maintain sub-canopy frond growth.  A similar pattern was observed in 

Akaroa Harbour. During summer, canopy plants are able to maintain positive sub-

canopy frond growth, whereas surface canopy fronds became bleached and necrotic. 

Neushul and Harger (1985) added fertiliser to the surface canopy and obtained high 

yields, but only during warm, nutrient-low periods.  Gerard (1997) showed that 

nitrogen-limited Laminaria saccharina plants were more susceptible to the deleterious 

effects of high temperatures than nitrogen-replete plants, and suggested that large-

scale declines in algal productivity may be a result of interactive effects of heat stress 

and nutrient limitation, rather than nutrient limitation alone. My results confirm that 

the decline in Macrocystis surface canopy biomass was, in part, a result of low 

nutrient availiability, and may have involved an interaction between low nutrients and 

heat stress, as described by Hernandez-Carmona et al. (2001). 

In my study, morphometric relationships between mean surface canopy length and 

the mean number of canopy fronds showed clear seasonal differences.  These 

relationships also provided a fair approximation of surface canopy biomass.  Kelp 

forest surface canopy area and surface canopy biomass showed a significant 

relationship. Such relationships may have a role as a fisheries management tool to 

predict total forest surface canopy biomass.  However, the use of such a model 

should proceed with caution since the relationship may not hold true ever year. 

Using estimates of surface canopy biomass in conjunction with aerial estimates of 
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canopy area, forest canopy biomass at any one time could theoretically be 

determined in a day. Thus, aerial photos could be taken in the morning, the film 

processed by the afternoon and computer image analysis, and estimates completed 

by evening.  A rough annual estimate of canopy biomass could be obtained if this 

technique were to be carried out when canopy biomass is perceived to be at its 

maximum. Such periods are likely to occur during autumn and winter, but could vary 

depending on environmental factors such as storms, or sedimentation events, and 

differences in the demography (i.e., recruitment, growth and survival). 

Overall, maximum forest canopy biomass occurs during the cooler seasons.  This 

information is particularly useful for two reasons, 1) it is possible to obtain a rough 

estimate of forest canopy biomass at the time aerial photos are taken, and 2) roughly 

predict when, what season, canopy biomass is at its maxima for individual forests. 

To potential harvesters this information could allow a certain degree of forward 

planning in harvesting strategies. However, because a single storm or a series of 

storms can remove all canopy biomass, biomass and area estimates based on aerial 

photos relate only to the time the aerial photos are taken. 

6.6 Conclusion 

The information gathered in this study shows that site-specific interactions between 

biotic and abiotic factors are important in structuring the kelp forest community.  Kelp 

forests within Akaroa Harbour support their highest surface canopy biomass during 

autumn through winter, and the effects of removing the surface canopy are 

dependent on environmental factors and the life history characteristics of Macrocystis 

and Ecklonia. I found no negative impacts of commercial scale harvesting on the 

Macrocystis surface canopy. The general effects of removing overlying canopies 

found in my study were consistent with those found for other Macrocystis 

communities, and included increased recruitment and growth.  However, the 

magnitude of effects was considerably less than anticipated due to low-light, turbid 

conditions. Unlike Macrocystis pyrifera elsewhere, plants in Akaroa Harbour are 

annual and not perennial. The forests themselves are highly productive and there is 

high annual turnover of Macrocystis plants. Plants appear predominantly during 

spring and grow through to the canopy by winter.  The weak inter- and intraspecific 

interactions between Macrocystis and Ecklonia found in this study are likely to occur 
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in most kelp forests of southern New Zealand inshore embayments and harbours that 

present a low light, high turbidity environment. 

6.7 Management Considerations and Options 

Off California, Macrocystis is one of the most valuable living marine resources, 

supporting an industry, valued at c. $US40 million annually (Tarpley & Glantz 1992). 

Macrocystis is an important product for aquaculture, algin and herring roe-on-kelp 

industries. Commercial abalone farmers rely almost entirely on Macrocystis as a 

food source for rearing abalone (CDFG 2000; Ebert 1992; Foster & Schiel 1985). 

Although Macrocystis has not been harvested commercially in New Zealand, other 

seaweeds have supported a small agar industry since the 1940s, primarily from the 

harvest of the genus Pterocladia (Coast Biologicals Ltd.). To a lesser extent, 

Porphyra and phaeophytes of the genera Durvillaea, Macrocystis and Ecklonia have 

also been harvested for small cottage industries (Schiel & Nelson 1990).  These 

commercial activities were largely sustained by the gathering of beach-cast algae 

under fishing permits, and consequently there are few data on which to gauge the 

quantities taken and the impact for the species taken on the broader community 

(Schiel & Nelson 1990). Currently, only beach-cast rhodophytes may be collected 

without a fishing permit (P. Creswell, New Zealand Ministry of Fisheries, pers. com.) 

Today, attached algae may only be harvested through a special permit, for the 

purposes of research, or through fishing permits issued prior to 1988.  Thus, unless 

operating under a special permit, or a pre-1998 fishing permit, it is illegal to harvest 

attached seaweeds. To my knowledge, New Zealand is the only western country 

where it is still illegal to harvest attached seaweed, including Macrocystis.  This has 

generally resulted from lack of commercial interest in the past, a lack of key biological 

data with which to set catch limits and set management options, and a general 

change in the political environment towards conservation-mindedness.  However, 

currently in New Zealand there is increasing interest in commercially harvesting 

macroalgae, particularly Macrocystis. Renewed interest has primarily been driven by 

off shore commercial interests, New Zealand abalone (Haliotis iris) aquaculturists and 

the New Zealand fishing industry. Maori have voiced their commercial interest in 

seaweeds, particularly the 20% of any new quota species, including seaweeds, that 

will automatically be allocated to Maori, potentially providing financial and social 

benefits through increased employment. Thus, the commercial harvesting of 

selected seaweeds has the potential to provide socio-economic gains to Maori, 
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provide a cheap source of bulk fodder to abalone aquaculturists, and provide the 

foundations for developing specialist algae-related products.  Over the last two years 

there has been increasing pressure by sector groups for the government to include 

seaweeds in New Zealand’s Quota Management System.  Currently, it is proposed to 

bring eight seaweed species including Macrocystis into it by 1 October 2003 

(pers.com. P. Creswell, Ministry of Fisheries) 

The benign effects of removing Macrocystis surface canopy found in this in this study 

are comparable to those found for similar studies off the coast of California (Kimura & 

Foster 1984; North 1968a). North (1961) concluded that 'kelp harvesting as it is 

currently practised, caused little damage and in some circumstances may be 

beneficial'. Subsequent work has generally substantiated the findings of North 

(1968b). Coon et al. (1972) showed that yield and canopy areas of kelp beds off the 

coast of Santa Barbara County, California remained relatively constant over a five-

year period. Off Point Loma the stability of kelp beds were not noticeably affected by 

maximal harvests Dayton et al. (1984). Aerial photographs taken by Barilotti and 

McPeak (1985) from 1971 to 1977 showed no long-term changes in the stability of 

harvested areas. Aerial photography has generally been used as a tool to help plan 

harvesting, and has revealed no instances where community stability changes could 

be attributed to harvesting (Barilotti & Zertuche-Gonzalez 1990).  Kimura and Foster 

(1984) concluded that Macrocystis harvesting practices as they were carried out in 

Carmel Bay, California, had not altered the seasonal cycle of the canopy, or the area 

and configuration of the forest. 

In contrast to these studies, Miller and Geibel (1973) suggested that yield can be 

affected by over-harvesting. However, Miller and Geibel (1973) harvested plants at 

or below the 1.2 m limit permitted in California, and plants were harvested 5 times 

over a 405 day period. As pointed out by Barilotti and McPeak (1985), commercial 

harvests have never exceeded two per year since 1970.  Barilotti and McPeak (1985) 

suggested that no changes in harvesting practices were needed in California 

including Baja California for two main reasons 1): only the surface canopy is removed 

(i.e., type three harvests - vegetative canopies removed: re-population from re

growth and reproduction of partially harvested plants (Foster & Barilotti 1990)), and 2) 

that there was no evidence that the stability of kelp bed populations has been 

affected by contemporary harvesting methods.  A more recent review by the 
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Californian Department of Fish and Game suggest little change to existing kelp 

harvesting regulations (CDFG 2000). 

Based on the results of my study it is not unreasonable to suggest that Macrocystis 

could be commercially harvested sustainably in New Zealand.  Similar regulations 

and management strategies to those employed by the State of California could be 

modified and adapted to meet New Zealand conditions.  The inclusion of these 

regulations in this report may help future New Zealand Macrocystis harvesting policy 

development. 

Regulations governing kelp-harvesting activities off the Coast of California were first 

enacted on 26 July, 1917. These regulations have been expanded and amended 

since then on several occasions. A brief overview of these regulations is given 

below. A more detailed list of up-to-date Californian Fish and Game Regulation 

codes relating to kelp harvesting are listed by CDFG (2000).  In general, the State 

Fish and Game Commission promulgate regulations, while the Department of Fish 

and Game enforces them. Bowden (1981) also provides a good summary of these 

regulations. 

Approximately every five years, the Californian Fish and Game Commission reviews 

it's laws governing kelp harvesting along the Californian Coast.  Under current 

regulations commercial harvesting of Macrocystis must be no greater than 1.2 m 

below the sea-surface at the time of cutting as specified by the Fish and Game 

Commission, Title 14, Sec. 165 (CDFG 2000;  McCleneghan & Houk 1985). For 

some kelp beds, harvesting is limited to 50% of the kelp bed’s canopy.  All material 

cut must be utilised fully (to prevent increasing beach litter). 

Regulations divide the California kelp beds into two categories: 1) closed beds that 

account for approximately 55% of California's kelp beds.  These beds are restricted 

for harvesting for lease only; 2) open beds that account for approximately 38% of the 

total are reserved for open harvest by any licence holder.  Kelp harvesting licences 

are approximately US$100. The remaining 7% is unharvested (Spicuzza 1998). 

Lease holders are required to weigh all kelp taken, keep written records that are open 

to inspection by the Fish and Game Department, and file monthly reports with the 

department. Violations of Fish and Game regulations may result in fines or 
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suspension of ones licence to harvest. Enforcement is carried out by wardens and 

patrol vessels (North 1986). Statutes authorise the Commission to lease exclusive 

rights to kelp beds for a maximum of twenty years and no one is allowed the 

exclusive privilege to an area in excess of twenty five square miles or 50% of the total 

area of the kelp resource as shown on maps prepared by the Commission, whichever 

is greater (Bowden 1981). The total area of the kelp resource is determined from 

inventories (stock assessments) taken every ten years.  Inventories consist of aerial 

surveys. However, unlike the Californian kelp fishery, which has been sustainably 

harvested for well over 70 years (Department of Fish and Game, 1995), New Zealand 

should adopt a more precautionary approach when conducting stock assessment 

surveys. For example, rather than adopting the Californian 10 yearly stock 

assessment aerial surveys, it would be prudent to manage New Zealand's kelp 

forests based on an annual stock assessment by aerial surveys, at least in the 

interim. Such an approach would allow managers and fishers to develop a historical 

database that is suited to New Zealand kelp forests. 

Macrocystis pyrifera could easily be managed under the Quota Management System 

(QMS) rather than the lease based system used in California.  Under such a 

management regime selected Macrocystis forests could be divided up and assigned 

to Fisheries Management Areas (FMA). This would provide for more effective 

management of the kelps forest. For example, abiotic and biotic factors may mean 

that other kelp forests need to be managed under different management plans. 

Based on the above regulations, but managed under the New Zealand Quota 

Management System, kelp forests in Akaroa Harbour could be harvested on the 

following management principles. This is based on the Californian regulatory 

framework, but is equally suited to the QMS. 

1) Annual stock assessment of proposed kelp forests using both aerial photography 

and in situ biomass estimates. Alternatively, as previously mentioned, the 

relationship between forest canopy area and canopy biomass could be used for the 

three main forests in this study, at least.  It is however, recommended that the data 

set (i.e., canopy biomass/forest canopy area) be expanded to reduce its variation and 

improve its accuracy. It would also be advisable to “ground truth” this relationship 

periodically. 
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Aerial photographs should be taken when selected forest canopy biomass is 

maximal. For example, 144 and 289 tonnes of canopy biomass occurred in spring 

1995 and winter 1999, respectively in the Wainui Bay forest (Figure 3.22). 

2) No more than 50 % of any one forest's canopy biomass should be harvested over 

a period less than six months. Canopy biomass determined when the biomass is at 

its maximum (estimated from annual stock assessment).  This restriction is a 

precautionary measure since Macrocystis harvesting on a large scale in New 

Zealand is new, and although studies showed no measurable negative effects of kelp 

harvesting, harvesting effects on some aspects of population dynamics cannot be 

ruled out. The percentage harvested could be increased or even be unlimited if 

harvesting shows no long-term effects. 

3) Only harvest 50% of the canopy at any one time.  It is unlikely that this limitation 

would limit harvesters using the kelp only as bulk fodder during periods of maximum 

canopy biomass. This limitation deals more with harvesting for the purpose of large 

kelp requirements, for example an alginates operation rather than small aquaculture 

operations. The limitation could also apply during periods of very low canopy 

biomass, i.e., during summer at Wainui and Ohinepaka Bays.  Potentially, Mat White 

Bay could supplement harvests during this time, since biomass appears to be 

greatest at this site during summer. 

4) No one area may be harvested more than twice in one year.  This aims at 

reducing the risk of over harvesting and associated lower yields. 

5) The maximum cutting depth is no more than 1.2m. 

6) Strategies for sustainable use and management of Macrocystis forests might 

include, for the purposes of using the kelp as bulk fodder for aquaculture, harvesting 

forests on a continuous basis, but subject to 1 to 4 (above), or on a rotational basis. 

For example, Figure 6.1 shows two possible harvesting strategies that could be used 

in the management of Macrocystis forests for bulk fodder purposes. 
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Option 2 involves harvesting only one area per year.  Under this option the whole 

forest is harvested over the course of the year.  This harvesting strategy is followed 

in subsequent years. With option 1 the same area is harvested twice per annum on 

a rotational basis. Half the canopy biomass remains unharvested in the first year, but 

the following year the previously unharvested areas are harvested twice in that year. 

The following year the initial harvested area (first harvest) is reharvested in 

subsequent years. If this type of management strategy were to be adopted, the use 

of a global positioning system (GPS) to accurately record harvested and unharvested 

areas, would be an advantage. 

7) Harvesting the canopy should be carried out in strips no greater than 5m in width. 

Similar 5m width strips should be left unharvested either side of harvested strips. 

How much can be harvested?  

Based on the above recommendations, the maximum amount of kelp that could be 

obtained in any year would equal the annual stock assessment, as estimated from 

aerial photographs. For example, the maximum canopy biomass for Wainui Bay 

during winter of 1998 was 289 tonnes (Figure 3.22). 

Therefore if 50% of the forest was harvested twice per year;  = 50% of 289 tonnes x 

2 harvests = 289 tonnes 

At Ohinepaka and Mat White Bays during 1998, canopy biomass was estimated to be 

35 and 53 tonnes, respectively (Figure 3.23, winter 1998).  Spread over one year, 

this would equate to a quota of 24.08, 2.9, and 4.4 tonnes per month for Wainui, 

Ohinepaka, and Mat White Bays, respectively. Total annual harvestable canopy 

biomass quota for the three sites equates to approximately 377 tonnes or 31.42 

tonnes per month. 
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Figure 6.1   Diagrammatic representation of two possible rotational harvesting options that could be used 
for the management and planning of harvesting of kelp forests within Akaroa Harbour. 
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The last survey of Macrocystis was carried out 57 years ago by Rapson et al. (1942), 

whose surveys did not include all forests and failed to account for seasonal 

fluctuations in canopy area and biomass.  Subsequent human impacts almost 

certainly have altered factors such as nutrient regimes, sediment loading, and 

available substratum for Macrocystis forests so these early summer results are likely 

to be of limited use today. Consequently, harvesting of other Macrocystis forests 

around the coasts of New Zealand should not be allowed before stock assessment 

surveys have been carried out. 
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APPENDIX A 

Aerial photographs taken in June 1980 of Wainui Kelp beds (photos courtesy of Mr I. Lineham and 
reprinted from Cummack, 1981, and with the express permission of Mr B.T. Cummack, 1981) 
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APPENDIX B 

Enrichment Solution 

(Provasoli, 1968) 

1. glass distilled water 100ml 
2. NaNO3 350 mg 
3. Na2 glycerophosphate 50 mg 
4. Fe (as EDTA –1:1 molar*) 2.5 mg 
5. PII metals** 25 mL 
6. vitamin B12 10 µg 
7. thiamine 0.5 mg 
8. Biotin 5 µg 
9. Tris buffer 500 mg 

* Dissolve 351 gm Fe(NH4)2(SO4)2·6H2O and 300 mg Na2EDTA in 500 mL H20. 1 mL 

of this solution = 0.1 mg Fe. 

** PII metals mixed to 100 mL distiled water added 

H3BO4 114 mg 
FeCl3·6H2O 4.9 mg 
MnSO4·4H2O 16.4 mg 
ZnSO4·7H2O 0.48 mg 
CoSO4·7H2O 0.48 mg 
Na2EDTA 100 mg 

Adjust pH 7.8. Add 2 mL of enrichment solution per 100 mL filtered sea water. 
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APPENDIX C 

Alec Farrar Ltd1 supplied the following information concerning the prototype kelp harvester. 

OPERATION / MAINTANENCE OF SEAWEED CUTTER 

Enclosed: Copy pages 28/29 health & Safety Regulations 1995.  Please read these 
in conjunction with the following. 

The cutter has been designed to comply with the regulations, however, due to the 
nature of the unit, it is impractical to guard the actual cutter mechanism, and the 
responsibility for the safe operation must rest with the operator. 

Hazards of the moving blade should be pointed out, the top guards covering moving 
eccentrics and rockers, should only be removed for maintenance and replaced 
immediately. 

General 

The machine is constructed from stainless steel in the main with low friction UMPW 
rubbing pads, a hardened steel blade, and is hydraulically powered.  After immersion 
in salt water, a wash down to prevent salt build up with fresh water is advisable.  The 
blade should be coated with 'CRC' or similar to prevent rust, the same for around all 
bearing housings. 

Hydraulic motor is Charlynn 35 - 4 Serial # 104 - 1025 - 5 horse power.  This unit is 
cast iron and could be wrapped iii 'denso' tape to prevent corrosion.  The motor or 
working cranks etc., are not intended to be immersed in salt water at an-V time. 

Bearings are standard deep groove type on main crank 6005 - 2RSR - C3. On 
rocker arms 6201 - 2RSR, easily replaceable. No greasing is required, as they are 
pre-lubricated. 

Motor speed is controlled via a Casappa 3CO63003100 flow controller (specs 
enclosed). 

Important note: 

Speed should be regulated to very low RPM.  No advantage gained with speeds over 
20 RPM, excessive wear and tear will occur. 

1 Alec Farrar Ltd (EST. 1931), P.O. Box 22055,  231-233 Dyers Rd, Christchurch 
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Adjust speed by means of black knurled knobs and ensure lock knob is tight after 
setting, screw in for slower speed. 

NOTE: Because the unit will be working off a common valve bank, the speed may 
vary if for example the Hiab is used at the same time. 

Crank lengths are adjusted at ball joint ends and should not need resetting.  Both ball 
ends have a small grease/oil nipple, and this should be lubricated periodically.  A 
Lurathene shock pad is incorporated in each crank. 

No maintenance should be required on hydraulic motor.  Ensure feed oil is clean 
(determined by common filter system of barge hydraulic system).  Quick release 
couplings should be clean before assembly. 

Blade was originally intended to be automatically tensioned by floating top member, 
spring assist. This has been found to be unnecessary, and adjustment is carried out 
via nuts on threaded rod. It is unlikely an adjustment will be required. 

To fit and tension the blade, fit around frame and through left and right clamps. 
Tighten in natural resting-place by means of 4 cap screws per side.  No specific 
tension is required, this will only increase the friction and drag on the unit. 

NOTE: The blade can be joined in the event of a breakage.  It would be advisable to 
NOT have the Cutter running when not submerged.  This is desirable from a 
safety point of view, and also the water acts as a lubricant on the moving 
blade surfaces. Three rollers are provided as blade retainers.  These are 
hardened stainless steel and need no maintenance. 

All threads are metric, with exception of the Flywheel / Pump retaining C.S.K. Bolt: 
UNC. The pump is 'Imperial' (made in USA).  Nylock nuts are fitted throughout. 
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