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Abstract 

This thesis documents abundance patterns of mobile seaweed-dwelling 

macro invertebrates ( epifauna) in space and time, and examines the contribution of epifauna to 

trophic fluxes on subtidal temperate rocky reefs. Research was carried out at sites near the 

University of Auckland's Leigh Marine Laboratory in northeastern New Zealand. 

Subtidal brown seaweeds were found to be inhabited by a diverse range of mobile 

epifauna (> 1 mm sieve size), with the most abundant groups being peracarid crustaceans 

such as garnmarid amphipods and isopods. Amphipod densities were highest on finely

structured plants. Total isopod densities were not correlated with plant structure, but there 

was a trend for isopods with tubular body shapes to live on algal species with narrow fronds, 

and for dorso-ventrally flattened isopods to live on algae with wide fronds. Epifaunal taxa 

were generally not specific to one seaweed species, although the assemblages on most of the 

ten seaweed species surveyed were distinct from one another in multivariate space. 

In a dense seaweed bed, epifaunal abundances and community composition varied 

little on diel and lunar time scales, although results of recolonization experiments indicated 

turnover of up to 70 % of individual amphipods per plant each night. Movement was mainly 

by crawling from plant to plant, rather than swimming in the water column. Over 2-3 years 

animals inhabiting two fucalean seaweed species underwent seasonal fluctuations in 

abundance, with densities per unit seaweed mass tracking incident sunlight. Epifauna on the 

laminarian Eck/onia radiata showed no clear seasonal abundance patterns. 

A survey of all animals> 0.5 mm sieve size in four rocky reef habitats revealed that 

epifauna ( < 1 0 mm in length) were extremely abundant in finely-structured vegetated 

habitats, where they contributed up to 99 % of total secondary productivity. The epifaunal 

contribution was lower in less structurally complex habitats such as the urchin barrens, but 

still amounted to -80 % of total secondary productivity on the scale of the entire reef. In each 

habitat the most productive fish guild was that which preyed upon epifauna, but these fish 

only consumed -20 % of epifaunal production. The fate of the remaining 80 % is unknown, 

and merits further research, as does the source(s) of primary production which fuels the 

epifaunal productivity. This study clearly identified epifauna as the major secondary 

producers on the reef, demonstrating the need to include them in trophic models of subtidal 

rocky reefs, from which they have to date been excluded. 



II 

Ammonium excreted by mobile epifauna (> 0.355 mm sieve size) was shown to be a 

potentially important source of nitrogen for the host plant, conservatively estimated to 

provide up to -80% of the plant's requirements under conditions oflow water turnover. 
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Chapter One 

General introduction 

Temperate rocky reefs are inhabited by large numbers of small mobile benthic 

animals (epifauna1
), which have a diverse range of feeding habits, and in turn are the major 

prey of small fish (Edgar & Moore 1986). Epifauna are most numerous on seaweeds, where 

they frequently reach abundances of 2 x 1 05 individuals · m -2 of seafloor (e.g. Choat & 

Kingett 1982). Seaweeds occupy almost all rock surfaces on temperate reefs, and are 

frequently used to define habitats (Dayton 1985, Schiel & Foster 1986). Large brown 

seaweeds (Phaeophyta) of the orders Laminariales ("kelps") and Fucales form dense stands 

that visually dominate the reef, while less conspicuous red crustose and turfing algae 

(Rhodophyta) cover the bedrock. 

Epifaunal assemblages contain representatives of most phyla (Edgar & Moore 1986), 

but tend to be numerically dominated by crustaceans, with harpacticoid copepods important 

in the meiofaunal size class (0.063-0.1 to 0.5-1 mm sieve size) (Hicks 1986), and peracarid 

crustaceans (especially amphipods and isopods) important in the macrofauna! category(> 0.5 

or 1 mm sieve size) (Edgar & Moore 1986). Gastropods and polychaetes are also abundant 

on seaweed plants. This thesis focusses on mobile epifauna in the macrofauna! size class. 

1.1 The feeding activities of epifauna 

Seaweed epifauna consume a wide range of food items, including the living host plant 

(Duffy 1990), detritus (Jansson 1967), epiphytic algae (Brawley & Fei 1987), suspended 

matter from the water column (Caine 1977), and other animals (Caine 1974). Epifauna thus 

have the capacity to affect the host seaweed negatively, by consuming the living host plant 

(Norton & Benson 1983, Tegner & Dayton 1987, Duffy 1990), or positively, by grazing on 

epiphytes that may otherwise reduce the host plant's access to light, inorganic carbon and 

nutrients (D'Antonio 1985, Brawley & Fei 1987, Duffy 1990). A net positive effect is likely, 

because far more epifaunal taxa and individuals appear to feed on epiphytes than on the host 

plant (Bell 1991, Edgar 1991a, Appendix One). Similarly, although epifauna may decrease 

1 The 1990 Concise Oxford Dictionary defmes epifauna as "Animals living on the seabed, either attached to 
animals, plants, etc., or free-Jiving." Unless otherwise stated, my future use of the term epifauna refers only to 
the mobile individuals. 



2 

the survivorship of seaweed propagules via the destructive grazing of gametophytes and small 

sporophytes (Kennelly 1983, Dayton et al. 1984), they can also enhance seaweed recruitment 

through dispersal of spores in faecal pellets or on the appendages of amphipods (Buschmann 

& Vergara 1993). A more detailed discussion of epifaunal diet can be found in Appendix 

One. 

1.2 Epifauna as food for fish 

With the apparent exception of South Africa (Branch & Griffiths 1988), seaweed 

forests in temperate regions are inhabited by large numbers of small fish (e.g. Quast 1971, 

Simenstad et al. 1977, Simenstad et al. 1978, Wheeler 1980, Moreno & Jara 1984, Jones 

1988, Ebeling & Hixon 1991), which are much less abundant outside seaweed beds (Choat & 

Ayling 1987). Small mobile epifauna are generally the major food source for these fish 

(Simenstad et al. 1977, Jones 1988, Holbrook et al. 1990), although allochthonous 

zooplankters are also important prey items in regions of high water flow (Bray 1981, Jones 

1983, Gaines & Roughgarden 1987, Kingsford & MacDiarmid 1988). Most species forage 

visually during the day (Ebeling & Hixon 1991 ), picking epifauna off seaweed surfaces or 

plankton out of the water column, with some larger individuals also winnowing prey items 

from algal turf (Laur & Ebeling 1983, McCormick 1986). A nocturnally feeding guild of 

planktivorous fish feeds on seaweed epifauna that enter the water column at night (Hobson & 

Chess 1976). 

Many of these fish species depend almost entirely on seaweed epifauna for food, and 

their densities respond directly when prey densities are altered, whether naturally (Simenstad 

et al. 1978, Ebeling et al. 1985, Tegner & Dayton 1987) or experimentally (Kingett & Choat 

1981, Holbrook et al. 1990). In the northern and eastern Pacific, several workers have argued 

that reef-dwelling epifauna play a vital role in nearshore food webs, linking kelp detritus and 

small fish (Simenstad et al. 1977, Simenstad et al. 1978, Moreno & Jara 1984, Ebeling et al. 

1985), which in turn support higher level predators such as seals and bald eagles (Estes et al. 

1978). The kelp detritus-epifauna-fish linkage is particularly important, because although 

seaweed forests are the most productive of all marine plant communities (Mann 1973), most 

seaweed production is thought to enter the rocky reef food web as detritus rather than via 

direct grazing (Mann 1973, Mann 1982, Newell1984). 
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1.3 The distribution and abundance of epifauna 

The first requirement for an understanding of the ecology and potential role of a group 

of organisms is a description of basic patterns of distribution and abundance in space and 

time, but such fundamental information is lacking for epifaunal assemblages in many parts of 

the world, including New Zealand. 

1.3.1 Spatial patterns 

Seaweed epifaunal assemblages appear to be influenced by a variety of factors, 

including plant structure (e.g. Edgar 1983a, Hacker & Steneck 1990, Holmlund et al. 1990, 

Russo 1990), turbidity (Moore 1972, 1978), water depth (Gallahar & Kingsford 1993), light 

(Edgar 1991 b, 1993), water movement (Dornrnasnes 1968, Fenwick 1976, Krapp-Schickel 

1993), and fish predation (Holmlund et al. 1990). Plant structure has received the most 

attention, with workers generally finding highest epifaunal densities on finely-structured 

seaweeds, where the animals presumably find shelter from predation (Coull & Wells 1983), a 

large surface from which to graze (Edgar 1991a), and an anchorage from which to resist 

removal by wave action (Vader 1983). 

1.3.2 Temporal patterns 

Epifaunal assemblages are likely to undergo changes on time scales ranging from diel 

to seasonal. Many epifaunal animals are extremely mobile, often entering the water column 

at night as part of the demersal zooplankton assemblage (Hobson & Chess 1976). Peracarid 

crustaceans, the most abundant epifaunal group, have life history characteristics (such as 

short generation times and limited dispersal of juveniles) that allow their populations to 

increase rapidly in response to favourable environmental conditions (Imada & Kikuchi 1984). 

To date temporal abundance patterns have not been well documented. Very few studies 

examine diel changes in epifaunal assemblages. A number of studies purport to examine 

seasonal abundance patterns, but few of these have run for more than a year. Consequently, it 

is not clear whether the "seasonal" abundance patterns reported are truly seasonal in the sense 

that peaks and troughs occur at consistent times from year to year. There is a clear need for 

temporal studies that span at least two years. 
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1.4 Determining the role of epifauna in rocky reef ecosystems 

The high abundance of epifauna, their diverse range of feeding habits, and their 

importance as food for small fish suggests that epifauna are likely to play an important role in 

rocky reef ecosystems. Numerous workers have advocated the use of manipulative field 

experiments (sensu Hurlbert 1984) for investigating the ecological role of organisms. This is 

especially true for the field of marine ecology (e.g. Connell 1974, Dayton & Oliver 1980, 

Underwood 1990). Although this approach may be readily applicable to studies of larger 

reef-dwelling organisms such as gastropods and echinoids, seaweed epifauna are much more 

difficult to manipulate experimentally, due to their small size, great abundance and high 

mobility (e.g. Kennelly 1983, Edgar & Aoki 1993). 

Another way to assess the role of organisms in an ecosystem is to measure their 

contribution to the flow of energy or materials. The most commonly measured flux is 

productivity, the rate at which organic matter is produced per unit area per unit time (Hatcher 

1994). Such measures reveal how much biomass is potentially being made available to 

higher trophic levels, a value that cannot be determined directly from abundance or biomass 

data alone, because productivity is not directly proportional to either (Edgar 1993). The 

growth rate of organisms scales to their body size with a power of about 0.75 (Peters 1983), 

which means that small organisms have higher mass-specific growth rates than do larger 

ones. This makes productivity a function of both organismal abundance and size-specific 

growth rate. Other metabolic rate parameters, such as rates of food consumption and nitrogen 

excretion, also scale to body size with a power near 0.75 (Peters 1983), so the relative 

productivities of different groups should be an indicator of the relative rates at which they 

consume food and regenerate nutrients. 

This "trophic-dynamic" approach has been applied widely since its first clear 

statement in 1942 (Lindeman 1942), but it has also been sharply criticised by some ecologists 

on the grounds that flows of energy or organic matter " ... are a consequence, not a cause, of 

population and community structure." (Foster & Schiel 1985), and do not necessarily reflect 

the functional strength of ecological interactions (Paine 1980). In their review of the ecology 

of giant kelp forests, Foster and Schiel go so far as to state that productivity and energy flow 

studies "... have contributed little to our understanding of community structure and 

dynamics". Foster, Schiel and Paine are correct in stating that flux measurements will not 

necessarily reveal much about the processes regulating communities (Harrold & Pearse 
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1987); for example, as pointed out by Raffaelli & Hall (1996), echinoids effectively 

determine gross community structure in some subtidal habitats by preventing seaweed 

colonization and growth, although the energy transfer involved is minimal. However, there is 

more to understanding how an ecosystem works than simply identifying the key organisms 

that maintain the outward structure (e.g. Harrold & Pearse 1987). A dynamic view of 

ecosystems can only be gained by measuring fluxes, such as the rates at which organic matter 

is consumed and made available by the different components. For example, anyone who 

studies kelp forests cannot fail to be impressed that primary productivity in this ecosystem is 

higher than anywhere else in the marine environment (Mann 1973), and be curious as to the 

fate of this production. On a global scale there is a very clear requirement for measurements 

of fluxes of organic matter, used for example to predict the maximum global fisheries yield 

(Pauly & Christensen 1995), or the capacity of the oceans to absorb carbon dioxide 

(Longhurst et al. 1995). In summary, there is a clear distinction between (1) the functional 

role of organisms, which concerns their influence on the distribution and abundance of other 

species, and can best be determined by manipulative experiments, and (2) the contribution of 

organisms to the flux of organic matter in an ecosystem, which can only be determined by 

rate measurements. The two are complementary, and a full comprehension of ecosystem 

function will require an understanding of both (Edgar & Shaw 1995a). 

Fluxes of energy and organic matter have been measured at the ecosystem level on 

rocky reefs by Miller et al. ( 1971) in Nova Scotia, and by a large group of workers on the 

Cape Peninsula in South Africa (Field et al. 1977, Newell et al. 1982, Wulff & Field 1983, 

review of Branch & Griffiths 1988). However, these studies all ignored the potential 

contribution of small mobile epifauna, despite the fact that much of the work cited in the . 

sections above clearly identifies their key roles as grazers and as food for fish. At present 

there are no reef-wide estimates of productivity for epifaunal animals on temperate rocky 

reefs, so it is not possible to compare their contribution to the flux of organic matter on rocky 

reefs with that of other animals. 

The rate at which epifaunal assemblages excrete nitrogen is also of interest, because 

nitrogen is thought to be the nutrient that most frequently limits seaweed growth (Hanisak 

1983, Lobban & Harrison 1994). The close association of epifauna with their host plants 

makes them potentially valuable sources of nitrogen, especially since the major nitrogeneous 

excretory product of aquatic invertebrates is ammonium (Regnault 1987), which is readily 
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taken up and utilised by seaweeds (Hanisak 1983). This nutritional interaction between 

seaweeds and their mobile epifauna has received almost no attention to date. 

1.5 Aims and study site 

The primary aim of this thesis is to use metabolic rate measurements to determine the 

contribution of epifauna to the flux of organic materials on temperate rocky reefs. However, 

before addressing this issue, I describe basic spatial and temporal patterns in the abundance of 

seaweed epifauna. Research was conducted in the rocky reef habitats adjacent to the 

University of Auckland's Leigh Marine Laboratory, in northeastern New Zealand (36°17'S, 

174°48'E). This is a warm temperate region (Luning 1990), with sea surface temperature 

typically ranging from 14-21 °C (Evans 1992). It is in the lee of the prevailing westerly 

winds, but is exposed to storm-driven waves from the northeasterly quarter (Evans & 

Ballantine 1984). 

The subtidal seaweed forests of mainland northern New Zealand differ from those of 

most other temperate regions in two main respects (Choat & Schiel 1982, Schiel & Foster 

1986, Harrold & Pearse 1987, Schiel 1990, Schiel 1994). First, there is no surface canopy 

such as that formed by Macrocystis or Nereocystis on the western coasts of North and South 

America, and by Ecklonia maxima in South Africa. Second, as in southern Australian waters, 

fucalean seaweeds are speciose and form large beds, along with the laminarian Ecklonia 

radiata. Most temperate reefs elsewhere in the world are dominated by laminarians, with 

fucaleans largely restricted to the intertidal (references in Schiel 1985). 

Depth-related abundance patterns of seaweeds have been well described for exposed 

rocky reefs in mainland northeastern New Zealand, and several broad patterns have emerged 

(Ayling 1978, Choat & Schiel 1982, Schiel 1988, Cole 1993). Members of the fucalean 

genera Carpophyllum, Cystophora, Landsburgia, Sargassum, and Xiphophora, and the 

laminarians Ecklonia radiata and Lessonia variegata typically occur in mixed stands to about 

5 m below mean low water spring. From 5 to 10 m depth large brown seaweeds tend to be 

absent due to grazing by the echinoid Evechinus chloroticus and a characteristic guild of 

herbivorous gastropods, which together maintain "barren grounds" in which the dominant 

macroalga is crustose coralline algae (Andrew & Choat 1982, Choat & Andrew 1986). 

However, stands of small Carpophyllum jlexuosum plants sometimes occur in these areas 

(Choat & Schiel 1982, Cole 1993). Below 10 m monospecific stands of Ecklonia radiata 
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dominate. In sheltered localities the echinoid-grazed zone is frequently narrower, and hard 

substrata below 5 m tend to be dominated by stands of Carpophyllum jlexuosum and/or 

Ecklonia radiata (Grace 1983, Cole 1993). 

The objectives of this thesis are as follows: 

To describe abundance patterns of mobile epifauna on subtidal brown seaweeds 

near Leigh, and relate the broad patterns observed to the structure of the host plants 

(Chapter Two). This chapter is intended to add to the small amount of published information 

that presently exists on the epifauna inhabiting New Zealand seaweeds, and to search for 

general relationships between epifaunal assemblages and the structure of their host plants. 

To describe the dynamics of mobile epifaunal populations on time scales ranging 

from hours to years (Chapter Three). Diel and lunar variation in the epifauna on 

Carpophyllum plumosum var. capillifolium plants is described, and related to epifaunal 

movement patterns, which were investigated by monitoring recolonization of denuded 

seaweeds. Seasonal variation in epifaunal assemblages is documented from samples 

collected at ~monthly intervals from three brown seaweed species for two to three years. 

To determine the contribution of mobile epifauna to the flux of organic matter 

on subtidal rocky reefs (Chapter Four). Measurements of the abundance, biomass and 

productivity of epifauna are compared to values for larger reef-dwelling animals such as 

echinoids, gastropods, spiny lobsters and fish. 

To evaluate the potential for excretory products of mobile epifauna to be an 

important source of nitrogen for the host seaweeds (Chapter Five). A budget approach is 

used to compare the rates at which epifaunal assemblages excrete nitrogen with rates at which 

their host seaweeds utilize it. To evaluate how much ammonium is available to the plant 

before being dispersed by surge and current, the rates at which the plants take up ammonium 

at various concentrations are compared with water turnover rates within the seaweed bed. 

The diet of mobile epifauna is not investigated directly in this thesis, but since a 

knowledge of the subject is useful for understanding many of the patterns described in the 

following chapters I have appended a review of the relevant literature, to which the reader is 

referred for full explanation and/or justification of statements made in the main text 

(Appendix One). Two further appendices have been added to enable the inclusion of work 

that contributed to Chapter Four, but which is too lengthy for the methods section of that 

chapter. The design and operation of a portable battery-powered suction sampler is described 
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in Appendix Two, along with the results of experiments validating its ability to sample small 

benthic animals in a quantitative manner. In Appendix Three I present data on length, weight 

and growth parameters of northeastern New Zealand reef fish, and show how relationships 

between these parameters can be used to estimate the productivity of a diverse fish 

assemblage. I give equations enabling such productivity estimates to be scaled for the effects 

of seasonally oscillating growth. 

In an envelope inside the back cover I have included two reprints, which are from 

research presented in Chapter Two (Taylor & Cole 1994) and Appendix Two (Taylor et al. 

1995). 
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Chapter Two 

Distribution patterns of mobile epifauna on subtidal brown seaweeds 

2.1 Introduction 

The large brown seaweeds (Phaeophyta) of shallow temperate reefs harbour numerous 

sm'all mobile animals (Edgar & Moore 1986). However, compared to the well known 

epifaunas of seagrasses (e.g. Nelson 1979, Stoner 1980), information on the ecology of the 

mobile epifauna of large brown algae is sparse. This is especially true for New Zealand, 

where published information is limited to the popular treatment of seaweed fauna in Morton 

& Miller (1968), studies of Jansen (1971) on intertidal sphaeromatid isopods, Hicks (1977a,b) 

on phytal harpacticoid copepods, Kingsford & Choat (1985) on epifaunas of attached and 

drift seaweed described at coarse taxonomic levels, and Stephenson & Riley (1995) on 

isopods inhabiting subtidal seaweeds in the Bay of Islands. Here I present the results of a 

survey of the epifauna on subtidal large brown algae in northeastern New Zealand. Epifaunas 

of ten common brown algal species are described at a number of sites, and for the laminarian 

Ecklonia radiata at a number of depths within sites. 

Epifaunal abundances and species composition can be strongly influenced by host 

plant morphology (e.g. Edgar 1983a, Hacker & Steneck 1990, Holmlund et al. 1990). 

Highest epifaunal densities are generally found on finely-structured seaweeds, where the 

animals presumably find shelter from predation (Coull & Wells 1983), a large surface from 

which to graze (Edgar 1991a), and an anchorage from which to resist dislodgement by wave 

action (Aoki & Kikuchi 1990, Nicotri 1980). I relate epifaunal abundances to algal thallus 

width, and attempt to separate effects of algal morphology from internal plant composition by 

examining the epifaunas of several growth forms of one algal species, Carpophyllum 

plumosum. For one epifaunal group, the isopods, body shape is investigated as a factor 

potentially influencing distribution among algal host species. 

2.2 Methods 

Specimens of the ten most abundant large brown algal species were sampled at 17 

sites near Leigh (36°17'S, 174°48'E) on the northeastern coast of New Zealand (Fig. 2.1). 
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Sampling was carried out in 1991, 1992 and 1993 from June to September (austral winter and 

early spring), when sea surface temperatures ranged from 12.5 to 15°C. Sea surface 

temperatures at Leigh typically range from 14 to 21 °C annually (Evans 1992). 

Plants for sampling were haphazardly selected underwater, gently enclosed in a large 

plastic bag, and cut off 10 mm above the holdfast. The mouth of the bag was sealed with a 

cord noose. Unless otherwise stated, five replicate plants were collected. At the laboratory 

each plant was washed vigorously in a bucket containing 5 L freshwater with 10 rnL formalin 

added to irritate the epifauna and cause them to release their grip on the plant. Epifauna 

remaining in the bucket and sampling bag were washed onto a 1 mm mesh sieve. This 

procedure was carried out twice for each plant. The process was found to remove over 99 % 

of individuals of the abundant amphipod Podocerus manawatu from Carpophyl/um 

plumosum var. capillifolium, and occasional visual checks made of all algal species after 

processing revealed that very few epifaunal individuals of any taxon were missed. The plant 

was then weighed (± 1 g) after shaking off excess water. All animals retained on the sieve 

were counted, and their densities expressed as numbers · 100 g algal wet weighf1
• Texts used 

to identify the animals were Richardson & Yaldwyn (1958), Hurley (1961), McCain (1969), 

Barnard (1972), Melrose (1975), Riek (1976), Wilson et al. (1976), Hurley & Jansen (1977), 

Powell (1979), Lowry (1981), Poore (1981), McLay (1988), Hardy (1989), Paulin et al. 

(1989), Barnard & Karaman (1991), Poore & Lew Ton (1993), and Spencer & Willan (1995). 

A reference collection of specimens has been lodged with the Auckland Institute and 

Museum, Auckland, New Zealand (AK 83657-83803). 

2.2.1 Interspecific variation 

Ten species of algae were collected at similar depths from 16 sites as they were 

encountered (see Table 2.1). 

Canonical discriminant analysis (CDA) was used to examine the uniqueness of the 

epifaunal assemblages on the different algal species from the 16 sites, and to identify the 

epifaunal taxa that best discriminated among the algal species. CDA is an ordination 

technique (Proc CANDISC, SAS Institute Inc. 1989), which I used to reduce 

multidimensional data (consisting of densities of many epifaunal taxa) to two dimensions, 

which were displayed graphically. The 25 most common epifaunal taxa (densities 

standardised to mean number of individuals · 1 00 g algal wet weighf 1 for each algal species) 
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were selected for this analysis (see Table 2.2). Taxa that had consistently highly positive or 

consistently highly negative values for all of the total, between, and pooled within canonical 

structures of the analysis were considered to be those showing largest density differences 

among the seaweed species, and were labelled on the appropriate axes. 

2.2.2 Effects of algal morphology 

Algal thallus width was measured to enable a crude ranking of algal species and 

growth forms (listed below) in terms of their morphological complexities. Plants were laid 

out flat (n = 8 individuals per species/growth form), and their thallus width measured at 10 

haphazardly chosen points (the holdfast was removed beforehand). I did not subdivide the 

algae into stipe, fronds etc. because I had no knowledge of within-plant epifaunal distribution 

so had to assume they were utilising the whole plant. A grand mean was calculated for each 

algal species/growth form. The common isopod taxa were divided into two body shape 

types, and their relative abundances related to the mean thallus width of their host plants. 

Arcturidae, Batedotea elongata, and Paranthura spp. had vermiform body shapes ("tubular"), 

and Amphoroidea spp., Plakarthrium typicum, and Misc. Sphaeromatidae were dorso

ventrally flattened ("flat"). 

In an attempt to separate the effects of algal morphology from internal plant 

composition, I examined the epifaunas of several growth forms of one algal species, 

Carpophyllum plumosum. Two forms are described by Lindauer et al. (1961). The most 

common near Leigh is the finely-dissected Carpophyllum plumosum var. capillifolium, which 

typically has a single flattened stipe of approximately 5 mm width and 0.5 m length, with 

dense clumps of frondlets growing in a continuous zone along the margins, so as to give the 

appearance of a bottle brush (hereafter "typical/fronded"). Carpophyllum plumosum is less 

common and has much wider, flattened fronds. Furthermore, at some shallow water exposed 

sites there is a form of Carpophyllum plumosum var. capillifolium that consists mainly of 

stipe, having sparse short frondlets, the bases of which often support small clumps of 

epiphytic red algae (mostly Antithamnion applicitum and Ceramium spp.) (hereafter 

"frondless/epiphytized"). Specimens of these growth forms were sampled at Waterfall Crest 

and Okakari Point, where they grew within meters of each other (see Table 2.3). A reciprocal 

transplant experiment was conducted to see whether differences in epifaunal density and 

composition were due to differences between plant growth forms or to small scale spatial 



----------

12 

variation m some other factor. In August 1991 at Okakari Point, 5 typicaVfronded 

Carpophyllum plumosum var. capillifolium, and 5 frondless/epiphytized Carpophyllum 

plumosum var. capillifolium were gently detached from the substratum, denuded of epifauna 

by shaking at the surface (this removed 97.4 % of epifaunal individuals), and transplanted 

into nearby beds of the other growth form by wiring their holdfasts to masonry nails 

hammered into the bedrock. The plants were collected and processed 1 0 days later as 

described above. 

2.2.3 Depth-related variation of epifauna on Ecklonia radiata 

Depth-related changes in epifaunal densities were examined by collecting Ecklonia 

radiata plants (n = 3) at 3 m depth intervals from the intertidal to the bottom of the reef at 

Splendid Reef and Ray Rock (Fig. 2.1 ). The other algal species were not sampled as they had 

much narrower depth ranges (Choat & Schiel 1982, Schiel 1988). 

2.3 Results 

2.3.1 Interspecific variation 

Carpophyllum plumosum var. capillifolium and Cystophora retrojlexa clearly 

supported far higher epifaunal densities than did the other seaweed species surveyed, with 

means typically ranging from 500-2000 animals· 100 g algal wet weighf1
, compared with 

10-350 for the rest (Table 2.1). The two laminarians, Ecklonia radiata and Lessonia 

variegata, held the lowest epifaunal densities. However, there was considerable spatial 

variation in epifaunal densities within seaweed species. For example, the mean epifaunal 

density on Ecklonia radiata at Waterfall Crest was higher than those on Carpophyllum 

plumosum var. capillifolium at Pumphouse Reef and Waterfall Gutter. 

Seventy three taxa of mobile epifauna were found (Table 2.2). Gammarid amphipods 

and isopods were particularly important, contributing 18 of the 20 most abundant taxa. 

Gastropods were represented by many species although their individuals were far less 

numerically abundant. Overall, the epifaunal taxa were not highly host-plant specific. Seven 

taxa (9.6 %) were recorded from all ten algal species, and only 20 taxa (27.4 %) were found 

on just one algal species. This latter group was mostly represented by relatively few 
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individuals, so their apparent specificity is more likely due to their overall rarity than to 

strong habitat preferences. 

The CDA run on densities of the 25 commonest taxa showed clearly that most of the 

seaweed species had distinct epifaunas, especially Cystophora retrojlexa and Carpophyllum 

plumosum var. capillifolium (Fig. 2.2). The gammarid amphipod genus Stenothoe was 

important for distinguishing the epifauna of Cystophora retroflexa and to a lesser extent 

Carpophyllum plumosum var. capillifolium along canonical variate (CV) 1, while the 

sphaeromatid isopod Amphoroidea longipes characterised Ecklonia radiata. Presence of the 

gammarid amphipod genus Ampithoe and absence of the isopod Plakarthrium typicum 

identified the epifauna of Carpophyllum plumosum var. capillifolium and to a lesser extent 

Carpophyllum jlexuosum. 

Several epifaunal taxa featured prominently across the ten algal species surveyed (Fig. 

2.3). The gammarid amphipod family Ischyroceridae (IS) was the most consistently common 

epifaunal taxon, being the most abundant taxon on six of the ten algal species, and was not 

ranked lower than fourth on any algal species. The gammarid Podocerus manawatu (PM) 

was the most abundant taxon on three algal species, reaching very high mean densities on 

Carpophyllum plumosum var. capillifolium and Cystophora retroflexa, and comprising the 

majority of epifaunal individuals on these seaweeds. Other common taxa were the 

gammarids Podocerus karu (PK), and A ora maculata (AO). 

2.3.2 Effects of algal morphology 

In order of increasing mean thallus width, the algal spec1es were: Carpophyllum 

plumosum var. capillifolium (mean = 1.55 mm, SE = 0.17, n = 8 plants with 10 points 

measured on each), Cystophora retroflexa (1.56 ± 0.14), Xiphophora chondrophylla (1.94 ± 

0.09), Cystophora torulosa (2.21 ± 0.12), Carpophyllum maschalocarpum (4.71 ± 0.28), 

Landsburgia quercifolia (6.03 ± 0.26), Carpophyllum jlexuosum (6.64 ± 0.59), Sargassum 

sinclairii (1 0.56 ± 0.83), Lessonia variegata (28.03 ± 1.57), and Ecklonia radiata (30.86 ± 

1.48). 

Log densities of total animals and amphipods showed a strong negative relationship 

with log mean algal thallus width (Fig. 2.4). Molluscs displayed the same pattern less 

strongly, while isopod densities were unrelated to mean algal thallus width. 
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Amphipods were numerically dominant on finely-structured algal species, whereas 

isopods became more dominant on coarsely structured algae (Fig. 2.5). Molluscs comprised a 

consistently low proportion of the total epifauna on all algal species. 

When isopods were classified by body shape (as "flat" or "tubular"), there was a trend 

for the proportion of flat isopods to increase with increasing algal thallus width (Fig. 2.6). On 

Ecklonia radiata, the alga with the widest laminae, flat isopods comprised virtually 100% of 

the common isopod taxa. 

The finely-structured typical/fronded Carpophyllum plumosum var. capillifolium 

(mean thallus width = 1.55 mm, SE = 0.17) supported far more animals than the coarsely 

structured Carpophyllum plumosum (2.85 ± 0.19) at Waterfall Crest where the two growth 

forms co-occurred (Table 2.3). Although the mean densities were not strikingly different, 

two of the five finely-structured plants held over 1000 animals · 100 g algal wet weighf1
, 

whereas the highest density on the coarse plants was only 240 animals · 100 g algal wet 

weighf1
• At Okakari Point I sampled adjacent beds (3 m apart) of finely-dissected 

typical/fronded Carpophyllum plumosum var. capillifolium and frondless/epiphytized 

Carpophyllum plumosum var. capillifolium (mean thallus width = 3.34 mm, SE = 0.25). 

Again, the finely-structured typical/fronded form supported far more animals than the coarser 

frondless/epiphytized form (Table 2.3). In the reciprocal transplant experiment, epifauna 

recolonized denuded typical/fronded plants at far higher densities in beds of 

frondless/epiphytized individuals than vice versa, indicating that differences in epifaunal 

densities between the growth forms were due to differences between the plants, not the sites 

they were growing in (Table 2.4). 

2.3.3 Depth-related variation of epifauna on Ecklonia radiata 

Total epifaunal densities on Ecklonia radiata peaked at 6 m depth at both sites 

sampled (Fig. 2.7). Densities of the three most common taxa then steadily declined to almost 

zero at the reef base at Splendid Reef (18 m), but showed a slight increase at the bottom of 

the reef at Ray Rock (15m). At both sites Plakarthrium typicum and Ischyroceridae reached 

maximal densities at 6 m, while Amphoroidea longipes declined steadily with increasing 

depth from 3 m. The ranking of densities of the three taxa remained fairly constant over the 

depth range (Plakarthrium typicum > Ischyroceridae > Amphoroidea longipes). 
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2.4 Discussion 

This study is the first to describe basic patterns in the distribution and abundance of 

large mobile epifauna on subtidal New Zealand seaweeds. The 1 mm mesh I used retained 

many amphipods, isopods and gastropods, but not harpacticoid copepods, nematodes, and 

most juvenile crustaceans. The epifauna found in this study were taxonomically similar to 

those found elsewhere in the world, although quantitative comparisons between studies are 

difficult to make because of differences in mesh sizes used to capture the animals. Very 

briefly, studies in Tasmania (Edgar 1983a), South Africa (Allen & Griffiths 1981 ), California 

(Coyer 1984), Japan (Mukai 1971), and Denmark (Hagerman 1966) have variously found 

amphipods, isopods, tanaids, mysid and caridean shrimps, gastropods, and polychaetes to be 

dominant on brown algae, with harpacticoid copepods, ostracods, nematodes, mites and 

bivalve spat often found in very high numbers when mesh sizes down to 0.1 mm were used. 

2.4.1 Effects of algal morphology 

Differences in the morphology of the plants apparently accounted for much of the 

variation in epifaunal densities among the algal species investigated, with finely-structured 

algal species tending to support higher epifaunal densities than coarsely-structured ones. The 

differences in epifaunal densities between finely- and coarsely-structured growth forms of 

Carpophyllum plumosum suggest that plant morphology rather than some internal property 

determines the densities of many epifaunal taxa (with the caveat that internal factors could 

still have been important if they covaried with morphology). There are several ways in which 

plant morphology may affect epifauna. 

(1) Finely-structured plants provide a greater surface area per wet weight for periphyton and 

other food items. Most epifaunal taxa on some algal species readily colonise artificial 

habitats once these have been covered by diatoms and algal epiphytes, suggesting that these 

are important food sources for epifauna on natural plants (Russo 1988, Edgar 1991 a,b ). 

(2) Finely-structured plants may provide better refuge from predation. Numerous studies in 

varied aquatic environments have shown that vegetation shelters associated animals from 

predation to at least some extent (see reviews by Coull & Wells 1983, Gotceitas & Colgan 

1989), and finely-structured plants usually provide better shelter than do coarsely structured 

plants (but see Holmlund et al. 1990). Epifaunal crustaceans are preyed upon by reef fish of 
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many species in New Zealand (Russell 1983, Jones 1988, Taylor 1991) and elsewhere (e.g. 

Schmitt & Holbrook 1984). 

(3) Where the epifauna are using the plant primarily as an attachment point from which to 

resist being dislodged by water movement while they feed on suspended matter (e.g. Edgar 

1983a), finely-structured plants may provide a more suitable surface for grasping. 

Amphipods from exposed coasts have prehensile pereopods (walking legs) used to tightly 

grip their substratum, which must be a cylindrical object of a diameter small enough to be 

encircled by the dactyl and propodus (Caine 1978, Vader 1983, Aoki & Kikuchi 1990). 

Experiments are needed to determine whether the trend for dorso-ventrally flattened 

isopods rather than tubular ones to predominate on wide bladed algae is due to active 

selection of algae by the isopods. Fish predation rates may be higher on isopods that do not 

match their host alga's morphology. Shrimps living on pelagic Sargassum have body shapes 

and colouration matching the parts of the host plant on which they live, which presumably 

helps to camouflage them from fish predators (Hacker & Madin 1991). Alternatively, the 

structure of the isopods' bodies may determine in a more direct manner which algae they can 

physically hold on to (Nicotri 1980). Dorso-ventrally flattened isopods may move onto wider 

bladed algae as they grow - it is possible that the individuals found on finely-structured plants 

were small, or were living on the stipes rather than on the fronds . 

2.4.2 Degree of host plant specificity 

In this study, most of the ten algal spectes investigated had epifaunas that were 

distinct in multivariate space, but the individual epifaunal taxa (including many of those 

identified to species level) generally occurred on more than one algal species. A similar lack 

of host plant specificity has been recorded for Tasmanian (Edgar 1983a) and Hawaiian 

(Russo 1990) algal epifaunas. This may be explained by reference to their feeding habits. 

The extent to which epifauna graze the tissue of their host plant is contentious (Bell 1991 , 

Duffy & Hay 1991 ), but most invertebrate grazers of marine algae investigated to date have 

been found to be generalists (Hay et al. 1990, and references therein). Epifauna feeding on 

items other than the host plant will also tend not to show specificity as their prey items 

(periphyton, algal epiphytes, other epifauna, plankton etc.) are probably not host plant

specific themselves (e.g. Russo (1988) and Edgar (1991a,b) have shown that periphyton 

readily colonizes artificial substrata). 
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Many epifaunal taxa, especially amphipods and isopods, are demersal zooplankters, 

and spend time in the water column at night, resettling on various substrata before daybreak 

(e.g. Hobson & Chess 1976). Depending on how far they have moved, individuals resettling 

may have a limited choice of algal species and simply settle on whatever is available, or 

alternatively, may be non-selective if they do have a choice, thus displaying low host 

specificity either way. The ischyrocerid amphipods probably do this, being abundant on all 

algal species, very active in the water column at night, and apparently not discriminating 

among settlement substrata to a great extent. At Goat Island they recolonize experimentally 

denuded seaweed plants within days (White 1989), and have also been trapped in large 

numbers entering the water column at night from sand and coralline turf (Moltschaniwskyj 

1989). 

2.4.3 Depth-related variation of epifauna on Ecklonia radiata 

Ecklonia radiata was the only alga at Leigh found continuously from the intertidal to 

the bottom of the reef at about 18 m. Epifaunal densities along this depth profile increased 

from a depth of 3 m to a peak at 6 m, and then declined with increasing depth. Gallahar & 

Kingsford (1993) found that abundances of mobile epifauna on Ecklonia radiata varied much 

less predictably with depth at two sites near Sydney. In fact, densities of many common taxa 

were highest on the deepest plants they sampled (14 m). Declines in epifaunal abundance 

with increasing depth have been tentatively attributed to decreased water movement, which 

lessens opportunities for filter feeding (Fenwick 1976, Edgar 1983a), or causes increased 

sedimentation that may somehow negatively affect epifauna (Hagerman 1966). Edgar 

( 1991 b) suggests that the limiting micro algal food base could be reduced due to diminished 

light levels. I have no explanation for the low epifaunal densities found at 3 m depth. 

2.4.4 Ecological significance 

Seaweed epifaunal abundances can be very high per unit area of reef, especially in 

dense beds of finely-dissected seaweed species such as Carpophyllum plumosum var. 

capillifolium (Table 2.5). Here the epifauna provide a potentially important trophic link 

between fish and primary producers such as the host seaweed with its associated periphyton, 

and phytoplankton from the surrounding seawater (in cases where the epifauna are filter 

feeding). In north-eastern New Zealand, epifaunal crustaceans are major dietary items for 
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juvenile reef fish (Jones 1988), and epifaunal gastropods occur in the diet of many adult reef 

fishes (Russell1983). Most fish in New Zealand and other temperate waters are carnivorous, 

with few species feeding directly on macroalgae (Choat 1982, Russell 1983, Hom 1989). 



Table 2.1 Mean densities of epifauna · 100 g algal wet weighf1 (n=5 plants). Standard errors averaged 22.8% of the mean. Algal species are 
ranked in declining order of grand mean total epifaunal density. Cr = Cystophora retroflexa, Cpc = Carpophyllum plumosum var. capillifolium, 
Ct = Cystophora torulosa, Xc = Xiphophora chondrophylla, Cf = Carpophyllum flexuosum, Lq = Landsburgia quercifolia, Cm = Carpophyllum 
maschalocarpum, Ss = Sargassum sinclairii, Er = Ecklonia radiata, Lv = Lessonia variegata. 

Site Algal species 

Cr Cpc Ct Xc Cf Lq Cm Ss Er Lv 

Tutukaka 13 
Okakari Point 1466 90 25 52 
Echinoderm Reef 1180 1951 356 96 
Alphabet Bay 86 8 
Schiels Pool 606 250 90 138 
Splendid Reef · 50 31 
Goat Island Channel 150 24 
Pumphouse Reef 122 
Waterfall Gutter 168 
Waterfall Crest 273 75 42 149 
Inner Waterfall Reef 43 
Cape Rodney 348 182 51 
Matheson Bay 567 307 
Ti Point 556 105 170 39 
Ti Point Wharf 17 
Matatuahu Point 76 14 

Grand mean 874 735 332 222 102 85 82 69 61 13 



Table 2.2 Mobile epifauna found on ten species of seaweed. Numbers are mean densities · 100 g algal wet weighf1 calculated across all individual plants collected. 
Epifaunal taxa are ranked in declining order of average mean density across all seaweed species surveyed. For seaweed species codes see Table 2.1. For epifaunal 
taxonomic authorities see references cited in methods. B = brachyuran, C = caprellid amphipod, CS = caridean shrimp, E = echinoderm, F = fish, G = gammarid amphipod, 
GS =gastropod, I= isopod, M = mysid shrimp, P =platyhelminth, T = trichopteran (insect). 

Number of 
algal species 

Algal species epifaunal taxon 
Epifaunal taxon Cf Cm Cpc Cr Ct Er Lq Lv Ss Xc Mean found on 

Podocerus manawatu (G) 10.17 12.74 437.61 708.10 132.87 0.21 0.07 2.38 8.06 131.22 9 
Ischyroceridae I (G) 23.48 22.42 83.59 14.56 48.16 24.07 6.67 8.49 7.40 89.76 32.86 10 
Podocerus wanganui (G) 0.60 0.43 11.43 7.43 3.69 0.02 47.40 1.35 4.55 77.06 15.40 10 
Hyale spp. (G) 1.11 3.30 42.45 6.83 47.13 0.25 2.91 0.04 0.29 5.59 10.99 10 
Podocerus karu (G) 2.67 3.67 44.77 8.51 21.07 0.14 0.08 0.03 5.74 4.25 9.09 10 
Stenothoe spp. (G) 0.15 0.42 11.00 44.55 21.38 0.08 0.51 0.79 0.19 5.19 8.43 10 
Eatoniella spp. (GS) 2.23 1.08 31.69 40.59 2.71 1.44 0.28 1.43 8.15 8 
Misc. Sphaeromatidae2 (I) 3.65 2.26 3.22 14.44 8.36 0.06 8.98 2.02 6.27 4.93 9 
Plakarthrium typicum (I) 3.35 3.45 0.38 0.26 0.03 21.96 10.10 0.97 6.87 0.41 4.78 10 
Ampithoe spp. (G) 20.12 10.12 12.57 0.21 0.08 3.21 0.40 4.67 7 
Arcturidae (I) 7.88 4.05 4.05 10.17 2.74 0.09 0.13 0.12 5.22 6.14 4.06 10 
A ora maculata (G) 9.26 4.41 12.90 0.84 0.13 4.94 0.04 5.65 0.51 3.87 9 
Batedotea elongata (I) 1.27 0.53 8.94 8.55 4.58 0.02 0.45 1.03 3.16 2.85 9 
Gammaropsis spp. (G) 0.27 4.70 1.56 15.87 0.03 0.12 2.25 6 
Parapherusa crassipes (G) 17.06 1.71 
Misc. Eusiridae (G) 0.29 1.83 1.85 0.02 0.02 5.50 3.85 1.33 7 
Amphoroidea media (I) 5.50 4.46 1.40 0.05 0.01 0.40 0.19 0.12 1.21 8 
Hippolyte bifidirostris (CS) 1.05 0.69 1.80 1.51 0.07 0.33 4.98 1.04 7 
Gondogeneia spp. (G) 0.18 0.33 0.56 2.24 6.56 0.99 5 
Ampithoe lessoniae (G) 3.94 2.88 0.77 0.76 3 
Caprel/ina longicol/is (C) 0.17 0.02 4.24 0.34 0.05 0.24 0.03 2.37 0.07 0.75 9 
Micrelenchus sanguineus sanguineus (GS) 0.45 0.20 2.08 1.10 0.71 0.30 0.05 0.03 2.16 0.71 9 
Amphoroidea longipes (I) 0.01 0.03 3.19 2.72 0.59 0.19 0.14 0.69 7 
Tetradeion crassum (G) 0.19 0.16 2.90 0.08 0.39 0.14 0.06 0.17 0.50 0.46 9 
Atyloella spp. (G) 0.39 0.99 1.35 0.63 1.13 0.45 5 



Table 2.2 cont. 1 

Number of 
algal species 

Algal species epifaunal taxon 
Epifaunal taxon Cf Cm Cpc Cr Ct Er Lq Lv Ss Xc Mean found on 

Siriella denticu/ata (M) 0.23 0.35 0.08 0.40 0.06 2.25 0.34 6 
Paguroidea 0.44 0.42 0.59 0.08 0.04 1.69 0.33 6 
Paradexamine spp. (G) 0.20 0.01 2.93 0.31 3 
Misc. Polychaeta 0.55 0.08 1.19 0.19 0.48 0.01 0.50 0.12 0.31 8 
Tanaidacea 0.45 0.03 0.47 0.38 0.47 0.03 0.45 0.23 7 
Bircennafulva (G) 0.11 0.58 0.23 0.87 O.ll 0.19 5 
Neogastropoda (GS) 0.08 0.30 0.24 0.32 0.06 0.11 0.37 0.12 0.16 8 
Cantharidus purpureus (GS) 0.16 0.49 0.10 0.55 0.07 0.06 0.14 6 
Incisura lytteltonensis (GS) 0.09 0.25 0.20 0.79 0.13 4 
Micre/enchus dilatatus (GS) 0.01 0.23 0.07 0.42 0.29 0.07 0.15 0.12 7 
Cookia sulcata (GS) 0.24 0.14 0.26 0.02 0.04 0.22 0.09 6 
Caprella equilibra (C) 0.05 0.34 0.14 0.38 0.09 4 
Rhynchocoela 0.01 0.05 0.77 0.08 3 
Eatoniellajlammulata (GS) 0.15 0.05 0.53 O.Dl 0.07 4 
Eatoniella limbata (GS) 0.22 0.26 0.20 0.07 3 
Elasmopus neglectus (G) 0.54 0.05 
Paranthurajlagellata (I) 0.11 0.02 0.26 0.10 0.05 4 
Stylochoplana spp. (P) 0.24 0.03 0.18 0.04 0.05 4 
Gitanopsis squamosa (G) 0.08 0.06 0.10 0.25 0.05 4 
Philanisus plebeius (T) 0.05 0.42 0.05 2 
Trochus viridis (GS) 0.14 0.10 0.18 0.05 3 
Halicarcinus innominatus (B) 0.34 0.01 0.04 2 
Gastrocyathus gracilis (F) 0.03 0.06 0.25 0.03 3 
Limnoria (Phyco/imnoria) stephenseni (I) 0.06 0.07 0.19 0.03 3 
Notoc/inus compressus (F) 0.05 0.12 0.05 0.04 0.03 4 
Thoristella oppressa (GS) 0.25 0.03 I 
Pycnogonida 0.23 0.01 0.02 2 
Crepidula costata (GS) 0.11 0.12 0.02 2 
Parawaldeckia spp. (G) 0.17 0.02 



Table 2.2 cont. 2 

Number of 
algal species 

Algal species epifaunal taxon 
Epifaunal taxon Cf Cm Cpc Cr Ct Er Lq Lv Ss Xc Mean found on 

Runcina katipoides (GS) 0.01 0.10 0.04 0.02 3 
Tricladida (P) 0.09 0.01 I 
Lamellaria ophione (GS) 0.05 0.03 0.01 2 
Calliostoma punctulatum (GS) 0.02 0.06 0.01 2 
Acmaeidae (GS) 0.07 0.01 
Cerapus harfootus (G) 0.07 0.01 
Paranthura n. sp. (I) 0.05 O.Ql 
F orsterygion lap ilium (F) 0.05 0.005 
Notomithrax spp. (B) 0.04 0.004 
Crepidula monoxyla (GS) 0.04 . 0.004 
Bivalvia 0.04 0.004 
Doto pita (GS) 0.03 0.003 
Amphineura 0.02 0.002 
Coscinasterias calamaria (E) 0.02 0.002 
Turbo smaragdus (GS) 0.01 0.001 
Cantharidus opalus opalus (GS) 0.01 0.001 . I 
Corophium acutum (G) 0.01 0.001 1 
Eubranchus agrius (GS) 0.01 0.001 
Evechinus ch/oroticus (E) 0.01 0.001 

Total number of taxa 49 40 52 30 31 35 26 16 32 25 
Total number of individuals sampled 5861 4178 20489 16959 6121 5234 2975 302 387 1348 

I Misc. Sphaeromatidae: includes Cassidinopsis admirabilis, Dynamenoides decima, D. vulcanata, Exosphaeroma chi/ens is, Scutuloidea maculata 
2 Ischyroceridae: includes Ischyrocerus spp., Jassa spp., Ventojassafrequens 



Table 2.3 Mean densities(± 1 SE) ofepifauna · 100 g algal wet weighf1 (n=S plants) on different growth forms ofCarpophyllumplumosum. 

Site Growth form 

Typical/fronded C. plumosum Frondless/epiphytized 
C. plumosum C. plumosum 

var. capillifolium var. capillifolium 

Waterfall Crest 587 ± 234 149 ± 39 
Okakari Point 1460 ± 238 104 ± 28 



Table 2.4 Mean densities (± 1 SE) of epifauna · 100 g algal wet weighf1 (n=5 plants) on typical/fronded versus frondless/epiphytized 
Carpophyllum plumosum var. capillifolium in naturally occurring adjacent beds, and on denuded plants 10 days after transplantation into 
reciprocal beds. 

Carpophyllum plumosum 
var. capillifolium 
growth form 

Typical/fronded 
F rondless/ epi phytized 

Naturally 
occurnng 

716 ± 152 
46 ± 20 

After transplantation 
into reciprocal bed 

357 ± 137 
56± 17 



Table 2.5 Densities of total epifauna · m"2 of substratum for three common bed-forming seaweed species. 
Plant density data from R. Taylor and R. Cole (unpubl. data). 

Algal species 

Carpophyllum plumosum 
var. capillifolium 
Carpophyllum jlexuosum 
Ecklonia radiata 

~---

Animals · planf Plants · m· Animals · m· 

585 

147 
150 

of substratum of substratum 

277 

25 
11 

162045 

3675 
1650 



Figure 2.1 Sampling sites: 1 = Tutukaka, 2 = Okakari Point, 3 = Cape Rodney, 4 = 

Matheson Bay, 5 = Ti Point Wharf, 6 = Ti Point, 7 = Matatuahu Point, 8 =Echinoderm Reef, 

9 =Alphabet Bay, 10 = Schiels Pool, 11 =Splendid Reef, 12 =Goat Island Channel, 13 = 

Pumphouse Reef, 14 =Waterfall Gutter, 15 =Inner Waterfall Reef, 16 =Waterfall Crest, 17 

=Ray Rock. 
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Figure 2.2 Canonical discriminant analysis (CDA) plot of first two canonical variates (CVs) 

summarising trends in densities of 25 commonest epifaunal taxa on ten subtidal brown algal 

species. Epifaunal taxa labelled on axes are those that were identified by the CDA as 

showing largest density differences among the seaweed species. Each point represents the 

mean canonical variate score of five plants from a particular algal species/site combination. 

Percentages associated with each CV refer to the proportion of total variation accounted for 

by that CV. 
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Figure 2.3 Rank abundances of epifauna on seaweeds for all sites sampled. Bars represent 1 

SE. Absence of error bars on Lessonia variegata graph is because only one site was sampled. 

Algal species are ranked in ascending order of mean thallus width. AL = Ampithoe lessoniae, 

AM = Amphoroidea media, AO = Aora maculata, AP = Ampithoe spp., AR = Arcturidae, AT 

= Atyloella spp., BA = Batedotea elongata, BF = Bircenna fulva, CP = Cantharidus 

purpureus, CU = Calliostoma punctulaturn, EA = Eatoniella spp., GA = Gammaropsis spp., 

GO = Gondogeneia spp., HB = Hippolyte bifidirostris, HY = Hyale spp., IS = Ischyroceridae, 

LO = Amphoroidea longipes, PC = Parapherusa crassipes, PK = Podocerus karu, PM = 

Podocerus manawatu, PT = Plakarthrium typicum, PW = Podocerus wanganui, SD = Siriella 

denticulata, SP = Misc. Sphaeromatidae, ST = Stenothoe spp. 
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Figure 2.4 Epifaunal densities versus mean algal thallus width. Each point represents the 

mean density of epifauna from 5 plants from a particular algal species/site combination. 
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Figure 2.5 Proportion of total animals versus mean algal thallus width. Each point 

represents the mean from 5 plants from a particular algal species/site combination. 
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Figure 2.6 Proportion of summed flat and tubular isopods comprised of flat isopods versus 

mean algal thallus width. Each point represents the mean from 5 plants from a particular 

algal species/site combination. 
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Figure 2. 7 Depth profile of epifaunal abundances on Ecklonia radial a at two sites (n = 3 

plants). 
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Chapter Three 

Temporal dynamics of mobile epifauna 

3.1 Introduction 

Epifaunal organisms are subject to a range of physical and biological factors that 

operate over various time scales, and which may act either alone or in concert to change the 

composition and abundance of an epifaunal assemblage (e.g. Edgar & Moore 1986). The 

highly mobile nature of the animals themselves also suggests that epifaunal assemblages will 

be temporally dynamic. 

Diel variation in the epifaunal assemblage of a seaweed plant may occur when 

animals leave the plant at night to enter the water column, as part of the so-called "demersal 

zooplankton" assemblage (e.g. Alldredge & King 1977). A diverse range of small 

invertebrates exhibits this behaviour, with it being particularly prevalent amongst crustaceans 

such as copepods, ostracods, and peracarids (amphipods, isopods, mysids, cumaceans and 

tanaids) (Hobson & Chess 197 6, Hammer & Zimmerman 1979). It has been speculated that 

this movement is for the purposes of feeding, reproduction, avoidance of predation in the 

benthos, ecdysis, or dispersal (reviewed by Alldredge & King 1980), and that it occurs at 

night because predation pressure from visually-feeding fishes is lower then (Williams & 

Bynum 1972, but see Hobson & Chess 1976). Since epifaunal assemblages are often food

limited (Appendix One), individuals may frequently be forced to emigrate in the face of 

starvation (Edgar 1990a). Fewer amphipods and isopods tend to enter the water column 

when it is illuminated by the full moon (Alldredge & King 1980), so variation over the lunar 

month may be expected. 

Small aquatic invertebrates such as amphipods typically have a maximum life span in 

the order of six months to two years (Sainte-Marie 1991 ), with generation times in the order 

of 5-6 weeks (Ali & Salman 1986), so population level fluctuations obviously need to be 

examined over at least two to three years. Studies of epifaunal "seasonality" usually span a 

single year, but monitoring over at least two years is required to establish that observed peaks 

and troughs in abundance are truly seasonal (Russo 1989), rather than being stochastic, or 

responses to some non-seasonal factor. Peracarid crustaceans are the numerically dominant 

epifauna in the size range > 0.5 mm, and are unusual among benthic invertebrates in that 

females brood a small number (typically 5-50 (Nelson 1980)) of young in a marsupium, with 
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juveniles subsequently released directly into the adult habitat. A combination of factors such 

as the high mobility of adults (e.g. Hobson & Chess 1976, Hammer & Zimmerman 1979), the 

limited dispersal of offspring, and the ability of females to mature quickly (Takeuchi & 

Hirano 1992a) and produce several broods in rapid succession ( -1 week apart (Takeuchi & 

Hirano 1992a)) over a protracted breeding season or throughout the entire year (Stoner 1980, 

Omori et al. 1982), enables peracarid populations to rapidly colonize new habitats or respond 

quickly to a favourable change in conditions. 

There are several factors that may cause epifaunal populations to fluctuate seasonally. 

Recent evidence suggests that epifaunal populations are frequently limited by available 

primary production, whether living or detrital (see Appendix One). This rate of primary 

production is likely to be a direct function of incoming solar radiation (at least in the absence 

of nutrient limitation), which is strongly seasonal in temperate regions. Seasonal changes in 

temperature will affect the metabolic rates of epifauna (Hartnoll 1982), with higher 

temperatures enabling individuals to grow more rapidly and reproduce earlier, thus shortening 

generation times and increasing the population growth rate. Egg development is also faster at 

higher temperatures (Omori et al. 1982, Hiwatari & Kajihara 1984, Takeuchi & Hirano 

1992b ). Seasonal predation pressure from fish or decapods is thought to influence population 

dynamics of epifauna (Nelson 1979, Stoner 1980, Choat & Kingett 1982, Aoki 1988, Caine 

1991). On rocky reefs in northeastern New Zealand juveniles of many temperate reef fish 

species feed on seaweed epifauna for varying lengths of time (reviewed by Jones 1988), and 

these fish species undergo seasonal recruitment pulses. Some amphipods and isopods 

preferentially consume seaweed reproductive organs (Buschmann & Santelices 1987, 

Tugwell & Branch 1989), so breeding patterns of host seaweeds could also be important. In 

northern New Zealand, Ecklonia radiata is fertile from May to November (Novaczek 1984), 

while the main period of reproduction for Carpophyllum spp. is September to January (Schiel 

1988). Seaweeds also undergo seasonal fluctuations in their quality as food for herbivores 

(Himmelman & Carefoot 1975, Steele & Whittick 1991), which is likely to be important for 

those epifauna that feed directly upon their host plant. 

In this chapter I describe variability in epifaunal abundances on time scales ranging 

from hours to years. 
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3.2 Methods 

All research was done within the Cape Rodney to Okakari Point Marine Reserve, in 

northeastern New Zealand. Epifaunal processing and sorting procedures are described in 

Chapter Two, with epifauna sieved on 1 mm mesh before sorting. 

3.2.1 Variability on the scale of hours to days 

The study site was a large, dense, virtually monocultural bed of Carpophyllum 

plumosum var. capillifolium, located on sandstone platforms approximately 50 m east of Knot 

Rock. Water depth was -2 mat mean low water spring tide. Samples were taken from a 100 

m2 square area marked out within the bed. 

Three haphazardly-selected plants were collected from the study area every four hours 

beginning at 0600 h (this and all subsequent times are New Zealand Standard Time), and 

finishing at 0200 h the following morning. This was done over seven 24 hour periods 

spanning a month. Sampling occasions were April6, 8, 12, 15, 20, 22, and 29 1993, with two 

periods bracketing the full moon (April 7), last quarter (April 14), new moon (April 22), and 

one during the first quarter (April 30) (the second had to be abandoned due to rough seas). 

Sunrise occurred at 0640-0700 h, and sunset at 17 40-1800 h. Sampling nights were clear of 

cloud cover. Water visibility remained relatively constant throughout, at about 5-6 m. The 

ordination technique canonical discriminant analysis (CDA) was used to examine 

assemblage-level differences in community structure among sampling time periods (see 

Chapter Two for an explanation of CDA). During sorting I formed the impression that 

eusirid amphipods were larger in the night-time samples, so I subsequently measured the 

lengths of all eusirids encountered in the third replicate of each time period/date sample. 

Each individual was straightened out using two pairs of forceps, and the distance from the tip 

of the rostrum to the base of the tel son measured under a stereo microscope using a graticule. 

Recolonization experiments were used to examine short-term epifaunal movement 

patterns. These experiments were carried out within an area of about 30 m2 inside the same 

large Carpophyllum plumosum var. capillifolium bed as the above work, but approximately 

10 m to the east. Five replicate plants were collected per treatment in all cases. 

On two occasions in late April 1994 Carpophyllum plumosum var. capillifolium plants 

were haphazardly selected from the study site and gently levered off the seafloor using a 

knife. Large numbers of amphipods vacated the plants a few seconds after detachment from 
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the bottom (Kingsford & Choat 1985, pers. obs.), but to remove the rest of the epifauna the 

plants were taken back to the dive boat and shaken vigorously at the surface (Holbrook & 

Schmitt 1984, Chapter Two). This process did not appear to damage the plants. On two 

occasions five plants were retained for processing (as described above) to determine the 

efficiency of the denudation process; it removed an average of 98.1 % and 97.6 % of the total 

epifauna on the two occasions. The denuded plants were then returned to the seaweed bed 

where they were attached to stainless steel eyebolts anchored into the bedrock. To secure the 

plant, cord nooses were tightened around the shaft of the eyebolt and the seaweed stipe, just 

above the holdfast. The plants usually floated upright in a natural position after this 

procedure, and none were lost. 

To determine whether epifaunal recolonization was via (1) swimming or (2) crawling 

off adjacent plants, I attached denuded plants to (1) five eyebolts set into the centre of small 

(1-2 m2
) coralline turf patches within the forest, so that attached plants were not in contact 

with other plants, and (2) five eyebolts set inside the forest, so that attached plants were in 

constant contact with other plants. 

To determine the relative importance of recolonization during the day versus the 

night, denuded plants were placed on the eyebolts for periods corresponding to day (0700-

1800 h), or night (1800-0700 h). Sunrise was at 0700 h, and sunset at 1745 h. 

Control (= "natural") plants were collected haphazardly from within the study area 

whenever experimental plants were deployed or recovered. 

3.2.2 Variability on the scale of months to years 

Epifauna on the three commonest species of brown seaweed were sampled from 

monospecific stands at approximately monthly intervals for 2-3 years. From December 1992 

to November 1995 Ecklonia radiata and Carpophyllum maschalocarpum plants were 

collected from Alphabet Bay (2-5 m depth) and Inner Waterfall Reef (1-5 m) respectively. 

From August 1993 to November 1995 Carpophyllum plumosum var. capillifolium plants 

were collected from Knot Rock (2 m). Five replicate plants were taken on each occasion. 

Individual Carpophyllum maschalocarpum plants were often difficult to distinguish due to 

intertwining of their holdfast haptera, so five single stipes (each with associated laterals) were 

usually taken. 
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Several physical factors were investigated as potential correlates with seasonal 

abundance patterns of epifauna. Sea surface temperature (SST) and solar radiation records 

were taken from Leigh Marine Laboratory archives. SST is measured daily at Waterfall 

Gutter at -0900 h. Solar radiation is measured continuously by a Kipp and Zonen 

pyranometer on the laboratory roof, with a daily value calculated later from hourly readings. 

Timing of major storms was obtained from Leigh Marine Laboratory records of wave surge 

(estimated daily at Waterfall Gutter at 0900 h), and daily wind run (measured by an 

anemometer on Leigh Marine Laboratory premises). 

3.3 Results 

3.3.1 Variability on the scale of hours to days 

Total densities of animals were fairly constant throughout the day for all lunar states 

(Fig. 3.1 ), a pattern shown by all three main taxonomic groups ( amphipods, isopods and 

molluscs) (Fig. 3.2). There was no consistent trend for densities of any ofthese major taxa to 

decrease on the plants at night (the period when individuals may have been expected to enter 

the water column) for any lunar phase. 

The assemblage as a whole did not change significantly either, with the amphipods 

Podocerus manawatu and Hyale spp. always being the first and second most common taxa 

respectively, and the seven most common taxa forming a stable grouping at all time periods 

(Fig. 3.3). However, when densities of the 20 commonest taxa were examined using CDA, 

the samples grouped according to time, indicating that there were some diel changes in the 

epifaunal assemblage (Fig. 3.4). Lunar state at the time of sampling appeared to have little or 

no effect on the placement of samples by the CDA. Along canonical variate (CV) one the 

night-time samples separated very clearly from the day-time ones, due to the presence of 

eusirid amphipods in the former, and the amphipod Podocerus karu and the isopods 

Cassidinopsis admirabilis and Paranthura sp. in the latter. Along CV 2 the 2200 h and 0200 

h night-time samples separated out from each other, and the dawn samples (0600 h) separated 

out from the other day-time ones, which the CDA identified as being due to the greater 

presence of the brachyuran crab Halicarcinus innominatus in 0600 and 0200 h samples. 
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I inspected plots of density versus time and lunar state (as in Fig. 3.1) for all taxa 

recorded. Clear diel trends were apparent for only one of the taxa identified by the CDA, 

eusirid amphipods, and for two taxa that were not common enough to be included in the 

CDA: cumaceans and mysids. All three taxa were predominantly (eusirids and mysids) or 

exclusively (cumaceans) present on the plants at night (Fig. 3.5). Again, lunar state appeared 

to have little bearing on the densities of animals present. Eusirid amphipods inhabiting the 

plants at night were generally larger than those found during the day (Fig. 3.6). No 

individuals longer than 4.5 mm were found during the day (n = 12), but at night 53 % of 

individuals were longer than this (n = 58). 

Experiments run over two separate 24 h periods showed that epifauna of all major 

groups recolonized at higher rates the denuded plants placed within the Carpophyllum 

plumosum var. capillifolium forest than the isolated plants placed in small turf patches (Fig. 

3.7). Most recolonization by amphipods and isopods occurred at night, whereas gastropods 

moved in roughly equal numbers during day and night. Within the forest, recolonization 

rates were very high for amphipods and isopods, with amphipod densities returning to 55 and 

69 % of control values overnight on the two occasions, and the figures for isopods being 17 

and 60 %, suggesting that complete turnover of these populations could occur in a matter of 

days if all individuals were equally mobile. Gastropod recolonization rates were much lower 

(11 and 16 %). 

3.3.2 Variability on the scale of months to years 

On Carpophyllum maschalocarpum and Carpophyllum plumosum var. capillifolium 

total animal densities showed similar seasonal fluctuations, with abundances highest in 

summer and lowest in winter (Fig. 3.8). However, on Ecklonia radiata the opposite pattern 

occurred during 1993 and 1994, when epifaunal densities began increasing in mid-summer, 

remained high through to mid/late winter, then dropped to a low by the following summer 

(Fig. 3.8). In 1995, epifaunal densities on Ecklonia radiata stayed low until mid-autumn, 

when they increased steadily until sampling ceased the following spring. Densities varied 

substantially on all three seaweed species, with minimum recorded values being 24 %, 7 % 

and 9 % of maximum values on Carpophyllum maschalocarpum, Carpophyllum plumosum 

var. capillifolium and Ecklonia radiata respectively. Densities of epifauna on both 

Carpophyllum spp. tracked mean daily solar radiation, but the Ecklonia radiata epifauna 
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tracked neither solar radiation nor SST. No relationship was found between epifaunal 

densities and time elapsed since the last major storm (data not shown), even for macroscopic 

(> 10 mm) gastropods, which were common on Ecklonia radiata, and would probably be the 

group most vulnerable to violent wave action because of their large size. 

Patterns were less clear for the commonest individual epifaunal taxa. On 

Carpophyllum maschalocarpum none of the five commonest taxa showed clear seasonality 

(Fig. 3.9). The less common Podocerus wanganui and Ampithoe aorangi (both amphipods) 

and the isopod Dynamenoides decima all appeared to show spring peaks of abundance each 

year. On Carpophyllum plumosum var. capillifolium most of the commoner taxa also showed 

spring peaks in abundance, with the exception of the small rissoid gastropod Eatoniella spp. 

and the amphipod Stenothoe moe (Fig. 3.10). Of the epifauna found on Ecklonia radiata, 

only six species were abundant enough to merit plotting (Fig. 3.11). None showed 

convincing seasonal peaks in abundance, although densities of the isopod Amphoroidea 

longipes and the amphipod ?Atyloella spp. appeared to peak in winter. Four epifaunal taxa 

were common on more than one seaweed species. The garnmarid amphipods Ampithoe 

aorangi and Hyale spp. both peaked during spring/summer most years on Carpophyllum 

maschalocarpum and Carpophyllum plumosum var. capillifolium. Populations of 

Jschyrocerus spp. amphipods on Carpophyllum maschalocarpum and Ecklonia radiata were 

not in synchrony, with abundances tracking total animal densities on each seaweed species. 

Densities of the flabelliferan isopod Plakarthrium typicum tracked total animal densities on 

Ecklonia radiata, but showed no clear pattern on Carpophyllum maschalocarpum. 

Despite these fluctuations in total animal densities, and in densities of the individual 

epifaunal species, assemblage composition remained fairly constant over time on each of the 

seaweeds (Table 3.1). The fauna inhabiting Carpophyllum maschalocarpum was dominated 

by the isopods Plakarthrium typicum, Amphoroidea media and Scutuloidea maculata, along 

with the amphipods Jschyrocerus spp., Hyale spp., Podocerus wanganui and Ampithoe 

aorangi. These were the commonest seven taxa during each of the four seasons. The 

epifauna on Carpophyllum plumosum var. capillifolium was numerically dominated by the 

amphipods Podocerus manawatu and Hyale spp., with members of the rissoid gastropod 

genus Eatoniella becoming relatively abundant during autumn and winter. The epifaunal 

assemblage of Ecklonia radiata showed the least seasonal variability, with Plakarthrium 

typicum and Jschyrocerus spp. being the first and second most abundant taxa respectively 
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during all four seasons. The isopod Amphoroidea longipes and the amphipods Aora 

maculata and Bircennafulva completed a stable top-five grouping. 

3.4 Discussion 

3.4.1 Variability on the scale of hours to days 

The four-hourly sampling showed that the Carpophyllum plumosum var. capillifolium 

epifaunal assemblage changed remarkably little over a diel cycle, regardless of lunar state. 

This was perhaps surprising, as many of the animals in question belong to demersal 

zooplankton groups, which typically inhabit benthic substrata by day and migrate into the 

water column during the night (e.g. Alldredge & King 1977). Thus, we may have expected 

animal densities on the plants to decline at night. In general this did not occur, and in fact the 

only taxon undergoing clear diel density changes (members of the gammarid amphipod 

family Eusiridae) increased in abundance on the plants at night. 

With respect to movement of the animals this suggests that: (1) they did not move off 

their individual host plants at all, (2) they moved into the water column and back again for a 

very short time period (that I did not sample), (3) they moved from plant to plant by crawling 

(plants were usually in direct physical contact with each other due to the dense nature of the 

bed (pers. obs.)). 

A recolonization experiment was run to distinguish between these possibilities, and it 

showed that option (3) was the most likely. The animals crawled directly from one plant onto 

another, with daily turnover rates on individual plants high for amphipods and isopods (about 

60 % of the population on a plant), but lower for gastropods. Movement occurred mainly at 

night. 

It appears, therefore, that Carpophyllum plumosum var. capillifolium bed represents a 

continuous habitat for the epifauna, which can move around inside it without having to enter 

the water column and risk increased exposure to fish predation (Hobson & Chess 1976), or 

advection from the seaweed bed. Observations made with the aid of a 5.9 x underwater 

magnifying glass (Mladenov & Powell 1986, Underwater Optics, Nanaimo, Canada), 

revealed that nocturnal activity may be related to feeding for at least one species. Podocerus 

manawatu, the commonest animal on Carpophyllum plumosum var. capillifolium, moves to 
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the outer frond tips at night, where it appears to feed on suspended matter with antennae 

outstretched (pers. obs.). 

Large eusirid amphipods, cumaceans and mysids appeared in night-time samples, but 

it is unclear whether they were actually on the plants at the time of sampling. They may 

instead have been collected from the surrounding water mass while bagging the plant. 

Cumaceans and mysids are well known as nocturnally active demersal zooplankters (e.g. 

Hobson & Chess 1976, Hammer & Zimmerman 1979). Eusirids prey mainly on other small 

crustaceans (Bousfield & Hendrycks 1995), and thus may have moved onto the plants at night 

to feed on other epifauna during the hours of darkness, when these large conspicuous animals 

are themselves presumably less vulnerable to predation by visually feeding fishes. This diel 

pattern is opposite to that shown by another carnivorous amphipod, the lysianassid 

Orchomene zschaui, which apparently "roosts" on subtidal algae during the day, and 

scavenges food from other habitats at night (Davenport et al. 1996). 

I am aware of eight other studies that examine aspects of diel movement in seaweed 

epifauna, and results from these are summarised (along with results from this chapter) in 

Table 3.2. No general patterns are apparent, with night-time densities of major epifaunal taxa 

variously found to be higher than (Ledoyer 1969, Montouchet 1979, Buschmann 1990), the 

same as (Ledoyer 1969, Edgar 1983b, Martin-Smith 1994, this chapter), or lower than 

(Hobson & Chess 1976, Edgar 1983b) day-time densities. Three studies report the presence 

of large numbers of phytal animals in the water column at night (Jansson & Kallander 1968, 

Fincham 1974, Hobson & Chess 1976). It would be interesting to know how close together 

the plants were in the various studies; it may be that a nocturnal decline in epifaunal densities 

occurred only where plants were sparse, forcing animals to enter the water column in order to 

disperse. Overnight colonization rates of denuded seaweeds recorded in various studies are: 

2-7 % of control densities for ampithoids and other amphipods on Sargassum verruculosum 

in Tasmania (Edgar 1983b), 70% for juvenile ischyrocerid amphipods and 10-25% for adult 

ischyrocerids on Ecklonia radiata in northeastern New Zealand (White 1989), and 55-69 % 

for amphipods and 17-60 % for isopods on Carpophyllurn plumosum var. capillifolium in 

northeastern New Zealand (this chapter). White found that densities of his commonest 

epifaunal taxa, ischyrocerid amphipods, had generally returned to control values after a week. 

In the tropics, two workers have also run longer-term experiments. Stoner (1985) found that 

a substantial number of epifaunal species colonized denuded Penicillus capitatus plants 



28 

within 1.5 h of plant deployment (in mid-morning), and individuals continued to arrive at a 

steady rate for the following three days. Martin-Smith (1994) found that densities of 

decapods on denuded Sargassum jissifolium returned to control levels within a day, but 

common taxa such as amphipods, isopods, polychaetes and gastropods took a week or more 

to reach control densities. 

Diel abundance patterns shown by the fauna of seagrass beds have received more 

attention, with studies generally revealing vertical migration at night, whether from the 

sediments to the seagrass canopy, or from either habitat to the water column (reviewed by 

Howard et al. 1989, Jernakoff et al. 1996). Crustaceans are particularly mobile, and rapidly 

colonize artificial plants located up to 15 m away from the source pool of colonists (Virnstein 

& Curran 1986). Edgar (1992) found daily turnover rates of ~30% for most epifaunal taxa in 

a Western Australian seagrass bed, with most movement in the epifaunal assemblage as a 

whole occurring at night, though this pattern was less clear for individual taxa. There was no 

clear lunar effect. 

The methods used to determine epifaunal movement patterns have several potential 

drawbacks. Turnover rates of epifaunal populations are particularly difficult to estimate, as 

direct observation of individuals is clearly difficult or impossible. 

Recolonization experiments have been used to examine the mobility of benthic 

organisms in a range of habitats, but all such experiments rely on the assumptions that 

observed animal colonization rates are unaffected by (1) changes made to the substratum by 

the denudation process, and (2) the absence or reduced numbers of residents encountered by 

potential immigrants. Densities of recolonizing animals frequently "overshoot" control 

densities (e.g. McCall 1977, Holmlund et al. 1990, Edgar 1992, Martin-Smith 1994), 

indicating that assumptions (1) and/or (2) are violated. Regarding assumption (1), Edgar 

(1992) found that herbivorous amphipods were strongly attracted to decaying plant matter, 

which was an artefact of his denudation procedure. My denudation procedure of vigorously 

shaking the plants at the surface was probably less likely to alter the plants' attractiveness to 

epifauna than other methods, which have entailed dunking plants in freshwater (Gunnill 1982, 

Stoner 1985, Holmlund et al. 1990), 50 % ethanol (Edgar 1983b), anaerobic seawater 

(Brostoff 1988), or insecticide-laced seawater (Carpenter 1986, Brawley & Fei 1987, Brostoff 

1988) for varying time periods. Vigorous shaking is something seaweed plants will 

experience frequently on wave-exposed coasts anyway. Regarding assumption (2), two 
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studies have found that epifaunal colonization rates are not influenced by the presence or 

absence of pre-existing epifauna (Dean & Connell 1987, Edgar 1992). In summary, my 

estimates of turnover rate are probably valid in terms of assumption (1), and perhaps 

assumption (2), according to the limited available information on the topic. 

Several workers have used the vital stain Neutral Red to dye seagrass-associated 

fauna, and later sampled the same area to determine the proportion of original animals 

remaining (Howard 1985, Edgar 1992, Holmquist 1992 in Holmquist 1994). However, as the 

authors acknowledge, the reliability of such estimates depends on the validity of the 

assumption that the dyeing process does not alter subsequent emigration rates, an assumption 

that is dubious and difficult to test. Holmquist ( 1992, cited in Holmquist 1994) found that the 

staining process did not alter the behaviour of large mobile animals (mostly decapods and 

gastropods) in clumps of drift algae, but smaller epifauna on macrophytes become visibly 

active within a few seconds when the plant is contained within a plastic bag as required for 

staining (Edgar 1992, pers. obs.), and gammarid amphipods quickly abandon attached 

Carpophyllum plumosum var. capillifolium plants during the bagging procedure, 

accumulating in the corners of the bag (pers. obs.). For this reason I did not attempt to label 

Carpophyllum plumosum var. capillifolium epifauna using dye. 

3.4.2 Variability on the scale of months to years 

Monthly sampling revealed that composition of the epifaunal assemblages on all three 

seaweed species varied little over time, as shown by the relatively constant ranks of the 

common taxa. The fact that the rankings of the individual taxa remained similar while the 

abundance of the assemblage as a whole varied widely is clearly convenient for researchers 

who wish to generalise results derived from one-off surveys, such as that described in 

Chapter Two. 

The monthly sampling revealed reasonably predictable seasonal oscillations in the 

epifaunal assemblage of the two Carpophyllum species, but not that of Ecklonia radiata. The 

anomaly in the Ecklonia radiata data was only revealed in the third year of sampling, which 

emphasises the requirement for long-term data sets. 

Epifaunal densities on the two Carpophyllum spp. tracked mean daily solar radiation. 

This was possibly due to the limitation of epifaunal populations by primary production of 

plant material (mainly by periphyton, phytoplankton, and phyto-detritus rather than the host 
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plant itself (see Appendix One)), which may itself be driven by the quantity of incident 

sunlight (notwithstanding nutrient limitation and other possible factors). Edgar (1991 b) used 

the same argument to account for a strong correlation between epifaunal production and 

incident light along spatial gradients of light intensity (due to differences in depth and 

turbidity) in a Tasmanian estuary (Edgar 1991b). Edgar & Moore (1986) suggested that 

epifaunal reproductive activity will track primary production regardless of when it occurs, so 

light may be less important in regions where primary production is seasonally limited by a 

nutrient (typically nitrogen; Hanisak 1983, Lobban & Harrison 1994). At Goat Island 

seaweed growth roughly tracks sunlight (Novaczek 1984). Edgar (1990a) presents evidence 

from microcosm experiments in seagrass beds that suggests the dramatic declines in epifaunal 

densities that frequently follow seasonal peaks are due to emigration rather than starvation or 

predation, and suggests that this emigration is a response to falling production of epiphytic 

algae. In this chapter, the relationship between densities of epifauna on the two 

Carpophyllum spp. and incident sunlight was surprisingly close considering that: (1) animal 

densities are not a good indicator of epifaunal food requirements unless all individuals have 

similar feeding rates, which is improbable given their wide size range (Edgar 1993), (2) 

animals small enough to pass through 1 mm mesh were not considered, and (3) the amphipod 

Podocerus manawatu was numerically dominant on Carpophyllum plumosum var. 

capillifolium, but as a suspension feeder (pers. obs.) is probably less dependent on light

driven fluctuations in primary production than are consumers of epiphytic algae. It would be 

useful to have access to data on seasonal trends in epiphytic productivity, but I have been 

unable to locate any such data for seaweed epiphytes. No clear seasonal trends were evident 

in (1) densities of epiphytic microalgae on subtidal Sargassum piluriferum in Japan (Tanaka 

et al. 1984 ), or (2) volumes of diatoms on low intertidal Sargassum sinclairii and 

Carpophyllum maschalocarpum in northern New Zealand (Booth 1985), but these results are 

not particularly relevant since epifaunal populations are far more likely to be responding to 

the productivity of epiphytes rather than their abundance or biomass (Edgar 1993). 

The temporal patterns shown by the Ecklonia radiata epifauna are more difficult to 

interpret, as they bear no relation to incident sunlight. It is possible that the Ecklonia radiata 

epifauna may escape from a reliance on highly seasonal epiphytic algae by feeding on 

particulate matter sloughed or abraded off the host plant itself. Such material would be less 

prone to seasonal fluctuations in incident light, because the host plant is perennial, and will 
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probably continue to lose tissue even when it is not actively growmg (Newell 1984, 

Novaczek 1984). Laminarians such as Ecklonia have an intercalary meristem and older tissue 

is continually eroded from the tips of the fronds (Mann & Kirkman 1981). In contrast, 

Carpophyllum (Dromgoole 1973) and other fucaleans (Clayton 1984) have apical meristems, 

and appear to lose tissue at much lower rates because cells are protected by new tissue as they 

age (see Chapter Five for a fuller discussion). Edgar (1990b) similarly proposes that the lack 

of seasonal variation in epifauna associated with decaying macrophytes is due to the 

uncoupling of this stable food resource from seasonal fluctuations in primary productivity. 

Recruitment pulses of the small labrid fish Notolabrus celidotus may contribute to the 

summer declines in epifaunal densities on Ecklonia radiata. At Goat Island, Notolabrus 

celidotus recruit to Ecklonia radiata and other seaweeds from December to February (Jones 

1980a), and after a brief period when they target copepods, feed mainly on epifaunal 

amphipods and isopods until they reach a standard length of 120 mm (Jones 1984), just over a 

year later (Jones 1980a). Unfortunately, no data are available on variability in Notolabrus 

celidotus recruitment strength over the period of this study, but a particularly large pulse in 

the summer of 1994-95 may have been responsible for the failure of epifaunal populations on 

Ecklonia radiata to increase during that period. In the previous two years epifaunal densities 

on Ecklonia radiata began to decline during winter (June-August) so predation by recent 

recruits of Notolabrus celidotus cannot account for this. Another possible reason why 

fluctuations in the Ecklonia radiata epifauna are more difficult to account for is that this plant 

is inhabited by particularly high densities of small amphipods and harpacticoid copepods 

(Edgar 1983a, White 1989, Taylor 1991, Gallahar & Kingsford 1993) that would have passed 

through 1 mm mesh. These animals comprised a greater proportion of the total epifaunal 

assemblage than did small animals on the Carpophyllum species, so may have obscured 

seasonal trends in the larger animals if the assemblage as a whole was limited by something 

like a seasonally fluctuating food source. 

Many authors have examined seasonal abundance patterns shown by epifauna 

inhabiting subtidal seaweeds (Table 3.3). However, only one study (Mukai 1971) spans two 

full years, and most are in the order of one year. Of the six studies (including the present 

one) that sampled the same season in more than one year, four found that "seasonal" peaks or 

troughs observed in the first year also occurred at the same time in subsequent year(s), for 

some taxa at least. Only Coyer (1984) and Duffy (1990) found no clear seasonally repeating 
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patterns in their epifaunal assemblages. Abundance peaks generally occurred in spring or 

summer, with the exception of the two tropical studies (Russo 1989, Martin-Smith 1993a), 

which recorded winter peaks. In most studies, population fluctuations of individual epifaunal 

taxa were not closely synchronized, the exception being Edgar (1983c). Choat & Kingett 

(1982) and Aoki (1988) are the only authors to experimentally examine factors that may 

influence seasonal fluctuations in seaweed epifaunal densities. Exclusion cages were used to 

determine whether predatory fish were responsible for putative seasonal declines in epifaunal 

densities, with the answer being "yes" for epifauna inhabiting Sargassum patens plants (Aoki 

1988), and "no" for epifauna inhabiting coralline turf (Choat & Kingett 1982), though the 

latter authors acknowledge that their experiment may have been compromised by epifaunal 

movement in and out of the cages. 

Some authors expressed their epifaunal abundances as numbers per individual plant or 

area of reef, while others standardised abundances to unit plant weight or surface area, and 

some gave both (Table 3.3). Whichever is used will depend primarily on the objectives of the 

study. If the primary interest is in the overall number of animals inhabiting an area of reef, 

say as a potential food source for fish, then the relevant measure will be animals per plant, 

perhaps multiplied by the density of plants. If, however, the focus is on the epifauna 

themselves and the seasonal factors that may influence them, then it is more useful to look at 

changes in epifaunal numbers per unit plant weight or surface area, because this parameter 

will respond directly to changes in such things as epiphytic algal loads (at least under typical 

circumstances where growth of the host plant does not outstrip epifaunal population growth). 

Numbers of animals per individual plant will not respond in such a direct manner, unless 

plant size is static. 

It appears that seasonal patterns in epifaunal abundance will generally be governed 

primarily by the food source of the epifauna, with taxa responding differently depending on 

whether their diet consists of seasonally fluctuating epiphytic algae, or more stable food 

sources such as the living host seaweed or macrophyte-derived detritus. In areas of high 

water flow, populations of suspension feeders such as podocerid and ischyrocerid amphipods 

(Nair & Anger 1979, Barnard et al. 1988) appear to escape from limitation by primary 

production on the host plant surface (Edgar 1993), and can reach extremely high abundances 

(Edgar 1983a, Chapter Two). Ultimately such populations are probably limited by the flux of 

suspended food or even by behavioural interactions (Barnard et al. 1988), both of which will 
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have an uncertain seasonal component. Predation by fish and decapods may modify food

driven patterns under some circumstances, particularly when spring/summer recruitment 

pulses of juvenile fish coincide with peaks of primary production. 



Table 3.1 Ranks of epifaunal taxa on three seaweed species during each season. Summer = 

Dec.-Feb., Autumn = Mar.-May, Winter= June-Aug., Spring = Sept.-Nov. For each season 

data were averaged across all years sampled. 

Carpophyllum maschalocarpum 

Rank Summer Autumn 

1 /schyrocerus spp. Plakarthrium typicum 

2 Plakarthrium typicum Amphoroidea media 

3 Hyale spp. Scutuloidea macula/a 

4 Amphoroidea media Ischyrocerus spp. 

5 Scutuloidea macula/a Hyale spp. 

6 Podocerus wanganui Ampithoe aorangi 

7 Ampithoe aorangi Podocerus wanganui 

8 Caprellina longicollis Nemertea 

9 Dynamenoides decima Caprellina longicollis 

10 Eusiridae B ircenna fulva 

Carpophyllum plumosum var. capillifolium 

Rank Summer Autumn 

1 Podocerus manawatu Podocerus manawatu 
2 Hyale spp. Eatoniella spp. 
3 Gammaropsis spp. Paradexamine spp. 
4 Ventojassa frequens Hyale spp. 

5 Eusiridae Batedotea elongata 
6 Paradexamine spp. A ora maculata 
7 Ampithoe aorangi Eusiridae 
8 Eatoniel/a spp. Pusillina haurakiensis 
9 Batedotea elongata Ampithoe aorangi 
10 Pusillina hamiltoni Dynamenoides decima 

Ecklonia radiata 

Rank Summer Autumn 

1 Plakarthrium typicum Plakarthrium typicum 
2 /schyrocerus spp. Ischyrocerus spp. 
3 A ora maculata A ora macula/a 
4 B ircenna fulva Amphoroidea longipes 
5 Amphoroidea longipes Podocerus karu 
6 Cantharidus purpureus B ircenna fulva 
7 Micrelenchus dilatatus Stylochoplana spp. 
8 ?Atyloella spp. Mysidacea 

9 Hyale spp. Cantharidus purpureus 
10 Neastacilla tattersalli ?Atyloella spp. 

Winter 

Plakarthrium typicum 

Amphoroidea media 
Scutuloidea maculata 
Ischyrocerus spp. 
Ampithoe aorangi 
Podocerus wanganui 
Hyale spp. 
Dynamenoides decima 
Caprellina longicollis 

B ircenna fulva 

Winter 

Podocerus manawatu 
Eatoniella spp. 
Hyale spp. 

Eusiridae 
Batedotea elongata 

Cassidinopsis admirabilis 
Paradexamine spp. 
Tetradeion crassum 
Ampithoe aorangi 
Stenothoe moe 

Winter 

Plakarthrium typicum 

Ischyrocerus spp. 
Amphoroidea longipes 

Aora maculata 
B ircenna fulva 
?Atyloella spp. 
Mysidacea 
Stylochoplana spp. 
Cantharidus purpureus 
Micrelenchus dilatatus 

Spring 

Plakarthrium typicum 

Ischyrocerus spp. 
Amphoroidea media 
Podocerus wanganui 
Ampithoe aorangi 

Hyale spp. 
Scutuloidea maculata 
Dynamenoides decima 

Eusiridae 
Caprellina longicol/is 

Spring 

Podocerus manawatu 

Hyale spp. 
Stenothoe moe 

Batedotea elongata 

Ampithoe aorangi 

Eatoniella spp. 
Cassidinopsis admirabilis 
Eusiridae 
Tetradeion crassum 
Gammaropsis spp. 

Spring 

Plakarthrium typicum 

/schyrocerus spp. 
A ora macula/a 

Bircenna fulva 
Amphoroidea longipes 
?Atyloel/a spp. 
Stenothoe moe 

Mysidacea 
Podocerus manawatu 

Cantharidus purpureus 



Table 3.2 Results of studies on diel abundance patterns of seaweed epifauna. 

Location 

Chile 

Tasmania, 
Australia 

Wellington 
Harbour, New 
Zealand 

Santa Catalina 
Island, California 

Baltic Sea 

France 

Queensland, 
Australia 

Sao Paulo, Brazil 

Results 

Hyale spp. gammarid amphipods migrated 
onto intertidal Iridaea laminarioides 
(Rhodophyceae) at night. 

At night densities of ampithoid amphipods 
decreased on Zonaria turneriana but not 
on Sargassum verruculosum, although 
recolonization experiments detected some 
movement of animals between individual 
plants of the latter species. 

Algae-dwelling amphipods abundant in 
night-time light trap samples, peaking 
before dawn. No lunar rhythmicity, but 
more in rough seas. Plants not sampled. 

Gamrnarid amphipods abundant in water 
column at night, with densities of the most 
abundant species in the plankton (Batea 
transversa) lower on algae after dark. 
Hyale nigra was abundant on algae but 
never found in plankton. 

Seaweed-dwelling amphipods, isopods, 
and mysids were abundant in the water 
above Cladophora beds at night, but not 
during day. Plants not sampled. 

Animals more abundant at night on one 
species of seaweed, no clear diel 
differences on three other species. 

No diel differences found in abundances of 
gammarid amphipods, sphaeromatid 
isopods, polychaetes or gastropods on 
Sargassum jissifolium. Cumacean and 
decapod densities were higher at night. 

Migration of whole epifaunal assemblage 
off Sargassum cymosum during day 
(suggested searching for food on rocks), 
and back onto plants at night (suggested 
necessary to reach water with more oxygen 
and less carbon dioxide). 

Reference 

Buschmann (1990) 

Edgar (1983b) 

Fincham (1974) 

Hobson & Chess 
(1976) 

Jansson & 
Kallander (1968) 

Ledoyer (1969) 

Martin-Smith 
(1994) 

Montouchet (1979) 



Table 3.2 cont. 

Location 

N ortheastem 
New Zealand 

Results Reference 

Almost all epifaunal taxa on Carpophyllum This chapter 
plumosum var. capillifolium showed no 
diel differences in abundance. Community 
structure very similar around clock. 
Eusirid amphipods, cumaceans and mysids 
were more common in night-time samples, 
but may have been in the water column 
rather than on the plant. Most taxa appear 
to move between plants at night, by 
crawling rather than swimming. 



Table 3.3 Results of studies on seasonal abundance patterns of epifauna inhabiting subtidal seaweeds. 

Seaweed Duration of Frequency Numbers 
Location spectes study (mo) of sampling expressed Results Reference 

Japan Sargassum 13 1-2 times per area Caprellid amphipod densities peaked in late winter, with Aoki (1988) 
patens per month of seabed subsequent rapid decline due to fish predation, then plant 

tissue loss. 

Northeastern Coralline 9 monthly per area Amphipod densities peaked in early summer, subsequent Choat & Kingett 
New Zealand turf of seabed decline thought to be due to fish predation. No clear (1982) 

seasonal patterns in ostracods or polychaetes. 

California Macrocystis 19 monthly per plant Among major taxa only the shrimp Hippolyte clarki Coyer (1984) 
pyrifera weight showed any seasonal trend (density maxima in winter). 

North Sargassum 19 bimonthly per plant Abundance peaks of three garnmarid and one caprellid Duffy (1990) 
Carolina filipendula weight amphipod species not consistent between years. 

Tasmania Five brown 12 monthly per Total animals on four seaweed species peaking in late Edgar (1983c) 
seaweeds individual summer or early autumn, with nearly all epifaunal taxa 

plant peaking then also. Coincided with peaks in epiphytic 
algal biomass. 

Northeastern Fucus 10 irregular per plant Highest densities of total animals found in late summer, Hagerman 
Denmark serratus weight due mainly to massive bivalve recruitment. Most taxa (1966) 

more abundant in summer than winter. 



Table 3.3 cont. 1 

Seaweed Duration of Frequency Numbers 
Location species study (mo) of sampling expressed Results Reference 

Wellington, Three brown 12 monthly per plant Total densities ofharpacticoid copepods peaked in late Hicks (1977b) 
New Zealand seaweeds, surface summer on two algal species, in spring on the third, and 

one red area in no season on the fourth. Individual copepod species 
peaked throughout the year. 

Japan Sargassum 11-15 semi- per plant Caprellid amphipods peaked massively in spring to mid- Hirayama & 
spp. monthly I weight summer, just before plants shed their thallus. Kikuchi (1980), 

seasonally Imada& 
Kikuchi ( 19 84) 

Queensland, Sargassum 16 monthly per plant Amphipods peaked in winter, thought due to coincident Martin-Smith 
Australia spp. and plant peak in epiphytic biomass. Summer peak in gastropods. (1993a) 

weight 

Japan Sargassum 25 1-2 times per Total number of animals per plant tracked plant weight, Mukai (1971) 
serratifolium per month individual with spring peaks and summer troughs. There was no 

plant and clear seasonal trend for total animal densities per unit 
plant plant weight, but amphipods, isopods and tanaids showed 
weight clear summer peaks of abundance both years when scaled 

per unit plant weight (and per plant). 

Hawaii Sargassum 10 monthly per area Early winter peaks of amphipod densities per area of Russo (1989) 
polyphyl/um, of seabed, seabed, and per plant weight. Same assemblage of 
other spp. and plant dominant amphipod spp. present throughout year. 

weight 



Table 3.3 cont. 2 

Seaweed 
Location species 

Japan Gelidium 
amansii 

Northeastern Three brown 
New Zealand seaweeds 

Duration of 
study (mo) 

12 

27-36 

Frequency Numbers 
of sampling expressed 

monthly per plant 
weight 

monthly per plant 
weight 

Results 

Density of dominant caprellid peaked in late spring, 
dropped sharply in late summer. 

Total animal abundances tracked solar radiation on two 
fucaleans (peaks in summer), no clear trend on a 
laminarian. Stable grouping of common epifaunal taxa 
on each alga over time. 

Reference 

Takeuchi et al. 
(1990) 

This chapter 



Figure 3.1 Total epifaunal densities on Carpophyllum plumosum var. capillifolium plants at 

four-hourly intervals on seven days spanning all four lunar states. Hatched bars= dawn/dusk, 

clear bars= day, filled bars= night. (n = 3 replicate plants). 
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Figure 3.2 Densities of maJor epifaunal groups on Carpophyllum plumosum var. 

capillifolium plants at four-hourly intervals on seven days spanning all four lunar states. 

Hatched bars= dawn/dusk, clear bars= day, filled bars= night. (n = 3 replicate plants). 
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Figure 3.3 Rank abundances of epifauna on Carpophyllum plumosum var. capillifolium 

plants during each four-hourly time interval, averaged across lunar states. AA = Ampithoe 

aorangi, AO = Aora maculata, BA = Batedotea elongata, CA = Cassidinopsis admirabilis, 

EA = Eatoniella spp., EU = Eusiridae, EX = Exosphaeroma chilensis, GA = Gammaropsis 

spp., HY = Hyale spp., PA = Paranthura sp., PC = Parapherusa crassipes, PH = Pusillina 

hamiltoni, PK = Podocerus karu, PM = Podocerus manawatu, RH = Rhynchocoela, ST = 

Stenothoe moe, VF = Ventojassafrequens . (n = 3 replicate plants per time period per day, 7 

days). 
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Figure 3.4 Canonical discriminant analysis (CDA) plot of first two canonical variates (CVs) 

summarising trends in densities of 20 commonest epifaunal taxa on Carpophyllum plumosum 

var. capillifolium plants at four-hourly intervals. Epifaunal taxa labelled on axes are those 

that were identified by the CDA as showing largest density differences among the time 

intervals. Each point represents the mean canonical variate score of three plants from a time. 

Percentages associated with each CV refer to the proportion of total variation accounted for 

by that CV. 
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Figure 3.5 Densities of the gammarid amphipod family Eusiridae, cumaceans, and mysids 

on Carpophyllum plumosum var. capillifolium plants at four-hourly intervals on seven days 

spanning all four lunar states. Hatched bars = dawn/dusk, clear bars = day, filled bars = 

night. 
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Figure 3.6 Size structure of eusirid amphipod population on Carpophyllum plumosum var. 

capillifolium plants during day and night. 
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Figure 3. 7 Recolonization of experimentally denuded Carpophyllum plumosum var. 

capillifolium plants by major epifaunal taxa, on two occasions. Treatments: "D. cont." = 

denudation control (plants retained following denudation to check the efficiency of the 

procedure), "Control"= naturally occurring plants harvested at the same time as experimental 

plants, "Turf' = plants deployed within small turf patches occuring within the seaweed forest, 

so that they never physically contacted other plants, "Forest" = plants deployed inside the 

seaweed forest, so that they were continually in physical contact with other plants. Time 

period (e.g. 0700 h 25/4/94) is time when plants were harvested; 0700 h plants had been left 

to be recolonized overnight, and 1800 h plants had been left to be recolonized during the 

hours of daylight. (n = 5 replicate plants). 



Total animals 

200-

100-

or- Amphipods 
+ 150-
c 
ro 
~ 100-

+-' 
Q) 

~ 
ro lsopods 
0> 30-
ro 
0> 

0 20-
0 

>- 10 -
+-' 
"(i) 

~ 0 -f--..IL......L..---L.,-L,...L..L....L.. nL......L.---..L....L.. nL......L....I 
Gastropods 75-

50-

25-

...;0 
c I.... 
Q+-' 
0 c 

0 
ciO 

1830 h 
24/4/94 

0700 h - 1800 h 
25/4/94 25/4/94 

150 

100 

50 

0-J--L....l...----e=..L....l.L...J..L...JL.-..~L...LJI......L.....I 

100 

50 

0 ~L....l...--~..l.L...~L.-..--~-Y 
20 

10 

50 

25 

Treatment 



Figure 3.8 Total epifaunal densities on three brown seaweed species versus time, along with 

a plot of sea surface. temperature (SST), and incident solar radiation over the same period. (n 

= 5 replicate plants). 
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Figure 3.9 Densities of the eight commonest epifaunal taxa on Carpophyllum 

maschalocarpum plants versus time. Taxa are ranked in decreasing order of mean density 

during the sampling period. (n = 5 replicate plants). 
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Figure 3.10 Densities of the eight commonest epifaunal taxa on Carpophyllum plumosum 

var. capillifolium plants versus time. Taxa are ranked in decreasing order of mean density 

during the sampling period. (n = 5 replicate plants). 
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Figure 3.11 Densities of the six commonest epifaunal taxa on Ecklonia radiata plants versus 

time. Taxa are ranked in decreasing order of mean density during the sampling period. (n = 

5 replicate plants). 
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Chapter Four 

Abundance, biomass and productivity of animals in four subtidal rocky 

reef habitats 

4.1 Introduction 

34 

Seaweeds are inhabited by large numbers of small mobile invertebrates, but to date 

the potential role of these epifaunal1 animals in temperate rocky reef ecosystems has been 

largely overlooked. Instead, research has focussed on megafauna2 such as echinoids, lobsters, 

fish, and mussels. This is particularly true for assemblage-level trophic studies of temperate 

reefs (e.g. Miller et al. 1971, Newell et al. 1982). However, there are several reasons why 

epifauna may also be important consumers, secondary producers and nutrient recyclers on 

subtidal rocky reefs. 

Epifauna are extremely abundant on many benthic substrata, with densities in 

vegetated habitats frequently in the vicinity of 2 x 105 individuals · m-2 of seafloor (Choat & 

Kingett 1982, Chapter Two, Appendix Two, this chapter). Small animals have higher 

metabolic rates per unit mass than do larger ones, with metabolic rate parameters such as 

growth scaling to body mass with a power of ~0.75 (Peters 1983). This combination of high 

abundances and high metabolic rates potentially makes epifaunal assemblages very 

productive3
, as shown recently by Vetter (1995), who found that the productivity of a 

assemblage of small crustaceans living in mats of decaying seaweeds was the highest 

recorded for animals in any natural benthic system. 

Temperate rocky reefs usually support high densities of fish, and a large number of 

these (including juveniles of many species that attain large sizes as adults) feed by picking 

epifauna off seaweeds (Quast 1971 , Bray & Ebeling 1975, Choat 1982, Choat & Kingett 

1982, Russell 1983, Laur & Ebeling 1983, Edgar & Moore 1986, Jones 1988, Edgar & Aoki 

1993). Many epifaunal individuals enter the water column at night as demersal zooplankton, 

where they are preyed upon heavily by nocturnal planktivorous fish (Hobson & Chess 1976). 

These small fish clearly require a productive prey base, given that they eat ~3.1 % of their 

1 I defme epifauna as mobile benthic animals large enough to be trapped on a 0.5 mm mesh sieve, but < 10 mm 
in length. 
2 I defme the prefix "mega-" as pertaining to animals~ 10 mm in length (including fish). 
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own body weight every day (Edgar & Shaw 1995b ). Since the majority of epifauna are 

detritivorous or herbivorous (Appendix One) they form an important trophic link between 

primary production and the fish fauna. Production by larger grazers such as gastropods and 

echinoids is less available to predators (e.g. Russell 1983), presumably due to the protective 

shell or test. This is demonstrated by the persistence of large numbers of relatively long-lived 

gastropods and echinoids in some temperate reef habitats (e.g. Hartley 1978, Choat & 

Andrew 1986). 

Energy flow studies at the ecosystem level in seaweed forests have been made by 

Miller et al. (1 971) at St Margaret's Bay in Nova Scotia, and by workers at the Cape 

Peninsula in South Africa (Field et al. 1977, Velimirov et al. 1977, Newell et al. 1982, review 

of Branch & Griffiths 1988). These studies ignored the potential contribution of small mobile 

invertebrates. However, Edgar & Moore (1986) show that, by doing so, a major pathway 

may have been neglected. Edgar and Moore applied a literature-derived production:biomass 

ratio to biomass estimates for seaweed epifauna in the Cape Peninsula kelp forest (from Allen 

& Griffiths 1981 ), and calculated that productivity of seaweed epifauna in the mediate zone 

of the kelp forest comprises about 60 % of the value given by Newell et al. (1982) for larger 

animals offshore. The relative contribution of the epifauna may be even greater elsewhere, 

because the dominance of large suspension feeders (such as mussels) in the South African 

kelp beds is not typical of subtidal seaweed forests in other parts of the world (Edgar & 

Moore 1986 and references therein). 

In addition to the quantitative studies described in the previous paragraph, seven 

qualitative food webs have been presented for subtidal seaweed forests. These display known 

feeding interactions (usually discerned from gut contents analysis or direct visual 

observations), but do not quantify the magnitude of the fluxes. Four apply to giant kelp 

(Macrocystis pyrifera) forests along the Californian coast. Of these, the two earlier ones 

ignore epifauna completely, focussing instead on the megafauna (Rosenthal et al. 1974, 

Pearse & Hines 1976 cited in Foster & Schiel 1985). The two more recent food webs are 

relatively comprehensive and include small crustaceans, polychaetes and gastropods, but 

these are lumped together with virtually every other major taxon found on rocky reefs in 

3 I follow Hatcher (1994), who defines "production" as "the amount of organic matter (mass) produced at some 
level of organization per unit ... area", and "productivity" as "the rate at which that material is produced per unit 
time" . Following Crisp (1984), I exclude reproductive bodies released from the organism. 
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broad categories such as "herbivores", and do not indicate the relative trophic importance of 

the various groups (Foster & Schiel 1985, Harrold & Pearse 1987). A fifth food web has 

been given for Macrocystis pyrifera beds in southern Chile, and deals almost exclusively with 

megafauna, although the author acknowledges the potential importance of small crustaceans 

as recyclers of kelp detritus (Castilla 1985). Two food webs given for shallow rocky reefs in 

the Aleutian archipelago (Simenstad et al. 1977, 1978) are more informative. Both emphasise 

the importance of epifaunal crustaceans (mainly amphipods and mysids) as a link between 

kelp production and nearshore fishes. Sea otters are held to be a keystone predator in this 

system, as their absence (due to exploitation by humans) allows echinoid populations to 

increase and graze the kelp forest to destruction, thus cutting off the supply of kelp detritus to 

the epifauna (Simenstad et al. 1978). Epifaunal crustaceans and the higher trophic levels that 

depend upon them are given a minor role in this megagrazer-dominated "alternate stable 

state" food web (Simenstad et al. 1978). 

There appear to be three major reasons why the trophic importance of epifauna has 

received less attention than the megafauna. First, epifauna are less conspicuous than larger 

animals such as echinoids, fish, and lobsters. Second, they are more difficult to sample 

quantitatively from the structurally diverse habitats found on rocky reefs, though this can be 

done using a combination of techniques (e.g. Chess 1978, section 4.2.1 of this chapter). 

Third, the diversity of epifaunal assemblages generally precludes the calculation of 

productivity for each species using conventional methods such as cohort analysis. However, 

the recent method of Edgar (1990c) makes it possible to estimate assemblage-level 

productivity simply by washing samples through a stack of sieves with geometrically 

decreasing mesh sizes, and counting the number of individuals trapped on each sieve. Edgar 

gives an equation that predicts the body mass of individuals on each sieve, and another 

equation that predicts productivity as a function of body mass and water temperature. The 

latter equation is based on a compilation of literature-derived data for individual species and 

is surprisingly precise (log body weight and log water temperature account for 94 % of 

variation in log productivity). The error involved in predicting the productivity of individual 

species using such methods can be high, but tends to cancel out in assemblage-level estimates 

(Edgar 1990c). Brey (1990) found that a similar allometric method generated assemblage

level estimates that were within 11 % of values obtained using cohort-based methods for 

three of the four benthic communities he examined. 
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In this chapter I quantify abundance, biomass and productivity of reef-dwelling 

animals> 0.5 mm sieve size in four habitats4 characteristic of shallow subtidal rocky reefs in 

temperate northeastern New Zealand. The study was done in the Cape Rodney to Okakari 

Point Marine Reserve (gazetted 1975; Gordon & Ballantine 1976). The reserve is adjacent to 

the University of Auckland's Leigh Marine Laboratory, and has been the subject of numerous 

ecological studies (see reviews of Gordon & Ballantine 1976, Andrew 1988, Creese 1988, 

Jones 1988, Schiel 1988, Creese & Jeffs 1993). For the purposes of this chapter, the past 

work provided (1) valuable background information on biological structure and function 

within each habitat, and (2) length-weight and growth curves that could be used to estimate 

the biomass and productivity of many megafauna} species. The reserve had the further 

advantage of being relatively "natural", as harvested species of fish (Cole et al. 1990) and 

spiny lobster (MacDiarmid & Breen 1993) were larger, more abundant, and more 

approachable (Cole 1994) in the reserve than along the surrounding coastline. 

Habitats within the reserve have been categorized and described by Ayling (1978). 

Ayling's broad habitat types occur on hard bottoms along the exposed northeastern coast of 

New Zealand (Choat & Schiel 1982), and his scheme is broadly adhered to in the following 

introduction ofhabitats surveyed in this chapter. 

(1) Carpophyllum plumosum var. capillifolium forest (hereafter "Carpophyllum 

forest"). This finely-structured fucalean seaweed grows to a height of 0.5-1.5 m, and forms 

dense monocultural stands on shallow (0-5 m depth) sandstone platforms. Most of the 

bedrock is occupied by densely intertwined Carpophyllum plumosum var. capillifolium 

holdfasts. This habitat is a component of Ayling's "shallow broken rock" habitat, which is 

typically dominated by several species of the endemic New Zealand genus Carpophyllum. 

(2) Ecklonia radiata forest (hereafter "Ecklonia forest"). Dense, 1-1.5 m tall stands of 

the stipitate laminarian seaweed Ecklonia radiata are a characteristic feature of rocky reefs in 

northern New Zealand (Choat & Schiel 1982, Schiel 1988). A variety of substrata including 

red turfing algae and encrusting corallines are found beneath the canopy of Ecklonia forests 

(Schiel1988, Underwood et al. 1991). The shallow area chosen for this study did not appear 

to have been affected by the mass mortality of Ecklonia radiata that occurred in deeper 

waters during the summer of 1992-93 (Cole & Babcock 1996). 

4 I define "habitat" as the broad reef type listed in Table 4.1 (e.g. "Carpophyllum forest"), and "substratum" as 
the finer-scale bottom types recognized within each habitat (listed in Table 4.2; e.g. "bare rock/coralline paint"). 
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(3) Urchin barrens. Also known as "rock flats" (Ayling 1978), "coralline flats" 

(Ayling 1981 ), or "barren grounds" (Lawrence 1975), this habitat typically forms a zone at 5-

10 m depth in northeastern New Zealand (Choat & Schiel 1982), and is defined by high 

densities of the echinometrid echinoid Evechinus chloroticus and a suite of grazing 

gastropods that together eliminate almost all erect seaweeds, leaving a layer of crustose 

coralline algae (Andrew & Choat 1982, Choat & Andrew 1986). 

( 4) Coralline algal turf flats (hereafter "turf flats"). In this habitat (termed "sediment 

covered rock flats" by Ayling), articulated corallines form uniform beds on flat rock. The turf 

traps and stabilises a 10-20 mm thick layer of sand, and also accumulates detritus. The 

turbinid gastropod Cookia sulcata and the sponge Polymastia sp. are the only common 

conspicuous invertebrates. High densities of juvenile carangid, mullid, and sparid fishes are 

associated with this habitat, feeding on small animals in the turf (Choat & Kingett 1982, pers. 

obs.). 

In the following text reference is often made to the structural complexity of the four 

habitats. The Carpophyllum forest and turf flats are considered to be finely-structured on a 

scale relevant to epifauna due to the dense narrow fronds of the dominant plants (Chapter 

Two). The Ecklonia forest is considered to be a less structurally complex environment for 

epifauna since the fronds of the dominant alga are much wider and flatter, although the red 

algal understorey species provide some fine structure. The urchin barrens are held to be the 

least complex habitat, as the dominant macroalgae (crustose corallines) mould to the bedrock 

and project virtually no tissue into the water column (I noticed none of the ephemeral red 

algae that Jones (1984) found to be abundant on the Waterfall Crest urchin barrens from 

October 1978 to January 1979). 

Currencies commonly used to measure animal biomass and production include 

energy, nitrogen, carbon, dry weight and ash-free dry weight (AFDW). The AFDW of an 

organism represents the organic component, after water and inorganic matter have been 

accounted for, and was used in this study for several reasons. First, it is easy to measure, 

requiring only a drying oven and a muffle furnace. These were readily accessible, whereas a 

bomb calorimeter (for measuring energy content) or an elemental analyser (carbon and 

nitrogen) were not. Second, AFDW is a very good predictor of energy content (23 kJ · g"1
; 

Brey et al. 1988), which enabled comparison of my results with those from studies of energy 
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flux in seaweed forests (Miller et al. 1971, Newell et al. 1982). Moreover, AFDW was the 

currency in the method used for estimating epifaunal productivity (Edgar 1990c ). 

4.2 Methods 

This study was carried out in the Cape Rodney to Okakari Point Marine Reserve, in 

northeastern New Zealand (36°16'S, 174°47'E). Abundance, biomass and productivity of all 

animals larger than 0.5 mm sieve size were surveyed within permanent plots set up in four 

subtidal habitats at sites in the central reserve, near the University of Auckland's Leigh 

Marine Laboratory. The habitats are listed in Table 4.1; together they occupied ~71 %of 

exposed bedrock in the reserve (Ayling 1978). Their depths ranged from 2-9 m. 

Within each habitat, 200-400 m2 of seafloor was delimited using small floats tied to 

stainless steel pegs that were cemented into the bedrock. One to eight plots (irregular 

polygons) were set up in each habitat, with the number of plots depending on the patchiness 

of the habitat. The area within each plot was measured by triangulation amongst the pegs. 

All sampling and censuses were done within these plots by a diver during daylight hours. 

Within each habitat, sampling effort was distributed amongst plots in proportion to plot area 

(i.e. if a plot occupied 25 % of the area of a habitat, then it received 25 % of the sampling 

effort for that habitat). Quadrats were placed haphazardly within plots. 

Sessile animals such as anemones, sponges, ascidians and bryozoans were 

uncommon, and were not considered except as substrata for epifauna. 

4.2.1 Epifauna 

Epifauna were sampled from virtually all substrata present (see Table 4.2). 

Animals on sponges and erect seaweeds were sampled by enclosing their individual 

host organisms in a large plastic bag that had a 0.2 mm mesh drainhole clamped into one 

comer. Ecklonia radiata plants were divided into three size classes (stipe length< 50 mm, > 

50 mm < 200 mm, > 200 mm) and were sampled complete with holdfast. Carpophyllum 

plumosum var. capillifolium stipes were divided into two size classes (length < 500 mm, > 

500 mm), and were cut off 10 mm above their holdfasts. Entire sponges were removed by 

slicing them off at the base with a knife. 



40 

Animals on substrata such as Carpophyllum plumosum var. capillifolium holdfasts 

(after the stipes were removed), coralline turf, bare rock/coralline paint, and rock beneath the 

echinoid Evechinus chloroticus were sampled from within a sealed circular area of 100 mm 

diameter (7.85 x 10-3 m2
) using a suction sampler with 0.2 mm mesh collecting bag attached 

(described in Appendix Two). The suction sampler was also used to sample sand from within 

a 50 mm internal diameter (1.96 x 10-3 m2
) plastic pipe corer. Bedrock in the Carpophyllum 

forest was stepped such that there were many coralline paint-covered vertical faces, each ~0.1 

m high and 1-4 m long. The suction sampler was used to vacuum animals from 0.1 m wide 

sections of these faces. 

Five replicate samples were taken of each substratum, except for Carpophyllum 

plumosum var. capillifolium stipes (n = 10 for each size class). 

Epifauna inhabiting Ecklonia radiata and Carpophyllum plumosum var. capillifolium 

plants were removed from their hosts using methods described in section 2.2 of Chapter Two. 

Sponge-dwelling amphipods were individually removed from within their host using a scalpel 

and forceps (under a dissecting microscope). Samples from all substrata were preserved in 5 

% formalin, with Rose Bengal vital stain added to Ecklonia radiata and coralline turf 

samples. Samples were later washed through a log-series of sieves (8, 5.6, 4, 2.8, 2, 1.4, 1, 

0.71, and 0.5 rnm mesh sizes) to size-fractionate the animals (Edgar 1990c). Megafauna! 

individuals encountered were dealt with separately (see section 4.2.2). All epifaunal 

individuals trapped on each sieve were sorted to a coarse taxonomic level, and their biomass 

and productivity were estimated using the general equations of Edgar ( 1990c ). 

Results were scaled to account for the prevalence of each substratum, estimated using 

0.25 m2 quadrats for Carpophyllum plumosum var. capillifolium stipes in the Carpophyllum 

forest, and 1 m2 quadrats for Ecklonia radiata, Ceramium sp. (red alga) and Polymastia sp. 

(sponge) in the Ecklonia forest (n = 10). Total counts were made of Polymastia sp. in the turf 

flats habitat. Percent cover of substrata on flat surfaces (e.g. bare rock) was estimated by 

recording substratum type under points of a 1 m2 grid laid over plots in each habitat using 

fibreglass measuring tapes. The total distance of vertical rock faces within the Carpophyllum 

forest was measured with a tape, so that numbers of animals in suction samples taken from a 

0.1 m width of rock face could be scaled to per m2 of substratum. Extents of the various 

substrata are given in Table 4.2. Total cover sampled was less than 100% in two habitats. In 

the Carpophyllum forest the remainder consisted of transient sand (2.5 %) and cobbles (1.0 
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%), neither of which held appreciable numbers of epifauna (pers. obs.). In the Ecklonia 

forest, the remainder was Ecklonia radiata holdfasts (6.0 %) that were sampled with the rest 

of the plant and scaled to plant density, and Ancorina sp. sponges (0.5 %) that harboured 

negligible numbers of epifauna (pers. obs.). 

4.2.2 Megafauna 

Larger animals were censused in situ. Sizes of gastropods, hermit crabs and echinoids 

were measured directly using vernier calipers, but lengths of more mobile animals such as 

fish and larger decapods had to be estimated visually. Within each habitat, total counts were 

made of spiny lobsters (Jasus edwardsii) and large fish (excluding pelagic species), the latter 

replicated 2-4 times on separate days. Smaller, cryptic fish (mostly blennioids) and large 

brachyuran crabs (mostly Plagusia chabrus) were censused within ten 5 x 1 m strip transects. 

Echinoids (Evechinus ch/oroticus), gastropods (trochids, turbinids and neogastropods) and 

hermit crabs (Paguroidea) were censused within ten 1 m2 quadrats, except in the urchin 

barrens, where highly abundant individuals of the gastropods Cantharidus purpureus, 

Cel/ana stellifera and Trochus viridis were censused within ten 0.25 m2 quadrats. In the turf 

flats habitat, total counts were made of all megainvertebrates > 40 mm (mostly the large 

gastropod Cookia sulcata; these individuals were not considered when found in the 1 m2 

quadrats). Biomass and productivity of megafauna! individuals encountered during sampling 

for epifauna (mainly cryptic blennioid and gobiesocid fish and gastropods found on seaweed 

plants) were estimated as described below, and scaled per m2 of seabed according to the 

extent of the substratum, as described earlier for epifauna. 

Biomass and productivity values were expressed as ash-free dry weight (AFDW), the 

difference between animal (shell-free) dry weight (after drying to constant weight at 80°C) 

and inorganic weight (after incinerating the dry tissue at 500°C for 12 h (most 

megainvertebrates) or 24 h (fish), or after boiling it for 1 h in 10 % w/v NaOH (echinoids) 

(Crisp 1984)). 

Biomasses were estimated using length-weight relationships determined from animals 

collected outside the study sites. Fish length-wet weight equations and a wet weight-AFDW 

conversion factor were taken from Appendix Three. Coefficients for length-AFDW 

equations for megainvertebrates are given in Table 4.3. 
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Methods for estimating the productivity of fishes are described in detail in Appendix 

Three. Briefly, growth in length was predicted using the von Bertalanffy growth formula 

(VBGF), and converted to growth in AFDW using length-wet weight relationships and a wet 

weight-AFDW conversion factor. Wherever possible, the von Bertalanffy parameters Loo and 

K for a species were taken from the published literature or from unpublished theses. Where 

such data did not exist, Loo was estimated as a function of the lower length value given for 

adult individuals in Ayling & Cox (1982). Wet weight at Loo was then used to predict K. 

Seasonality of growth was accounted for using a seasonally oscillating form of the VBGF. 

Productivity of megainvertebrates was estimated as for fishes, except that Loo was taken as the 

length of the largest individual collected for the length-weight relationships (Fig. 4.1 a), and a 

separate relationship was used to estimate K from weight (AFDW) at Loo (Fig. 4.1 b). 

Fishes were categorized according to their major food source as (1) herbivores, (2) 

predators of epifauna, (3) predators of megainvertebrates, or (4) predators of sessile animals 

(Table 4.4). The consumption rates of fishes that prey upon epifauna was estimated in two 

different ways, by (1) applying an assumed conversion efficiency of 10 % (Pauly & 

Christensen 1995) to fish productivity data (from Table 4.7), and (2) applying a daily 

consumption rate of 3.1 %of fish body weight (Edgar & Shaw 1995b) to fish biomass data 

(from Table 4.6). This consumption rate was then expressed as a percentage of (1) total 

epifaunal productivity, and (2) productivity of crustaceans > 1 mm sieve size (the primary 

food source for fish of 0.1-100 g wet weight; Edgar & Shaw 1995b ). 

4.2.3 Seasonality 

All four habitats were surveyed once as described above, during October-November 

1994 (the austral spring). Productivity values for fishes and megainvertebrates were 

calculated for the common date of October 15, which corresponded to 0.789 as a fraction of 

the year (for substitution into eq. A3.8 of Appendix Three). Productivity values for epifauna 

were also calculated for October 15, using the Goat Island 25 year average sea surface 

temperature (SST) for this date of 15.3°C (Evans 1992) in the equation ofEdgar (1990c). 

I originally planned to survey all four habitats seasonally for one year, but the 

unexpectedly large amount of field time required for the spring survey, and the demands of 

other work (Chapter Five), made this logistically impractical. Instead, I resurveyed a single 

habitat, the turf flats, during each of the three seasons following spring 1994, in order to 



43 

examine variability in abundance, biomass, and secondary productivity throughout the year. 

Productivity for each season was calculated based on the actual dates and SSTs (measured on 

the seabed) at sampling. Abundance, biomass and productivity were plotted against time, 

along with daily total solar radiation, measured a few hundred metres away at the Leigh 

Marine Laboratory as described in Chapter Three. 

To allow comparisons to be made with literature values for secondary productivity in 

other aquatic habitats, the daily production value for each of the three habitats measured once 

in spring was converted to an_ annual estimate using the following equation: 

APh = SPh X 365 X AP /SP, 

where AP h = estimated annual total production in habitat h, SP h = daily total production in 

habitat h during spring, AP, = average annual daily total production in the turf flats habitat 

(i.e. the average of the four seasonal values), and SP1 =daily total production in the turf flats 

habitat during spring. Separate factors were calculated for epifauna and megafauna. 

Estimates of average annual abundance, biomass and productivity were scaled to give 

single reef-level values according to figures provided by Ayling (1978) for percent cover of 

subtidal rock in the marine reserve (Table 4.1 ). The four habitats sampled covered a total of 

-71.3 %of subtidal rock in the marine reserve, and it was assumed that the reef-level values 

for abundance, biomass and productivity were equivalent for fauna in habitats comprising the 

remaining 28.7 %. This may have resulted in a slight overestimation of reef-level abundance, 

biomass and productivity if these values were negatively correlated with water depth, as none 

of the four habitats surveyed was deeper than 9 m, and the reef often extends to 15-18 m 

depth (Ayling 1978). 

4.2.4 Standard errors 

Standard errors presented in the results section of this chapter are based on variability 

amongst final estimates of abundance, biomass and productivity calculated for each sample 

(or quadrat or transect). Where necessary (i.e. for generating a grand standard error on the 

sum or product of means), these errors were compounded following Topping (1962). The 

errors are exact for the abundance estimates, but the errors on the biomass and productivity 

estimates do not incorporate variability due to (1) error in estimating animal lengths in the 

field, or (2) sloppiness in relationships amongst length, weight and growth parameters. An 

estimate of variability due to (2) is bootstrapped for fish biomass and productivity estimates 
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in Appendix Three. For a typical fish assemblage, upper and lower 95% confidence intervals 

were found to be within -3 % of the mean total biomass estimate, and within -30 % of the 

mean total productivity estimate. 

4.3 Results 

4.3.1 Abundance 

In all four habitats, epifauna comprised the overwhelming majority (> 99.6 %) of 

individual animals > 0.5 mm sieve size (Table 4.5). Densities were positively correlated with 

the apparent structural complexity of the habitat, being highest in the Carpophyllum forest (2 

x 105 individuals· m"2
), and lowest in the urchin barrens (2 x 104 individuals· m"2

). Grazing 

gastropods (Calliostoma punctulatum, Cantharidus purpureus, Cellana stellifera, Cookia 

sulcata, Trochus viridis, Turbo smaragdus; Creese 1988) were the next most abundant group, 

reaching densities of 50-60 individuals · m-2 in the Ecklonia forest and the urchin barrens. 

Densities of fish and megainvertebrates such as decapods (mostly Jasus edwardsii and 

Plagusia chabrus), echinoids, and neogastropods (Buccinulum spp., Dicathais orbita) were 

generally in the order ofO.Ol-10 individuals· m-2
• 

4.3.2 Biomass 

Biomasses of the different animal groups were more equitable (Table 4.6). Epifauna 

comprised 85-95 % of total biomass in the Carpophyllum forest and turf flats habitats, 53 % 

in the Ecklonia forest, and 11 % in the urchin barrens. In the Ecklonia forest, the other 4 7 % 

of biomass comprised mostly grazing gastropods, fish preying upon epifauna (mainly the 

morwong Cheilodoctylus spectabilis), and decapods (spiny lobsters and brachyuran crabs). 

In the urchin barrens, most of the biomass was found in echinoids (59 %) and grazing 

gastropods (26 %). Total biomass varied little across the four habitats (range = 26-42 g 

AFDW · m"2
), being highest on the urchin barrens. 

4.3.3 Productivity 

In the structurally complex vegetated habitats (Carpophyllum forest and turf flats), 

epifauna contributed 98-99% of total secondary productivity (Table 4.7). The figure was 84 
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% in the Ecklonia forest, where the only other significant contributions to productivity were 

made by grazing gastropods (7 %) and fish preying upon epifauna (4 %). Epifaunal 

productivity was lowest (54 % of the total) in the urchin barrens, where grazing gastropods 

(24 %), fish preying upon epifauna (10 %), and echinoids (8 %) made their greatest 

contributions to productivity in any habitat. 

As with abundance, total productivity was positively correlated with the structural 

complexity of the habitat, being highest in the Carpophyllum forest ( 482 mg AFDW · m·2 
· 

d"\ and lowest in the urchin barrens (117 mg AFDW · m-2 
• d"1

). In each habitat the most 

productive fish feeding guild was the predators of epifauna. 

Epifaunal productivity was highest on finely-structured vegetated substrata, such as 

Carpophyllum plumosum var. capillifolium stipes and coralline turf (Table 4.8). This was 

most apparent in the Ecklonia forest, where epifaunal productivity was higher in the coralline 

turf than on the more conspicuous, but flat-bladed, Ecklonia plants themselves. 

Productivity of crustaceans > 1 mm sieve size amounted to 50 % of total epifaunal 

productivity in the Carpophyllum forest, and 15-19 % in the other habitats (Table 4.9). 

Crustaceans > 1 mm sieve size contributed the highest percentages ( 40-100 %) of epifaunal 

production in habitats that were very sheltered (in sponges and beneath Evechinus) or finely

structured (Carpophyllum plumosum var. capillifolium stipes). The contribution was much 

lower on bare rock/coralline paint (7-15 %) and coralline turf(19-24 %). 

The proportion of total epifaunal production consumed by fish was estimated to be 

less than 10 % in the Carpophyllum forest and turf flats, and 24-52 % in the Ecklonia forest 

(Table 4.1 0). The extremely high upper value estimated for the consumption of crustacean 

production on the urchin barrens (1163 %) was strongly influenced by the high productivity 

resulting from a large recruitment pulse of juvenile tripterygiids (Forsterygion varium) prior 

to censusing, and can be disregarded since it is almost certain that most of these fish would 

disappear during the following few weeks (Connell & Jones 1991). The lower value of 11 % 

is probably being a much more realistic estimate of fish consumption. At the level of the 

entire reef, fish consumed ~20 %of epifaunal production (taken to be the average of values 

(1) and (2) in Table 4.1 0, except for the urchin barrens, where value (2) was used, scaled for 

habitat extents provided by Ayling (1978)). Crustaceans> 1 mm sieve size are the primary 

prey of small predatory fish (Edgar & Shaw 1995b ), and it was estimated that all of their 

production was consumed in the Ecklonia forest and urchin barrens habitats. However, fish 
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only consumed 8-13 % of production of crustaceans > 1 mm sieve size in the Carpophyllum 

forest, and 15-38% in the turfflats. 

4.3.4 Seasonality 

In the turf flats habitat at Goat Island Bay, epifauna were about four orders of 

magnitude more abundant than any other animal group throughout the entire year (Fig. 4.2). 

Epifauna were also the major contributor to faunal biomass in all four seasons, always 

comprising at least an order of magnitude more biomass than any other group, with fish 

preying upon epifauna consistently second (Fig. 4.3). The pattern was consistent for 

productivity, with epifauna always at least two orders of magnitude more productive than 

their nearest rivals (again, usually fish preying upon epifauna) (Fig. 4.4). 

Abundance, biomass and productivity of epifauna in the turf flats habitat all tracked 

incident solar radiation (Fig. 4.5). 

Scaling factors calculated from measurements of annual variability in abundance, 

biomass and productivity in the turf flats habitat are presented in Table 4.11. Values were 

lower than unity for everything except megafauna! biomass, indicating a trend for values of 

abundance, biomass and productivity measured in spring to be higher than the mean annual 

values. These factors were used to generate average annual estimates of abundance, biomass 

and productivity for the other three habitats from measurements made during spring. 

When estimated average annual abundance, biomass and productivity values for each 

habitat were combined according to the relative habitat prevalences to yield single reef-level 

values, the epifaunal contribution decreased due to the high coverage of the Ecklonia forest 

and urchin barrens habitats in which (1) total faunal productivity was relatively low, and (2) 

the epifaunal contribution to this productivity was relatively low (Table 4.12). Even so, 

epifauna still contributed -21 % of faunal biomass, and -78 % of secondary productivity. 

The biomass of echinoids was high ( 41 % ), but their productivity was low (3 % ). Grazing 

gastropods made substantial contributions to biomass (27 %) and productivity (11 %), while 

fish preying upon epifauna were the next most important group (3 % of biomass, 5 % of 

productivity). As described above, the importance of these fish may have been overestimated 

due to recruitment of tripterygiids to the urchin barrens prior to censusing. 
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4.4 Discussion 

This study 1s the first to quantify directly the contribution of small mobile 

invertebrates to the flux of materials on subtidal rocky reefs. As expected (e.g. Edgar & 

Moore 1986), the high abundances and rapid turnover rates of epifauna make them very 

productive relative to other reef-dwelling animals. Their contribution to total annual 

secondary productivity was ~ 78 % on the scale of the entire reef, and up to 99 % in finely

structured vegetated habitats. Since productivity is proportional to other metabolic rate 

parameters (Peters 1983), this indicates that epifauna are the major consumers and nutrient 

recyclers amongst the reef-dwelling fauna, and hence deserve inclusion in trophic models of 

seaweed forests such as those of Miller et al. (1971) and Newell et al. (1982). 

The great contribution of epifauna to secondary productivity on the reef is clearly 

shown in Fig. 4.6, which summarises the major trophic pathways in each habitat. Particularly 

striking is the very high productivity of epifauna in the finely-structured vegetated habitats, 

and its very low level of utilization by higher trophic levels (Fig. 4.6a). Other noteworthy 

features are the similarity of biomasses and fluxes in the Carpophyllum forest and turf flats 

habitats (Fig. 4.6a), and the high biomass but low productivity of animals in the urchin 

barrens (Fig. 4.6c). 

4.4.1 The fate of epifaunal production 

It was estimated that only ~20 % of epifaunal production was consumed by fish, a 

value in close agreement with the results of several soft-sediment studies (Edgar & Shaw 

1995b and references therein). Decapods such as caridean shrimps and crabs are the only 

other potentially important predators (Howard 1984), but were rare on seaweeds in this study 

(Chapters Two and Three). I am reasonably confident that the low consumption rate was real, 

and was not due to the underestimation of fish predation intensity or atypically high epifaunal 

productivity during the spring survey. Transient schooling predatory fish such as juvenile 

carangids may have been undersampled in the turf flats habitat, but were never observed in 

the other habitats, and the limited number of counts made in this study appeared to be 

representative of the resident reef fish populations in each habitat (pers. obs.). In the turf flats 

habitat at least, the proportion of epifaunal production consumed by fish remained roughly 

constant throughout the year (2-20 % calculated using both methods described in section 

4.2.2). On three brown seaweeds, densities of epifauna > 1 mm (mostly crustaceans, the 
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primary prey of small fish; Edgar & Shaw 1995b) were not noticeably higher in spring than at 

any other time of the year (Chapter Three). 

Epifauna contributed -78 % of secondary productivity on the reef, and -80 % of this 

production did not appear to be consumed, meaning that at least -61 % of total secondary 

productivity on the reef is not utilized by higher trophic levels. What is the fate of this 

component? It is possible that a substantial proportion is lost from the reef when epifaunal 

individuals enter the water column at night as demersal zooplankton (Hobson & Chess 1976). 

Food shortages may frequently force epifauna to leave their host plants (Jansson & 

Matthiesen 1971, Edgar 1992), and be exposed to advection from the reef. The fate of 

animals transported from the reef is completely unknown, in terms of their survival and 

likelihood of relocating suitable habitat, and their importance to organisms in other habitats. 

Observations and experiments on the epifauna of Carpophyllum plumosum var. capillifolium 

indicated that most epifaunal individuals and taxa did not move into the water column at 

night (Chapter Three), but other studies in northeastern New Zealand (Moltschaniwskyj 1989, 

White 1989, Taylor 1991) and elsewhere (Jansson & Kallander 1968, Fincham 1974, Hobson 

& Chess 1976) have observed or inferred the presence of numerous epifaunal individuals in 

the water column at night. 

4.4.2 Epifaunal-fish interactions 

Small fish are almost certainly the major predators of epifauna on temperate reefs. In 

the finely-structured vegetated habitats, small predatory fish were the next most productive 

group after the epifauna, confirming the widely perceived importance of the epifaunal-fish 

trophic link (e.g. Brawley 1992). In northeastern New Zealand, a remarkably high proportion 

of fish species feed on small epifaunal animals such as amphipods for at least the early parts 

of their lives (Russell 1983, Jones 1988). In tum, a reasonably high proportion of small fish 

productivity is likely to be passed to higher trophic levels. In northeastern New Zealand, 

small reef fish are eaten by several larger fishes, principally the sparid Pagrus auratus, the 

pinguipedid Parapercis colias, and the zeid Zeus faber (Russell1983). 

4.4.2.1 Effects of epifauna on fish 

Although they only consumed -20 % of total epifaunal production, small predatory 

fishes could still be food-limited, because most epifaunal individuals are probably 
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unavailable to fish due to their small size, cryptic habitats, protective shells, unpalatability, or 

low nutritional value (Edgar & Shaw 1995b). Food limitation can be detected 

experimentally, by providing small fish with excess food and monitoring their growth rate 

relative to that of controls (Jones 1986). 

The primary prey of small predatory fish is crustaceans > 1 mm sieve size (Edgar & 

Shaw 1995b ), and it was estimated that all of the production of this epifaunal component was 

consumed in the structurally simple Ecklonia forest and urchin barrens habitats, but far less 

was consumed in the finely-structured Carpophyllum forest and turf flats habitats (8-13 % 

and 15-38 % respectively). There are two possible explanations for this difference: (1) fish 

predation success is negatively correlated with the physical complexity of the prey's habitat 

(Coull & Wells 1983, Gotceitas & Colgan 1989), or (2) fish predation pressure is relatively 

constant across habitats due to population limitation by some factor other than food (e.g. 

recruitment or predation), and the lower proportion of crustacean production consumed in the 

highly complex habitats is simply due to the higher prey densities there. 

Crustaceans > 1 mm sieve size comprised a much higher proportion of total epifaunal 

productivity on Carpophyllum plumosum var. capillifolium stipes than in the coralline turf 

(58 % versus 19-24 %), and this may be because the former substratum provides more 

protection from predatory fish. Several species of relatively large fish appear to have access 

to the entire turf fauna due to their long barbels that penetrate and stir up the sediment 

(mullids), or their ability to remove epifauna from mouthfuls of sand and turf (carangids and 

cheilodactylids ), but these feeding modes do not appear to be applicable to larger brown 

seaweeds. The much smaller tripterygiids and juvenile labrids, which feed off Carpophyllum 

plumosum var. capillifolium plants and other phaeophytes, pick individual epifaunal animals 

from the outer fronds (Jones 1983, pers. obs.). 

4.4.2.2 Effects of fish on epifauna 

It is often contended that fish predation can limit epifaunal densities (e.g. references in 

Choat 1982 and Holmlund et al. 1990), which raises the possibility that fish predation may 

also limit epifaunal productivity. It now appears that the main effect of fish predation is to 

alter the size structure of epifaunal assemblages by selectively removing larger individuals 

(Edgar & Aoki 1993). In the common case where epifaunal productivity is limited by diffuse 

competition for epiphytic food, the removal of each large individual via fish predation is 
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compensated for by the appearance of many more smaller animals that take advantage of the 

newly available resources, while total epifaunal productivity remains constant (Edgar & Aoki 

1993 ). Although this effect will not occur in epifaunal assemblages that feed primarily on 

suspended matter (Edgar 1993 ), it appears that fish predation frequently will not lessen the 

productivity of the epifauna as a whole, but it may substantially reduce the productivity of the 

epifaunal component that forms the principal diet of the small predatory fish (i.e. crustaceans 

> 1 mm sieve size), potentially resulting in the food limitation discussed above. 

4.4.3 Other flux studies 

How do the animal biomass and productivity values obtained in this study compare 

with the results of the two other major studies of fluxes in seaweed systems, i.e. Miller et al. 

(1971) in Nova Scotia, and Newell et al. (1982) on the Cape Peninsula? Biomass and 

productivity values for major faunal groups are summarized for the three studies in Table 

4.13, where the most striking feature is the enormous biomass and productivity of filter 

feeders (largely mussels) in the South African kelp beds. These in turn support a dense and 

productive lobster population. By comparison, filter feeders and lobsters are very rare on the 

Canadian and New Zealand reefs. However, biomass and productivity of grazers ( echinoids 

and megagastropods) are very similar across the three systems. Miller et al. (1971) did not 

examine epifauna, but biomass and productivity of this group were roughly equal in the New 

Zealand and South African systems. The slightly higher values in the South African kelp bed 

probably reflects (1) the smaller sieve mesh size used by Allen & Griffiths (1981) for their 

epifaunal survey (0.33 mm versus 0.5 mm in the present study), and (2) the extra habitat 

provided by a surface kelp canopy. In both systems the productivity of epifauna relative to 

larger animals would be much higher in heavily vegetated habitats than the reef-wide values 

indicate (Edgar & Moore 1986, Table 4.7). I did not attempt to estimate the productivity of 

epifauna associated with the large suspension feeders in the South African kelp beds, 

although a diverse range of small mobile animals (especially amp hi pods) live amongst 

mussels (Jacobi 1987a,b) and on or inside sponges (e.g. Costello & Myers 1987). However, 

it is unlikely that these individuals made a significant contribution to total secondary 

productivity (Asmus 1987). 

To enable comparison with a more diverse range of coastal benthic habitats, I 

compiled annual productivity values for published studies that used a sieve mesh size of 0.5 
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rnm to sample the benthos. Several patterns emerged (Table 4.14). First, productivity in the 

finely-structured vegetated habitats (Carpophyllum forest and turf flats) was high, being 

surpassed only by an extremely productive leptostracan-dominated crustacean assemblage 

inhabiting localised mats of macrophyte detritus in submarine canyons off San Diego 01 etter 

1995), and a mussel bed in the intertidal zone of the Wadden Sea (Asmus 1987). Second, 

productivities of all habitats examined in this chapter were higher than values for most 

subtidal habitats elsewhere, which were all soft-sediment with the exception of that described 

by Vetter (1995). Among the studies done by other workers, productivity tends to be higher 

in the intertidal than the subtidal. 

4.4.4 How open are subtidal rocky reef ecosystems? 

Several authors have recently stressed the importance of linkages between rocky reefs 

and other marine environments (Jones & Andrew 1993, Fairweather & Quinn 1993) 

Allochthonous material can enter subtidal rocky reefs (1) directly as incoming food 

items, or (2) indirectly by being consumed by mobile animals that feed away from the reef. 

The importance of (1) will depend on the amount of net water movement over the reef, the 

concentration and predictability of nutrients and suspended matter (phytoplankton, 

zooplankton and detritus) in the water, the capacity of the reef to trap large detrital fragments 

such as kelp plant material (Moreno & Jara 1984), and the capacity of reef-dwelling 

organisms to utilize these potential food sources. Phytoplankton transported to the reef by 

downwelling, internal waves or tidal currents is a potentially important food source for 

suspension feeders (Wulff & Field 1983, Witman et al. 1993). Seaweed detritus from other 

reefs can be the major source of plant matter on isolated reefs that experience favourable 

hydrological conditions (Berry et al. 1979). Zooplankton imported by currents is an 

·important food for fish (Bray et al. 1981, Kingsford & MacDiarmid 1988). Many highly 

mobile reef-dwelling animals such as larger fish and decapods derive at least part of their diet 

from habitats adjacent to the reef. Some fish may move into the intertidal zone at high tide to 

feed on seaweeds (Clements 1985), seaweed epifauna (Simenstad et al. 1977, Rangeley & 

Kramer 1995), or sessile animals (Ojeda & Dearborn 1991), and other fishes prey heavily 

upon the fauna of nearby soft sediments (Thomas & Cahoon 1993, Posey & Ambrose 1994 ). 

Some crabs move into the intertidal to feed at night (Almarzah 1985) or at high tide (Griffin 

1971), and spiny lobsters are known to feed on molluscs from surrounding soft sediments 
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(MacDiarmid 1987). Faeces of animals feeding on allochthonous items may be an important 

food source for a range of reef-dwelling crustaceans (Bray et al. 1981, Rothans & Miller 

1991). 

Conversely, autochthonous organic matter may be lost from the reef. Seaweed 

production is particularly likely to be exported from the reef due to wave action and currents, 

as demonstrated by the large quantities of seaweed frequently found on beaches or the nearby 

seafloor (references in section A1.2 of Appendix One). Organic matter will also be lost from 

the reef due to the advection of reproductive products (Fairweather & Quinn 1993) and 

predation on reef-dwellers by transient consumers such as octopi, cormorants, elasmobranchs, 

large teleosts (e.g. carangids), marine mammals and humans (e.g. Estes et al. 1978). As 

stated earlier, ~80 % of epifaunal production is not consumed by fishes, and represents a 

potentially important food source for animals in nearby habitats if epifauna are advected from 

the reef when individuals enter the water column at night as demersal zooplankton (Hobson 

& Chess 1976). 

How does the above apply to the habitats I surveyed? The input of organic matter in 

the water column is impossible to evaluate at present, though it is known that the tidal 

currents that dominate the local hydrology of the Cape Rodney to Okakari Point Marine 

Reserve concentrate imported zooplankton in some areas (Walls 1982). Zooplanktivorous 

fish were rare in the habitats I surveyed, being more common around headlands and in tidal 

channels where water flow is higher (pers. obs.). In the Cape Rodney to Okakari Point 

Marine Reserve non-reef derived food is thought to be unimportant for most reef fish (Russell 

1983), but spiny lobsters derive a substantial proportion of their diet from molluscs brought 

back to the reef from the surrounding soft sediments (MacDiarmid 1987). Habitats within the 

reef are also likely to be linked trophically, and I speculate that Ecklonia radiata detritus 

originating in the Ecklonia forest and transported by water movement to the other habitats is 

particularly important in this regard (section 4.4.5.2). In addition, the high densities of food 

(crustaceans > 1 mm sieve size) for small fish found in the finely-structured Carpophyllum 

forest and turf flats could make these habitats important nurseries for juvenile 1abrid, 

monacanthid and sparid fish, which shift to the urchin barrens and other habitats as they grow 

(Jones 1984, Choat & Ayling 1987, Jones 1988). 
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4.4.5 What sources of primary production fuel the epifauna? 

The high secondary productivity of reef-dwelling epifauna must obviously be 

sustained by a highly productive food source(s). Since kelp forests are extremely productive 

and release most of their production as detritus (Mann 1973), it is tempting to follow the 

researchers working in the north and southeastern Pacific and conclude that kelp detritus fuels 

the productivity of reef-dwelling epifauna (Simenstad et al. 1977, Simenstad et al. 1978, 

Moreno & Jara 1984, Ebeling et al. 1985). However, this is not necessarily so, as evidence 

exists that epiphytic algae are the primary food source for epifauna in many habitats, 

including kelp forests (Edgar 1993). I discuss the evidence for and against epiphytic algae 

and kelp detritus in Appendix One, and conclude that it is not yet possible to confidently 

predict the major food source of epifauna under most conditions. Identifying the sources of 

primary production that fuel epifaunal productivity is clearly vital for a greater understanding 

of rocky reef ecosystems; in Appendix One I suggest experiments that would determine the 

relative importance of epiphytic algae and suspended matter (e.g. fine particulate kelp 

detritus) as food sources for epifauna. 

Here I discuss potential food sources as they apply to species and habitats examined in 

this thesis (for a review and criticism of the wider literature see Appendix One). 

4.4.5.1 Grazing the host plant 

The brown seaweeds sampled in Chapters Two and Three were inhabited by several 

epifaunal taxa that belonged to groups known to graze their living host plant (though not 

necessarily exclusively). These taxa, with references documenting the grazing of living 

seaweeds, were the ampithoid amphipods Amp it hoe aorangi, A. hinatore and A. lessoniae 

(review of Conlan 1994), the eophliantid amphipod Bircennafulva (Barrales & Lobban 

1975), at least one hyalid amphipod ofthe genus Hyale (Tararam et al. 1985, Poore 1994), the 

idoteid isopod Batedotea elongata (Brawley 1992), the lirnnoriid isopod Limnoria 

stephenseni (Barrales & Lobban 1975), and the sphaeromatid isopods Amphoroidea longipes 

and A. media (White 1970, Robbins 1990). Ampithoe spp. and Hyale spp. were common on 

seaweeds of the genus Carpophyllum, but the other putative seaweed grazers comprised a 

relatively small proportion of total epifaunal numbers. Assuming that no significant grazers 

remain undiscovered amongst major epifaunal families, it seems safe to conclude that living 
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seaweeds are not a major source of food for most of the epifaunal individuals encountered in 

this thesis. 

4.4.5.2 Seaweed detritus 

On rocky reefs in northeastern New Zealand the major source of particulate seaweed 

detritus is probably the laminarian Ecklonia radiata, with the contribution of fucalean 

seaweeds likely to be much lower. Ecklonia radiata has an intercalary meristem and 

constantly loses tissue from the tips of its fronds, whereas fucaleans have an apical meristem 

and shed far less tissue into the water column (see Chapter Five for a fuller discussion). 

Moreover, most fucalean seaweeds float when detached due to their pneumatocysts so are 

prone to advection from the reef (Kingsford & Choat 1985), whereas Ecklonia radiata plants 

are not buoyant, so are more likely to decompose on the reef or in nearby intertidal regions 

(Robertson & Lucas 1983, Bustamante et al. 1995). By acting as a source of particulate and 

dissolved organic matter (POM and DOM), Ecklonia radiata plants may therefore indirectly 

support a substantial proportion of epifaunal productivity in other habitats, although the 

epifauna inhabiting the Ecklonia forest habitat itself is comparatively unproductive. Seaweed 

detritus may be a particularly important food source for coralline turf epifauna. As their 

name suggests, the turf flats are flat, which presumably allows suspended detritus and algal 

fragments to settle and accumulate in the same way that sand does. Large Ecklonia radiata 

fragments are common on turf flats (pers. obs.), and are also trapped in other finely-structured 

seaweeds (Robertson & Lucas 1983). Coralline algae appear to be too nutritionally poor 

(Paine & Vadas 1969) and slow growing (Johansen & Austin 1970) to support their observed 

epifaunal densities (-2 x 1 05 individuals · m -2), and there would also appear to be insufficient 

surface area of turf above the sand to support a significant epiphytic algal food source, 

leaving suspended matter such as phytoplankton and aggregated DOMas the only other 

realistic options. If Ecklonia radial a detritus is an important food source for turf fauna, the 

low level of variability amongst epifaunal densities in coralline turf samples (Table 4.5, 

Appendix Two) suggests that incoming particles are small and well distributed. Presumably 

the epifauna would have been more patchily distributed if it had been responding to large 

kelp fragments. 
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4.4.5.3 Epiphytic algae 

Edgar (1993) claims that epiphytic algae are the principal food source for epifauna in 

shallow coastal habitats (Appendix One), but there is little local information available 

regarding the importance of epiphytic algae as food for epifauna in the habitats examined. It 

is known that the surfaces of Carpophyllum spp. support a moderately productive diatom 

layer (Booth 1985, 1986). Macroscopic epiphytes are rare on seaweeds in northeastern New 

Zealand, with the exception of a few small red algae on Carpophyllum spp. (pers. obs). 

4.4.5.4 Summary of potential food sources for epifauna 

Based on the above discussion and the conclusions reached in Appendix One, I 

speculate that the following apply regarding food sources for epifauna on subtidal rocky reefs 

in northeastern New Zealand: (1) direct grazing of the living host seaweed is unimportant for 

the majority of epifaunal taxa and individuals, (2) suspended material (probably seaweed

derived POM and aggregated DOM) and Ecklonia radiata fragments are the major food 

sources for coralline turf-dwelling animals, and (3) epiphytic algae and suspended material 

are the primary food sources for animals on large brown seaweeds, with suspended material 

becoming more important as net water movement increases. 



Table 4.1 Habitats surveyed for abundance, biomass and productivity of animals > 0.5 mm 

sieve size. Percent coverage of subtidal rock in the Cape Rodney to Okakari Point Marine 

Reserve is from Ayling (1978), except for the Carpophyllum forest, which occupied part of 

Ayling's "shallow broken rock" habitat (the figure given is my estimate). 

Carpophyllum 
forest Ecklonia forest Urchin barrens Turf flats 

Coverage of -5 29.8 31.4 5.1 
subtidal rock 
in reserve (%) 

Location Knot Rock Martins Rock Waterfall Crest Goat Is. Bay 

Depth (m) 2-4 8-9 6-8 8 

Plots (n) 8 1 1 5 

Total habitat 231.6 380.9 400.9 196.0 

area (m2
) 



Table 4.2 Extents of substrata sampled for epifauna. 

Carpophyllum Ecklonia Urchin Coralline 
Substratum forest forest barrens turf 

E. radiata (<50 mm stipe length) 9.6 plants · m -2 

E. radiata (50-200 mm stipe length) 1.9 plants · m -2 

E. radiata (> 200 mm stipe length) 6.5 plants · m -2 

C. plumosum stipes ( < 500 mm length) 207.9 stipes · m -2 

C. plumosum stipes (> 500 mm length) 137.3 stipes · m -2 

C. plumosum holdfast 76.8% cover 

Coralline turf 5.2% cover 44.0% cover 100% cover 

Ceramium sp. (red alga) 3.1 plants · m -2 

Polymastia sp. (sponge) 0.15 sponges· m -2 0.85 sponges · m -2 

Beneath Evechinus ch/oroticus 4.0 Evechinus · m·2 

Sand 2.5% cover 

Bare rock/coralline paint 14'.4 % cover 47.0% cover 100% cover 

Vertical rock faces 0.26 m · m -2 



Table 4.3 Equations relating ash-free dry weight (AFDW) to linear body dimension for megainvertebrates, and the von Bertalanffy growth parameters Loo 

and K where available. W =aLb, where W = AFDW (g), and L = linear body dimension (mm). Code for taxa: B = brachyuran crab, G =gastropod, E = 

echinoid, HC = hermit crab, SL = spiny lobster. Code for linear body dimensions: AL = aperture length, CL = carapace length, CW = carapace width, D = 

diameter, H =height (axis of the spire), L =length (tip of spire to outermost point of aperture), SL =shell length, W =width (perpendicular to the axis of the 

spire). The correction factor of Snowdon ( 1991) is a scaling factor used to derive an arithmetic mean from the geometric mean predicted by the length-

weight power curve after back-transforming a least squares regression on log-log data (see Appendix Three for explanation). 

Correction 
Linear factor of Coeff. of Length 
body Snowdon determin- range Source for 

Taxon dimension a b (1991) ation (r2
) n (mm) Loo (mm) K L00 andK 

Buccinulum spp. (G) AL 3.964 X 10-5 2.9096 1.0664 0.818 16 11-23 
Calliostoma punctulatum (G) H 7.116 X 10-6 3.4078 1.0116 0.992 20 12-32 37 0.71 West (1991) 
Cantharidus purpureus (G) H 1.774 X 10-5 2.7903 0.9923 0.909 20 7-25 19 2.60 From Hartley ( 1978) 
Cellana stellifera (G) L 2.149x 10-6 3.3899 1.0178 0.971 21 13-40 40 0.84 From Hartley (1978) 
Cookia sulcata (G) L 2.153 X 10-5 2.9192 1.0090 0.994 23 18-85 
Dicathais orbita (G) AL 8.596 X 10-6 3.2809 1.0701 0.941 23 16-50 
Evechinus chloroticus (E) D 6.550 X 10-4 2.1835 0.9907 0.987 17 13-95 92 0.16 From Walker (1981) 
Jasus edwardsii (SL) CL 7.551 X 10-4 2.5291 0.9933 0.985 20 50-188 
J. edwardsii (SL) (male) CL 187 0.09 Saila et al. (1979) 
J. edwardsii (SL) (female) CL 117 0.16 Saila et al. (1979) 
Maoricolpus roseus (G) L 8.111 X 10-6 2.5174 1.0036 0.910 18 56-76 
Paguroidea (HC) SL 7.208 X 10-5 2.2261 1.1590 0.556 18 13-45 
Plagusia chabrus (B) cw 1.162 X 10-4 2.9224 1.0339 0.984 21 8-58 
Trochus viridis (G) w 9.473 X 10-S 4.8496 1.0067 0.916 22 14-23 20 2.44 From Hartley (1978) 
Turbo smaragdus (G) w 1.747 X 10-5 3.0695 0.9721 0.991 20 7-31 



Table 4.4 Major prey items of reef fishes surveyed. Code for length measures: FL = fork length, TL =total length. 

Species (size class) Prey Reference 

Blennioids (all sizes) Epifauna Russell (1983) 

Cheilodactylus spectabilis (all sizes) Epifauna Leum & Choat (1980), McCormick (1986) 

Chironemus marmoratus (adults) Megainvertebrates Russell (1983) 

Girella tricuspidata (adults) Seaweed Russell ( 1983 ), Morrison ( 1990) 

Notolabrus celidotus (<150 mm TL) Epifauna Jones (1984) 

Notolabrus celidotus (> 150 mm TL) Megainvertebrates Jones (1984) 

Notolabrus fucicola (adults) Megainvertebrates Russell (1983) 

Odax pullus (all sizes) Seaweed Clements & Choat (1993) 

Pagrus auratus (<120 mm FL) Epifauna Choat & Kingett (1982) 

Pagrus auratus (> 120 mm FL) Megainvertebrates Russell (1983) 

Parapercis colias (>90 mm TL) Megainvertebrates, fish Mutch (1983), Russell (1983) 

Parika scaber (adults) Sessile invertebrates Russell (1983) 

Pseudocaranx dentex Guveniles) Epifauna Russell (1983) 

Pseudophycis breviuscula Guveniles) Epifauna Russell (1983) 

Upeneichthys lineatus (all sizes) Epifauna Choat & Kingett (1982), Russell (1983) 
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Table 4.5 Abundance of animals> 0.5 mm sieve size in four subtidal rocky reefhabitats in northeastern New Zealand (individuals · m"2
). 

Carpophyllum forest Eck/onia forest Urchin barrens Turf flats 

Taxon Mean SE % Mean SE 0/o Mean SE 0/o Mean SE % 

Fish- (food= seaweeds) 0.014 0.004 0.0000 
- (food= epifauna) 2.864 2.497 0.0014 4.609 1.850 0.0065 3.700 0.755 0.0151 0.080 0.075 0.0001 
-(food= megainvertebrates) 0.012 0.003 0.0000 0.007 0.003 0.0000 0.012 0.000 0.0001 0.007 0.007 0.0000 
-(food= sessile animals) 0.002 0.002 0.0000 0.004 0.001 0.0000 0.003 0.003 0.0000 

Spiny lobsters 0.018 0.000 0.0000 

Brachyuran crabs 0.12 0.05 0.0001 1.40 0.97 0.0020 0.14 0.07 0.0006 

Hermit crabs 1.90 0.60 0.0009 2.30 0.92 0.0032 1.60 1.22 0.0065 1.61 0.56 0.0010 

Echinoids 0.40 0.40 0.0002 2.58 1.60 0.0036 4.00 0.60 0.0164 

Grazing gastropods - seafloor 2.20 0.92 0.0011 15.60 1.97 0.0219 62.00 10.20 0.2538 0.08 0.00 0.0001 
-seaweeds 33.54 6.13 0.0472 

Suspension feeding gastropods 0.40 0.16 0.0003 

N eogastropods 1.70 0.45 0.0008 2.90 0.48 0.0041 7.90 2.60 0.0323 4.21 1.06 0.0026 

Epifauna 203301 31682 99.995 71059 8403 99.911 24349 5462 99.675 159080 13515 99.996 

Total 203310 31682 71122 8403 24428 5462 159086 13515 



Table 4.6 Biomass of animals> 0.5 mm sieve size in four subtidal rocky reef habitats in northeastern New Zealand (g AFDW · m'2). 

Carpophyllum forest Ecklonia forest Urchin barrens Turf flats 

Taxon Mean SE 0/o Mean SE % Mean SE % Mean SE % 

Fish- (food= seaweeds) 0.67 0.66 2.115 
- (food= epifauna) 0.59 0.33 1.851 1.60 0.51 7.509 0.42 0.09 1.006 0.39 0.39 1.461 
-(food= megainvertebrates) 0.29 0.10 0.910 0.31 0.18 1.444 0.34 0.05 0.812 0.10 0.10 0.383 
-(food= sessile animals) 0.06 0.06 0.292 0.16 0.07 0.375 0.12 0.12 0.457 

Spiny lobsters 1.48 0.00 6.946 

Brachyuran crabs 0.18 0.07 0.554 1.02 0.56 4.788 0.09 0.06 0.209 

Hermit crabs 0.10 0.03 0.324 0.12 0.05 0.560 0.30 0.25 0.705 0.07 0.03 0.263 

Echinoids 1.46 1.46 4.596 0.22 0.14 1.049 24.73 3.98 58.645 

Grazing gastropods - seafloor 1.19 0.63 3.742 2.59 0.48 12.137 11.08 1.60 26.273 0.39 0.00 1.493 
-seaweeds 2.60 0.57 12.225 

Suspension feeding gastropods 0.02 0.01 0.062 

Neogastropods 0.04 0.02 0.140 0.06 0.01 0.291 0.34 0.09 0.807 0.07 0.02 0.279 

Epifauna 27.19 4.59 85.769 11.24 1.14 52.759 4.71 0.89 11.168 25.26 5.36 95.602 

Total 31.70 4.92 21.30 1.58 42.16 4.39 26.42 5.38 



Table 4. 7 Productivity of animals> 0.5 mm sieve size in four subtidal rocky reef habitats in northeastern New Zealand (mg AFDW · m·2 
• d"1

). 

Carpophyllum forest Ecklonia forest Urchin barrens Turf flats 

Taxon Mean SE 0/o Mean SE 0/o Mean SE 0/o Mean SE 0/o 

Fish- (food= seaweeds) 0.63 0.54 0.130 
- (food= epifauna) 2.98 0.90 0.617 9.02 2.03 4.346 11.43 2.14 9.738 2.98 2.96 0.710 
-(food= megainvertebrates) 0.58 0.20 0.120 0.28 0.17 0.136 0.39 0.03 0.332 0.25 0.25 0.059 
-(food= sessile animals) 0.14 0.14 0.067 0.31 0.11 0.265 0.27 0.27 0.065 

Spiny lobsters 0.42 0.00 0.202 

Brachyuran crabs 0.56 0.23 0.115 3.95 2.57 1.905 0.30 0.15 0.256 

Hermit crabs 1.36 0.42 0.281 1.54 0.60 0.740 1.06 0.77 0.900 1.03 0.37 0.246 

Echinoids 1.15 1.15 0.239 2.05 1.28 0.988 9.43 1.51 8.036 

Grazing gastropods - seafloor 2.44 0.90 0.507 9.76 1.34 4.702 27.98 3.76 23.845 0.28 0.00 0.066 
-seaweeds 5.17 1.18 2.493 

Suspension feeding gastropods 0.26 0.11 0.063 

N eogastropods 0.66 0.16 0.137 1.00 0.23 0.482 2.55 0.65 2.175 1.15 0.27 0.274 

Epifauna 472.00 76.10 97.854 174.20 17.70 83.938 63.90 11.50 54.451 413.60 67.10 98.517 

Total 482.35 76.12 207.53 18.15 117.35 12.42 419.83 67.17 



Table 4.8 Productivity of epifauna on substrata within four subtidal rocky reef habitats in northeastern New Zealand (mg AFDW · m·2 
• d-1

). 

Carpophyllum forest Ecklonia forest Urchin barrens Turf flats 

Substratum Mean SE o;o Mean SE o;o Mean SE % Mean SE % 

Ecklonia radiata (entire plant) 40.8 5.4 23.42 

Carpophyllum plumosum stipes 294.0 69.5 62.30 

Carpophyllum plumosum hold fast 156.1 30.8 33.07 

Coralline turf 19.4 3.1 4.11 104.7 15.6 60.09 413.4 67.1 99.95 

Ceramium sp. (red alga) 2.1 1.3 1.19 

Polymastia sp. (sponge) 0.1 0.1 0.04 0.2 0.1 0.05 

Beneath Evechinus chloroticus 0.3 0.1 0.53 

Sand 3.9 0.5 2.24 

Bare rock/coralline paint 1.9 0.3 0.40 22.7 6.2 13.02 63.6 11.5 99.47 

Vertical rock faces 0.5 0.1 0.11 

Total 472.0 76.1 174.2 17.7 63.9 11.5 413.6 67.1 



Table 4.9 Productivity of crustaceans > I mm sieve size on substrata within four subtidal rocky reef habitats in northeastern New Zealand (mg AFDW · m-2 
· d.1

) . %I = 

percentage of total productivity of crustaceans> I mm sieve size for habitat, %2 = percentage of total macroinvertebrate productivity for substratum. 

Carpophy llum forest Eck/onia forest Urchin barrens Turf flats 

Substratum Mean SE %1 %2 Mean SE %1 %2 Mean SE %1 %2 Mean SE %1 %2 

Ecklonia radiata (entire plant) 5.0 0.8 16.9 12.4 

Carpophy llum p/umosum stipes 171.0 49.5 72.7 58.2 

Carpophy //um p/umosum holdfast 59. I 32.0 25.2 37.9 

Coralline turf 4.6 1.7 2.0 23.7 22.2 4.8 74.6 21.2 79.0 I0.9 99.8 19.1 

Ceramium sp. (red alga) 0.7 0.5 2.4 34.9 

Polymastia sp. (sponge) 0.0 0.0 0.1 40.1 0.1 0.1 0.2 69.0 

Beneath Evechinus chloroticus 0.3 0.1 3.5 100.0 

Sand 0.3 0.1 1.0 7.4 

Bare rock/coralline paint 0.3 0.1 0.1 14.0 1.5 0.5 5.0 6.6 9.5 3.3 96.5 14.9 

Vertical rock faces O.I 0.0 0.0 15.1 

Total 235 .0 59.0 49.8 29.8 4.9 17.1 63 .9 11.5 15.4 413 .6 67.1 19.1 



Table 4.10 Percentage of production by total epifauna and crustaceans> 1 nun sieve size consumed by fish within four subtidal rocky reef 

habitats in northeastern New Zealand. Methods 1 and 2 are described in section 4.2.2. 

Prey class 

Total 
epifauna 

Crustaceans 
>1mm 

Method 

1 

2 

1 

2 

Carpophyllum 
forest 

6 

4 

13 

8 

Ecklonia Urchin 
forest barrens Turf flats 

52 179 7 

24 11 3 

303 1163 38 

167 134 15 



Table 4.11 Factors for converting values for abundance, biomass and productivity measured 

in spring to average annual values. These were calculated from seasonal monitoring of turf 

flats fauna. 

Faunal group 

Epifauna 

Megafauna 

Abundance 

0.756 

0.891 

Biomass 

0.548 

1.155 

Productivity 

0.653 

0.777 



Table 4.12 Estimated average annual abundance, biomass and productivity of animals > 0.5 mm sieve size across the entire reef. See methods section 4.2.3 for details 

regarding calculations. 

Abundance Biomass Productivity 
(individuals· m'2) (g AFDW · m'2) (g AFDW · m·2 

· yr- 1
) 

Taxon Mean o;o Mean % Mean 0/o 

Fish- (food= seaweeds) 0.00 0.00 0.05 0.18 0.01 0.02 
-(food= epifauna) 3.35 0.01 1.07 3.55 2.61 5.23 
-(food= megainvertebrates) 0.01 0.00 0.35 1.18 0.10 0.20 
- (food= sessile animals) 0.00 0.00 0.12 0.40 0.06 0.12 

Spiny lobsters 0.01 0.00 0.71 2.37 0.05 0.10 

Brachyuran crabs 0.58 0.00 0.55 1.83 0.52 1.03 

Hermit crabs 1.71 0.00 0.22 0.74 0.36 0.72 

Echinoids 2.56 0.01 12.80 42.52 1.44 2.89 

Grazing gastropods - seafloor 30.28 0.06 7.01 23.28 4.70 9.41 
-seaweeds 12.49 0.02 1.26 4.18 0.61 1.23 

Suspension feeding gastropods 0.03 0.00 0.00 0.00 0.01 0.01 

N eo gastropods 4.55 0.01 0.21 0.71 0.47 0.95 

Epifauna 49961 99.89 5.74 19.07 39.02 78.08 

Total 50017 30.11 49.97 



Table 4.13 Biomass and productivity of major faunal groups in three trophic studies of seaweed forests. Energetic values for animals were converted to 

AFDWs using factors in Miller et al. (1971) and Brey et al. (1988). Biomass and productivity of epifauna in the Cape Peninsula kelp bed was calculated as 

follows. The biomass of kelp epifauna was estimated as the product of the average epifaunal biomass per plant weight of kelps across all three zones of the 

kelp bed (0.0176 kJ · g kelp dry weighf1
; Allen & Griffiths 1981) and the average biomass density of kelp plants (870 g dry weight · m"2

; Newell et al. 1982, 

Table 1 ), after using a factor of 0.15 (Field et al. 1980) to convert kelp wet weights of Newell et al. (1982) to dry weights. Biomass of epifauna on 

understorey algae was estimated as the product of epifaunal biomass per plant weight (0.8 kJ · g algal dry weighf1
; from the intertidal study of Beckley & 

McLachlan 1980) and plant biomass per area (227 g dry weight· m·2
; Newell et al. 1982). Biomasses of epifauna on kelps and understorey algae were 

summed, and a production: biomass ratio of 10 (Edgar & Moore 1986) applied to yield productivity. 

Faunal group 

Megainvertebrates 

Grazers 

Filter feeders 

Lobsters 

Epifauna 

This study 

(New Zealand) 

Biomass Productivity 

(gAFDW (gAFDW 
-2) -2 -1) ·m ·m . yr 

21.1 6.8 

0.001 0.005 

0.71 0.05 

5.7 39.0 

Miller et al. ( 1971) Newell et al. ( 1982) 

(Nova Scotia) (Cape Peninsula) 

Biomass Productivity Biomass Productivity 

(gAFDW (gAFDW (gAFDW (gAFDW 
-2) -2 -1) -2) -2 -1) ·m ·m . yr ·m ·m . yr 

19.8 15.7 13.0 13.6 

3.12 0.44 224.1 253.3 

0.3 0.4 32.1 12.8 

NA NA 8.6 86.0 



Table 4.14 Estimated annual productivity of animals> 0.5 mm sieve size in shallow coastal habitats. Where necessary, conversion factors cited in Riddle et 

al. (1990) were used to derive AFDW from other measures of biomass. Habitats are ranked are ranked in decreasing order of productivity. 

Productivity 

Habitat Locality Depth 
(gAFDW 

-2 -I) · m · yr Reference 

Macrophyte detritus California Subtidal -7000 Vetter (1995) 

Mussel bed Wadden Sea Intertidal 468 Asmus (1987) 

Carpopllyllum forest New Zealand Subtidal 115 This chapter 

Turf flats New Zealand Subtidal 100 This chapter 

Mud flat California Intertidal 53-100 Nichols (1977) 

Mud flat Portugal Intertidal 72 Sprung (1994) 

Seagrass bed Portugal Intertidal 58 Sprung (1994) 

Ecklonia forest New Zealand Subtidal 51 This chapter 

Sand flat Portugal Intertidal 34 Sprung (1994) 

Urchin barrens New Zealand Subtidal 30 This chapter 

Fine sand Wales Subtidal 26 Warwick et al. (1978) 

Sediments Delaware Subtidal 4-47 Maurer et al. ( 1992) 

Coral reef lagoon sand Great Barrier Reef Subtidal 19 Riddle et al. ( 1990) 

Mud flat England Intertidal 13 Warwick & Price (1975) 

Mud England Subtidal 2 Buchanan & Warwick (1974) 



Figure 4.1 Relationships used to predict von Bertalanffy growth parameters of 

megainvertebrates. (a) Leo versus the size of the largest animal sampled for length-weight 

relationships, (b) K versus ash-free dry weight at Leo. Codes for species: Cpt = Calliostoma 

punctulatum, Cps = Cantharidus purpureus, Cs = Cellana stellifera, Ec = Evechinus 

chloroticus, Hi= Haliotis iris, Je = Jasus edwardsii (values averaged for sexes), Jem = Jasus 

edwardsii (males), Tv= Trochus viridis. von Bertalanffy growth parameters for Haliotis iris 

are from Hooker (1988). 
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Figure 4.2 Density of animals > 0.5 mm sieve size in turf flats habitat versus time. Note log 

scale on Y axis. 
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Figure 4.3 Biomass of animals> 0.5 mm sieve size in turf flats habitat versus time. Note 

log scale on Y axis. 
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Figure 4.4 Productivity of animals > 0.5 mm sieve size in turf flats habitat versus time. 

Note log scale on Y axis. 
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Figure 4.5 Epifauna inhabiting turf flats habitat, and incident solar radiation at surface, 

versus time. (a) density, (b) biomass, and (c) productivity. 



........... .--------------------------------------.30 
N 

I 

E 200000 -

150000 -

• Density 
Solar radiation 

r- 20 

. . . . . . .J.. ,.. . ... ~' 

100000 - . 
• •• - 10 

50000- .•..... 
........... 

N 

0 ~--•• ---.-.-..---.-.-..---.-.~.---.-.-.,---.-,-.,---r 0 
I 

E 

~~--------------------------------------~30 J 30 
- t • Biomass i ........... 

N 
I 

E 
............ sw 

0(/) 
LL<r" 
<(+I 
C>C _... ro 
CJ)Q} 
C/)E ro _... 
E 
0 

CCl 

........... 

20 

- . : . . __ . ______ • . Solar radiation ,._ 

20 

~ 

+ 
10-

.. .. .. . .. " 

• 
• • 

ro 
L... 

L... 

ro 
0 

- 10 (/) 
>. 
ro 

"0 

ro ..... 
0 ..... 0 ~--~.---.-,-.,---.-,-.,---.-.~,---.-,-..---.-,-.,---T 0 

600 ~------------------------------------~ 30 

• Productivity 
Solar radiation 

c 
ro 
Q} 

~ 

>-N. UJ 3 IE (f.) 400-
·- 'r" +

: .......... ' .. 
r- 20 

..... 
U >+I 
:J>c "8 0 ro 
L- LL Q} 200 -a.. <( E _... 

C> 
E _... 

' ' 

. . ' 
. . . . . . . 
• 

f- 10 

0 ~--~.---.-,-.,---.,...-,-.,---.,...-,-.,---..--,-.,---.,...-.----.,,....--+- 0 

0 N D J F M A M J J A S 

1994 Date 1995 



Figure 4.6 Major trophic pathways in four subtidal temperate reef habitats. Values in 

brackets are biomasses (g AFDW · m-2
), and values not in brackets are fluxes (g AFDW · m-2 

· yr-1
). Box areas and arrow widths are proportionate to biomass or flux, and are scaled 

consistently for all habitats. All values are annual estimates, calculated as described in 

section 4.2.3. The proportion of epifauna consumed by fish was taken to be the average of 

values (1) and (2) in Table 4.10, except for the urchin barrens, where value (2) was used (see 

discussion). Dotted lines represent fluxes known (Russell 1983, Andrew 1988, Creese 1988, 

Jones 1988, West 1991) or thought (section 4.4.4) to occur, but of unknown magnitude. 



(a) Finely-structured vegetated habitats 

Carpophyllum 
forest 

Picker
type 
fish 
(0.7) 

0.9 

Epifauna 
(14.9) 

? 

Epiphytic algae, 
suspended matter? 

? ? 

? 

0.9 

Turf 
flats 

Gross
feeding 

fish 
(0.5) 

4.9 

98.6 

Epifauna 
(13.8) 

Kelp fragments, 
suspended matter? 



15.8 

41.5 

Fish 
(1.9) 

Epi
fauna 
(6.2) 

? 

? 

Kelp fragments , 
epiphytic algae 

suspended matter? 

(b) 

Ecklonia 
forest 

? 

Grazin 
gastro
pods 
(6.0) 

Epiphytic algae? 



? ,. 

3.2 

Fish 
(0.5) 

Epi
fauna 
(2.6) 

? 

? 

(c) 
Urchin 
barrens 

? 

2.7 

Echinoids 
(28.6) 

Kelp fragments, 
coralline algae? 

0.7 

? ... 

Nee
gastropods 

(0.4) 

. . . 

7.9 

Grazing 
gastropods 

(12.8) 

? .. . 

Epiphytic algae, 
coralline algae? 



56 

Chapter Five 

Excretory products of mobile epifauna as a nitrogen source for seaweeds 

5.1 Introduction 

Seaweed growth is frequently limited by the availability of nitrogen (Hanisak 1983, 

Lobban & Harrison 1994). However, seaweed surfaces are inhabited by large numbers of 

small mobile (Edgar & Moore 1986) and sessile (Seed 1986) animals (epifauna), which 

excrete ammonium, a form of nitrogen that seaweeds can readily take up through the adjacent 

thallus (Hanisak 1983). The potential exists, therefore, for seaweeds to derive nitrogen for 

growth from epifauna living on their surfaces. Recent work has shown that ammonium 

excreted by sessile epifauna such as bryozoans and barnacles can significantly decrease the 

C:N ratio of adjacent plant tissue (Hurd et al. 1994, Williamson & Rees 1994), but the 

contribution of mobile epifauna is uncertain, despite the fact that the latter are often far more 

abundant (e.g. Chapter Two). The fixed, close physical attachment of sessile epifauna 

appears to link them tightly to the nutrition of their individual host plants, but whether such a 

close relationship also exists for mobile epifauna is unknown. In their investigation of 

nitrogen sources for the annual brown seaweed Chordaria jlagelliformis, Probyn & Chapman 

(1983) suggested that mobile epifauna were unlikely to play an important role in providing 

nitrogen to the host plant, even though the epifauna excreted up to 45 % of the plants' 

nitrogen needs, on the grounds that pulses of excreted nitrogen were likely to be swept away 

from the host plant before they could be taken up. However, animal and plant do not 

necessarily have to be in direct physical contact for a significant transfer of ammonium to 

occur; for example, it has been shown that corals can amount ~onium excreted by fish 

resting nearby (Meyer et al. 1983). Moreover, seaweeds frequently occur in dense beds, 

within which water flow may be substantially reduced (Eckman et al. 1989, Komatsu & 

Murakami 1994), so the interaction could conceivably occur on a larger scale than between 

the epifauna and their individual host plant, i.e. that of a seaweed bed. 

In this chapter I examine ammonium excretion by mobile epifauna in a subtidal bed of 

Carpophyllum plumosum var. capillifolium, a perennial fucalean seaweed inhabited by large 

numbers of mobile epifauna (Chapters Two, Three and Four). I proceed on the assumption 

that an unknown proportion of ammonium excreted by the epifauna is likely to be washed 
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away from the individual host plant before it can be taken up, but that this ammonium 

contributes to a general pool being added to, and utilised by, all plants in the bed. On this 

basis I construct a budget for an entire seaweed bed, comparing rates of epifaunal ammonium 

excretion and seaweed nitrogen usage. I then compare plant ammonium uptake rates with 

water residence time to estimate how much ammonium is available to the plants before it is 

removed from the bed by water transport. This approach is conservative because any 

reduction of water movement around individual plants will increase ammonium availability. 

Ammonium excreted by megafauna is a potentially important source of nitrogen for 

nearby seaweed plants (Bray et al. 1988). Chapter Three showed that (1) fluxes through 

epifaunal populations can be much greater than for the megafauna, and (2) reef-dwelling 

macroinvertebrates are most abundant on seaweed surfaces. Therefore, epifauna probably 

excrete a relatively large quantity of ammonium which, in comparison with ammonium 

excreted by megafauna on the adjacent seafloor, has less opportunity to be lost to diffusion 

before being taken up by the plant. 

5.2 Methods 

5.2.1 Study site and organisms 

The study was done in a dense, virtually monocultural, bed of Carpophyllum 

plumosum var. capillifolium on the northwestern side of the small island in Matheson Bay, 

northeastern New Zealand (36°18.4'8, 174°48.0'E) (see Fig. 2.1 in Chapter Two). Matheson 

Bay is exposed to moderate wave action from the northeast, but the bed is largely sheltered 

by the island from this quarter, and by the mainland from all other directions. The 

southernmost end is subject to reduced easterly swells wrapping around the tip of the island. 

The bed runs parallel to the island for approximately 45 m, extending about 3-6m from the 

low tide mark to a depth of about 1 m below mean low water (tidal range 2-3 m). The bed 

was marked out using stainless steel eye-bolts cemented into the bottom, and covered 181.7 

m2 (determined by triangulation amongst the bolts). Carpophyllum p/umosum var. 

capillifolium typically has a single flattenened stipe up to 1 m long and 5-l 0 mm wide, with 

dense clumps of frondlets growing up to 30-40 mm outwards from the margins in a 

continuous zone, giving the plant the appearance of a bottle brush. Larger plants often grow 
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smaller lateral stipes, one of which can replace the main stipe if the latter loses its meristem. 

Conspicuous algal epiphytes and sessile epifauna were rare at the study site, except for 

occasional small specimens of the red alga Ceramium sp. Plant density, estimated in April 

1995 using 20 haphazardly placed 0.25 m2 quadrats, was 179.8 ± 26.4 individual stipes · m"2 

(mean± 1 SE), giving about 32670 stipes in the bed. 

The budget part of the study was done during the austral summer, from late November 

1994 to early March 1995, when sea surface temperature was 18-22°C (annual range typically 

14-21°C, Evans 1992). Background inorganic nitrogen concentration from surface water 

sampled weekly at the nearby Leigh Marine Laboratory was 0-9 1-1M [NH/], 0.6-2.1 1-1M 

[N03"], and 0.06-0.19 1-1M [N02"] during the study period (B. Dobson unpubl. data). The high 

ammonium concentrations were atypical- two values of 5.3 and 9.0 !J.M occurred during the 

decay of an intense Noctiluca (dinoflagellate) bloom- for the rest of the summer they were< 

1 !J.M, within their usual summer range of 0-2 1-1M (Taylor 1981, Taylor & Taylor 1985). 

Work was generally done using SCUBA at high tide in order to minimise disturbance 

to the seaweed bed. 

5.2.2 Epifauna and their rate of ammonium excretion 

Animal excretion rates, like other metabolic functions, scale to body size with a power 

of about 0.75 (Peters 1983). Edgar (1990c) utilised this relationship to estimate macrofauna! 

secondary production from body size, and I adapted his method to estimate epifaunal 

excretion rates. I did not include Edgar's term for water temperature, since this remained 

relatively constant during my study period. 

First, I determined the relationship between epifaunal body size and ammomum 

excretion rate. Every six hours over a 24 h period beginning Dec. 21, 1994 several plants 

were removed from the study site inside a plastic bag and shaken within a plastic bin of 

seawater to dislodge mobile epifauna. Individual animals of different body size classes were 

transferred to polystyrene sample bottles containing seawater and a small piece of plankton 

mesh for the animals to cling to. Six bottles were used at each time, with 6-393 animals per 

bottle, depending on body size. At the beginning of the experiment animals were transferred 

(on the plankton mesh) to a 120 mL sample bottle containing 25-100 mL fresh seawater, from 

which a 5 mL water sample had just been taken. Two identical bottles containing seawater 

and mesh, but no animals, were run as controls. After 1 and 2 h a 5 mL sample was taken 
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from each bottle after stirring, with the concentration of ammonium in the seawater 

subsequently determined by a modification of the alkaline hypochlorite-phenol nitroprusside 

method (Sigma Chemical Company; technical bulletin no. 640) in the presence of 0.2 M 

trisodium citrate. Water volume remaining in each bottle was measured in a graduated 

cylinder (± 0.1 mL) after pouring through a 0.1 mm mesh sieve to remove the animals. 

Mortality during the experiments was negligible. After correcting for water losses due to 

sampling I calculated the amount of ammonium that had accumulated in the bottles, and 

converted this to a rate per individual animal (average excretion rate during 0-1 and 1-2 h 

time periods, divided by the number of animals in the container). Four of the 24 replicates 

were excluded due to major inconsistencies between measured rates of ammonium 

accumulation between the first and second hours, probably because insufficent animals were 

added to the bottles to produce a measurable increase in ammonium concentration. The 

animals were identified and counted under a dissecting microscope, and their average 

individual ash-free dry weight (AFDW) was determined as the difference between their 

collective dry (80°C to constant weight) and ash (500°C for 12 h) weights, divided by the 

number of individuals. Separate equations for excretion rate data from the four time periods 

sampled had the same slopes and elevations (see section 5.2.5), so data were pooled to 

generate a general regression equation. 

I used Edgar's series of log-nested sieves (4.0, 2.8, 2.0, 1.4, 1.0, 0.71, 0.50 mm mesh) 

to size-fractionate epifaunal samples collected from Carpophyllum plumosum var. 

capillifolium plants at the study site (Edgar 1990c), with another sieve of 0.355 mm mesh 

added to encompass the full range of epifaunal body sizes used in the excretion rate 

experiments. I measured the mean AFDW of freshly fixed epifauna of major taxa trapped on 

each sieve as described above. Body size was then regressed against geometric mean sieve 

mesh size (to account for the fact that animals retained by each sieve range in body size from 

that sieve size to the next biggest (Edgar 1990c )). Separate equations for common taxa 

(gammarid amphipods, isopods, gastropods, and polychaetes) had the same slopes and 

elevations (see data analysis section), so data were pooled along with data for rarer taxa to 

generate a general equation. 

On three occasions ten plants were haphazardly selected, gently enclosed underwater 

in individual plastic bags with 0.2 mm mesh drainholes, and cut off 10 mm above the 

holdfast. At the laboratory the epifauna were removed from their plants and preserved as 
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described in Chapter Two. Samples were later washed through the nested series of sieves, 

and the total epifaunal excretion rate for a plant calculated by counting individuals retained 

on each sieve, estimating their body sizes and excretion rates from the above equations, and 

finally summing excretion rates for all animals on all sieves. 

5.2.3 Plant nitrogen usage 

The amount of nitrogen required by the plants was estimated by measuring growth in 

length of plants in the field, converting this value to growth in dry weight using length-dry 

weight equations, and then to growth in nitrogen using data from elemental analysis of dry 

plant tissue. I assumed that loss of particulate nitrogen from the plant was negligible (see 

discussion). 

In December 1994 I tagged 100 haphazardly-selected plants, using a plastic cable tie 

passed through a short length of numbered plastic tubing and cinched around the base of the 

stipe. The length of each plant, from the top of the holdfast to the distal end was measured at 

tagging(± 5 mm), and remeasured about once a month thereafter until early March. On each 

occasion the main plant apical meristem was classified as (1) present on the original primary 

stipe, (2) regrown on another lateral, or (3) absent. 

On three occasions -50 haphazardly selected plants were collected from the bed. 

Length, condition of the apical meristem, and dry weight (80°C to constant weight) were 

recorded for each plant. Dry weight was regressed against length for each date and apical 

meristem category. All curves had the same slopes, but the elevations of the first two dates 

(Dec. 15 1994 and Jan. 17 1995) were different from those of March 7 1995, so data were 

pooled accordingly for regression analysis (meristem categories had the same elevations 

within dates). 

On each occasion ten of the dried plants used for length-dry weight relationships were 

randomly selected, ground to a powder with a mortar and pestle, then subsampled for analysis 

of carbon and nitrogen content in a Carlo Erba EA 1108 CHNS element analyzer. 

5.2.4 Plant ammonium uptake rate versus water residence time 

On April 14 and 17 1995 plants were collected from the bed and maintained in 

running seawater for a few hours. Single intact plants (200-660 mm in length) were added to 

seawater (-50 mL water per g plant wet wt) into which ammonium (as NH4Cl) had been 
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added to concentrations of 2.5, 5, 10, 15 and 20 J..LM (n = 3 plants per concentration). 

Experiments were run m perspex chambers under white fluorescent light (40 J..LE 

photosynthetically active radiation · m-2 
• s-1

), with the water aerated throughout and 

maintained at 17.5 ± 1 °C. A 5 mL water sample was taken from each container prior to 

addition of the plant, and at 1 minute intervals for 5 minutes thereafter. Ammonium 

concentration of the water samples was measured as described earlier. After correcting for 

water volume lost due to sampling, cumulative ammonium in the plant (assumed equal to that 

removed from the water as control vessels without plants showed no appreciable change in 

ammonium concentration) was regressed against time for each trial, and an exponential rise 

curve Y = a( 1-e -bX) + c fitted to the data using an iterative least squares method (Sigmaplot®), 

where Y = cumulative ammonium (J..Lmoles), X= time (min.), and a, b and c are constants. 

The derivative of the line, dY/dX = abe-bx, was then used to predict the uptake rate at time 

zero (i.e. when the ammonium was at the concentration of interest). I found that this 

procedure was necessary because plots of ammonium concentration versus time were 

generally non-linear. After scaling for plant dry weight (plants were dried to constant weight 

at 80°C), uptake rate was plotted against measured initial ammonium concentration. For 

subsequent calculations it was assumed that the uptake rate measured in light was 

representative of the entire diel cycle; other workers have found that rates of ammonium 

uptake by seaweeds over 5-22 h of darkness are 80-90% of uptake rates in light (Ryther et al. 

1981, Amat & Braud 1990). 

Residence time of water within the seaweed bed was estimated by labelling the water 

with dye and monitoring the ensuing decline in dye concentration. Experiments were run on 

three occasions in April-May 1996, under varying sea and tidal states (see Table 5.3). I used 

Rhodamine WT, a fluorescent dye suitable for quantitative work in seawater (Smart & 

Laidlaw 1977). Three 10-15 m long hoses (6.5 mm internal diameter) were deployed to 

sample water within the bed, so that the intake of each hose was situated about 165 mm above 

the bottom, and the outlet was on adjacent intertidal rocks. One hose was set up in the centre 

of the bed, and the others were placed 11 m either side of it, so as to position the intakes as 

evenly as possible throughout the bed. Dye was added to the bed to give an initial 

concentration of -20 J..Lg · L-1
• Density of the raw dye (20% w/v) was adjusted to that of 

seawater using methanol, then one quarter samples were added to each of four plastic bags 

containing -1 0 L of seawater. A diver liberated the contents of each bag into one quarter 
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areas of the bed, by slightly opening the mouth of the bag underwater and forcing the dye out 

into the bottom 330 mm of the water column (i.e. that occupied by the seaweed) as he swam 

around. It took about 15 minutes to dye the whole bed in this manner. A hand pump was 

then used to take a 20 mL water sample from each hose at 6-7 minute intervals until 60-90 

minutes had elapsed. Dye concentration in each water sample was later measured as 

described by Smart & Laidlaw (1977) using a Turner 112 fluorometer. The proportion of 

water leaving the bed each second was equal to 1-eb, where b = slope of the ordinary least 

squares regression line of ln(proportion of initial dye concentration) on time (s). Water half

life (min.) was equal to ln(0.5)/b/60. 

5.2.5 Data analysis 

Ordinary least squares regression was used for all equations. For allometric 

relationships the independent and dependent variables were log-transformed first, with the 

correction factor of Miller (1984a) used to correct for bias in predicting mean Yvalues from 

the detransformed parameters (see section A3.2.1 in Appendix Three). Regressions were run 

on pooled data where slopes and elevations of equations for different times/meristem 

conditions etc. were found to be the same using tests described in Zar (1984, Chapter 18) on 

the log-transformed data. Where slopes were the same, but elevations were not, analysis of 

covariance was used to determine which elevations were different (Proc GLM, SAS Institute 

Inc. 1989). 

5.3 Results 

5.3.1 Epifauna and their rate of ammonium excretion 

Log body weight accounted for 89 % of variation in log ammonium excretion rate (r2 

= 0.89), withY= 0.1465.:f·6018
, where Yis ammonium excretion rate (J..Lmoles · h''), and Xis 

individual AFDW (g) (Fig. 5.1). The bias correction factor of Miller (1984a) was 1.0469. 

The power of 0.60 ± 0.05 (mean± 1 SE), was significantly different from the expected value 

of 0.75 (Peters 1983) (t = 2.9 > to.os(l),IS = 2.1). However, I excluded an outlier (0.01155, 

0.0897) from the analysis as it had a substantial effect on the regression line, its inclusion 

changing the equation to Y= 0.7259.:f·7696 (l = 0.88), the power of 0.77 ± 0.07 not being 
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significantly different from 0.75 (t = 0.3 < to.os(Z),I9 = 2.1). Since the average weight of the 

outlier animals indicated that they would have been trapped on a sieve mesh size of 4 mm, 

and animals that large were very rare in my study (Fig. 5.2a), I considered that the 

ammonium excretion rate of the epifaunal assemblage as a whole would be better estimated 

using an equation that did not include this point. The equation relating AFDW (g) (X) to 

geometric mean sieve mesh size (mm) (Y) was Y= 7.939 x 10-5_x2·8504 (r2 = 0.98, Miller's 

correction factor= 1.0386). 

For all plants sampled, the total number of mobile epifauna large enough to be trapped 

on 0.355 mm mesh ranged from 34-4046 individuals per plant during the duration of the 

study, averaging 1413 ± 372, 913 ± 339, and 1494 ± 375 (± 1 SE, n = 10) individuals per 

plant on Dec. 15 1994, Jan. 17 1995, and Feb. 18 1995, respectively). These numbers were 

equivalent to 65 5 ± 119, 413 ± 83, and 406 ± 61 individuals per g plant dry wt. On average, 

99.8-99.9 % of all individuals were small enough to pass through 2 mm mesh on all three 

occasions (Fig. 5.2a). Gammarid amphipods (average proportion of total individuals per 

plant 54-88 % for three occasions) and gastropods (10-38 %) were numerically dominant, 

especially in the small sieve mesh sizes (Fig. 5.2b). Other taxa present, in declining order of 

overall abundance (together 6% of total, none> 2 %) were harpacticoid copepods, isopods, 

polychaetes, ostracods, tanaids, nemerteans, caprellid amphipods, mites, nematodes, 

trichopteran larvae, pycnogonids, ophiuroids, brachyuran crabs, ca1anoid copepods, 

cumaceans, and hermit crabs. Biomass was also concentrated in small animals, with 84-96 % 

on sieve mesh sizes< 2 mm (Fig. 5.2c). Likewise, animals< 2 mm excreted 96.7-98.9% of 

total ammonium (Fig. 5.2d). 

5.3.2 Plant nitrogen usage 

Rate of change in length of tagged Carpophyllum plumosum var. capillifolium plants 

depended on the state of the meristem (Fig. 5.3). Plants with intact meristems on the main 

stipe grew fastest (up to 3 mm · d-1
) (Fig. 5.3a), with only two plants decreasing in length 

(probably due to measurement error in the field). Plants with meristems that had regrown on 

another lateral grew more slowly, with several decreasing in length (Fig. 5.3b). Plants that 

had no apical meristem often decreased in length (Fig. 5.3c) with the stipe tips showing clear 

signs of erosion. The equations shown in Fig. 5.3 were subsequently used to predict length 

changes of measured plants, for which negative growth rates were made equal to zero. 
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The equation relating plant dry weight (g) (Y) to length (rnrn) (X) was Y= 7.411 x 

10-5x'·7449 (r2 = 0.78, correction factor= 1.0907) for pooled data from Dec. 15 1994 and Jan. 

17 1995, and Y= 2.094 x 104 x'·6517 (i = 0.69, correction factor= 1.1470) for plants from 

March 7 1995 (data not shown). 

Nitrogen comprised 1.25-1.61% of plant dry weight, showing a slight increase during 

the course of the summer (Table 5.1). The atomic carbon:nitrogen ratio ranged from 28.0-

34.3 (Table 5.1 ). 

5.3.3 Comparison of epifaunal excretion rates and plant usage rates 

When epifaunal nitrogen excretion rates and plant nitrogen usage rates were 

calculated for individual plants it was clear that in most cases (70 % on each sampling 

occasion) the epifauna were excreting more nitrogen than the plants used for growth (Fig. 

5.4). Plants with intact primary meristems grew fastest and thus had the highest nitrogen 

usage rates, while plants with no meristem on the primary stipe often had no nitrogen demand 

as estimated by my method (Fig. 5.4). On average, epifauna excreted 1.5-2.1 times as much 

nitrogen as the plants were using for growth (Table 5.2). 

5.3.4 Plant ammonium uptake rate versus water residence time 

Plants took up a constant proportion of available ammonium over the range of 

concentrations tested (2.5-20 !lM) (Fig. 5.5). There was no tendency for the uptake rate of 

the plants to approach an asymptote and display Michaelis-Menten saturation kinetics. The 

relationship between uptake rate and concentration was Y = 0.5338X, where Y = ammonium 

uptake rate (Jlmoles · g dry weighf1 
• h-1

), and X= seawater ammonium concentration (J.!.M) 

(line constrained to pass through the origin). 

Water in the bed had a half-life of 6 to 47 minutes (median 24 minutes), depending on 

surge, tidal state and position in the bed (Table 5.3). At the relatively exposed end of the bed 

(hose C) water residence time was consistently lower than at the other two sampling sites. 

Assuming negligible uptake by phytoplankton, there are two ways in which 

ammonium can be lost from water in the bed: (a) uptake by seaweeds, and (b) water transport. 

For the purposes of my calculations it is convenient that both these processes remove a 

constant proportion of ammonium from the water in the bed regardless of ammonium 

concentration. 
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Plants removed ammonium at a rate of 0.5338 J..Lmoles · g dry weighf1 
• h-1 

• J..LM-1
, 

which, at an average plant dry weight of 2.36 g, equates to 11.4 J..Lmoles · s-1 
• J..LM- 1 across the 

whole bed. At an ammonium concentration of 1 J..LM the plants would take up ammonium at a 

rate of 11.4 J..Lmoles · s-1
, and there would be 60000 J..Lmoles of ammonium in the bed, so the 

proportion removed per second is 11.4/60000 = 0.00019. This proportion will be constant 

regardless of ammonium concentration, since uptake rate is a linear function of ammonium 

concentration (Fig. 5.5). Assuming that excreted ammonium is instantaneously mixed 

throughout the entire water body in the bed, the proportion of ammonium removed by water 

transport each second ranged from 0.00197 (= 6 min. half-life) to 0.000247 (= 46 min. half

life) (Table 5.3). In Fig. 5.6 the amount of ammonium taken up by the plants is plotted as a 

proportion of the total ammonium removed from the bed (i.e via seaweed uptake and water 

transport), for a range of water residence times. At the lowest observed rate of water turnover 

the plants could take up 43.6% of excreted ammonium, which is close to the value of 55.0% 

they need to fulfil all of their nitrogen needs (Table 5.2). At the median and maximum 

observed turnover rates the values were 28.3 and 9.0 % respectively. Thus, in the most 

conservative instance where excreted ammonium is instaneously mixed throughout the water 

column, the seaweeds could still derive up to 43.6/55.0 = 79% of the ammonium they require 

from epifauna. 

To what extent would the ammonium concentration in the bed be elevated given the 

observed rates of excretion and removal? The ammonium in the water will equilibrate at an 

elevated concentration of Cn = Q!(kp +kw) V, where Coo = steady-state ammonium 

concentration (J..LM), Q = rate of ammonium input into the bed (J..Lmoles · s-1
), kP and kw = 

probability of any individual ammonium ion being removed from the bed per second via 

plant uptake or water transport respectively, and V = water volume (L) (from Denny et al. 

1992, Eq. 8). At the average epifaunal excretion rate of 8.8 J..Lmoles · planf1 
• d-1 (= 3.3 

J..Lmoles · s-1 across the whole bed), the resultant elevation of ammonium concentration is 0.13 

J..LM at the maximum measured water residence time (46 min. half-life), 0.08 J..LM at the 

median (24 min.), and 0.03 J..LM at the minimum (6 min.). 
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5.4 Discussion 

Mobile epifauna inhabiting the fucalean seaweed Carpophyllum plumosum var. 

capillifolium excreted 1.5-2.1 times as much nitrogen as their host seaweeds used for growth, 

and according to my conservative estimate of availability, under calm sea conditions the 

plants should have been able to take up 80 % of the ammonium they needed for growth 

before the ammonium was lost from the bed via water transport. 

How robust and/or widely applicable are my results? Here I compare my results for 

individual parts of the budget with data from the literature. 

5.4.1 Epifauna and their rate of ammonium excretion 

My epifaunal excretion rates tended to be slightly lower than those measured for small 

marine invertebrates in other studies, with a general trend for zooplankton to have higher 

excretion rates than benthic forms (Fig. 5.7). Physiological stress is a major potential source 

of bias for measurements of metabolic-rate parameters (Chapelle & Peck 1995). I am 

reasonably confident that my results are accurate because (1) the rate of accumulation of 

ammonium in the bottles was fairly constant over the 2 h measurement period (accumulation 

of ammonium during the second hour averaged Ill % of that during the first hour), and (2) I 

gave the animals mesh to cling to, which has been shown to reduce stress (as measured by 

rate of oxygen consumption) in benthic amphipods (Chapelle & Peck 1995). Ammonium 

excretion rates per plant dry weight for Carpophyllum plumosum var. capillifolium epifauna 

(2.4-4.6 J.tmoles · g-1 
• d-1

) were very close to those obtained by Probyn & Chapman (1983) 

for gammarid am phi pods and gastropods from the brown seaweed Chordaria flagel/iformis 

(average 5.5 J.tmoles · g- 1 
• d- 1

). However, Probyn & Chapman (1983) found that, on average, 

their amphipods excreted almost twice as much urea-N as ammonium-N, although this factor 

varied ten-fold amongst individual experiments. This result appears to be anomalous, as most 

crustaceans excrete only 1-5 % of nitrogen as urea, with the major nitrogeneous excretory 

product being ammonium (Regnault 1987). Freshly collected crustaceans from 

Carpophyllum plumosum var. capillifolium plants released an amount of urea comparable to 

that found by Probyn & Chapman (1983) within five minutes of addition to a bottle of 

seawater, but they released little urea over the following 60-120 minutes, suggesting that urea 

excretion may be an experimental artefact for these animals (M. Eaton, A. Rees and R. 

Taylor, unpubl. data). 
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Following adjustment, epifaunal abundances averaged 2555, 1314, and 766 animals> 

1mm per 100 g seaweed wet weight over the three sampling times in the present study, 

compared with means ranging from 8-1951 for ten fucalean and laminarian seaweed species 

sampled from a range of sites within a few kilometers of Matheson Bay (Chapter Two). 

Edgar' s P 20, an estimator of production of aquatic invertebrates at 20°C (Edgar 1993), should 

be roughly proportional to ammonium excretion rate, as both are metabolic-rate parameters. 

In the present study, P20 estimated for sieve sizes> 0.5 mm averaged 820, 571 and 389 J.Lg · g 

plant dry weighf1 
• d-1 for the three sampling occasions, compared with -90-350 J.Lg · g plant 

dry weighf1 
• d-1 for epifauna on Sargassum spp. in eastern Australia (Edgar 1993). My 

plant-level epifaunal excretion rates are thus probably at the high end of the scale. 

In this study I focussed on epifauna inhabiting the fronds of Carpophyllum plumosum 

var. capillifolium, because I considered that they potentially provided the most direct animal

plant link, but numerous other animals are also associated with seaweed beds, e.g. holdfast

dwelling microinvertebrates, and larger invertebrates and fish. How important might these 

organisms be as sources of regenerated ammonium? Secondary production of animals> 0.5 

mm sieve size in the Carpophyllum plumosum var. capillifolium holdfast matrix is about 53 

% of that in the canopy per unit area of seaweed bed (Chapter Four), so the ammonium 

excretion rate probably comprises the same proportion, assuming the two metabolic-rate 

parameters are roughly proportional (Peters 1983). Total ammonium production of canopy

dwelling epifauna in the Carpophyllum plumosum var. capillifolium bed averaged 77, 51, and 

69 J.Lmoles · m-2 
• h-1 on the three sampling occasions. This compares to 25-30 J.Lmoles · m-2 

• 

h-1 for fish and large invertebrates on a subtidal rocky reef in California (although this value 

increases to > 280 J.Lmoles · m-2 
• h-1 at night if ammonium from the resting planktivorous fish 

Chromis punctipinnis is included) (Bray et al. 1988). Bray et al. (1988) did not consider 

animals smaller than 0.01 g dry wt (their Table 3), equivalent to -0.009 g AFDW (Waters 

1977), about the same size as animals trapped on my coarsest sieve (average 0.007 g AFDW). 

Setting aside the likely differences between seaweed beds in the two studies, it is thus 

possible to sum the values for my epifauna and Bray et al. ' s megafauna (excluding Chromis 

punctipinnis) to get a very approximate overall excretion rate for a seaweed bed of -128 

J.Lmoles · m-2 
• h-1

, where frond-dwelling invertebrates, holdfast-dwelling invertebrates, and 

megafauna each excrete about 51, 27 and 22 % of total ammonium respectively. The 

contribution of zooplankton within the bed is likely to be < 5 J.Lmoles · m-2 
• h-1 (Bigidare 
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1983). The contribution of animals small enough to pass through 0.355 mm mesh 

(meiofauna, protozoans, bacteria) is uncertain but potentially significant, considering their 

likely abundance and high metabolic rates (e.g. Gerlach 1971, Gibbons & Griffiths 1986). 

5.4.2 Plant nitrogen usage 

Carpophyllum plumosum var. capillifolium plants increased in length by 0-2 mm · d- 1
, 

depending on initial size and meristem condition. It is difficult to compare this value with 

data from the literature because of the differing ways in which growth rate is expressed; 

ideally the comparison would be made in terms of dry weight. However, a brief survey 

shows that the growth rate of Carpophyllum plumosum var. capillifolium spans a similar 

range (0.1-2 mm · d- 1 length increase) to other fucalean seaweeds from both the intertidal 

(Keser & Larson 1984, Gunnill 1985 and references in both papers) and subtidal (Martin

Smith 1993b). Laminarian seaweeds often grow much faster (Kain 1979, Zimmerman & 

Robertson 1985), but may lose a high proportion of their gross tissue growth (as measured by 

the hole-punching method) through erosion of the frond tips (Mann 1973). My methods did 

not account for nitrogen loss via this route but I do not consider it to be a serious source of 

bias. The only information I have been able to find in the literature on tissue loss rates of 

perennial fucaleans concerns abscission following reproduction (e.g. Knight & Parke 1950, 

Josselyn & Mathieson 1978). In northern New Zealand Carpophyllum spp. are fertile from 

September to January, but most have shed their reproductive structures by early December 

(Schiel 1988), so tissue loss via this means, or via release of the spores themselves, should 

not represent a problem for my study, which was done from December to March. Tissue loss 

in fucaleans due to erosion or sloughing is probably much lower than for laminarians such as 

Ecklonia or Laminaria, because the meristem of the latter is intercalary, so that the oldest 

tissue is outermost where it is most vulnerable to erosion (e.g. Mann 1973), whereas the 

fucalean meristem is apical (Clayton 1984), so that tissue is protected as it ages. However, 

Carpophyllum plumosum var. capillifolium plants that had no main meristem decreased in 

length during the monitoring period (Fig. 5.3c), suggesting, that for these individuals at least, 

significant amounts of tissue may have been lost through erosion. Plants showed no signs of 

tissue loss due to grazing; although the echinoid Evechinus chloroticus was present at low 

densities, it does not prefer Carpophyllum plumosum as a food source (Schiel 1982), and 
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recent evidence indicates that most epifauna feed on periphyton or suspended matter rather 

than their host plant (e.g. Edgar 1991 a). 

My plants had a relatively low nitrogen content (average 1.25-1.61 % dry weight) 

compared to an average of 1.84% for 27 phaeophyte species from Atkinson & Smith (1983). 

Values in Atkinson & Smith (1983) range from 0.64-5.19 %, with considerable variation 

even within species from the same genus and area (e.g. Cystoseria spp. from Corsica ranged 

from 1.42-5.19 %). 

5.4.3 Comparison of epifaunal excretion rates and plant usage rates 

In most individual cases, and on average, the epifauna excreted more nitrogen than the 

plants used (by a factor of 1.5-2.1). Miura et al. (1978) obtained a similar result for shrimps 

and snails inhabiting a bed of the freshwater macrophyte Elodea densa, and considered the 

animals to be an important supplementary nutrient supply for the plant. Miura's group 

worked on a dense Elodea bed that extended hundreds of meters out into a lake from the 

shoreline. Water movement was considerably reduced within the bed, so excreted 

ammonium was likely to remain available to the plants for long periods. Underwood (1991) 

showed that chemical conditioning by epifaunal snails caused the freshwater macrophyte 

Ceratophyllum demersum to grow faster in aquaria, but he cautioned that this result could not 

automatically be extrapolated to the field without information on factors such as the effect of 

nutrient dilution into the larger water body. On an oceanic shoreline subject to wave action, it 

is even more necessary to consider the role of water movement in removing excreted 

ammonium before it can be taken up. 

5.4.4 Plant ammonium uptake rate versus water residence time 

In my conservative model where excreted ammonium is instantaneously mixed 

throughout the water in the bed, the seaweeds could still obtain up to 79 % of their required 

nitrogen from ammonium excreted by epifauna. This obviously represents a significant 

source of nitrogen to the seaweeds in situations where the nutrient is in limiting supply. 

However, this is probably an underestimate of the plants' opportunity to amount ammonium, 

because rather than mixing instantly into the surrounding water, the excreted ammonium 

diffuses from thousands of point sources (each epifaunal individual) within the matrix of each 

plant thallus and will thus be briefly available to uptake sites on the surface of the host plant 
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at much higher concentrations than the bulk average. At these raised concentrations 

(estimated at about 5 ~M for zooplankton excretory patches by McCarthy & Goldman 

(1979)) the plants could take up ammonium far more rapidly (Fig. 5.5). In addition, there is 

evidence that the body of water within the frond matrix of seaweeds is "trapped" by the plant 

structure to a certain extent and does not flow freely with water outside (Gaylord et al. 1994), 

so the ammonium residence time on the scale of a single plant may be relatively high. 

Offsetting this, my measurements of "surge" uptake by the plants may have 

overestimated long-term uptake rates (Pedersen 1994), and my observed water residence 

times are also probably overestimates because I could not run dye dilution experiments 

during rough weather when residence times are likely to be low (Denny et al. 1992). 

Phytal epifauna exist under many other circumstances in the marine environment that 

may be more conducive to the transferral of nutrients from epifauna to host plant. For 

example, intertidal algae frequently harbour high densities of gammarid am phi pods (e.g. 

D'Antonio 1985, Lancellotti & Trucco 1993), which presumably excrete ammonium directly 

onto the surface of their host plant when the tide is out, so that, for this period at least, there is 

no surrounding water body to dilute the nitrogen, and the plant can take it up at relatively 

high concentrations. In addition, articulated coralline algae are a prominent feature of many 

hard subtidal habitats, and are also inhabited by large numbers of epifaunal organisms (e.g. 

Dommasnes 1969). The tightly matted matrix and low profile of such algal turfs probably 

makes their surfaces far less prone to turbulence than are the surfaces of upright seaweeds, 

which, in combination with their low growth rate (Johansen & Austin 1970), and 

corresponding low nitrogen requirement, should create strong potential for the uptake of 

significant quantities of nitrogen from turf-dwelling epifauna. 

Meyer et al. (1983) found that fish resting in a coral head raised the seawater 

ammonium concentration within the head by up to 0.9 ~M on calm days, which increased the 

growth rate of the coral, even though the half-life of water in a coral head could be as low as 

2 minutes (on a rough day with currents). My calculations predict that elevation of 

ammonium in the water amongst the seaweed bed will be much lower (a maximum of about 

0.13 ~M), probably because the epifauna excrete less ammonium per unit water volume than 

the fish due to the large body size and high density of the latter (1.6 mmoles · m-2 
• d-1 for 

epifauna versus 7.3 mmoles · m-2 
• d-1 for the fish). On three occasions (June-August 1996), I 

took seawater samples from ~0.2 m beneath the surface and ~0.1 m above the bottom every 
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2.5-5 m along three 30 m transects, which started at regular intervals along the bed and ran 

offshore at right angles. There was a trend for ammonium concentrations to be slightly lower 

(by 0.05-0.1 J.lM) outside the bed on two occasions (when the sea was calm), but not on the 

third (when the sea was rough). However, the difference was too small to be reliably 

measured by the assay (data not shown). 

To unequivocally evaluate the significance of epifaunal excretory products to the host 

seaweed it would be necessary to maintain plants free of epifauna for long periods and 

monitor their nitrogen status relative to that of controls (analogous to the experiments of 

Meyer et al. (1983), where fish were removed from selected coral heads). It would be 

necessary to simultaneously maintain epifaunal feeding activities as these may positively or 

negatively affect plant growth depending on whether the animals are eating the host plant 

itself, or epiphytes growing on the host's surface (Duffy 1990). Furthermore, this experiment 

would have to be done on a large spatial scale, so that treatment plants could not receive 

ammonium from epifauna on neighbouring plants. Such an experiment is likely to remain 

impossible, especially considering that it has not yet been possible to exclude epifauna from 

individual seaweeds under natural conditions long-term, let alone regulate the activities of the 

epifauna on a large scale. 

At my study site, typical summer background levels of total inorganic nitrogen are 

probably high enough at 1-2 J.lM (B. Dobson unpubl. data) to ensure that local seaweeds are 

nitrogen replete (Rees et al. in prep.) regardless of direct input from epifauna. However, 

more generally, it is likely that epifauna will supply significant quantities of ammonium 

under circumstances when some or all of the following hold: ( 1) ambient inorganic nitrogen 

is low, (2) the plants support dense epifaunal populations, (3) the plants have low nitrogen 

requirements due to low intrinsic growth rates and/or tissue nitrogen levels, (4) the plants 

have a high affinity for external ammonium relative to the nitrogen requirement, which in 

conjunction with (3) enables plant nitrogen requirements to be met by low concentrations of 

external nitrogen, (5) residence time of the surrounding water is high. 

I found that 97-99 % of the ammonium excreted came from animals small enough to 

pass through 2 mm mesh, and that most (71-92 %) of those animals were gammarid 

amphipods (Fig. 5.2). The most abundant gammarid amphipod was Podocerus manawatu 

(Chapter Two, pers. obs.). Members of the genus Podocerus are often extremely abundant on 

seaweeds and other shallow water substrata, which they appear to use as platforms from 
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which to feed on suspended matter (Edgar 1983a, Barnard et al. 1988). The animals are thus 

potential agents for the transferral of nitrogen from phytoplankton to seaweeds, which has 

important implications because phytoplankton are enriched in nitrogen relative to macroalgae 

(Duarte 1992). 

Although seaweeds ultimately obey the -3/2 thinning law (Cousens & Hutchings 

1983), sometimes individual plant size is positively correlated with density (Schiel & Choat 

1980). A simple interpretation of this latter result is that rates ofboth growth and recruitment 

are determined by a third factor such as water motion (Cousens & Hutchings 1983), but an 

alternative explanation is that epifaunal excretory products are quickly lost to solitary plants 

via dilution, but with increasing plant density ammonium from epifauna on neighbouring 

plants becomes progressively more important, allowing plants from large, dense beds to grow 

faster than isolated ones. 

It is well known that mobile epifauna can benefit their host seaweed ~y preventing 

epiphytic overgrowth (D'Antonio 1985, Brawley & Fei 1987, Duffy 1990); this study shows 

that epifauna also have the potential to provide their host plant with significant quantities of 

nitrogen, a nutrient that often limits seaweed growth. 



Table 5.1 Composition of seaweed tissue (average± 1 SE, n = 10). 

%nitrogen Atomic 

Date by dry wei~ht C:N ratio 

Dec. 15 1994 1.25 ± 0.06 34.3 ± 1.8 

Jan. 17 1995 1.45 ± 0.06 31.5 ± 1.2 

Mar. 7 1995 1.61 ± 0.06 28.0 ± 1.1 



Table 5.2 Average rate of nitrogen excreted by mobile epifauna versus rate of incorporation 

by plants (Jlmoles · planf1 
• d" 1

) (n = 10). 

Ratio of 

Animal Plant excretion: 

Date excretion incorporation incorporation 

Dec. 15 1994 10.3 4.9 2.1 

Jan. 17 1995 6.8 3.6 1.9 

Feb. 18 1995 9.3 6.2 1.5 



Table 5.3 Half-lives (in minutes) of dyed water within the seaweed bed. Letters A, Band C 

correspond to water sampling locations within the bed, with C being at the most southerly, 

wave exposed end of the bed. 

Date Sea cgnditigns A B c 
Apr. 18 1996 Light E swell, 33 39 12 

2.5 - 1 h before low tide 

Apr. 27 1996 Moderate E swell, no wind, 26 16 6 

3 - 1.5 h before high tide 

May 7 1996 Very slight surge, no wind, 47 24 10 

0.5 h either side low tide 



Figure 5.1 Epifaunal ammonium excretion rate versus body weight. 
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Figure 5.2. Epifaunal density (a), taxonomic composition (b), biomass (c), and ammonium 

excretion rate (d) versus sieve mesh size for three sampling occasions. 



0.355 
0.5 

0.71 
1 

1.4 
2 

2.8 
4 

w. 0.355 
Cii 0.5 
3 0.71 
CD 1 en 
::::r 1.4 
en 2 N. 
CD 2.8 -3 4 
3 
._ 0.355 

0.5 
0.71 

1 
1.4 

2 
2.8 

4 

N H4 + excretion rate 
(J.Jmoles · g dry 
wt plant· h"1

) 
0 
0 
0 
0 
--" 

0 
0 
0 

0 
0 

--" --" 

r-
l-

-

~ 

J-
r-

I 

-

r 

1-

1-
~ 

r 
-a. ._ 

~ 
~ 

r 

~ 

Biomass (g AFDW 
· g dry wt planf1

) 

0 
0 

oo 
. 0 
--" --" 

l-

-

- J-

-

1--
r-

1---

0 
0 
0 
--" 

1-

I 

~ 

1--
r 

r 

-() ._ 

1-
1-

-
1-

I--

r 
t-

-
r-

0 
0 
--" 

I 
G) 
Dl 
3 
3 
Dl ..., 
a: 
(/) 

~ 
G) 
Dl 
(/) 
.-+ ..., 
0 

"'0 
0 
0.. 
(/) 

I 
0 
.-+ 
::::r 
Cl> ..., 
(/) 

Taxonomic composition 
(% total numbers) 

0 . 
CJ1 
0 

-0" ._ --"9 
00 
0--" 

1-

-

Density· g 
dry wt planf1 

0 --" 
--" 0 

--" --" 0 0 

~ 
~ 

1-
r- -Q) ._ 

I 
~ 

~ 

j-
1--

J 

~ 
~ 

t-

~ 

--" 
0 
0 
0 

0 
CD 
() 

--"" 
c..n 
--"" 
c.o 
c.o 
~ 

c.... 
Q) 
:J 

--"" 
-....J 

--"" 
c.o 
c.o 
c..n 

, 
CD 
0" 

--"" 
CX> 

--"" 
c.o 
c.o 
c..n 



Figure 5.3 Growth rate versus length for individual Carpophyllum plumosum var. 

capillifolium plants of three meristem conditions; (a) main meristem present on the original 

primary stipe, (b) main meristem regrown on another lateral, and (c) main meristem absent. 

The length is the average of initial and final lengths during the monitoring period. Dotted 

lines indicate zero growth. 
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Figure 5.4 Ammonium excreted by epifauna relative to ammonium utilised by the host plant 

for ten replicate plants on three sampling occasions. Plants are ranked in declining order of 

excretion:incorporation ratio. 
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Figure 5.5 Ammonium uptake rate versus initial ammomum concentration for 

Carpophyllum plumosum var. capillifolium plants. Regression line is constrained to pass 

through origin. 
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Figure 5.6 Proportion of excreted ammonium taken up by seaweeds versus half-life of water 

within the bed. Minimum, median, and maximum refer to water turnover rates measured at 

three sites within the bed on three occasions of varying sea and tidal state (Table 5.3). The 

horizontal dashed line represents the percentage of excreted ammonium required to fulfil the 

nitrogen needs of the average plant. 
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Figure 5. 7 Literature-derived relationships between ammonium excretion rate and body 

weight for small marine invertebrates. Dry weights were converted to ash-free dry weights 

using a factor of 0.9 (Waters 1977). IA = infaunal arnphipod at 20-22°C (Hawkins & Keizer 

1982), DZ = demersal zooplankton at 22-23°C (Bishop & Greenwood 1994), SE = seaweed 

epifauna at 21-22°C (this chapter), Z1 = zooplankton at 20°C (Mullin et al. 1975), Z2 = 

zooplankton at 18-25°C (Vidal & Whitledge 1982), Z3 = zooplankton at 20-25°C (Ikeda et al. 

1982). 
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Chapter Six 

General discussion 

My survey of animals> 0.5 mm sieve size in four rocky reef habitats found that small 

mobile epifauna ( < 10 mm in length) contributed up to 99 % of total secondary productivity 

in finely-structured vegetated habitats. The contribution of epifauna to total productivity was 

lower in less structurally complex habitats, but still amounted to -78 % on the scale of the 

entire reef. In each habitat the most productive fish guild was, unsurprisingly, that which 

preyed upon epifauna, but on the scale of the reef only -20 % of epifaunal production was 

consumed by fish. The fate of the remaining production, wh~ch,~ounted to -61 % of all 

secondary production on the reef, is completely unknown and merits further investigation. 

This study clearly identified epifauna as being the major secondary producers on the 

reef, and thus also the major consumers and nutrient recyclers (Peters 1983), confirming the 

need to include them in trophic models of subtidal rocky reefs (e.g. Miller et al. 1971, Newell 

et al. 1982). The conclusions from this study should be broadly applicable to most other 

seaweed systems, except perhaps the South African kelp beds, where epifauna appear to play 

a secondary role to larger suspension feeders such as mussels and holothurians, which exploit 

phytoplankton fueled by the uniquely powerful Benguela upwelling system (Wulff & Field 

1983). 

Ammonium excreted by seaweed epifauna was shown to be a potentially important 

source of nitrogen for the host plant, conservatively estimated to provide up to -80 % of the 

plant's requirements under conditions of low water turnover. It was considered likely that the 

actual quantity of nitrogen available to the plant would be much higher than in the "worst 

case" model (which was calculated on the assumption that epifaunal excretory products were 

instantly mixed throughout the water surrounding the bed), since in reality the epifauna 

excrete ammonium in high concentrations near the surface of the plant where it is readily 

accessible. The presence of epifauna is likely to have two major benefits for the host plant: 

(1) epifaunal grazing removes epiphytes that may otherwise reduce the host plant's supply of 

light, inorganic carbon and nutrients (e.g. Brawley & Fei 1987, Duffy 1990), and (2) 

epifaunal excretory products supply the host plant with potentially important quantities of 

nitrogen, a nutrient thought to frequently limit seaweed growth. 
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6.1 The importance of finely-structured vegetated habitats 

The following all reach their highest values in finely-structured vegetated habitats: (1) 

total secondary productivity, (2) the contribution of epifauna to total secondary productivity, 

and (3) the proportion of epifaunal productivity available for consumption by small fish. The 

high numbers of small crustaceans on substrata such as Carpophyllum plumosum var. 

capillifolium fronds and coralline turf accounts for all three observations (Chapter Four). 

Finely-structured seaweeds probably provide epifauna with shelter from fish predation (Coull 

& Wells 1983), a large surface from which to graze (Edgar 1991a), and an anchorage from 

which to resist removal by wave action (Vader 1983) (Chapter Two). 

Given the importance of these vegetated habitats it is worth examining the role that 

echinoids play in controlling the distribution of macroalgae. Echinoid grazing determines the 

structure of rocky reef ecosystems to an extent that is far greater than might be predicted from 

their low contribution to the flux of organic matter. In northeastern New Zealand, as 

elsewhere (Lawrence 1975, Schiel & Foster 1986, Harrold & Pearse 1987), echinoids in the 

urchin barrens habitat exclude erect brown algae and turfing corallines that would otherwise 

provide food and shelter for epifauna, maintaining large areas in which the only macroalgae 

are crustose corallines (Andrew & Choat 1982). These crustose corallines support low 

densities of epifauna, and total secondary productivity is only -25-50% of that in the finely

structured vegetated habitats (Table 4.7). Moreover, the larger gastropods and echinoids that 

dominate the urchin barrens habitat are much less available to higher trophic levels such as 

fish (Russell 1983). It is clear, therefore, that in addition to the obvious effects on primary 

production, echinoid grazing also reduces the quantity and availability of secondary 

production, due to the loss of living space and food for epifauna, and the flow-on effects that 

reduced epifaunal densities have on predatory fish. Furthermore, by reducing the supply of 

seaweed detritus to the rest of the reef, echinoid grazing may have consequences far beyond 

the urchin barrens (e.g. Estes et al. 1978, Ebeling et al. 1985). 

The importance of echinoid grazing in tum means that agents controlling the effects 

of echinoid grazing are also important (reviews of Pringle 1986, Schiel & Foster 1986, 

Harrold & Pearse 1987, Elner & Vadas 1990, Scheibling 1996). Predation has received the 

most attention, with research focussing on predator-echinoid-kelp "cascade" effects (Heck & 

Crowder 1991, Steinberg et al. 1995). Sea otters control echinoid densities in parts of the 
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north Pacific (Estes & Palmisano 1974, Estes & Duggins 1995), and lobsters may be 

important predators in the northwestern Atlantic (Scheib ling 1996) respectively, but there 

appear to be no predators that have a comparable influence on adult echinoids in Australasian 

waters (Andrew 1988, Schiel 1990, Steinberg et al. 1995). Echinoid densities may also be 

suppressed by storms (Ebeling et al. 1985), disease (Harrold & Pearse 1987), and low 

recruitment (Harrold & Pearse 1987). It is not fully understood what prevents echinoids in 

northeastern New Zealand waters from overgrazing the abundant seawe~ds found outside the 

urchin barrens (Andrew 1988, Schiel 1990). 

Other agents removing macroalgae will have similar effects to echinoids. These 

include storms (Ebeling et al. 1985, Seymour et al. 1989), El Nino conditions that interrupt 

the upwelling of nutrients (Tegner & Dayton 1987), and possibly pathogens or low levels of 

light and nutrients (Cole & Babcock 1996). 

6.2 Trophic versus functional importance 

It is clear from the previous discussion on the role of echinoids that animals of low 

trophic importance are not necessarily unimportant in a functional sense, i.e. in terms of their 

influence on the distribution and abundance of other species (see section 1.4 in Chapter One). 

Conversely, it is important to recognise that the high trophic importance of epifauna does not 

necessarily equate to high functional importance. Jones & Andrew (1993) argue that 

echinoids may be regarded as "habitat determiners" since they are capable of determining the 

presence or absence of "habitat formers", i.e. the seaweeds, which typically are used to define 

temperate reef habitats. Jones and Andrew then suggest that seaweed epifauna and many 

fishes are "habitat responders", implying that they are far more affected by the presence of 

seaweeds than vice versa. 

The high mobility and small size of epifauna does not make them amenable to the 

experimental approach that has so clearly identified the functional role of echinoids, but a 

picture is emerging that epifauna do in fact play a crucial functional role on rocky reefs, and 

may be more than just "habitat responders". Under at least some conditions epifauna enable 

their host seaweeds to persist by grazing epiphytes that would otherwise smother the host 

plant (D'Antonio 1985, Brawley & Fei 1987, Duffy 1990), and thus play a positive role as 

"habitat determiners", in opposition to the negative role of the echinoids. However, the 
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echinoids will dominate the interaction, as an important role for epifauna depends on the 

absence of echinoids, while the reverse is not true. 

Epifauna are also a critical link between benthic plants (seaweeds and epiphytic algae) 

and fish (see Chapter One). Results from natural and manipulative experiments (mostly in 

the northeastern Pacific) indicate that the local existence of these fish and higher trophic 

levels depends on a productive epifaunal assemblage (Simenstad et al. 1978, Kingett & Choat 

1981, Ebeling et al. 1985, Tegner & Dayton 1987, Holbrook et al. 1990). Thus in a 

functional sense, a rocky reef from which all epifaunal individuals were magically removed 

would (1) lose most of the small predatory fish and the higher trophic levels that rely upon 

them for food, and (2) possibly have the seaweeds smothered by fouling epiphytic algae and 

die. 

6.3 The potential contribution of animals smaller than 0.5 mm sieve size 

If smaller animals tend to be more abundant and have higher specific growth rates 

than larger ones (Peters 1983), what is the likely contribution of animals < 0.5 mm sieve size 

to overall trophic flux? Unfortunately, this question could not be addressed directly in this 

study, mainly because it was considered unsafe to extrapolate Edgar's allometric equations to 

animals ofthis smaller size range (Edgar 1990c). 

The next size class of animals beneath the macrofauna is termed the meiofauna, which 

are defined as ranging in size from a lower limit of0.063-0.1 mm to an upper limit of0.5-l.O 

mm, and which frequently are very abundant on benthic substrata (see reviews of Hicks & 

Coull 1983, Hicks 1986, Gibbons 1991, Giere 1993). In soft sediments, meiofaunal 

productivity sometimes exceeds that of the macrofauna (reviewed by McLachlan 1983 and 

Giere 1993). ~omparative data for rocky reefs is restricted to the intertidal study of Gibbons 

& Griffiths (1986), which found that meiofaunal productivity was only about a third that of 

the macrofauna. Meiofaunal abundances on subtidal rocky reefs can be high (Hicks 1986), 

but the role of meiofauna there may in fact be relatively minor, for two main reasons. First, 

meiofauna are not required as a trophic level beneath the epifaunal macroinvertebrates, 

because most of the latter are herbivores or detritivores (Appendix One). Second, the amount 

of meiofaunal production entering higher trophic levels is probably low (Gibbons 1991 ). 

Newly-recruited fish prey heavily upon meiofauna (Jones 1984, Edgar & Shaw 1995b ), but 

switch to a diet of macrofauna while still quite small, with meiofauna being unimportant as 
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food for fish larger than 0.1 g wet weight (Edgar & Shaw 1995b ), or 30-60 mm in length 

(Gee 1989). However, some of the bigger epifaunal crustaceans such as shrimps, crabs and 

mysids prey upon meiofauna (Gee 1989), and may thus make a portion of meiofaunal 

productivity available to larger fish. 

In addition to the meiofauna, there are the even smaller protozoans and bacteria, 

which are little known but are almost certainly of great ecological importance, especially as a 

means of making food (dissolved organic matter and refractory plant material) available to 

higher trophic levels (e.g. Newell et al. 1982). 

6.4 Suggested priorities for future research 

The following questions merit further investigation: 

( 1) What is the fate of the ~80 % of epifaunal production that is not utilized by higher trophic 

levels? 

(2) What are the major food sources for epifauna in the different reef habitats? 

(3) What are the effects of epifauna on seaweeds, epiphytic algae and seaweed sporelings? 

(4) What are the roles ofmeiofauna, protozoans and bacteria? 

Given the historical bias of reef ecologists towards larger animals, and the technical 

difficulties associated with conducting experiments on small aquatic invertebrates in the field, 

it is not surprising that this list of priorities reflects the fact that upward interactions, such as 

between epifauna and fish, are much better understood than downward interactions between 

epifauna and their food sources. 

6.5 Summary and conclusions 

Subtidal brown seaweeds in northeastern New Zealand were found to be inhabited by 

a diverse assemblage of macroinvertebrates, which were most abundant on finely-structured 

plants. Epifaunal abundances varied little on time scales of hours to days, but on two of the 

three seaweeds investigated densities underwent strong seasonal cycles, which tracked 

incident solar radiation. Epifauna contributed up to 99 % of total macro faunal productivity in 

finely-structured vegetated habitats. Fish consumed ~20% of epifaunal production, but the 

fate of the remainder is unknown. Epifaunal excretory products were shown to be a 

potentially valuable source of nitrogen for the host seaweed. 
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This thesis has shown that small mobile invertebrates are an integral and major 

component of subtidal rocky reef ecosystems, and must therefore be considered in future 

trophic models. A fuller understanding of the overall importance of epifauna on temperate 

reefs will come when the flux data presented here are accompanied by the results of detailed 

experimental analyses of the functional impact of epifauna on their food plants and predators. 
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Appendix One 

Food sources for mobile epifauna on rocky reefs 

On temperate rocky reefs most mobile epifauna (> 0.5 mm sieve size, < 10 mm in 

length) live on red and brown seaweeds (e.g. Chapter Four), where they consume a wide 

range of food items, including the living host plant (Duffy 1990), detritus (Jansson 1967), 

epiphytic algae (Brawley & Fei 1987), suspended matter from the water column (Caine 

1977), and other animals (Caine 1977). Several ofthese feeding modes may be shown by the 

same species or individual (e.g. Skutch 1926, Jones 1971, Caine 1977). In contrast to small 

terrestrial herbivores like insects, epifauna with specialist diets are relatively rare (Hay 1992). 

Al.l Grazing the host plant 

Seaweeds are highly productive (Mann 1973), but in temperate reg10ns only a 

comparatively small proportion of this productivity is thought to be grazed directly (Mann 

1982, 1988). Living seaweed plants are not a particularly attractive food source, having a low 

protein content (Atkinson & Smith 1983, Duarte 1992) and a high proportion of refractory 

carbohydrates (Hylleberg Kristensen 1972, Montgomery & Gerking 1980). Many seaweeds 

also have an outer layer that is physically (Robertson & Lucas 1983, Gaines 1985) or 

chemically (Tugwell & Branch 1989) resistant to grazers. 

Nevertheless, there are numerous records of seaweed epifauna grazing their host 

plants, and Duffy & Hay (1991) contend that living plants are an important dietary 

component for many amphipod species (but see Bell 1991). Conlan (1994) lists five 

amphipod families known to graze kelps, of which the Ampithoidae is the most important. 

Some sphaeromatid (Arrontes 1990) and idoteid (Naylor 1955, Jones 1971, Kangas et al. 

1982) isopods eat seaweed fronds, and phycolimnoriid isopods (gribbles) burrow into kelp 

holdfasts (Jones 1971, Barrales & Lobban 1975). Epifaunal gastropods are known to 

consume seaweed structural (Vahl 1971, Fralick et al. 1974, Johnson & Mann 1986, Dayton 

et al. 1992) and reproductive (Santelices & Ugarte 1987) tissues. Ofthe polychaetes, at least 

one nereid grazes seaweeds (Brostoff 1985), as does a syllid (Neumann et al. 1970). 

Although seaweed epifauna occasionally graze their host plants to destruction (Tegner 

& Dayton 1987), the rarity of such events and the fact that most epifaunal taxa readily 
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colonize artificial plants (Edgar 1991a) suggests that the host plant is not normally a major 

source of food. 

A1.2 Detritivory 

The prevailing view is that seaweed forest food webs, like those of most other aquatic 

macrophyte systems, are based largely on detritus (Mann 1973, Mann 1982, Newell 1984, 

Mann 1988). Seaweed tissue is preferred in a fresh state by some detritivores (Bedford & 

Moore 1985), but it generally becomes far more attractive as a food source once it has 

fragmented and been conditioned for a short period by bacteria. The bacteria increase the 

food quality of the plant material by reducing levels of refractory carbon, and are a valuable 

food item themselves due to their high nitrogen content (Mann 1988). About 20-30 % of 

carbon production by laminarian seaweeds is released into seawater as dissolved organic 

matter (DOM) (references in Mann 1982), where it forms amorphous aggregates (due to 

precipitation or incorporation into microbes), which are an even richer food source than 

particulate organic matter (POM) (Bowen 1984, Alber & Valiela 1994). 

The role of DOM in coastal marine systems is still unclear (Mann 1988), but it is well 

known that POM from seaweeds is a major food source for echinoids and large suspension 

feeders such as holothurians and mussels (Mann 1982, Harrold & Pearse 1987, Branch & 

Griffiths 1988). Small mobile invertebrates are undoubtedly important consumers of POM 

exported from seaweed beds to the adjacent seafloor (Bedford & Moore 1984, Kim 1992, 

Vetter 1995) and beaches (Griffiths et al. 1983, Robertson & Lucas 1983, Polis & Hurd 

1996), but the importance of detritus as a food source for macroinvertebrates living on 

attached seaweeds is less clear. Detritus, by its nature, is difficult to distinguish from other 

potential food sources in the gut contents of small invertebrates, and Kitting (1984) suggests 

that the importance of "detritus" in the diet of seagrass epifauna may have been exaggerated 

in the past due to the tendency of workers to assign unidentifiable food items to this category. 

Several workers in the northern and eastern Pacific have claimed that kelp detritus 

fuels the epifaunal productivity that sustains assemblages of small fish on rocky reefs 

(Simenstad et al. 1977, Simenstad et al. 1978, Moreno & Jara 1984, Ebeling et al. 1985). 

Smaller particles of seaweed-derived POM and aggregated DOM probably form a 

large part of the diet of suspension feeding epifauna, along with a variety of other material 

such as phytoplankton and zooplankton, and miscellaneous detrital matter. Suspension 
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feeding is most prevalent amongst seaweed epifauna in regions of high net water movement 

(Edgar 1983a, K.rapp-Schickel 1993). Ischyrocerid, podocerid and caprellid amphipods tend 

to dominate epifaunal assemblages in such areas, and can be present in extremely high 

densities (Fenwick 1976, Edgar 1983a, Chapter Two). The constant supply of food from the 

water column releases suspension feeders from a reliance on autochthonous food sources (e.g. 

epiphytic algae), which are otherwise held to limit epifaunal populations (Edgar 1993). The 

only limiting factor for suspension feeding epifaunal assemblages may be space or 

behavioural interactions. For example, Codium fragile (Chlorophyta) plants growing on 

mooring ropes in tidal streams near Leigh sometimes have so many caprellids on them that it 

is difficult to see the plant underneath (pers. obs.). It is not presently possible to evaluate the 

relative importance of the categories of suspended material listed at the beginning at this 

chapter. Suspension feeding epifauna such as amphipods can selectively ingest particles of 

specific sizes (Miller 1984b ), so the diet may not necessarily be a simple reflection of what 

happens to be present in the water column. 

A1.3 Epiphytic algae 

Epiphytic diatoms and small filamentous algae appear to be a more attractive food 

source than the living host plant for many, or perhaps even most, epifaunal taxa, which will 

usually eat epiphytes in aquaria when given a choice between them and the host (Bell 1991). 

This preference has been attributed to the higher food value of epiphytes (Orth & van 

Montfrans 1984, Klumpp et al. 1992, Edgar 1993). Most of the work done on grazing of 

epiphytes and its consequences has been carried out in seagrass beds (reviewed by Orth & 

van Montfrans 1984, van Montfrans et al. 1984, Jernakoff et al. 1996), where epiphytic algae 

can be as productive as their host plants (Borum & Wium-Andersen 1980), and appear to be 

the most important source of primary production for higher trophic levels in these systems 

(Kitting 1984, Kitting et al. 1984, France 1995a). However, it does not necessarily follow 

that the same situation also applies in seaweed forests, as detritus from the host seaweeds is 

much more digestible than seagrass detritus (Mann 1988). Although the relative 

productivities of epiphytes and their host plants have been measured on numerous occasions 

for seagrasses, I have been able to locate only one comparable study on seaweeds. Booth 

(1985, 1986) found that the productivity of epiphytic diatoms on a variety of seaweed species 
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in the Baltic Sea and coastal northeastern New Zealand was 6-26 % of the total epiphyte

seaweed association for fucaleans, and < 1 % for laminarians. 

The most important evidence for the importance of epiphytic algae as food for 

seaweed epifauna comes from recent work by Edgar, who argues that epifaunal assemblages 

are limited by diffuse competition for epiphytic algal food (e.g. Edgar 1993). I discuss this 

work in the next section. 

A1.4 Epiphytic algae versus kelp detritus 

It is not immediately clear how to integrate (1) the Edgar's conclusions that epiphytic 

algae are the major food source for epifauna, and (2) the view held by many workers that kelp 

detritus is the major food base for small mobile invertebrates in kelp forests (Simenstad et al. 

1977, Simenstad et al. 1978, Moreno & Jara 1984, Ebeling et al. 1985). Here I evaluate 

evidence for each of the two viewpoints, and speculate as to the conditions under which each 

may apply. 

A1.4.1 Evidence for epiphytic algae 

Evidence for the limitation of epifaunal productivity by epiphytic productivity (and 

hence for the importance of epiphytic algae as a food source) is thus: 

(1) Most epifaunal taxa that inhabit naturally occurring seaweeds also colonize artificial 

habitats composed of synthetic rope fibres, but only do so in appreciable numbers once a 

coating of epiphytes has developed (Edgar 1991a), and throughout the colonization process 

the density of amphipods on artificial plants is strongly correlated with epiphytic chlorophyll 

concentrations (Russo 1988). 

(2) Epifaunal abundances in field microcosms rapidly reach a steady state, which can be 

reduced by shading, due to the light-dependence of epiphytic algal productivity (Edgar 

1990a). 

(3) Epifaunal productivity on standard artificial habitats is correlated with light in some field 

situations (Edgar 1991 b, Edgar 1993, Chapter Four). 

(4) Epifaunal productivity on seaweed plants in field microcosms is similar to that on 

adjacent natural plants where the size structure of the epifaunal assemblage is altered by fish 

predation (Edgar & Aoki 1993). 
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(5) Temperature-standardized epifaunal productivity on standard artificial habitats is similar 

across sites distributed world-wide (Edgar 1993). 

Edgar provides convincing evidence (point 2) that the animals inside his field 

microcosms are limited by the productivity of epiphytic algae, but this result cannot 

necessarily be extrapolated to animals occurring naturally in the field. The animals in the 

microcosms are forced to rely mainly on autochthonous food sources (i.e. epiphytic algae), as 

the filtering and flow-reducing properties of the fine mesh (0.3 mm) ends of the microcosms 

must restrict the supply of allochthonous suspended material to the animals inside, thus 

reducing what is acknowledged to be an important food source for naturally occurring 

epifauna under some conditions (Edgar 1993). Edgar examined the importance of epiphytic 

algae in natural field situations by deploying standard artificial habitats in a variety of 

shallow coastal habitats (including seaweed beds) around the world, and then measured 

epifaunal productivity after 1-2 months (Edgar 1993). There was comparatively little 

variability in epifaunal productivity calculated for an arbitrary temperature of 20°C amongst 

the sites, despite wide variation in factors that might affect epifaunal productivity (e.g. fish 

predation intensity). Edgar concluded that the only hypothesis consistent with this 

observation was that epifaunal productivity is generally limited by epiphytic food in shallow 

coastal habitats, because previously documented negative correlations of epifaunal 

productivity with light levels indicated that (1) space was unlikely to be the limiting factor, 

and (2) that the limiting food is primarily epiphytic algae. However, in the field, light and 

water movement are likely to be positively correlated due to the dependence of both variables 

on water depth, so it possible that the change in water movement is at least partly responsible 

for the reduction in epifaunal productivity, through its effects on the supply of suspended 

material. To assess the relative importance of autochthonous (e.g. epiphytic algae) and 

allochthonous (e.g. kelp detritus in suspension) food sources for animals on the artificial 

plants in the field it would be useful to measure the degree to which experimental shading 

reduces epifaunal productivity at the various sites. However, the only manipulations of light 

to date have been in microcosms where allochthonous foods are unavailable. There is little 

published information on the distribution of epifauna within kelp forests, but the broad fronds 

of laminarians appear to be a poor habitat for macroinvertebrates (Chapter Two), which may 

be far more abundant in the less conspicuous turfing algae (Laur & Ebeling 1983, Ebeling et 

al. 1985, Chapter Four) that form an understorey in kelp forests (Field et al. 1980, Schiel 
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1988, Underwood et al. 1991 ). These turfs trap large algal fragments (Smith et al. 1985), so 

make an excellent home for detritivorous epifauna to utilize production from the surrounding 

kelp plants. Robertson & Lucas (1983) found that amphipods in the surf-zone of a sandy 

beach fed mainly on fragments of Ecklonia radiata transported from nearby reefs, with many 

of these fragments being trapped within highly branched red algae inhabited by the 

amphipods. Edgar's artificial rope fibre habitats may underestimate the general importance 

of detritivory by collecting less detritus than the natural turfing algae, i.e. large detrital 

fragments may tend to simply fall between the "fronds" of the artificial plants and out of 

reach of the epifauna. 

A1.4.2 Evidence for kelp detritus 

Some amphipods and polychaetes from kelp holdfasts consume 14C labelled particles 

of kelp detritus in the laboratory (Beviss-Challinor & Field 1982), but the applicability of this 

observation to epifauna in the field, where alternate food sources are available, is unclear. 

The assertion of the north and eastern Pacific workers that kelp detritus fuels the kelp bed 

epifauna (which in tum are food for small fish etc.) appears to be based mainly on the fact 

that kelps are the visually dominant primary producers in their systems. Simenstad et al. 

(1977) observed large quantities of kelp wrack with associated amphipods in the intertidal, 

and kelp fragments along with swarms of mysids and amphipods amongst dense A/aria and 

Laminaria forest in the subtidal, and assumed that kelp detritus was the major food source for 

the epifauna. Simenstad et al. (1978) cite Simenstad et al. (1977) for the detritus-epifauna 

link, and also make the uncited statement that "although quantitative data are still lacking, 

kelp bed communities of the north Pacific appear to be analogous to eelgrass communities in 

their support of a food web based on detritus and associated microfauna". This view of 

seagrass beds is now outdated (Kitting et al. 1984, France 1995a). The assertion made by 

Ebeling et al. (1985) that "the important detritus-based food chain ... generates much of the 

small invertebrate prey that fish eat ... ", is supported by references to (1) Mann (1977), who 

deals with echinoid grazing of kelp and fails to mention small mobile invertebrates at all, (2) 

Simenstad et al. (1978), who cite the observations of Simenstad et al. (1977) as discussed 

earlier, and (3) Laur & Ebeling (1983), who investigate surfperch predation on epifauna and 

again do not mention the diet of epifauna. Moreno & Jara (1984) decided that for 

Macrocystis forests in Tierra del Fuego, "Fish abundance ... could be linked to the carrying 
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capacity of the food web developed from algal detritus and its consumers, i.e. amphipods and 

isopods", on the grounds that abundance of drift algae was positively correlated with (1) fish 

species richness, and (2) the abundance of amphipods in fish gut contents. A recent and 

frequently cited attempt to evaluate the importance of kelp detritus in kelp forest food webs is 

the natural experiment of Duggins et al. (1989), whose stable carbon isotope measurements 

indicated that 12 of 13 reef-dwelling animal species (suspension feeders, detritivores and 

predators) surveyed consumed a higher proportion of kelp at an island in the Aleutian group 

that supported kelp forests, than did animals at an island that supported few subtidal kelp 

plants. According to the analysis, the diet of the supposedly detritivorous amphipod, Anonyx 

sp., was -100 % kelp in the kelp forest. However, kelp detritus is not the only food source 

associated with a kelp forest, and the stable carbon isotope signature of epiphytic algae 

growing on the kelp is likely to be very similar to that of the host plants (France 1995b ), so 

the analysis of Duggins et al. (1989), while valuable for demonstrating the contribution of 

kelp bed primary producers as a whole, does not allow us to discriminate between the relative 

importance of epiphytes versus seaweed detritus as food sources for epifauna. 

A1.4.3 Summary 

In summary, the relative importance of epiphytic algae versus seaweed detritus as 

food for epifauna on rocky reefs is not yet well understood and cannot be predicted with 

confidence for any particular rocky reef habitat, but probably depends on (1) the relative 

levels of light and net water movement to which the habitat is exposed, (2) the quantity of 

suspended food in the water column (perhaps determined by the proximity and productivity 

of kelp beds), and (3) the ability ofthe substratum to trap large detrital fragments. 



86 

Appendix Two 

A portable battery-powered suction device for the quantitative sampling of 

small benthic invertebrates 

A2.1 Introduction 

Small mobile invertebrates such as crustaceans, molluscs, and polychaetes are often 

abundant on marine benthic substrata such as coralline algae encrusted rock (Kennelly & 

Underwood 1985), and algal turf (Choat & Kingett 1982). However, the role of these animals 

in marine ecosystems is not well understood, and this appears to be due, at least in part, to 

practical difficulties with quantitatively sampling them. Many taxa are cryptic and cling 

tenaciously to the bottom, so to sample them effectively it is often necessary either to scrape 

clean or collect the substratum to which they cling (Kennelly & Underwood 1985). Here I 

describe a simple battery-powered suction sampler that facilitates this procedure. 

To collect small invertebrates living on rock and turfing algae I initially used an airlift 

suction sampler to vacuum material scraped off the rocky surface into a collecting bag (e.g. 

Benson 1989). It was usually possible to take the required quantitative samples in this way, 

but the device with its associated SCUBA tank was (1) awkward to carry around underwater, 

(2) ineffective in depths less than the 2 m or so required to create a significant pressure 

difference between the air injection and expulsion points, and (3) had a limited running time 

due to the large volumes of air required to generate powerful suction for vacuuming out 

crevices. Venturi suction samplers (e.g. Fleischack et al. 1985) powered by a water pump on 

a surface vessel overcome these problems, but restrict the diver to a radius around his/her 

boat. Autonomous battery-powered water pumps get around this extra difficulty, but existing 

designs require expensive components (Emig & Lienhart 1967), or have a small filtering 

surface and are not designed to take multiple samples (Smith 1973). I developed facets of 

these latter two devices to create an inexpensive and portable suction sampler that can be used 

conveniently to collect multiple quantitative samples. My device obtains powerful suction 

from a self-contained battery-powered water pump. I have successfully used it to 

quantitatively sample amphipods and other small invertebrates from hard substrata at depths 

of 0.5 to 10 m. The sampler is 0.7 m long, weighs 8 kg out of water, and is slightly 

negatively buoyant in seawater. It can easily be carried and operated by a single diver 
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working from the shore or a small ( 4 m) boat. Neoprene wetsuit gloves can be worn by the 

diver without unduly hindering operation of the sampler. Sampling efficiency of the device 

was tested on animals inhabiting articulated coralline algal turf. 

A2.2 Methods 

A2.2.1 Suction sampler design and operation 

The suction sampler is illustrated in Fig. A2.1. It is powered by a standard 12 V, 10 A 

bilge pump, of approximately 2 L · s-1 capacity. After removal of the pump's baseplate, the 

pump is attached by screws to one end of the main housing, which consists of75 mrn internal 

diameter (ID) clear plastic tubing. Inside the open end of this tube fits a detachable faceplate 

machined from a polyvinyl chloride (PVC) pipe fitting, with a short length of 40 mrn ID PVC 

pipe mounted inside it, also detachable. The coupling is secured by means of a bayonet 

fitting. A one-way neoprene flapper valve is glued to the angled end of the pipe, with a 

length of bent stainless spring steel returning the valve to a shut position. A plankton mesh 

bag (300 mrn long by 150 mrn wide as it lies flat) is clipped over the mouth of the pipe. The 

bag seam is sealed with wetsuit glue and turned inside out for use in the sampler to facilitate 

subsequent removal of samples through reinversion of the bag. The pipe with mesh bag 

constitutes the sample unit, with additional units carried by the diver in a bag. On the outer 

side of the faceplate fits a 1 m length of 25 mrn ID flexible hose ending in a nozzle made of 

25 mrn ID plastic pipe with a scraping edge. 

Our use of the suction sampler required that animals be collected from a discrete area 

of bottom, without contamination from outside. To this end I built an enclosed quadrat, 

similar to that of Sylvester (1986). The quadrat size used for any particular application will 

depend on the amount of plant matter and sediments in the habitat to be sampled, and the 

capacity and mesh size of the sample bag. For the 0.5 mrn mesh sieve I used in the laboratory 

to trap macrofauna, I found that in most habitats a 0.00785 m2 quadrat yielded the maximum 

sample volume that was practical to process. The quadrat consists of a 200 mrn diameter 

circle of 1 00 mm thick low density polyurethane foam with a 100 mrn diameter hole cut 

through the center, a 20 mrn length of 100 mrn ID PVC pipe, two rings of plankton mesh the 

same size as the flat surface of the polyurethane foam, and a 100 mrn diameter clear plastic 
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disc with a slotted neoprene diaphragm in the center. These are glued together as shown in 

Fig. A2.1. There is also a flexible plastic collar filled with 6 kg of lead shot to mould the 

foam ring of the quadrat onto irregularly contoured substrata. The plankton mesh seals the 

quadrat and prevents contamination of the sample by zooplankton as water enters the quadrat 

to replace that being sucked out by the pump. 

The pump is powered by a 12 V, 7 A· h" 1 gel cell, mounted inside a 200 rnm length of 

125 rnm ID PVC pipe bracketed to the main housing. The pipe is sealed at each end with an 

o-ringed plastic faceplate (transparent to enable checking for leaks). One of the faceplates 

has two holes drilled in it to accommodate waterproof connectors linking the wires to the 

battery terminals, and also a threaded hole with an o-ringed screw for venting gases formed 

during battery charging. The pump is turned on and off using a heavy duty snap-action 

switch mounted inside the battery housing, and operated by an external knob on an o-ring 

sealed shaft. A variable resistor, located outside the housing and connected in series with one 

of the wires from the battery to the pump, is used to control the pumping rate. It uses the 

seawater as the resistive medium between two electrodes; a stainless steel cylinder (20 rnm 

ID, 100 rnm length) and a stainless steel rod (9 mm diameter, 190 rnm length) coaxial with 

the cylinder. The rod can be withdrawn from the cylinder into a PVC sleeve to reduce the 

area of rod exposed, thereby increasing the resistance and slowing the pump. When the rod is 

pushed fully into the cylinder it touches a terminal at the far end, and the pump runs at full 

speed. Obviously this device will only work in seawater or highly conductive freshwater. 

Operation in non-conductive freshwater will necessitate installation of a resistance wire 

rheostat sealed inside a waterproof housing. A handle is attached to the battery case. The 7 

A· h"1 cell should be able to run the pump at full speed for about 40 min. This running time 

could be increased, if necessary, by the addition of another cell wired in parallel. By 

connecting a battery charger to the connectors in the faceplate, the cell can be charged 

without removing it from the housing. 

Sampling is carried out as follows. The quadrat with lead collar is gently placed over 

the area to be sampled, and the nozzle inserted through the neoprene diaphragm. The pump is 

turned on, its suction power adjusted to the appropriate level using the variable resistor, and 

the nozzle used to scrape clean the area within the quadrat. Dislodged animals, plant matter, 

and sediments are sucked up and become trapped in the mesh sample bag. The power may 

need to be increased when sampling small crevices and holes. Once the quadrat is scraped 
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clean, the pump is switched off, the bag with attached pipe removed from the sampler 

housing, and the open end of the pipe plugged with a cork to ensure retention of any animals 

that later escape past the one-way flapper valve. (The corks are numbered and fitted with 

brass screweyes, which are threaded onto a wire loop for storage underwater.) The valve 

minimizes the number of animals that escape during the few seconds between the halt to 

suctioning and plugging the pipe, but a cork is necessary for a reliable long-term seal. 

Another pipe with mesh bag is then fitted into the faceplate, which in turn is fitted back into 

the main housing in readiness for the next sample. The whole procedure takes about 3 min. 

A2.2.2 Suction sampler efficiency test 

An efficiency test was carried out on small mobile invertebrates living amongst 

articulated coralline algal turf in 3-4m water depth near Knot Rock, in the Cape Rodney to 

Okakari Point Marine Reserve (36°17'S, 174°48'E), northeastern New Zealand. The turf was 

20-30 mm high, and protruded through 10-20 mm of sand from sandstone bedrock. In June 

1993 samples were collected using an earlier version of the device described above, identical 

in all respects except that it was powered by a small boat-based water pump of similar 

capacity to the bilge pump. I used 0.2 mm mesh collecting bags in the suction sampler. I 

haphazardly placed five 0.00785 m2 quadrats within areas of turf and suctioned them clean in 

the manner described above. To check whether animals were left behind on the substratum I 

examined the bare rock left inside the quadrat using a 5.9 x underwater magnifying glass with 

built-in light source (Underwater Optics, Nanaimo, Canada). On completion of each sample I 

inverted the quadrat and used a magnifying glass to check whether animals remained attached 

to the interior of the quadrat. To check whether animals were trapped in the nozzle or hose 

before reaching the sample bag, I corked the ends of the nozzle/hose after each sample, and 

later blasted the contents onto a sieve with a high pressure hose (five identical nozzle/hoses 

were used). A further five samples were taken to check whether the sample was 

contaminated by animals from outside the quadrat. Each quadrat was suctioned clean, then a 

new sample bag was installed, and suction continued from within the quadrat for a further 

two minutes. Samples were stored in 5 % formalin with Rose Bengal vital stain added to 

facilitate subsequent sorting. Later they were thoroughly rinsed out in freshwater on a 0.5 

mm mesh sieve, and all mobile invertebrates retained were identified and counted. 
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A2.3 Results 

A total of 1602 ± 44 (mean ± 1 SE, n = 5) animals were captured per sample from the 

articulated coralline algal turf, equivalent to a density of 204126 ± 5607 individuals · m-2
• 

Numerically dominant taxa were gammarid amphipods (26.9 % of individuals), gastropods 

(24.1 %), polychaetes (16.6 %), and bivalves (14.8 %). The suction sampler was very 

efficient at collecting animals from the habitat. Animals left behind on the substratum after 

sampling comprised only 0.08 ± 0.04% of the total sample, and were mostly polychaetes that 

appeared to be living in burrows in the rock surface. No animals were found remaining in the 

quadrat or nozzle. Contamination of the sample from animals outside the quadrat comprised 

only 0.39 ± 0.10 % of animals captured in the main sample. Sampled animals were generally 

in good condition, with the exception of polychaetes, which were frequently fragmented by 

the sampling and/or laboratory processing procedures. 

A2.4 Discussion 

High efficiency ofthe suction sampler in the habitat tested (articulated coralline algal 

turf) was almost certainly due to its powerful suction, and ability to collect the substratum to 

which the animals were clinging. This negated the tenacious grip that allows animals in some 

habitats to resist suction alone (Kennelly & Underwood 1985). However, there is a potential 

problem with sealing the quadrat to the bottom in habitats such as the articulated coralline 

algal turf investigated here, where there is a layer of sand between the habitat and the 

bedrock. Animals from underneath the foam ring immediately outside the intended sample 

area could be sucked up along with animals inside the quadrat, resulting in density 

overestimates. If this happened during the first few seconds of sampling I would not have 

detected it in the efficiency test described above. However, I expect that this problem will be 

minimal in most other hard bottom habitats. 

Adaptation or removal of the quadrat would enable the suction sampler to be used for 

the quantitative and qualitative sampling of invertebrates from a variety of other hard- and 

soft-bottomed aquatic habitats (the latter will require a cylindrical quadrat with cutting edge). 

The suction sampler could also be easily adapted for field fertilization experiments (e.g. 

Mundy et al. 1994), or the collection of fish eggs from nests (e.g. Vogele et al. 1971). 
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Substitution of a longer housing with a flowmeter behind the sample bag would enable 

quantitative sampling of zooplankton from awkward habitats such as within crevices or 

among the branches of corals. The maximum working depth of the sampler could be 

increased by installing a higher quality water pump. Larger samples could be taken by 

increasing the size of the sampler housing and mesh collecting bags, although at a certain 

point it would become necessary to utilise the extra suction power and/or running time 

provided by a boat-based water pump or air compressor system. 



Figure A2.1 Suction sampler (scale bar is approximate). A= standard 12 V bilge pump, B = 

battery housing, C = on/off switch, D = vent screw, E = variable resistor used to control 

pumping rate, F =clear plastic housing, G =pipe with bayonet fitting, one-way flapper valve, 

and mesh bag (sample unit), H =faceplate, I= nozzle attached to flexible hose, J =quadrat 

with foam ring and plankton mesh used to isolate sample area, K =lead-filled collar. 
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Appendix Three 

Estimating the productivity of a diverse fish assemblage by exploiting 

relationships amongst length, weight and growth: northeastern New 

Zealand reef fish as an example 

A3.1 Introduction 
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Fish are conspicuous inhabitants of aquatic ecosystems, and a large body of research 

addresses their role as consumers, nutrient recyclers and prey items (e.g. Choat 1982, Sale 

1991 ). Measurements of productivity at the assemblage or guild level would be useful for 

evaluating the trophic importance of fish, since productivity is a measure of the rate at which 

organic matter is made available for use by higher trophic levels, and also scales directly to 

other metabolic-rate parameters such as excretion and consumption (Peters 1983). However, 

the productivity of diverse fish communities is impractical to measure directly using 

traditional methods that involve tracking of cohorts through time (e.g. Pitcher & Hart 1982), 

because an enormous amount of work would be required to quantify the contributions of all 

the individual species. 

An instantaneous estimate of fish productivity can be derived more readily from data 

on (1) the abundance and size of individuals, and (2) size-specific growth rates (e.g. Edgar & 

Shaw 1995c). This paper describes such a method, using fish commonly found on rocky 

reefs in northeastern New Zealand waters as an example. Although undoubtedly less precise 

than the cohort-based methods, the allometric approach outlined here is logistically feasible, 

and should give unbiased estimates of fish productivity at the multi-species level. 

Abundances and lengths of reef fishes can be estimated underwater using standard 

methods, such as visual strip transects for conspicuous species and ichthyocides for cryptic 

species (e.g. Brock 1982). Lengths can then be converted to weights using equations based 

on data from a sample of measured individuals. I compile equations for predicting wet 

weight from length for 51 teleost fish species commonly found on shallow rocky reefs in 

northeastern New Zealand. The equations are of the form: 

W=aLb (Eq. A3.1) 

where W = weight (g), L = length (mm), and a and b are coefficients fitted to the data for each 

species. 
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Almost all available fish length-weight curves are in units of wet(= fresh) weight, but 

for ecological purposes it is often desirable to exclude the non-living water and inorganic 

components of the animal from weight measurements. Thus, body size is frequently 

expressed as ash-free dry weight (AFDW), the difference between the dry weight (after the 

water has been removed by drying), and the ash weight (after the organic part of the animal 

has been removed by incineration). For animals of varying composition, metabolic rate 

parameters such as growth rate or excretion rate scale more directly to AFDW than to wet 

weight or dry weight (e.g. Schneider 1990). I give factors that can be used to convert wet 

weight to dry weight, ash weight and AFDW. 

The average growth of individual fish in a population is typically described by the von 

Bertalanffy growth formula (VBGF) (von Bertalanffy 1938): 

(Eq. A3.2) 

where L1 = length at age t, Lao = the asymptotic length, K = the von Bertalanffy growth 

constant (a measure of how rapidly the fish approaches its asymptotic length), t = age, and t0 

= the theoretical age at length zero {under the assumption that the VBGF applies to very 

young fish). While these parameters have been determined for many commercial New 

Zealand fish species (e.g. see compilation of Annala & Sullivan (1996)), such information is 

scarce for non-commercial species. It is known that Lao and K are negatively correlated 

(Moreau 1987), so the potential exists for predicting one from the other. I compile von 

Bertalanffy growth parameters for 19 fish species found in shallow waters around northern 

New Zealand, and examine relationships amongst Lao, K, and literature-derived measures of 

body size, with the aim of using the latter to predict Lao and K. I then show how a seasonal 

form of the VBGF can be used to scale the average annual growth rate of fish for any 

particular time of the year. 

A3.2 Methods 

A3.2.1 Length-wet weight relationships 

Fish were collected by the authors using rotenone, speargun and slurpgun at various 

times of the year from shallow rocky habitats (0-20 m depth) near Leigh (36°17.5'S, 

174°48'E) on the northeastern coast of New Zealand. Each specimen was measured (total 
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length,± 1 rnm), and weighed after blotting of surface water(± 0.001-1 g, depending on size). 

Most of these specimens have been lodged at the Museum of New Zealand, Wellington. For 

other species, length-weight equations were compiled from theses and the published 

literature, or from unpublished data generously provided by colleagues (see Table A3.1). 

Most of these fish were also collected near Leigh, with the exception of Ericentrus rubrus 

and Odax pullus (Wellington), and Arripis trutta, Pseudocaranx dentex, Seriola lalandi, 

Trachurus novaezelandiae, and Zeus faber (various parts of the North and South Islands of 

New Zealand). Nomenclature follows Anderson & Heemstra (1989), Paulin et al. (1989), 

Paulin & Roberts ( 1992), and Paulin (1995). 

Length-wet weight relationships were described using ordinary least-squares linear 

regression to fit the coefficients a and b to the equation: 

ln(W) = lna + bln(L) (Eq. A3.3) 

where W = weight (g), and L = length (mm). Log transformation of both variables was 

necessary to (1) homogenize and normalise variance on the Y axis, and (2) yield a straight 

line amenable to ordinary least squares linear regression. Regression lines such as Eq. A3.3 

fit the arithmetic mean ofthe logged Yvalues, but when they are back-transformed to yield a 

power curve (Eq. A3.1), the predicted Y values then represent the geometric mean of their 

distribution (see review of Smith 1993). This geometric mean proportionately underestimates 

the arithmetic mean (at least if the Y values are truly log-normally distributed), which is 

problematical because predictions of the arithmetic mean are required if the equation is to be 

used for estimating population parameters such as biomass. Since the discrepancy is 

proportional for all Yvalues, it can be corrected by multiplying all of the Yvalues predicted 

from Eq. A3.1 by a constant (the "correction factor") . Various correction factors are 

available to adjust for the bias, which is minimal for tight length-weight relationships (e.g. 

Hayes et al. 1995), but becomes more serious with increasing residual variance in the 

regression (e.g. see Fig. A3.4). Snowdon (1991) recently introduced a ratio estimator, and 

showed that it corrects for the bias more efficiently than do other correction factors. 

Snowdon's estimator was used in this paper, and was calculated as the average of all the raw 

arithmetic Yvalues used in the regression, divided by the average of all the back-transformed 

Yvalues predicted from Eq. A3.3. It can sometimes take values marginally less than one if 

the raw data slightly disobey the assumption of log-normality (Smith 1993). 
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To check whether length-weight relationships changed seasonally, I plotted residuals 

from Eq. A3.3 against time of year. This was done for the 11 species for which I had 

sufficient data (see Fig. A3.1). The spawning season (from Thompson 1981) was also 

plotted, as a potential correlate of weight changes. 

A3.2.2 Body composition 

To enable the prediction of dry weight and AFDW from wet weight, these attributes 

were measured for single individuals of 18 species exhibiting a wide range of body shapes 

and sizes (0.61-4600 g wet weight) (see Table A3.2). Fish smaller than 900 g were collected 

from 2-3m water depth near Leigh using speargun and rotenone, and larger fish were trawled 

from 20-220 m depth in the Bay of Plenty. Small fish were refrigerated and processed within 

a few hours of capture, and the larger ones were weighed at sea (wet weight, ± 100 g), then 

stored frozen inside plastic bags for 1-2 weeks before processing. Fish were cut open, dried 

to constant weight in an oven at 80°C, then ashed in a muffle furnace at 500°C for 24 h. 

AFDW was calculated as the difference between dry and ash weights. 

To check whether dry weight, ash weight and AFDW contents were dependent on 

body size, a reduced major axis (RMA) regression line was fitted to each log-log plot of 

component weight versus wet weight, following Ricker (1973). RMA is a more appropriate 

form of regression than ordinary least squares for describing such structural relationships, i.e. 

where both variables are subject to error and neither is used to predict the other (McArdle 

1988). I then checked whether 95 % confidence limits on the slope, b, included the value of 

one, because when the slope is one the component in question remains a constant proportion 

of wet weight independent of body size. 

A3.2.3 Growth 

I sought means of estimating the von Bertalanffy growth parameters La;, and K (Eq. 

A3 .1) to enable the prediction of growth curves for fish species lacking such empirical data. 

Since my interest was in the slope ofthe VBGF for fish of a given length I did not consider t0, 

which determines the position of the curve on the X-axis. I compiled values of La;, and K from 

studies done in shallow northeastern New Zealand waters, and included data for four soft

bottom species to boost the low number (15) of values available for reef-associated fish. In 

many cases La;, and K were taken directly from the literature (mostly material cited in Paul 
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(1992) and Annala & Sullivan (1996)). Otherwise they were estimated using an iterative 

least-squares procedure (SigmaPlot®) run on data that were (1) taken from available age

length curves (e.g. Jones 1980a,b), or (2) derived from changes in length-frequency 

distributions over time (my data from fish collected as described above). Where separate data 

existed for males and females of a species their Loo and K values were averaged. Where 

necessary for subsequent predictions, fork, standard and total lengths were interconverted 

using scaling factors taken from figures or photographs of fish in Ayling & Cox (1982) or 

Paul (1986). A compilation ofthe von Bertalanffy parameters is given in Table A3.3. 

Ayling & Cox (1982) give a typical length range (e.g. 20-40 em) for adult fish of most 

common New Zealand species (17 of the 19 for which I could obtain VBGF parameters), and 

the lower and upper values along with their midpoint were evaluated for their .ability to 

predict L00 , using ordinary least squares regression and correlation on the untransformed data. 

Wet weight at Loo (hereafter WLoo) was estimated using species-specific length-weight 

equations from this chapter or from the literature, and was evaluated as a predictor of K. I did 

not use Loo directly, because for my purposes weight was a more meaningful descriptor of 

body size than length for a predictive regression involving species of differing body shapes. 

A power curve expressing K as a function of WLoo was generated, and the correction factor of 

Snowdon (1991) calculated as described above for the length-weight curves (Eq. A3.3). 

To evaluate the precision of this method, I applied it to data in Russell (1977). In 

Table 1 of his paper Russell gives the numbers of individuals and the length range for non

cryptic reef fish species recorded by two divers on a single occasion in the same 300 m2 area 

of Waterfall Reef, at Goat Island in northeastern New Zealand. I did not consider species that 

Russell identified as transients, and I also excluded Pagrus auratus and Parika scaber 

because I did not have access to raw data for their length-weight equations, and thus could 

not incorporate error from these equations into my analysis. I ignored variability in fish 

numbers between transects, and errors in estimating fish lengths. For each of the remaining 

nine species I took the mean number of individuals counted by the two divers, and the mid

points of the combined length ranges. The length mid-point was substituted into the species' 

length-weight equation to give a biomass, which was multiplied by the number of 

individuals. Values for the nine species were then summed to yield an assemblage-level 

biomass. An assemblage-level estimate of production was obtained in an analogous way, 

species by species. I used actual K and Loo values where they were available from the 
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literature (4 species). Otherwise I used (1) the lower length value given by Ayling & Cox 

(1982) for the species to predict L00, (2) WLoo (from the length-weight curves) to predict K, and 

(3) L00 , K, and the length-weight equations to derive an overall estimate of productivity (g 

AFDW · d- 1
). An example of this procedure is described in more detail in the discussion. I 

then bootstrapped 95 %confidence intervals on the estimates, following Dixon (1993). The 

procedures described above were repeated 1000 times, with the data for all regressions 

sampled randomly with replacement from the original data on each occasion, to yield a new 

set of coefficients (with correction factor where appropriate) for the regression equations. 

The assemblage-level estimates of biomass and productivity generated using these new 

coefficients were stored for each iteration, then at the end they were ranked in increasing 

order, with the mean of the 25th and 26th values taken as the 2.5 % confidence limit, and the 

mean of the 975th and 976th values taken as the 97.5% confidence limit. 

A3.3 Results 

A3.3.1 Length-wet weight relationships 

Table A3.1 contains coefficients for length-wet weight equations of the form W =aLb. 

Values of b ranged from 2.643 to 3.675, with the mean of 3.072 being close to the value of 3 

that indicates isometric growth, i.e. where fish shape (and density) stays constant with 

growth. The correction factor of Snowdon ( 1991) altered back -transformed wet weight 

estimates by factors ranging from 0.9610 to 1.0766 (mean= 1.0048). 

There was no consistent pattern of seasonal weight change amongst the 11 species for 

which I had access to raw length-weight data from all seasons (Fig. A3.1). Four species 

(Cheilodactylus spectabilis, Forsterygion /apillum, Girella tricuspidata, and Notoc/inops 

segmentatus) appeared to lose weight during the winter, but the others either showed no 

seasonal change in weight (e.g. Aplodactylus arctidens, Odax pullus), or gained weight 

during the winter (Notoc/inus compressus, Scorpaena papillosus). Residual body weight was 

not always clearly related to spawning season, although the expected decreases in weight 

during the spawning season did occur in several species (Cheilodactylus spectabilis, Chromis 

dispilus, Notoclinus compressus). 
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A3.3.2 Body composition 

Dry weight, ash weight, and AFDW showed considerable variation when expressed as 

percentages ofwet (=total) weight (Table A3.2). Dry weight ranged from 18.6 to 28.6% of 

wet weight, ash weight from 3.3 to 6.5 %, and AFDW from 12.1 to 24.8 %. The AFDW 

content of the porae, Nemadactylus douglasii, was very low at 12.1 %. This was not due to 

incomplete combustion of the dry material, as returning half of the fish to the muffle furnace 

for a further 12 hat 500°C caused negligible extra weight loss. 

Plots of dry weight, ash weight and AFDW versus wet weight are presented in Fig. 

A3.2. For dry weight and AFDW, 95% confidence limits on the slope, b, of the log-log plot 

included the "null" value of one, where there is no allometric relationship. For ash weight, 

the upper 95 % confidence limit of 0.997 did not quite include one, but I decided to disregard 

this result because (1) the observed slope of 0.963 was very close to one, and (2) ash weight 

is the difference between dry weight and AFDW, which both had slopes that did not differ 

significantly from one. For the sake of simplicity I therefore accepted a value of b = 1 for all 

three weights, which allowed me to use the same factor to scale wet weights for fish of any 

size. Accordingly, each equation was adjusted and detransformed to become Y =aX, with a 

the constant that forced the line through the average lnX and lnY values. Values of a, which 

are the factors that should be used to convert wet weights, were 0.2538 for dry weight, 0.0495 

for ash weight, and 0.2024 for AFDW. 

A3.3.3 Growth 

There was a strong positive correlation between the lower length value given for adult 

fish by Ayling & Cox (1982) and L00 , with Ayling and Cox's value accounting for 89% of 

variation in Loo (Fig. A3.3). The equation relating the two variables was Loo = 1.4825 x (lower 

length value)+ 45.90. When Loo was converted to weight (WLoo), it was found to be strongly 

negatively correlated with the von Bertalanffy growth parameter K (after log transformation 

of both variables), with log WLoo accounting for 80 % of variation in log K (Fig. A3.4). The 

equation relating the two variables was K = 2.075WLoo·0·
2852

. The correction factor of 

Snowdon (1991) was 1.0542. It is thus possible to use the weight at the upper adult length 

value given in Ayling & Cox (1982) to predict the von Bertalanffy growth parameter L 00, 

which can in tum be used to predict K. 
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The estimate of biomass calculated for data on reef fish abundances from Russell 

(1977) was very precise, with 95 % confidence intervals of 1060 and 1126. The 95 % 

confidence intervals on the production estimate were slightly larger relative to the mean at 

1.72 and 2.34. 

A3.4 Discussion 

A3.4.1 Length-wet weight relationships 

The length-wet weight equations presented here apply to most teleost species 

commonly found on shallow subtidal reefs in northeastern New Zealand. Length-wet weight 

equations for many other (commercial) species are compiled in Ministry of Fisheries Plenary 

reports (e.g. Annala & Sullivan 1996). Some of the equations in Table A3.1 are based on 

measurements of very few individuals, but since these fish spanned a reasonably wide size 

range their equations should be reliable (Pauly 1993). 

A3.4.2 Body composition 

In my study, AFDW averaged 20.2% of wet weight for 18 fish species. This value 

lies between the averages of 19.1 % for five species of small littoral fish (average wet weight 

< 2 g) from the Baltic Sea (Lappalainen & Kangas 1975), and 22% (range 18-24 %) for six 

fish species from shallow coastal waters in Victoria, Australia (Robertson 1978 in Edgar & 

Shaw 1995c). It should be safe to use my average value when estimating the total biomass of 

a diverse fish community, but since there was quite a wide range in AFDW content across the 

different species measured (Table A3.2), exact values should be determined for studies 

involving a single species or a community that is numerically dominated by a low number of 

species. 

A3.4.3 Growth 

My data shows that growth parameters of fishes can be predicted from their adult 

body size, which is typically given as a length value in regional guides to fishes. The 

procedure for using these parameters to estimate fish production is as follows, using as an 

example the kelpfish, Chironemus marmoratus. According to Ayling & Cox (1982, p. 239), 
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the typical adult length range for this species is 250-350 mm. L00 is estimated from the lower 

length value using the relationship in Fig. A3.3, with Loo = 1.4825 x 250 + 45.90 = 416.5 mm. 

Weight at Loo (WLoo) is calculated using the length-weight equation coefficients and back

transformation correction factor from Table A3.1, with WLoo = 1.0097 x 5.789 x 10-6 
x 

416.53
'
1796 = 1247.9 g. WLoo in tum predicts K, using the relationship in Fig. A3.4, with K = 

1.0542 x 2.0749 x 1247.9 -o.2852 
= 0.286. L00 and K are sufficient to describe the average 

annual growth in length of the kelpfish using the VBGF (Eq. A3.2). Production as daily 

growth in weight can then be calculated as follows, using an individual kelpfish of 200 mm 

total length as an example. Rearranging the VBGF to make t the subject gives: 

1 
L, 

n(1--) 
Loo 

t =to- K (Eq. A3.4) 

Entering values of 200 mm for L1, 416.5 mm for L00 , and 0.286 forK into this equation (while 

letting t0 = 0) gives an age for the fish of 2.284 years. At 2.284 years plus one day (= 2.287 

years) the fish would be 200.17 mm long (Eq. A3.2). The difference in weights at each of the 

two lengths is the daily production, in this case 0.33 g wet weight, equivalent to 0.066 g 

AFDW. Loo is the mean asymptotic length for a population of fish, and it may occasionally be 

exceeded by a large individual. Eq. A3.4 is undefined when L1 ~ L 00, and in such cases it is 

probably best to arbitrarily reduce L1 to a figure such as 0.9 x L 00• Fish have indeterminate 

growth (Weatherley & Gill 1987), so it cannot be assumed that a fish longer than Loo has 

stopped growing. 

Repeating this procedure for all individuals of all species, then summing the results, 

gives an assemblage-level estimate of productivity. It is important to note that while this 

method should give an unbiased estimate of productivity across a diverse community, it is 

probably not sufficiently accurate to reliably estimate the productivity of single species, as 

may be required for the purposes of fisheries management. 

The estimate of productivity calculated from data on abundances and lengths of nine 

reef fish species (from Russell 1977) was surprisingly precise, considering the number of 

regressions involved. Upper and lower 95 % confidence intervals on the productivity 

estimate were within 30 % of the mean, which is precise enough to allow meaningful 

comparisons between habitats or with other reef-dwelling organisms. These confidence 

intervals will obviously widen once variability in fish numbers amongst transects and errors 
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in estimating fish lengths underwater are taken into account. I did not consider these sources 

of error because they can be controlled by the observer to a large extent, in that the first is 

largely a function of transect size and number of replicates (although fish schooling 

behaviour may also be important), and the second can be minimized with practice (Bell et al. 

1985) or the use of stereo cameras (van Rooij & Videler 1996). 

A3.4.4 Seasonality of growth 

The von Bertalanffy parameters, predicted as outlined above, will adequately describe 

average annual growth over the lifetime of the fish, but in temperate regions such as northern 

New Zealand, fish growth rates oscillate sinusoidally during the year, being rapid in summer 

and slow in winter (e.g. Francis 1994). This obviously poses a problem if growth rates need 

to be estimated for a particular time of the year. A form of the VBGF is available that 

includes a term for the seasonal oscillation of growth: 

-(K{I-10 )+ CK sin2tt(l-1,)) 
L1 = L"" (1 - e 2

1t . ) (Eq. A3.5) 

where the extra parameters are C = the amplitude of the oscillation, and fs = phase (Pauly & 

David 1981 ). However, for my purposes, an individual fish of given length is unlikely to be 

of the exact age specified by the seasonally oscillating VBGF, so the equation cannot simply 

be used in the manner described above for estimating average annual growth from the 

ordinary VBGF. Instead, a multiplier is required that expresses, for any given time of the 

year, the seasonal growth rate as a proportion of the annual average growth rate. This 

multiplier is equal to the slope of the seasonal VBGF divided by the slope of the ordinary 

VBGF. The derivative of length with respect to time in the seasonally oscillating VBGF (Eq. 

A3.5) is: 

dL
1 

-(K(I-10 )+ CK sin2tt(l-1
1

)) 

- = .KL
00

(1 + Ccos2n(t- t .))e 2tt dt ,\ (Eq. A3.6) 

The derivative of length with respect to time in the ordinary VBGF (Eq. A3.2) is: 

dLI = KL e-K(I-Iu) 

df 00 
(Eq. A3.7) 

The ratio of slopes, R, (i.e. the instantaneous growth rate relative to the average annual value) 

is Eq. A3.6 divided by Eq. A3.7: 

-( CK sin 2tt (1-1 )) 

R = (1 + Ccos2n(t- t..))e 2tt ' (Eq. A3.8) 
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On a global scale, C, the amplitude term in the seasonal VBGF, shows a strong 

positive correlation with the difference between mean monthly summer and winter water 

temperatures (111), with C = 0.11311T (Longhurst & Pauly 1987). At Leigh, long-term 

average monthly minimum and maximum sea surface temperatures are 14.0 and 20.6°C 

respectively (Evans 1992). The difference of 6.6°C is predicted to result in seasonally 

oscillating growth with an amplitude (C) of0.75 (Longhurst & Pauly 1987). I have access to 

good seasonal growth data for only one local fish species, juveniles of the snapper, Pagrus 

auratus, which showed a seasonal amplitude of0.85 for the combined 1985-89 year classes in 

Kawau Bay (Francis 1994). Average 11T at Leigh during this time was 6.7°C, which yields a 

predicted seasonal amplitude of 0.76 (Longhurst & Pauly 1987). Using a theoretical birth

date of January 1, Francis found a mean phase Cts) of -0.03 years for juvenile snapper, i.e. 

maximum growth was during mid January. 

To return to our example, estimation of the relative growth rate of a kelpfish on, for 

example, November 1, during an average year of sea temperatures at Leigh (11T = 6.6°C), 

requires substitution of the following values into Eq. A3.8: C = 0.75 (from Longhurst & 

Pauly 1987), t = 0.836 (November 1 as a fraction of the year), ts = 0.03 (from Francis 1994), 

and K = 0.286. The resultant value for R of 1.298 is then multiplied by the length increase of 

0.17 mm gained earlier from Eq. A3.2, to yield a more realistic growth rate for the time of 

year of 0.42 g wet weight · d-1
, equivalent to 0.086 g AFDW · d-1

• This is slightly higher than 

the annual average rate of0.066 g AFDW · d-1
• 

A potential problem here is that fish growth in weight may undergo stronger seasonal 

fluctuations than growth in length. For instance, the weight of a fish can decrease during 

winter, but its length cannot (Pitcher & Macdonald 1973). However, my analysis of residuals 

from length-weight equations showed that only four of 11 species appeared to lose weight 

during winter, with the weight of the others showing no seasonal change, or even increasing 

during winter (Fig. A3.1). It seems valid, therefore, to assume that across a range of species, 

growth in weight accompanying a given growth in length will be roughly constant for any 

time of the year, so that multi-species estimates of productivity should not be seasonally 

biased. 

Edgar & Shaw (1995c) examined the growth of 62 fish species distributed world

wide. For each species they estimated body weight, growth in weight, and water temperature 

at a randomly chosen date, and used this information to construct the predictive equation P = 
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5.1 x 104 B0
·
69TI.04

, where P =production (g AFDW · d- 1
), B =body weight (g AFDW), and T 

= temperature (°C). They used the equation in their study of a diverse estuarine fish 

assemblage. However, since Edgar and Shaw's equation does not distinguish juveniles of 

large species from adults of small species it will tend to underestimate growth rates of 

juvenile fish, and overestimate growth rates of adults (Edgar 1990c). My approach requires 

more information (adult size of the species as well as the size of the individual) but should 

deliver a more accurate result, particularly for fish assemblages composed of mostly young, 

or mostly old individuals. I found that the temperature term in Edgar and Shaw's equation, 

which is based on species from a wide range of latitudes, can underestimate the magnitude of 

variation in growth rate exhibited by fish subjected to seasonal variation in temperature at a 

single location. For example, the average annual temperature range of 14.0-20.6°C at Leigh 

results in growth rate oscillations of amplitude -20 % of the average annual growth rate 

according to Edgar and Shaw's temperature term of TI.04
, whereas the estimate of C from 

Longhurst & Pauly (1987), and the empirical data of Francis (1994) indicate that the growth 

rate of fish at Leigh will in fact oscillate with an amplitude 75-85 % of the average. 

(Although Edgar and Shaw's term applies to growth in weight and the C parameter applies to 

growth in length, the amplitudes can be compared for growth over short time periods.) This 

suggests that fish are able to adapt more successfully to different long-term average 

temperatures than to short-term seasonal variations in temperature. 



Table A3.1 Equations relating fish wet weight to length. W = aLb, where W = wet weight (g), and L = length (mm). Length measures: FL = fork length, SL = standard 

length, TL =total length. Data sources: 1 =present study, 2 = K. Clements (unpubl. data), 3 =Drummond & Wilson (1993) in Annala & Sullivan (1996), 4 =from Russell 

(1971), 5 = M. McConnick (unpubl. data), 6 = M. Kingsford (unpubl. data), 7 =Willis (1994), 8 =Thompson (1979), 9 =Morrison (unpubl. data), 10 =G. Jones (unpubl. 

data), 11 = T. Vial & K. Clements (unpubl. data), 12 =Carter (1992), 13 =Paul (1976), 14 =Poynter (1980), 15 =A. MacDiarmid (unpubl. data), 16 =James (1984), 17 = 

McGregor (1995), 18 =Hom (1991), 19 = N. Moltschaniwskyj (unpubl. data), 20 = Hore (1982). Blank cells =value not available or could not be calculated due to 

unavailability of raw data. 

Correction 
factor of Coeff. of Length 

Length Snowdon detennin- range Data 
Species Family measure a b (1991) ation (r2

) n (mm) source 

Acanthoclinus littoreus Plesiopidae TL 9.656 X 10-6 2.9641 1.0096 0.998 15 17-126 
Aplodactylus arctidens Aplodacty1idae TL 5.260 X 10-6 3.2067 1.0019 0.972 100 194-520 2 
Arripis trutta Arripidae FL 5.676 X 10·5 2.79 3 
Bellapiscis /es/eyae Tripterygiidae TL 6.400 X 10-6 3.0904 1.0005 0.992 44 20-60 1 
Bidenichthys beeblebroxi Bythitidae TL 1.481 X 10·5 2.9187 1.0061 0.968 24 36-82 1 
Caesioperca Iepidoptera Serranidae TL 9.779 X 10·5 2.6430 1.0083 0.903 30 160-280 4 
Cheilodactylus spectabilis Cheilodactylidae TL 1.600 X 10·5 2.9886 0.9960 0.987 140 116-558 5 
Chironemus marmoratus Chironemidae TL 5.789 X 10-6 3.1796 1.0097 0.955 22 125-273 1, 4 
Chromis dispilus Pomacentridae TL 1.305 X 10-5 3.0448 0.9963 0.994 163 45-219 1, 6 
Cristiceps aurantiacus Clinidae TL 2.019 X 10-? 3.6751 1.0074 0.957 9 120-198 1 
Cryptichthys jojettae Tripterygiidae TL 8.791 X 10-6 3.0365 1.0025 0.985 49 20-50 1 
Dellichthys morelandi Gobiesocidae TL 8.795 X 10-6 3.0594 1.0766 0.995 36 11-85 1 
Diplocrepis puniceus Gobiesocidae TL 1.384 X 10·5 3.0414 1.0000 0.997 7 46-109 1 
Ericentrus rubrus Clinidae TL 1.387 X 10-5 2.8463 1.0238 0.985 373 18-104 7 
Forsterygion /apillum Tripterygiidae TL 4.174x10·6 3.2136 0.9915 0.992 82 22-66 
F orsterygion malco/mi Tripterygiidae TL 4.117x10-6 3.2290 0.9917 0.993 13 36-104 
Forsterygion varium Tripterygiidae SL 1.770 X 10-5 2.99 0.92 540 15-100 8 
Gastrocyathus gracilis Gobiesocidae TL 3.767 X 10·6 3.1449 1.0132 0.967 34 17-47 
Gil/oblennius tripennis Tripterygiidae TL 1.789 x 10·5 2.8960 1.0067 0.980 63 45-116 1 
Girella tricuspidata Girellidae FL 1.631 X 10-5 3.0222 0.9964 0.997 363 27-450 9 
Haplocylix littoreus Gobiesocidae TL 4.505 X 10-6 3.1550 0.9984 0.991 14 52-129 



Table A3.1 cont. 

Correction 
factor of Coeff. of Length 

Length Snowdon deterrnin- range Data 
Species Family measure a b (1991) ation (r2

) n (mm) source 

Hypoplectrodes sp. B Serranidae TL 2.086 X (0"5 2.9730 1.0031 0.980 54 69-202 10 
Karalepis stewarti Tripterygiidae TL 6.226 X 10~ 3.0992 1.0061 0.998 53 28-134 
Kyphosus sydneyanus Kyphosidae FL 2.261 X 10"5 3.0552 1.0043 0.955 32 250-575 11 
Lissocampus filum Syngnathidae TL 9.640 x 10·7 2.8906 1.0043 0.972 12 67-125 
Nemadactylus douglasii Cheilodactylidae TL 3.808 X 10~ 3.1750 0.9990 0.940 7 451-650 4 
Notoclinops segmentatus Tripterygiidae TL 4.135 x 10·6 3.2457 0.9956 0.983 144 17-50 
Notoclinops yaldwyni Tripterygiidae TL 5.611 X 10~ 3.1790 0.9935 0.990 109 17-64 
Notoclinus compressus Tripterygiidae TL 2.472 X 10~ 3.3167 1.0080 0.993 124 20-87 
Notoclinus f enestra/us Tripterygiidae TL 6.934 X 10~ 3.0767 1.0303 0.992 20 29-127 
Notolabrus celidotus Labridae TL 4.722 X 10~ 3.2274 1.0075 0.997 100 27-201 1 
Notolabrus fucicola Labridae TL 7.807 X 10~ 3.1614 0.9983 0.993 167 65-372 1, 12 
Obliquichthys maryannae Tripterygiidae TL 3.872 X 10~ 3.2426 0.9971 0.989 49 24-59 1 
Odaxpullus Odacidae TL 7.337 x 10·7 3.4983 1.0123 0.996 341 36-500 1, 2 
Optivus elongatus Trachichthyidae TL 1.739 X 10"5 2.9058 1.0080 0.995 66 24-117 1 
Pagrus auratus Sparidae FL 7.194 X 10"5 2.7930 780 80-710 13 
Parablennius laticlavius B1enniidae TL 5.840 X 10~ 3.1433 1.0103 0.985 31 21-66 
Parapercis colias Pinguipedidae TL 2.110 x 10·6 3.3490 1.0010 0.980 134 151-343 12 
Parilca scaber Monacanthidae SL 5.556 X 10"5 2.8770 99 20-230 14 
Pempheris adspersa Pempheridae TL 7.762 x 10·6 3.1265 0.9995 0.992 198 47-160 1, 15 
Pseudocaranx dentex Carangidae FL 1.349 X 10"5 3.0640 60-510 16 
Pseudophycis breviuscula Moridae TL 8.762 X 10~ 3.0081 l.O 180 0.990 39 38-144 
Ruanoho decemdigitatus Tripterygiidae TL 6.914 X 10~ 3.0898 0.9953 0.995 62 27-115 1 
Ruanoho whero Tripterygiidae TL 5.205 X 10~ 3.1591 0.9975 0.997 113 24-82 1 
Scorpaena papillosus Scorpaenidae TL 9.135 X 10~ 3.1367 1.0277 0.995 82 23-196 1 
Scorpis lineolatus Scorpididae TL 7.626 X 10~ 3.1361 0.9610 0.993 46 36-180 1, 15 
Scorpis violaceus Scorpididae TL 1.942 X 10"5 2.9239 1.0065 0.994 134 72-345 15 
Seriola /alandi Carangidae FL 3.515 X 10"5 2.8450 100s 300-1660 17 
Trachurus novaezelandiae Carangidae FL 4.782 X 10"5 2.77 3068 130-400 18 
Upeneichthys lineatus Mullidae FL 9.694 x 10·6 3.1443 0.9836 0.991 146 63-288 19 
Zeus faber Zeidae SL 4.582 X 10"5 2.90 100s 230-450 20 



Table A3.2 Constituents of individual fish representing 18 species. Species are ranked in increasing 

order of wet weight. 

Wet %dry %ash %ash-free 

Species weight (g) weight weight dry weight 

Notoclinops segmentatus 0.61 26.6 6.4 20.2 

Notoclinops yaldwyni 1.47 27.6 5.9 21.7 

Forsterygion /apillum 2.28 27.1 4.6 22.5 

Notoclinus compressus 5.85 27.9 5.2 22.7 

Forsterygion varium 8.2 27.2 5.3 21.9 

Ruanoho decemdigitatus 12.0 24.9 5.7 19.2 

Scorpaena papillosus 48.2 28.6 6.0 22.6 

Latella rhacinus 73 .6 21.6 4.2 17.3 

Upeneichthys lineatus 97.8 26.4 5.1 21.4 

Notolabrus celidotus 134.6 26.2 5.6 20.6 

Parika scaber 306.4 24.7 6.1 18.6 

Odaxpullus 851.9 25.8 3.6 22.2 

Chelidonichthys kumu 900 26.5 5.6 20.9 

Nemadactylus macropterus 1200 28.6 4.1 24.5 

Pseudophycis bachus 1900 23.1 3.7 19.4 

Pseudocaranx dentex 1900 20.4 4.0 16.3 

Nemadactylus douglasii 2000 18.6 6.5 12.1 

Seriola lalandi 4600 28.0 3.3 24.8 



Table A3.3 von Bertalanffy parameters for fishes from shallow northeastern New Zealand 

waters. Length measure codes as for Table A3.1. Data sources: 1 =from McKenzie (1984), · 

2 = McKenzie et al. (1992) (in Annala & Sullivan 1996), 3 = Elder (1976), 4 = from 

Handford (1979), 5 = from Thompson (1979), 6 = from Morrison (1990), 7 = from Jones 

(1980b), 8 =present study, 9 = M. Francis pers. comm. (in Annala & Sullivan 1996), 10 = 

NIWA unpubl. data (in Annala & Sullivan 1996), 11 = Tong & Vooren (1972), 12 = from 

Jones (1980a), 13 = from Carter (1992), 14 = Gilbert & Sullivan (1994), 15 = from A. 

MacDiarmid (unpubl. data), 16 =James (1984), 17 = Hore (1982). 

Length Loo 

Species measure (mm) 

Acentrogobius lentiginosus TL 55 

Arripis trutta FL 563 

Chelidonichthys kumu FL 326 

Favonigobius latera/is TL 49 

Forsterygion lapillum SL 49 

Forsterygion varium SL 87 

Gire/la tricuspidata FL 454 

Hypoplectrodes sp. B SL 158 

Karalepis stewarti TL 176 

Latridopsis ciliaris FL 670 

Mugil cephalus FL 380 

Nemadactylus macropterus FL 399 

Notolabrus celidotus SL 219 

Notolabrus fucicola TL 413 

Pagrus auratus FL 588 

Parapercis colias TL 250 

Pempheris adspersa TL 182 

Pseudocaranx dentex FL 447 

Zeus faber SL 388 

K 

(yr) 

1.27 

0.24 

0.61 

2.69 

1.20 

1.85 

0.18 

0.33 

0.54 

0.21 

0.46 

0.26 

0.37 

0.15 

0.10 

0.66 

0.55 

0.30 

0.45 

to 

(yr) 

-0.07 

-0.19 

-0.04 

-0.14 

-0.56 

-0.33 

-0.39 

-0.82 

-0.44 

-0.03 

0.73 

-0.49 

-0.85 

-1.74 

-1.11 

0.07 

-0.28 

-1.40 

-0.24 

Data 

source 

1 

2 

3 

1 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

13 

15 

16 

17 



Figure A3.1 Residuals from log-log length-weight equations (Eq. A3.3) versus time of year. 

The regression line is a third order polynomial. The dotted line represents the spawning 

season, where known (from Thompson 1981). Species codes: Aa = Aplodactylus arctidens, 

Cs = Cheilodactylus spectabilis, Cd = Chromis dispilus, Fl = Forsterygion lapillum, Gt = 

Girella tricuspidata, Ns = Notoclinops segmentatus, Nc = Notoclinus compressus, Op = Odax 

pullus, Pa = Pempheris adspersa, Sp = Scorpaena papillosus, Sv = Scorpis violaceus. 
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Figure A3.2 Relationships between fish wet weight and (a) dry weight, (b) ash weight, and 

(c) ash-free dry weight for species listed in Table A3.2. RMA =reduced major axis, a form 

of regression used to describe structural relationships. 
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Figure A3.3 Asymptotic length (Loo) versus lower adult length value given by Ayling & Cox 

(1982). Species codes: At = Arripis trutta, Ck = Chelidonichthys kumu, Fl = Forsterygion 

lapillum, Fv = Forsterygion varium, Gt = Girella tricuspidata, Hs = Hypoplectrodes sp. B, 

Ks = Karalepis stewarti, Lc = Latridopsis ciliaris, Me = Mugil cephalus, Nm = 

Nemadactylus macropterus, Nc = Notolabrus celidotus, Nf = Notolabrus fucicola, Pa = 

Pempheris adspersa, Pau = Pagrus auratus, Pc = Parapercis colias, Pd = Pseudocaranx 

dentex, Zf = Zeus faber. 
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Figure A3.4 Relationship between the von Bertalanffy growth constant (K) and weight at Loo 

(WLoo)· Species codes: as in Fig. A3.3, also Al = Acentrogobius lentiginosus, Flt = 

Favonigobius latera/is. 
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