
 

 
 

THE UNIVERSITY LIBRARY 

 

 

 

 

 

 

 

 

August 2010 

  

 

 

 

 

 

P R O T E C T I O N  O F  A U T H O R ’ S  C O P Y R I G H T  

 

 

 

 

This copy has been supplied by the Library of the University of Otago on the understanding that 

the following conditions will be observed: 

 

1. To comply with s56 of the Copyright Act 1994 [NZ], this thesis copy must only be used for 

the purposes of research or private study. 

 

2. The author's permission must be obtained before any material in the thesis is reproduced, 

unless such reproduction falls within the fair dealing guidelines of the Copyright Act 1994.  

Due acknowledgement must be made to the author in any citation. 

 

3. No further copies may be made without the permission of the Librarian of the University of 

Otago. 

 



Population Ecology of the Freshwater Crayfish 
Paranephrops zealandicus 

and its Effect on the 
Community Structure of a Lowland Bush Stream 

Nathan Whitmore 

A thesis submitted in partial fulfilment for the degree of 

Master of Science 

at the University of Otago, Dunedin, 

New Zealand 

21 February 1997 



Abstract ii 

ABSTRACT 

My research describes aspects of the population ecology of the freshwater crayfish 

Paranephrops zealandicus, its influence on the community of a lowland bush stream in Otago, 

New Zealand, and the ecosystem consequences of their removal. 

Production and longevity were assessed for a population of the crayfish in Powder Creek, a 

headwater stream draining a catchment of regenerating coniferous-broadleaf forest in eastern 

Otago. 

1. Crayfish abundance was 3-4 individuals m-2 in riffles and 4-12 individuals m-2 

in pools. 

2. Crayfish biomass (4-33 g AFDW m-2) and production (2-11 g AFDW m-2y-1) were 

high in comparison to equivalent overseas studies. 

3. Production was dependent primarily upon the magnitude of biomass rather than 

growth rate. 

4. Individual crayfish were found to be slow growing and long lived in comparison to 

other crayfish species. Crayfish with ages estimated to be 16+ years were not 

uncommon. Female crayfish were not reproductively active until 6+ years. 

5. Fewer than 4% of all females carried eggs, and the young remained attached to 

the female for a minimum period of 15 months. 

Enclosure experiments in Powder Creek were used to examine the influence of freshwater 

crayfish on the invertebrate community. 

1. Changes in the structure of the stream community occurred according to 

whether crayfish were present or absent. 

2. Enclosures without crayfish accumulated silt. 

3. Crayfish of different size did not influence the stream community differently. 

4. Orthocladiinae and Chironominae (Diptera: Chironomidae) larvae were 

negatively affected by crayfish presence, while the dominant mayfly, 

Deleatidium (Ephemeroptera: Leptophlebiidae) was more abundant in the 

presence of crayfish. 
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5. Bioturbation, caused by the foraging and movement of crayfish, appears to be 

responsible for these patterns. 

6. Like other freshwater decapods, the impact of P. zealandicus on the 

headwater community appears to be as an indirect result of their foraging 

behaviour and high biomass. 

iii 

The stomach contents of crayfish captured from six headwater streams of Otago were analysed 

to determine the predatory capabilities of P. zealandicus. 

1. Leaf litter fragments dominated the stomach contents of all crayfish sizes. 

2. Crayfish preyed on a wide range of aquatic invertebrates. 

3. Whole invertebrates were frequently found in the gut, while plant material 

was well masticated. 

4. Deleatidium, Aoteapsyche and chironomids were the most common prey. The 

high incidence of these taxa appears to be attributable to their availability. 

5. P. zealandicus shows an ontogenetic shift in diet, characteristic of many 

crayfish species, with small crayfish consuming a lower proportion of plant 

tissues than large crayfish. 

The work contained in my thesis represents the first ecological study on New Zealand crayfish 

in streams which combines both population and community ecology. The methods used in my 

study are limited to identifying a number of the possible mechanisms by which crayfish may 

affect their community. As such, the research contained within this thesis is insufficient to 

predict generalised effects of their local extinction. 
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CHAPTER 1 

Introduction 

Summary 

Biotic interactions can play a role in structuring stream communities. Crayfish, as a result of 

their large biomass and omnivorous nature, may be important in these interactions. Although 

numerous studies have addressed the role of crayfish in lentic systems, fewer studies have been 

conducted in lotic systems. New Zealand has two endemic freshwater crayfish species. Both 

species are considered to be unspecialised omnivores. Despite being common, widely distributed 

and now farmed, these crayfish have received scant attention from ecologists. My research aims 

to describe aspects of the population ecology of Paranephrops zealandicus, its influence on the 

community of a lowland bush stream in Otago, and the potential ecological consequences (at the 

population and community level) of harvesting such populations. 



Chapter 1: Introduction 2 

The importance of single species in communities 

The extent to which a single species can influence the structure of a community has been a 

common and often controversial question over the last thirty years (e.g. Paine 1966, Mills et al. 

1993). Researchers have recognised numerous mechanisms by which communities can be 

structured, and therefore many pathways by which single species can influence communities. 

These pathways include direct predation (Paine 1966) and its indirect effects such as predator 

avoidance (Mcintosh 1994) and trophic cascades (Hairston et al. 1960, Carpenter et al. 1985), 

competition (Hairston et al. 1960), and alteration of the physical habitat though 

transformation (Naiman and Pinay 1994), nutrient translocation (Kitchell et al. 1979, Pringle et 

al. 1993) and storage (Webster and Pratten 1979). Recently, ecologists have begun to approach 

these processes from the perspective of their interrelationships, rather than pursuing them as 

alternative explanations (Hart 1992). Similarly, the importance of abiotic and biotic factors in 

determining community structure has received more pluralistic treatment (Hart 1992). 

Mechanisms affecting stream community organisation 

The unique characteristic of stream ecosystems is the unidirectional flow of water. Ecologists of 

the early twentieth century viewed stream ecosystems from a reductionist and individualistic 

perspective (Minshall et al. 1985). A holistic view of streams as ecosystems began to emerge 

when it was realised that organisms inhabiting streams depended upon the biological and 

physical processes occurring at a distance upstream for their energetic, chemical and structural 

requirements (e.g. Hynes 1975). Vannote et al. (1980) formalised this holistic view as the River 

Continuum Concept (RCC). 

Research on stream biota has traditionally focused on patterns of abundance and distribution 

(Cummins 1992). Over the last two decades, research has been increasingly devoted to examining 

the nature and scale of biotic interactions (Cummins 1992). Biotic interactions (especially 

predation) have been shown to play a significant role in structuring stream communities (e.g. 

Power 1992, Flecker and Townsend 1994). Most importantly, biota have been shown to have a 

major role in the downstream transport of organic matter (Wallace et al. 1982), and may 

therefore regulate energy flow and nutrient cycling along river continua. 

The role of freshwater crayfish in aquatic ecosystems. 

Freshwater crayfish (Families Astacidae, Cambaridae, Parastacidae) are the largest mobile 

macroinvertebrates in temperate freshwater ecosystems, and occasionally form the majority of 
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the invertebrate biomass within a stream (Huryn and Wallace 1987). As a result of their large 

biomass and omnivorous nature, crayfish often act as central energy transformers between the 

various trophic levels of a freshwater ecosystem (Momot et al. 1978). Indeed, freshwater 

crayfish have been shown to influence community structure, energetics and organisation through 

a variety of ecological mechanisms including trophic cascades (Weber and Lodge 1990, Lodge et 

al. 1994), leaf litter processing (Huryn and Wallace 1987, Mitchell and Smock 1991), nutrient 

cycling (Flint and Goldman 1975), and selective predation on macroinvertebrates (Chambers et 

al. 1990), macrophytes (Matthews and Reynolds 1992), and bryophytes (Coffey and Clayton 

1988). 

Although numerous studies have addressed the role of crayfish in lentic systems, fewer studies 

to date have been conducted in lotic systems (Huryn and Wallace 1987, Mitchell and Smock 

1991). 

Crayfish are generally regarded as polytrophic omnivores with opportunistic feeding strategies 

(Merrick 1993). The role of crayfish in stream communities has focused on their processing of 

detritus (e.g. Huryn and Wallace 1987), since detritus is often the most important energy source 

for running waters (Hildrew 1992). Despite the emphasis on detritrivory, the predacious 

tendencies of crayfish are historically well known (Huxley 1884). Recently, Momot (1995 p33) 

has contended that "Crayfish rank among the chief carnivores of lakes and streams" and" ... 

crayfish often act as keystone predators ". Indeed, the Louisiana crayfish (Procambarus clarki) 

is currently used to control the intermediate snail vector of the parasite that causes 

schistosomiasis in Kenya (Miller 1994). Despite their potential importance, crayfish remain 

neglected in most reviews of detritus processing and food web structure in streams (e.g. Maltby 

1992). Only recently have researchers published experimental assessments of the role of 

crayfish as carnivores and modifiers of community structure (e.g. Hart 1992, Creed 1994) 

The importance of crayfish to stream energetics is, at least in part, determined by their 

production dynamics (Mitchell and Smock 1991). Despite production being the most 

comprehensive measure of a population's success (Benke 1993), only a few estimates of crayfish 

productivity in streams exist (Momot 1995). 

New Zealand's freshwater crayfish. 

There are two species of freshwater crayfish in New Zealand; Paranephrops zealandicus 

(Figure 1.1) and P. planifrons (Family Parastacidae). Both species are endemic (Hopkins 1970). 

The species are allopatric; P. zealandicus is restricted to Stewart Island and the south-
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Figure 1.1: Paranephrops zealandicus in repose. 



Chapter 1: Introduction 5 

eastern side of the South Island, while P. planifrons inhabits the North Island and northern 

half of the west coast of the South Island (Hopkins 1970). These crayfish are commonly known 

in New Zealand as koura, a Maori term, that refers to all members of the Infraorders Astacidea 

and Palinura. 

Crayfish of New Zealand are noted for their broad ecological tolerance and occupation of most 

lentic and lotic habitats (Hopkins 1970). Like most crayfish species, P. zealandicus is a 

nocturnal (Quilter and Williams 1977) and unspecialised omnivore (Musgrove 1988a). 

Paranephrops is closely related to the Australian Parastacidae especially Cherax (mainland 

Australia) and Parastacoides (Tasmania) (Riek 1972, Clamp 1994). Research on the influence of 

Paranephrops at a community level has been restricted to lakes (Devcich 1979, Coffey and 

Clayton 1988, Musgrove 1988a). As yet, there has been no in situ ecological experimentation 

with Paranephrops. 

The role of crayfish within the New Zealand stream community is unknown. Many factors 

which govern the structure of stream communities in temperate regions of the world are thought 

to differ from those found in New Zealand. Streams of New Zealand are thought to be 

dominated by disturbance (Winterbourn et al. 1981). Unmodified streams tend to have similar 

faunas consisting of a nucleus of common genera (Winterbourn et al. 1981, Pridmore and Roper 

1985) with flexible niches and poorly synchronised life histories (Winterbourn et al. 1981). 

Browsers are the most dominant functional feeding group, while shredders are poorly 

represented (Winterbourn et al. 1981). Most native fish species are small and cryptic, the 

exceptions being the two species of eel (Anguilla sp), the extinct grayling (Prototroctes 

oxyrhynchus) and the giant kokopu (Galaxias argenteus) (McDowall 1990). 

Many anecdotal accounts describe the decline of Paranephrops distribution and abundance 

(Shave 1991, Jansma 1995). Factors that have been implicated include, introduction of brown 

trout (Salmo trutta)(Shave 1991, Shave et al. 1994), the clearance of vegetati~n, and the use of 

DDT (Eldon 1981). Maori and European cultures continue to use Paranephrops as a food source. 

Despite these pressures, and anecdotal accounts for a general decline in P. zealandicus 

populations in eastern Otago, no quantitative evidence has been found to support this contention 

(Jansma 1995). P. zealandicus remains widely distributed across streams of Otago (Jansma 1995), 

and it appears that their distribution within this area reflects geological history rather than 

human induced land use changes (Arbuckle et al. 1996). 

Interest in the aquaculture of Paranephrops has grown rapidly in the last decade. The farming 

of Paranephrops has expanded swiftly since its inception five years ago. In Otago there are now 

three licensed operators, and at least six in the South Island (Allen Frazer, Ministry of 
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Fisheries, personal comment July 1996). The practice of harvesting wild stocks for seeding 

aquaculture ventures, and the possibility of direct commercial harvest have provoked interest 

from the Department of Conservation. In response, research into the ecology of these crayfish 

has been initiated by the Zoology Department of University of Otago (in conjunction with the 

Department of Conservation), and the National Institute of Water and Atmospheric Research 

at Hamilton. 

Thesis outline 

My research aims to describe aspects of the population ecology of Paranephrops zealandicus and 

its influence on the community of a lowland bush stream in Otago. I have constructed the thesis 

as a series of chapters which represent the equivalent of individual papers. Consequently there 

is some overlap of information. Specifically this thesis examines life history, production and 

longevity, of a crayfish population in a lowland bush stream (Chapter 2), the influence of 

crayfish on a stream community (Chapter 3), and the predatory capabilities of crayfish 

(Chapter 4). I conclude by reviewing the ability of the endemic crayfish to influence stream 

communities, the potential consequences (at the population and community level) of harvesting 

lotic populations and its wider conservation implications (Chapter 5). References from the 

entire thesis are collated in a single accumulative appendix. 
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CHAPTER2 

Life history, longevity and production of the freshwater crayfish 
Paranephrops zealandicus in a lowland bush stream. 

Summary 

7 

Production and longevity were assessed for a population of the crayfish Paranephrops 

zealandicus in Powder Creek, a headwater stream draining a catchment of regenerating 

coniferous-broadleaf forest in eastern Otago. Annual production was derived from size-specific 

growth rates and biomass structure of the population. Longevity was estimated with an 

iterative bootstrap model based on annual growth increments. Three stream reaches were 

sampled. Each reach consisted of a single pool (20.9-42.6 m2) and 20m riffle. Growth rates were 

obtained between January 1994 and June 1995 by monitoring 1447 individually tagged crayfish. 

Crayfish density was estimated using a depletion-removal method in pools, and quadrat 

sampling in riffles. Crayfish occurred at densities of 3-4 individuals m-2 in riffles and 4-12 

individuals m-2 in pools. Crayfish biomass (4-33 g AFDW m-2) and production (2-11 g AFDW m-

2y-1) were high in comparison to equivalent overseas studies. Production was dependent 

primarily upon the magnitude of biomass rather than growth rate. Individual crayfish were 

found to be slow growing and long lived in comparison to other crayfish species. Crayfish with 

ages estimated to be 16+ years were not uncommon. Female crayfish were not reproductively 

active until 6+ years. Fewer than 4% of all females carried eggs, and the young remained 

attached to the female for a minimum period of 15 months. 
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Introduction. 

Crayfish are often major contributors to macroinvertebrate biomass in temperate streams (Huryn 

and Wallace 1987). Because of high standing stocks, and omnivorous feeding habits, crayfish can 

be important processors of material, and may contribute substantially to energy flow in these 

ecosystems (Huryn and Wallace 1987, Mitchell and Smock 1991, Creed 1994). One method of 

understanding the role of a crayfish, or indeed any animal population, in energy flow pathways, 

is by estimating the production of that population (Benke and Wallace 1980). 

Production measures tissue elaboration over time, and is regarded as the most comprehensive 

measure of a populations success, as it is a composite of density, biomass, individual growth, 

reproduction and development time (Benke 1993). Of particular interest is the derived ratio of 

production to biomass, also known as turnover, which is indicative of the population's overall 

tissue growth rate (Benke 1993). Estimates of production and turnover not only quantify the 

population's 'success' within the community, but provide valuable information on the capacity 

of the population to endure harvesting. 

In New Zealand there are two allopatric species of crayfish in the genus Paranephrops 

(Parastacidae)(Hopkins 1970), commonly known as koura. Paranephrops zealandicus is the sole 

crayfish species found in the provinces of Canterbury, Otago, Southland and Stewart Island. 

Despite being common, widely distributed and now farmed in the South Island, these crayfish 

have received scant attention from ecologists (Jansma 1995). Recently, commercial interest in P. 

zealandicus has been aroused by the possibility of harvesting wild populations. Although a 

number of studies have examined Paranephrops populations (Hopkins 1966, Devcich 1979, Jones 

1981, Musgrove 1988a), there have been no empirical estimates of their production in the wild. 

The inability to age individuals of any species complicates life history analyses. Crayfish are 

notoriously hard to age. Their growth is indeterminate, and although they moult periodically 

they retain no annuli (Lowery 1988). Although there have been numerous attempts to develop 

aging techniques (e.g. Sheehy 1989), there are currently no morphological age measurements for 

any crayfish species. Size-frequency analysis, while applicable to some populations, is limited 

to populations with short life spans and discrete recruitment events (France 1991). Variable age 

estimates have been produced for Paranephrops planifrons (e.g. Hopkins 1966, Devcich 1979) but 

none currently exist for P. zealandicus. 
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In this chapter I investigate life history, growth, longevity and production of P. zealandicus. 

within a lowland bush stream. Emphasis is placed on the use of bootstrap statistical techniques 

for aging crayfish, and estimating production. 

Methods 

Study site: Powder Creek, Silverstream 

The study was conducted in Powder Creek, a tributary of Silverstream, Otago (NZ MR 096869). 

Within the creek there were 3 study reaches (Figure 2.1). Each reach was composed of two 

sections; a discrete pool section and the adjacent 20 m of riffle downstream (Figure 2.2). The 

vegetation of the greater catchment was 120 year old regenerating lowland and mixed 

coniferous-broadleaved forest (Watt and Leslie 1968). The riparian canopy vegetation 

immediately adjacent to the sites is dominated by the broadleaves Pseudowintera sp, Melicytus 

ramiflorus, Griselinia littoralis, Pittosporum sp, Schefflera digitata, Aristotelia serrata , 

Rubus cissoides, and Fuchsia excortica. The region has a cool temperate climate. Annual rainfall 

ranges from ca. 1120 to 1200 mm and is generally consistent throughout the year (Watt and Leslie 

1968). The catchment is currently designated as water catchment for the city of Dunedin. The 

main basement rock type of this area is Haast schist (Watt and Leslie 1968) and in many places 

is overlain by basalt and quartz (Edwards 1995). Watt and Leslie (1968) noted that stream beds 

of this area are relatively stable with well-vegetated banks and little erosion. They also 

observed that flow regimes from these streams have a fairly quick response to rainfall followed 

by a slow recession. 

Stream temperature 

Stream temperature was measured over an 18 month period (February 1994- August 1995) in the 

pool section of reach B with a Ryan Temp Mentor 1.1 © automatic temperature recorder (Ryan 

Corporation, Redmond, Washington). Temperature was recorded at hourly intervals. 

Degree days were estimated as the sum of the mean daily temperatures over the period of 1 

year. When no reading existed for a particular date, its mean temperature (required for the 

degree day calculation) was estimated as the average of mean daily temperatures recorded on 

the three days before and after the date in question. 
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Figure 2.2: Powder Creek. 

left: pool (reach B) 
below: riffle (reach A) 

11 
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Life history 

During January 1994 to June 1995 each section was visited at 4-6 week intervals for the purpose of 

mark and recapture. Capture of crayfish commenced 45 minutes after sunset. Pool sections were 

fished with handnets for 100 minutes or until the number of crayfish caught exceeded the 

holding capacity of the buckets (120 -170 crayfish). Within riffle sections each 5m length of 

stream was fished for a 20 minute period. Crayfish caught were tagged by a method similar to 

that used by Abrahamsson (1965) , and released after two replicate measurements of carapace 

length (CL =tip of rostrum to posterior median margin of carapace) were taken (Figure 2.3). 

Crayfish smaller than 18 mm, in soft shell or with carapace wounds were not tagged, for fear of 

causing injury. Measurements of CL upon initial and subsequent captures allowed growth to be 

monitored. All crayfish caught were sexed and any peculiarities were noted (including 

disfigurements, ecdysial stage, estimated egg number, larval stage and colour). On 20 and 21 

December 1995, study reaches and haphazard sections of Powder Creek were searched 

intensively for berried females (females carrying young or eggs). Each berried female captured 

had approximately 5% of her eggs removed. Eggs were preserved in 5% Formalin® and later 

dissected in the laboratory, to determine their developmental stage. 

Growth and growing season 

The growing season was estimated a posteriori from the incidence of soft integument amongst 

captured crayfish. The growing season was defined as the months for which the mean frequency 

of soft integument exceeded a value of 1%. This growing period was assumed to contain all the 

annual growth. I chose annual gain in carapace length (AGCL, mm) as the measurement of 

growth. 

Population structure 

To check for any distinct cohort structure size-frequency histograms were made for each mark 

and recapture event. 

Separate size-frequency histograms were also made for gender in each section using the data 

from each mark and recapture event. To avoid bias associated with resampling the same 

individuals, the data for these histograms included tagged individuals on their first capture, 

untagged crayfish on final sampling night and all unmarked crayfish< 18 mm CL. The inclusion 

of crayfish < 18 mm CL will tend to overestimate their importance. A one-group Chi-squared 

goodness of fit test was used to test whether the ratio of male to female in each section 
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deviated from a 1:1 ratio. A two-factor Chi-squared test of independence was used to analyse 

the distribution of males and females within each size class within each section. To satisfy the 

requirements of the Chi-squared test of independence (Sokal and Rohlf 1981) data were 

combined into four size classes ( <24.9 mm CL, 25-34.9 mm CL, 35-44.9 mm CL, 45+ mm CL). 

Method: Longevity 

Bootstrap statistical techniques were used to construct a minimum longevity model (Effron and 

Tibshirirani 1993). Annual gain in CL (AGCL, mm) provided the raw data required by the 

model. 

To account for variation in growth observed among crayfish, a bootstrap was performed on AGCL 

by randomly resampling the data points with replacement. This process was repeated until 1000 

data sets were produced. For each data set a regression equation of AGCL against initial 

carapace length (CLi) was created, giving 1000 equations predicting AGCL from CLi. To be on 

the conservative side, the longevity model was seeded at a CL size of 20 mm which was assumed 

to represent one full-year's growth from an egg. This 20 mm seed was placed into the vector of 

1000 equations, to generate 1000 estimates of predicted AGCL for the second year 

(AGCLpredicted)· The size at the end of the second year's growth was therefore calculated as: 

CL year 2 = 20 mm + AGCLpredicted 

equation 2.1 

CL year 2 was then used as the seed for the third year of growth. In this manner, the estimated 

CL for each year of growth was calculated as: 

CL year i+l = CL year i + AGCLpredicted 

equation 2.2 

Confidence intervals for the expected mean CL of each year class were calculated from the 

frequency distribution of values estimated by the equation vectors. In this manner mean CL and 

its 95% confidence intervals were predicted for each year of growth. Therefore an estimate of 

age could be derived on the basis of CL . These results allowed age to be estimated from CL with 

an explicit margin of error. 
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Method : Production 

Production (P ) was estimated for each size class using the following equation : 

P=G * B 

equation 2.3 

where G =annual instantaneous growth rate (mg mg-1 AFDW m-2 y-1) and B =mean biomass 

(mg AFDW m-2) (Huryn and Wallace 1987). 

Biomass: Pool sections 

Abundance of crayfish in pool sections was assessed in summer 1994/5 and winter 1995 with a 

depletion-removal technique. Sampling began 45 minutes after sunset. Nets (mesh size 250 j..tm) 

were positioned at both ends of the pool to prevent crayfish from moving in or out during 

sampling. Each depletion run consisted of two periods; a 16 minute catching period in which 

crayfish were removed from the pool and held in buckets and a 15 minute recovery period. 

Crayfish were caught by one person with a hand net. This process was repeated until a run was 

completed where ::;; 50% of the catch of the initial run was taken. Carapace length was measured 

with vernier callipers± 0.1 mm for each crayfish. 

Biomass: Riffle sections 

As riffles were 2-3 times the area of pools the depletion-removal technique used in the pools 

was considered impractical. Instead the biomass and abundance of crayfish in riffles was 

estimated during daylight hours with a 0.307 m2 quadrat (similar to a Surber sampler with 

250j..tm mesh, but modified with a walled perimeter 45 em high). Sampling occurred on three 

occasions, winter 1994, summer 1994/5 and winter 1995. Sampling locations were determined 

with a random number. On each occasion 20 quadrats were taken. After placement of the 

quadrat, all rocks and other moveable objects within its perimeter were removed, and the 

trapped crayfish were captured by net or hand. Carapace length was measured with vernier 

callipers± 0.1 mm for each crayfish, and the tag number, if present, was recorded. 

Standing stocks 

To obtain estimates of individual mass, crayfish specimens were dried (60 oq for 48 hours, 

weighed on a Mettler PM2500 ® balance to the nearest mg to obtain dry weight, ashed for 2.5 

hours (550 °C) and reweighed. Ash Free Dry Weight (AFDW) was estimated as the difference 
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between dry weight and ash weight. Measurements of live crayfish could then be converted to 

AFDW using a least squares regression of log transformed AFDW (mg) against log CL (mm). 

Depletion-removal data from pools were analysed using Pop/Pro Statistical Software© (Kwak 

1992) which uses a modified Zippin equation to provide estimates of minimum size classes, mean 

density and mean biomass density and their variances. Data from the riffles were separated 

into 10 mm CL classes. Benthic area of each riffle and pool were estimated from length, width 

and depth measurements. Benthic area of each pool was used as a conversion factor in Pop /Pro 

Statistical Software © to transform the data to a m2 basis. Crayfish abundance and biomass in 

riffles were converted to a m2 basis for each sample and all samples were combined to calculate 

mean biomass for each CL class. 

G: Annual Instantaneous Growth Rates 

Annual instantaneous growth rate G (mg mg-1 AFDW y-1) was calculated as: 

G = ln(Wj + 2, We) -ln(Wi) 
t 

equation 2.4 

where Wj is the final weight, We is the weight of shed exuviae and Wi is the initial weight, 

and t is one year (Pratten 1980). Measurements of CL were converted to mg AFDW using a length 

- weight regression. Growth was assumed to be exponential. 

Whole exuviae found during the study period were measured (CL, mm), then dried (60 °C) for 48 

hours. Exuviae were then weighed on a Mettler PM2500 ®balance to the nearest mg to obtain 

dry weight, ashed for 2.5 hours (550 °C) and reweighed to obtain AFDW. Measurements of 

exuvial mass could then be converted to AFDW using a least squares regression of log transformed 

AFDW (mg) against log CL (mm). 

Log transformed growth rates (G) were regressed against log transformed CL to obtain equations 

to predict annual growth rate for crayfish size. 

Production 

To account for variation observed among annual growth rates, a bootstrap was performed on G by 

randomly resampling the data points with replacement. This process was repeated until 1000 

data sets were produced. For each data set a regression equation of G against mean CL was 

created. The mid point of each size class (CL) was entered into each regression equation, to 
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create 1000 estimates of G for each size class. Using the statistical parameters of my empirical 

estimates of biomass, 1000 estimates of mean biomass B were generated for each size class, using 

the Normal Distribution function available on the Excel5.0 toolpack ©. Production was 

estimated using equation 2.3 for each of the paired G and B values, thereby giving 1000 

estimates of production for each size class. Expected mean production and its 95% confidence 

intervals were estimated from the resulting frequency distribution. 

Production as a function of size structure 

Cumulative frequency plots were constructed to determine which size (CL) of crayfish made the 

greatest contribution to total production for each section. Each plot was based upon the 

corresponding raw data from the gender size-frequency histograms. Production was predicted for 

each individual from a regression equation of annual instantaneous growth versus CL. The 

production of each individual was then calculated as a fraction of total production for all 

crayfish within each section. Crayfish sizes were arranged in ascending order and the 

cumulative production contributed by each size calculated. 

Results 

Stream temperature 

Stream temperature over the study period ranged from 1.5 to 14.0 °C (Figure 2.4). Mean daily 

stream temperature was 7.0 °C (SD ± 2.5 °C, range 1.8 to 11.9 °C). Daily fluctuation in 

temperature ranged from 0.1 to 2.1 °C with a mean of 0.8 °C. Powder Creek was estimated to 

have 2600 degree days per year (2 sig. fig.). 

Growing season and growth 

Of 1447 crayfish tagged by cauterisation, increases in CL were recorded for 229 crayfish. The 

1994-1995 growing season extended from October 1 to March 31 (Table 2.1 and Figure 2.5). Only 

crayfish tagged before and recaught after this period were eligible for inclusion. 90 crayfish 

fulfilled this criterion. Of these crayfish one failed to moult. Smaller crayfish showed the 

largest growth increments (Figure 2.6). Growth rate was not influenced by gender (ANCOV A 

df=1,86 F = 0.55875 p = 0.5914). AGCL was more variable among smaller crayfish. Unlike other 

researchers using cauterisation-branding and puncture techniques, I was unable to determine the 

number of moults the crayfish had gone through by the appearance of the scar. However, on the 

basis of recapture data, 5 crayfish were found to have undergone at least 2 moults (Table 2.2). 

The average gain in overall length for these crayfish was 4.8 ± 0.6 mm (SD). 
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Figure 2.4: Mean daily water temperature of Powder Creek 1994-1995 
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Figure 2.5: The duration of the crayfish growing season, represented as the mean% of crayfish 
with soft integument captured from each sampling date within each month (shown as a 
composite of data collected from 1994 and 1995). Error bars represent± 1 SE. * no sampling took 
place in October. 
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Table 2.1: Number of crayfish caught each month for which exoskeleton hardness was recorded, 
the number of sampling occasions, and the number of crayfish found with soft integument 
(composite of data collected during 1994 and 1995). 

Month Number of Total number of Total number of 
samp~ing crayfish caught crayfish with 
occaswns soft integument 

January 3 224 22 

February 2 205 5 

March 6 591 17 

April 6 491 4 

May 5 322 0 

June 4 376 0 

July 2 68 0 

August 4 221 0 

September 4 137 0 

October none 

November 2 45 4 

December 2 143 3 
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Table 2.2: Growth data for 5 crayfish for which multiple moults were detected, and 
intermediate sizes recorded during the growing season. 

Site Sex Initial Size Intermediate Final Size CLt -CLi CL£ -CLt Annual 
CLi (mm) Size CL£ (mm) (mm) (mm) Gain in 

CLt (mm) CL 
(mm) 

A Female 20.85 22.80 24.85 1.95 2.05 4.00 

(24 Sept 94) (9 Feb 95) (20 Apr 95) 

c Female 23.50 26.70 28.75 3.20 2.05 5.25 

(23 Jun 94) (12 Jan 1995) (7 Jun 95) 

A Male 24.00 26.65 29.10 2.65 2.45 5.10 

(24 Sept 94) (9 Feb 95) (20 Apr 95) 

A Female 24.40 26.15 28.55 1.75 2.40 4.15 

(24 Sept 94) (9 Feb 95) (20 Apr 95) 

B Female 29.10 31.50 34.40 2.40 2.90 5.30 

(31 Mar 94) (1 Mar 95) (12 Jun 95) 

Mean ±1 SD 2.4 ± 0.6 2.4 ± 0.4 4.8 ± 0.6 
(2 sig. fig) 

21 
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Life history 

Berried females were found throughout the year. These females accounted for only 3.9% of 

female population. The CL of berried females ranged from 36.4 mm to 65.2 mm (Figure 2.7). Male 

spermatophores were found attached to berried females between their second and third legs in 

December and January. Spermatophores were found only on females carrying caramel coloured 

eggs (Figure 2.8). Egg colour was arbitrarily divided in four colour classes; caramel, brown, grape 

(consisting of red to purple hues) and grape + white (same colouration as the former but with 

small white poles). Eggs obtained on the 20 and 21 December 1995 were found to correspond to 3 

stages of development: 

1) Caramel eggs which had undergone cleavage (larval stage 1, Koksal 1988). 

2) Brown eggs which had undergone cleavage and mostly consist of yolky cells with an area of 

smaller lighter cells on one pole (possibly larval stage 2-3, Koksal 1988). 

3) Grape + white eggs which possessed well differentiated embryos, with dark eye spots and 

white appendages (larval stage 4-5, Koksal 1988). 

By plotting the occurrence of egg colour, larval stages and small free living crayfish against 

time, a strong cohort pattern was revealed (Figure 2.9). A discrete breeding season appeared to 

exist in December and January. Recapture of two berried females that were tagged supports such 

a cohort pattern, and reveals that eggs progressively darkened as they developed (Figure 2.8 

and 2.9). Eggs appeared to develop until March after which they remained dormant through the 

winter period, eventually reviving to begin hatching the following December. Juvenile crayfish 

were carried by the female until April, at which time small free living crayfish< CL 10 mm 

began to appear. The minimum time between egg laying and the first free living juvenile 

crayfish was 15 months. 

Population structure 

The size frequency plots of captured crayfish at each section over the entire study period showed 

no evidence for discrete cohorts (Figures 2.10 and 2.11). Sequential tagging of individuals 

eventually resulted in a large portion of the population being identifiable (Figures 2.10 and 

2.11). 

Males and females showed a similar size-frequency distribution. This distribution was 

significantly different only for pool B (two factor ~3 = 6.113, p = 0.0134) (Figure 2.12). The 
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Figure 2.7: Size-frequency distribution of berried females caught from Powder Creek 1994-
1995. 
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A) B) 

Figure 2.8: Egg colouration; 
A) Caramel coloured eggs, with spermatophore (white) attached to the sternal keel and 
lateral process between the 2nd and 3rd pereiopods (walking legs) 
b) Grape+ white coloured eggs (approaching hatching), white pole not distinguishable in 
photograph. 
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Figure 2.9: Development of egg and juvenile cohorts through time. Represented as a composite of occurrence data collected from 
1994 and 1995.The smallest block= a single berried female. A and B represent the eggs of recaptured females ( #76 from reach B 
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Figure 2.12: Size frequency histograms for male and female crayfish at first capture. Key: males 
(black), females (white), unknown or unrecorded (shaded), n= total number of individuals in each 
histogram. Results of Chi-squared test of independence on male and female size distribution 
(critical a= 0.05): no significant difference = 'NS', significant difference = p value indicated. 
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mean size of each sex differed little within each section. There was, however, a detectable 

difference for pool B (two tailed, two sample t-test = -2.716, df = 350, p = 0.0069) (Table 2.3). The 

differences associated with this section were due to a higher than expected number of males in 

the 45+ rnrn CL size class (two factor ~3 standardised residual for class= 2.614). In only one of 

the six sections (riffle A) did the sex ratio of male: female differ from an expected 1:1 

relationship (one group ~1 = 6.113, p = 0.0134) (Table 2.3). Mean size in pools was greater than 

that of riffles for both sexes in reaches A and B (but was not statistically different for either sex 

in reach C) (Table 2.4). Crayfish density appeared to vary seasonally, with the highest 

densities being recorded in summer (Table 2.5). 

Longevity 

Crayfish were found to be extremely long lived (Figure 2.13). According to the longevity model, 

crayfish aged 16 years or greater would not be uncommon. The minimum age for the smallest 

berried female found (36.4 mm CL) is not significantly different from the CL predicted for a 6 or 

7 year old crayfish. The plot curves towards the x-axis as a result of the negative relationship 

between AGCL and age. 

Production 

The relationship between carapace length (CL, rnrn)(range 14.2-75.3rnrn) and weight (W, mg 

AFDW ) for Paranephrops zealandicus was : 

W = 0.0331CL 3.1080 

(r2=0.982, p=O.OOOl, n=33) 

equation 2.5 

The relationship between carapace length (CL, mm)(range 27.2-63.7) and shed exuviae weight 

(We, mg AFDW) was: 

We= 0.0017CL 3.4200 

(r2=0.95, p=O.OOOl, n=36) 

equation 2.6 

For 5 crayfish I had recapture data showing intermediate sizes. Each of these crayfish had a 

gain in carapace length ;;::: 4mm. Therefore I assumed that any crayfish which had an AGCL;;::: 

4mm had undergone two moults, and therefore produced two exuviae. The second exuvium shed 
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Table 2.3: Gender differences within reach sections, with respect to frequency of gender and 
mean size. Bold type indicates significant differences exist i.e. p = :::; 0.05. 

Section Frequency of Gender (Numbers) Mean Size (CL, mm) 

Unknown Male Female Unknown Male Female 

Pool A 14 114 119 17.3 37.2 35.3 

B 5 183 193 21.9 35.6 33.0 

c 24 238 236 16.8 32.1 32.5 

Riffle A 27 117 158 17.9 30.2 28.9 

B 15 112 100 17.8 32.5 30.5 

c 23 55 61 14.8 29.9 32.6 

30 

Table 2.4: Results of a one tailed, two sample t-test, testing the hypothesis (Ha) that crayfish 
are larger (CL, mm) in the pool of a reach than its riffles (H0 : pool= riffle). Bold type 
indicates significant differences exist, i.e. p = :::; 0.05. 

Hypothesis Male Female 

P value p value 

pool a >riffle a :::; 0.0001 :::; 0.0001 

poolb >riffle b 0.0024 0.0085 

pool c > riffle c 0.1129 0.5241 
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Table 2.5: Seasonal changes in crayfish density (crayfish per m2). Error bars represent± 1 
standard deviation. Heavy treefall prevented the 1995 winter estimate for the pool section of 
reach A. * Crayfish density was not estimated for pool sections in 1994. 

REACH SEASON 
Winter 1994 Summer1995 Winter 1995 

A 
pool * 3.5 ± 0.8 NA 

riffle 2.6 ±3.1 3.6±4.7 2.8 ±4.5 

B 
pool * 10.0 ± 1.9 5.0 ± 1.2 
riffle 1.1 ± 1.9 3.6±4.2 3.9 ±4.0 

c 
pool * 12.3 ± 1.6 10.9 ± 1.1 
riffle 0.7± 2.9 2.6 ± 4.9 0.7 ± 1.3 
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Figure 2.13: Estimates of crayfish age on the basis of carapace length. Error bars represent ± 95% confidence 
intervals generated by a bootstrap model; a = size of largest crayfish found in Powder Creek, b = size of largest 
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would have been from an intermediate sized individual whose size I assumed was the initial CL 

+ 2mm. Therefore : 

L.We = Winitial + W intermediate 

equation 2.7 

Since females carrying eggs were scarce, and newly laid eggs required for an equation relating 

female CL mm to egg production were rarer still, the contribution of female egg and glair to 

overall production was assumed to be negligible. 

Annual instantaneous growth was greatest for small crayfish and decreased with size (Figure 

2.14). Mean biomass was no different in pools (range 9-33 g AFDW m-2) than riffles (range 4-6 g 

AFDW m-2 )(two tailed, two sample t-test df = 2; p > 0.05)(Figure 2.15). Mean production 

ranged from 3-11 g AFDW m-2 y-1 in pools to 2 g AFDW m-2 y-1 in riffles (Figure 2.15), but was 

not significantly different between the two sections (two tailed, two sample t-test df = 2; p > 

0.05). Turnover rates (P /B) were low in comparison with other crayfish species (Table 2.6). 

There was no detectible difference between mean P /Bin riffles (range 0.38-.43) and pools (range 

0.33-0.35) (two tailed, two sample t-test = -4.051; df = 2; p= 0.0559). Large variances were 

associated with both the production and biomass estimates (Figure 2.15). Estimates of biomass 

were the major source of this variance, because crayfish were patchily distributed within the 

riffles, and pools were very hard to deplete (e.g. on one occasion I failed to deplete pool C 

despite having a total of 5 runs and amassing 161 crayfish= 140 minutes sampling effort). Since 

the sampling error in pools was dependent on the quality of the depletion runs (catchability), a 

large variance was associated with estimates of biomass from pools (Kwak 1992). 

Production was largely a consequence of high biomass rather than high rates of growth and/ or 

population turnover. Most production was generated from middle sized crayfish (30- 50 mm CL) 

(Figure 2.16). 

Discussion 

Temperature 

Temperature is regarded as the primary environmental determinant of growth and development 

for crayfish (Lowery 1988, Merrick 1993, Lodge and Hill1994). Momot (1984) noted that crayfish 

at high latitudes or altitudes in temperate regions usually live longer and mature later than 

those in warmer climates. Comparisons between the Powder Creek study and previous research 
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Figure 2.14: Influence of mean crayfish size on Annual Instantaneous Growth Rate. 
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Figure 2.15: Biomass (black) and annual production (white) for crayfish in pool (P) and riffle 
(R) sections within the 3 study reaches (A, B, C) of Powder Creek. Error bars represent± 95% 
confidence intervals. 
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Table 2.6 : Comparison of P /B ratios between crayfish species of temperate climates. 

Species Environment P/B Author 

Austropotamobius pallipes aqueduct 0.32-0.44 Brewis and Bowler (1983) 

Paranephrops zealandicus headwater stream 0.33-0.43 Whitmore 

Cambarus bartoni headwater stream 0.58 Huryn and Wallace (1987) 

Cambarus bartoni 5-6th order river 0.7 Mitchell and Smock (1991) 

Astacus astacus lake 0.78-0.82 Cukerzis (1988) 

Orconectes virilus 4lakes 0.8-1.9 Momot (1988) 

Orconectes virilus 5-6th order river 1.1 Mitchell and Smock (1991) 

Orconectes virilus 6th order river 1.2 Roell and Orth (1992) 

Cambarus sciotensis 6th order river 1.5 Roell and Orth (1992) 

Orconectes sanborni 6th order river 1.9 Roell and Orth (1992) 

Orconectes virilus lake 2.33 Momot (1967) 

Procambarus clarkii drainage channels 5.03 Anastacio and Marques(1995) 

Pacifastacus lenuisculus headwater stream 5.9 Mason (1974) 



Chapter 2: Life history, longevity and production 37 

100 
reach A 

75 

50 

25 

0 
0 10 20 30 40 50 60 70 80 -~ 0 

Q.l 
> 100 ...... .... 

reach B ra -= 75 s 
= u 50 u 
< -= 25 
0 ...... .... 

0 u 

= "'0 0 10 20 30 40 50 60 70 80 
0 
1-; 

~ 

100 
reach C 

75 

50 

25 

0 
0 10 20 30 40 50 60 70 80 

Source 
(Size: Carapace Length, mm) 

Figure 2.16: Predicted source of crayfish production in riffles (grey) and pools (black) for each 
study reach (A, B, C). The contribution of crayfish size to production is indicated by slope. 



Chapter 2: Life history, longevity and production 38 

on crayfish in New Zealand support these contentions. Water temperature appears to be the 

factor responsible for the life history characteristics of the Powder Creek crayfish population. 

Powder Creek is consistently shaded as a result of the canopy cover and valley topography 

(personal observation). This shading would appear to explain why it has a low stable 

temperature in comparison to many other streams in the Taieri catchment (e.g. mean daily 

temperature for Powder Creek ranged 10.1 °C over 1994/1995 while that of a grassland stream 

nearby ranged 17.5°C for the same period, Huryn unpublished data). Mean daily temperature of 

Powder Creek rises above 10°C for less than 60 days each year, and peaks below 12°C (less than 

2600 degree days per year). For 7 months of the year the temperature of Powder Creek is below 

the minimum threshold of 8-lQOC required for reproduction and moulting in many cool water 

crayfish species (Lodge and Hill 1994). 

Even though the crayfish of Powder Creek were long lived and showed no obvious cohort 

structure, their density showed seasonal fluctuations. This peculiarity would appear to be an 

artefact of seasonal changes in crayfish activity rather than population fluctuations. It is well 

known that P. zealandicus is less active in winter months, and will spend much of this period in 

hibemacula (Quilter and Williams 1977). Quilter and Williams (1977) found that many 

specimens of P. zealandicus would remain completely inactive for several days in succession at 

temperatures of 5°C. Similarly, I found that while many crayfish were active in Powder Creek 

during daylight in summer it was rare to find any individuals diurnally active in winter. 

Inactivity and increased cryptic behaviour during winter would explain the low biomass 

estimates recorded during this period. Furthermore, the summer increase in density could not be 

explained by recruitment of young, nor was there any evidence of higher mortality in winter 

(personal observation). 

Reproduction 

Crayfish development in Powder Creek was extremely slow in comparison with other crayfish 

species (cf. Lowery 1988) as well as other populations of Paranephrops. Hopkins (1967a) , for 

example, found that incubation of eggs and juveniles of P. planifrons in the Mangatere River 

(North Island) takes place between April and December and lasts for 25-26 weeks. Hopkins 

(1966) suggested the age for female sexual maturity for this population was ca. 2-3 years. In 

comparison, incubation of eggs by the Powder Creek population begins in December and January 

and lasts for at least a minimum of 60 weeks, while the minimum predicted age for the smallest 

berried female (36 mm CL) was 6-7 years. These findings conflict with Hopkins' (1967a) 

assertion that crayfish species which lay in spring or summer have shorter incubation periods, 

than those which lay in autumn. 
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Hopkins' (1967a) sequence of egg colouration was consistent with that found in the Powder Creek 

population. However Hopkins did not identify what appears to be the earliest stages of egg 

development, that of caramel coloured eggs and the presence of spermatophores. 

Growth 

Individual growth rates for P. zealandicus recorded in Powder Creek were similar to those 

measured in Leith Stream, Dunedin (Jones 1981). In both studies multiple moults were uncommon, 

and no moulting took place in winter. This similarity may be attributable to water temperature, 

as the temperature profile of Powder Creek was very similar to that of Leith Stream (mean 

maximum 12 °C, minimum 3 °C) (Jones 1981). While it appears that moulting can occur 

throughout the year for P. planifrons (Hopkins 1966), the crayfish of Powder Creek appear to be 

restricted to moulting over a discrete seasonal period (November to April). 

Crayfish growth in Powder Creek did not appear to be influenced by gender. This finding was 

consistent with that of Hopkins (1967b) for P. planifrons. However, sex is often a factor 

influencing growth rates of crayfish species, with the growth of adult females being less than 

that of the males (Momot 1967, Pratten 1980, Sokal 1988). Slower growth of females has been 

explained in terms of the larger resources required for reproduction, and because berried females 

are prevented from moulting (Sokal1988). If the latter was true of the Powder Creek population, 

the outcome of the analysis would have been no different, as by chance no berried females were 

members of the AGCL data set. Had berried females been part of this data set, the AGCL 

gradient would have been expected to be lower, and consequently my estimate of production 

would have decreased. However as fewer than 4% of all females were berried, the chance 

exclusion of berried females from the analyses is unlikely to have caused major changes. 

Sources of natural mortality 

A large number of gastroliths were collected throughout Powder Creek over the study period, 

indicating that crayfish were preyed upon during ecdysis (Scott and Duncan 1967, Johnson 1984). 

Of the three natural predators I observed to frequent the creek (brown trout Salmo trutta, little 

shag Phalacrocorax melanoleucos, and long finned eel Anguilla dieffenbachii) only trout were 

observed in any of the study reaches (A and B). A 4m high waterfall at top of reach B appeared 

to prevent trout movement further upstream (personal observation). In the absence of predators, 

cannibalism is the most likely explanation for the presence of gastroliths and is supported by 

evidence from gut analysis (Chapter 4) and field observations. However, the number of 
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gastroliths collected at each study reach represented only a few individuals (personal 

unpublished data). 

Longevity 

40 

Devcich (1979) estimated the age of a lake dwelling P. planifrons female of 70.9 mm CL to be 20 

years. An equivalent sized crayfish of Powder Creek would be predicted to be a minimum of 19-

25 years old. This similarity disputes the contention by Devcich (1979) that there is a large 

disparity in life span and growth rate between stream and lake dwelling crayfish, typified by 

short life spans and small sizes in streams and long life spans and large sizes in lakes. 

Large size classes do not appear to be the preserve of males in the study reaches. Indeed the 

largest crayfish recorded outside my study reaches in Powder Creek was a female whose shed 

exoskeleton measured 85.7 mm CL, and berried females elsewhere in the stream were found >80 

mm CL (personal observation). Momot (1984) noted that young-of-the-year and juvenile crayfish 

show a preference for littoral and riffle habitats. This contention is partially supported by my 

finding that for two of the three study reaches crayfish inhabiting pools were significantly 

larger than those in riffles. 

Production 

Mean production of the Powder Creek population (2-11 g AFDW m-2 y-1) is amongst the highest 

recorded for stream dwelling crayfish (cf. 0.2-8.8 g AFDW m-2 y-1)* (Mason 1974, Brewis and 

Bowler 1983, Huryn and Wallace 1987, Mitchell and Smock 1991, Rabeni 1992, Roell and Orth 

1992, Anastacio and Marques 1995). The trophic basis for this production in Powder Creek is 

unknown. Crayfish are able to use any one, or combination of the food sources available in 

Powder Creek; (i.) allochthonous detritus (ii.) microbial flora of detritus (iii.) aquatic animals 

especially macroinvertebrates (iv.) periphyton and (v.) suspended particles (Holdich and 

Reeve 1988, Musgrove 1988b). 

It is unlikely that the crayfish population of Powder Creek could withstand harvesting. The 

P /B ratios alone, would suggest that a maximum annual harvest of 30-40% of standing stock may 

*Units of production were converted tog AFDW equivalents, according to my data on P.zealandicus. Where 

dry weight= l.S*AFDW, and wet weight= 6*AFDW. While the dry weight constant was uniform for all 

P.zealandicus size classes the wet weight constant varied according to size class. Therefore conversions from 

wet weight (i.e. Roell, et al. 1992, Anastacio and Margues 1995) are tentative. 
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occur without deleterious effects. However, this ratio does not address the fact that the Powder 

Creek population has low rates of reproductive success, slow recruitment, and slow development 

to sexual maturity. These life history characteristics suggest any reduction in the number of 

sexually mature crayfish could further reduce the total reproductive success of this population 

and, in turn, initiate a population decline. 

Critique of methods 

Previous researchers such as Hopkins (1967a) and Jones (1981), examined rates of carapace 

growth in terms of final CL I initial CL plots. In crayfish species the final CL is normally only a 

small percentage larger than its initial CL. Hence the resulting least squared regression plots of 

final CL versus initial CL will always have gradients near 1 with exceptionally high 

correlation coefficients (ca. 0.97). Therefore this approach does not adequately reveal growth 

differences associated with increasing crayfish size. Consequently annual gain in carapace 

length (AGCL, mm) is a more appropriate measure in a comparison of CL growth within and 

between crayfish populations. However, as there are large variations of growth rates within 

most crayfish populations (Merrick 1993) a large sample size (as in this study) will be required 

to detect any significant differences in AGCL. 

Handnetting of crayfish as a sampling method appears to have less bias than baited traps (cf. 

Somers and Stechey 1986). However I believe the handnetting technique still underestimated 

the number of very small crayfish < 18mm CL. Small crayfish were cryptic, even at night, often 

remaining beneath leaf litter and under rocks at the stream margins (personal observation). 

Furthermore as a result of their small size they were less likely to be seen, and more likely to 

escape from handnets. Even so, small crayfish would have had to be underestimated by several 

orders of magnitude, in order to impose significant bias on population and production estimates. 

Conclusions and synthesis 

In all respects the individual rates of growth and reproductive success of F. zealandicus in 

Powder Creek appear to be retarded. As such, the crayfish of this population rank amongst the 

longest lived and slowest growing ever recorded (cf. Lowery 1988). Water temperature appears 

to be the obvious factor responsible for the life history characteristics of the Powder Creek 

crayfish population. Low temperatures will constrain crayfish metabolism, thereby slowing 

growth and reproductive rates and causing cohorts to overlap. Slow growth and reproductive 

rates result in low turnover rates, while overlapping cohorts results in high standing stocks. 

Hence the 'disparity' that Devcich (1979) observed in lifespan and size between stream and 
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lake crayfish in the North Island of New Zealand, may be explained by the effect of 

temperature. 
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I have suggested that temperature is the main factor controlling the population characteristics 

of the Powder Creek crayfish population. Alternatively these characteristics may be a result of 

intraspecific controlling mechanisms, such as competition or an adaptive life history strategy. 

However the influence of temperature is wide and has been shown to be a factor controlling the 

rate of agonistic behaviour of many crayfish species (Thorp 1978). As the action of temperature 

can blur the distinction between density-dependence and density-independence, true alternative 

hypotheses for the characteristics of the Powder Creek population may need to be complex. 

Kitchell et al. (1979) noted that the mobility and longevity of consumers may endow them with 

an ability to translocate and store nutrients within the physical structure of an ecosystem. 

Similarly, the nutrient spiralling concept (Webster and Pratten 1979, Newbold et al. 1982) has 

formalised the temporal effect of consumers on nutrient cycling within stream ecosystems. Some 

crayfish populations have shown importance in nutrient cycling. For example, Cambarus bartoni 

has a major role in the calcium dynamics of streams (Webster and Pratten 1979), and 

Pacifastacus leniusculus stimulate primary productivity in Lake Tahoe as a consequence of 

defecation (Flint and Goldman 1975). Therefore, the importance of crayfish to the Powder 

Creek stream community may not be so much a function of their specific dietary requirements, but 

rather their regulation of nutrient processes as a result of their high productivity, biomass and 

longevity. 
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Summary 

CHAPTER3 

Influence of freshwater crayfish on invertebrate 
community structure 
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Enclosure experiments in a lowland forested stream were used to examine the influence of 

freshwater crayfish Paranephrops zealandicus on the invertebrate community. Changes in the 

structure of the stream community occurred according to whether crayfish were present or 

absent. Crayfish size did not produce different effects on the stream community. Enclosures 

without crayfish accumulated silt. Orthocladiinae and Chironominae (Diptera: 

Chironomidae) larvae were negatively affected by crayfish presence, while the dominant 

mayfly, Deleatidium (Ephemeroptera: Leptophlebiidae) was more abundant in the presence 

of crayfish. Bioturbation, caused by the foraging and movement of crayfish appears to be 

responsible for these patterns. Like other freshwater decapods, the impact of P. zealandicus 

on the headwater community appears to be an indirect result of their foraging behaviour and 

high biomass. 
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Introduction 

Most studies of stream community ecology have focused on how insects and fish structure lotic 

communities as consumers (Pringle et al. 1993). Although crayfish often dominate 

macroinvertebrate biomass in temperate freshwater ecosystems (Huryn and Wallace 1987), 

their ecological effect in headwater streams has been largely ignored (Mitchell and Smock 

1991). As a result of high standing stocks, omnivorous feeding habits and foraging activity, 

crayfish have shown the potential to influence energy flow in these ecosystems through a 

variety of direct (Huryn and Wallace 1987, Mitchell and Smock 1991) and indirect 

mechanisms (Hart 1992, Creed 1994). 

Paranephrops zealandicus (White) (Parastacidae), a long lived (Chapter 2), non-specialised 

omnivore (Musgrove 1988b) is the only crayfish species in Otago, New Zealand (Hopkins 

1970). This crayfish is widely distributed throughout the province (Jansma 1995) and in some 

streams has standing stocks in excess of 30 g AFDW m-2 (ash free dry weight) and 

productivity in excess of 10 g AFDW m-2y-1 (Chapter 2). The high density and productivity of 

P. zealandicus in headwater streams suggests that they may have a significant role in 

organising the stream community. Previous to this study, no community level experimentation 

had been conducted with Paranephrops in a stream environment. 

Anecdotal accounts of a decline in the abundance and distribution of Paranephrops have 

provoked interest from the Department of Conservation. The practice of harvesting wild 

stocks for seeding aquaculture ventures and the potential for direct commercial harvest has 

further fuelled this concern. Consequentially, these concerns provide a practical impetus for 

quantifying the stream community response to the removal of crayfish. Additionally, there is 

growing evidence that resource partitioning occurs in some crayfish species, as a function of age 

and body size (Rabeni 1985, France 1996). Consequently the impact of a crayfish population on 

the stream community may not be a function of its biomass or productivity alone, but also of its 

age and size structure. With these factors in mind, the aim of this study was to quantify the 

effect of P. zealandicus on the benthic community of a headwater stream. 
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Method 

The influence of Paranephrops zealandicus on invertebrate community structure was assessed 

by in situ enclosure experiments. Two enclosure experiments were conducted. The first ran from 

mid spring to early summer (19.10.94-8.12.94), and the second ran from late summer through to 

late autumn (24.2.95-29.4.95). Each experiment was designed as a 4 treatment, 4 replicate, 

randomised block design, with 2-way ANOV A as the primary analysis (df 3,9). Treatments 

consisted of a control (no crayfish), and three different crayfish size classes, each of equal 

biomass. As the randomised block design was used to balance the heterogeneity of the 

environment the testing of block effects was not required (Sokal and Rohlf 1981). 

Study site: Powder Creek, Silverstream 

Enclosure experiments were conducted in Powder Creek, a tributary of Silverstream, Otago (NZ 

MR 096869)(Figure 3.1). The vegetation of the greater catchment is 120 year old regenerating 

lowland and mixed coniferous-broadleaved forest (Watt and Leslie 1968). The catchment is 

currently designated as a water catchment for the city of Dunedin. The region has a cool 

temperate climate. The main basement rock type of this area is Haast schist (Watt and Leslie 

1968) overlain by basalt and quartz (Edwards 1995). The streams in this area have relatively 

stable beds, well-vegetated banks and little erosion (Watt and Leslie 1968). Watt and Leslie 

(1968) observed that flow regimes from tributaries in the native forest areas had a fairly quick 

response to rainfall events followed by a slow recession. 

The site for the enclosure experiment was chosen on the basis of homogeneity of flow, depth and 

substrate. The riparian canopy vegetation was dominated by the broadleaves Pseudowintera 

sp., Melicytus ramiflorus, Griselinia littoralis, Pittosporum sp., Schefflera digitata, 

Aristotelia serrata, Rubus cissoides, and Fuchsia excortica. Freshwater crayfish are a ubiquitous 

and conspicuous part of the benthic invertebrate community, with densities of 3-12 crayfish m-2 

in upper reaches of the stream (Chapter 2). 

Stream temperature 

Water temperature was measured at hourly intervals, 1 km upstream of the experimental site 

with a Ryan Temp Mentor 1.1 ©automatic temperature recorder (Ryan Corporation, Redmond, 

Washington). 
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Enclosure experiment construction 

Sixteen crayfish enclosures were constructed from lengths of 300 mm diameter PVC culvert 

pipe. The culvert pipe was cut lengthwise into half pipes, and then into 1.25m lengths. 

Individually crafted, removable enclosure ends were constructed of 4 mm2 stainless steel wire 

mesh mounted on 1 em thick PVC frames. Slots for the enclosure ends were made of 6 x 15 mm x 

mm x 10 mm PVC, and blind riveted to the enclosures. Two twin sets of 1 mm holes, 50 mm apart 

were drilled at intervals of 0.5 m on each side of the enclosure to allow for the attachment of 

steel fence posts by galvanised wire. Three sets of holes were drilled on each side of the 

longitudinally cut surface of the enclosure for the attachment of 7.5 mm x 113 mm lengths of 

wall board joiner. This provided the lateral restraining mechanism for shade cloth covers of 1 

mm2 mesh . Shade cloth was anchored by wire ties to the anterior and posterior enclosure ends. 

Enclosures were attached to the substrate by steel fence posts (Figure 3.2) 

Substrate 

Substrata were obtained from the stream bank adjacent to the study site. Substrata were dry at 

the time of selection and were sieved to the desired dimensions (Table 3.1). The gravel-size 

substrata were spread uniformly on the bottom of each enclosure. Four of the smallest sized 

pebbles were laid at uniform distances apart, longitudinally down each enclosure. The 

remaining pebbles and cobbles were laid haphazardly (Table 3.1). 

Flow 

An approximate measure of flow was obtained in each enclosure by timing how long fluoroscein 

dye took to travel a distance of 1 m. Rocks outside the enclosures were moved to obtain a 

consistent flow through the enclosures. After this augmentation water velocity within the 

enclosures was relatively consistent (Experiment 1; range 0.12-0.17 ms-1 mean flow, 0.14 (± 

0.005 SE) ms-1, Experiment 2; range 0.07-0.15 ms-1 mean flow, 0.09 (± 0.005 SE) ms-1 ). 

Crayfish stocking rate 

Crayfish used in the experiment were captured by hand from Powder Creek. Each ofthe three 

crayfish treatments were stocked at the same biomass density. The desired stocking rate was 

4290 mg AFDW per enclosure (14.7 g AFDW m-2), which was less than half of the maximum 

mean biomass recorded in Powder Creek (Chapter 2). The numerical density of crayfish in the 

four treatments was 6 small, 2 medium, 1large , and zero crayfish per enclosure. The mean size 
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Figure 3.2: Enclosure layout within Powder Creek (24.2.95). In the background a fence is visible 
crossing the stream (used to prevent floating leaves from gathering on enclosures). For the 
ANOV A, enclosure rows were designated as blocks (I treated the 4 enclosures upstream as a 
row). 
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Table 3.1 : Substrata inserted into enclosures. 

substrate type quantity 

gravel 14 litres 

pebble 6 

cobble 1 

cobble (long and narrow) 1 

Table 3.2: Experiment programme dates. 

Experiment 1 

19.10.94 

02.11.94 

10.11.94 

03-06.12.94 

8.12.94 

Experiment 2 

24.2.95 

11.3.95 

1.4.95 

24.4.95-27.4.95 

29.4.95 

Phi Scale dimensions (min - max) 

<-4.7 <265mmx265mm 

>-5.9 >60mmx60mm 

<-6.5 <90mmx90mm 

>-6.5 >90mmx90mm 

<-7.0 <130mmx130mm 

>-7.5 <-8 length> 180 mm < 250 mm 

width> 60 mm < 90 mm 

Programme 

Substrata inserted into enclosures. 

Leaf litter inserted into enclosures. Covers attached. 

Crayfish inserted. 

Drift sampled. 

Enclosures sampled. 

49 
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of each crayfish required for each treatment was established from the following equation 

(Chapter 2); 

1 

CL = ( B )3.1os 
0.0331n 

50 

equation 3.1 

Where B = desired biomass for each enclosure, n = number of crayfish in each treatment, CL = 

mean carapace length required (defined as the distance between the tip of rostrum to posterior 

median margin of carapace). 

This equation gave treatment densities of 6 small (CL ~24.8mm), 2 medium (CL ~35.3 mm) and 

1 large crayfish per enclosure (CL ~44.2 mm)(Hereafter treatments are referred to as Control, 

Small, Medium and Large). On the basis of the natural sex distribution of crayfish (Chapter 2) 

Small and Medium treatments were composed of a 1:1 (male: female) sex ratio, while Large 

treatments were represented by male individuals. Crayfish that were berried or in the process 

of moulting were not selected. 

Timetable 

Both experiments followed a similar schedule (Table 3.2). After being filled with substrata, 

enclosures were left uncovered for two weeks, to allow colonisation by periphyton and aquatic 

organisms. At the end of this period, covers were attached, and each enclosure was seeded 

with 90 g wet weight of leaf litter (measured by a Sartorius PT1200 ®field balance). Leaf 

litter was collected from a pool upstream. Twelve additional samples of the leaf litter were 

returned to the laboratory to determine the mean ash free dry weight (AFDW). Each sample 

was dried at 60°C for 48 hours, weighed on a Mettler PM2500 ®balance to the nearest mg, then 

ashed at 550°C in a muffle furnace overnight and reweighed. The difference between the two 

weights yielded the AFDW. Crayfish were introduced one week later in Experiment 1, but 2.5 

weeks later in Experiment 2. Throughout the experiments, enclosure ends and covers were 

cleared of debris every two days by hand. 

Drift sampling 

The amount of macroinvertebrate drift through the enclosures over a 24 hour period was 

assessed using 250 J.l.In2 nets attached to the ends of the enclosures. Enclosure ends were scrubbed 

prior to the attachment of the nets. Due to a short fall in the number of nets, 10 nets were 

randomly allocated to the enclosures, with samples being taken overnight. The remaining 6 
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enclosures were then sampled on the next night. After 24 hours the nets were removed, and 

backwashed into a bucket of water that had been filtered through a 250 11m2 mesh, and then 

poured through a 250 11m2 sieve. Sieve contents were placed into a sealable container. The 

samples were fixed with a 10% Formalin® solution stained with Rose Bengal. 

Invertebrates were removed from samples by hand using a 10-40x binocular microscope. 

Invertebrates were identified using the taxonomic keys of Winterbourn and Gregson (1989) and 

Winterbourn (1973). Each taxon was assigned to a functional feeding group (A. D. Huryn 

personal comments) (Table 3.3). The body lengths of each specimen were measured to the 

nearest 0.5 mm and then converted to biomass (mg AFDW) using existing length-weight 

equations (Table 3.3). Coarse particulate organic matter (CPOM) in each sample was sorted 

through graded sieves into 3 size classes; >0.25 <0.5 mm2, >0.5<1 mm2, >1<4 mm2. Each 

CPOM size class was dried at 60°C for 48 hours, weighed on a Mettler PM2500 ® balance to the 

nearest mg , then ashed at 550°C in a muffle furnace overnight, rewet and dried at 60°C and 

then reweighed to yield AFDW. 

Macroinvertebrate and CPOM sampling 

At the conclusion of the experiment, covers were removed from each block of four enclosures in 

an upstream direction, and a drift net of 250 11m2 mesh was attached to the downstream end of 

each enclosure. Rocks were removed by hand, and cleared of silt while still in the enclosure. 

The crayfish were collected, sexed and remeasured. The gravel substrata were then agitated 

by hand, causing invertebrates, silt and CPOM to be suspended into the water column, and 

carried by the current into the net. This procedure was repeated several times, until agitation 

did not cloud the water. Finally the downstream enclosure end was removed and scrubbed 

within the enclosure. The nets were removed, backwashed into a bucket of water that had 

been filtered through a 250 11m2 mesh, and then poured through a 250 11m2 sieve. The material 

collected was placed into a sealable container, and fixed with a 10% Formalin® solution 

stained with Rose Bengal. 

In the laboratory samples were split into 8 samples using an automated subsampler (Waters 

1969) from which a random subsample was selected. Invertebrates in the subsample were 

removed from CPOM under a 10-40x binocular microscope, and measured and identified in the 

same manner as the drift samples. I assumed that all invertebrates ;;::: 8 mm in body length 

(BL), except oligochaetes of the browser I collector-gather functional feeding group (BCG), 

could not be estimated accurately in a subsample alone because of low abundance. Consequently 

the remaining 7 samples were hand picked for invertebrates ;;::: 8 mm BL (excluding BCG 
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Table 3.3: Invertebrate functional feeding groups, Huryn (1996 personal comments). 

Class Order Family Taxon Biomass ref 

Predators 

Annelida Oligochaeta Oligochaeta Oligochaeta 
Cnidiarian Hydrozoa Hydrozoa 1* 
Insecta Coleoptera Hydrophilidae Hydrophilidae 

Diptera Ceratopogonidae Ceratopogonidae 
Chironomidae Tanypodinae 
Empididae Empididae 2 
Muscidae Limnophora 
Tipulidae Eriopterini 1 
Tipulidae Hexatomini 1 

Ephemeroptera Siphlonuridae Ameletopsis 3 
Mecoptera Nannochoristidae Nannochorista 1 
Plecoptera Eustheniidae Stenoperla 1 

Gripopterygidae Megaleptoperla 1 
Trichoptera Hydrobiosidae Psilochorema 1 

Polycentropodidae Polyplectropus 1 

Browser/ Collector-
Gatherers 

Annelida Oligochaeta Oligochaeta Oligochaeta•• 
Crustacea Copepoda Cyclopoida 4 

Harpacticoida 4 
Isopoda Isopoda 2 
Ostracoda Ostracoda 4 

Insecta Coleoptera Elmidae Elmidae (adult) 
Elmidae Elmidae (larvae) 
Hydraenidae Hydraenidae (adult) 
Scirtidae Scirtidae 1 

Diptera Chironomidae Chironominae 1 
Chironomidae Orthocladiinae 1 
Chironomidae Podonominae 
Psychodidae Psychodidae 1 
Tanyderidae Tanyderidae 1 

Ephemeroptera Leptophlebiidae Atalophlebioides 
Leptophlebiidae Austroclima 
Leptophlebiidae Deleatidium 
Leptophlebiidae Neozephlebia 

Plecoptera Gripopterygidae Acroperla 
Gripopterygidae Zelandobius 
Gripopterygidae Zelandoperla 
Notonemouridae Cristaperla 

Trichoptera Helicophldae Zelolessica 3 
Helicopsychidae Helicopsyche 3 
Leptoceriidae Hudsonema 

Mollusca Prosobranchia Hydrobiidae Potamopyrgus 

Shredders 

Crustacea Amphipoda Amphipoda 2 
Insecta Plecoptera Austroperlidae Austroperla 1 

Trichoptera Leptoceridae Triplectides 1 
Oeconesidae Oeconesus 3 

Collector- Filterers 

Insecta Diptera Simuliidae Austrosimilium 
Ephemeroptera Oligoneuriidae Coloburiscus 
Trichoptera Hydropsychidae Aoteapsyche 1 

1. Huryn (unpublished), 2. Meyer (1989), 3. Towers et al. (1994), 4. Culver et al. (1985). In cases where no 
information existed the coefficients of the taxon most similar in morphology were used, or alternatively 
Huryn's (unpublished) generalised aquatic invertebrate equation(*). Dry weight equations were modified to 
AFDW by tne equation AFDW= 0.9 DW (Benke 1993). **represents a different oligochaete taxon from, that 
in the predator functional feeding group 
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oligochaetes). Estimates of invertebrate numbers and biomass for each enclosure (E) were 

estimated as; 

E = (8*Subs + 8*0ligo ) + (SubL +Sam L ) 

53 

equation 3.2 

Where Oligo = BCG oligochaetes in subsample; Subs = all other invertebrates in subsample < 

8 mm BL; SubL =invertebrates (other than BCG oligochaetes) in subsample ~ 8 mm BL; SamL= 

invertebrates (other than BCG oligochaetes) of the remaining 7 subsamples ~ 8 mm BL. 

BCG oligochaetes were brittle, and most appeared to have fragmented several times sometime 

during sampling. In response, the number of BCG oligochaetes were estimated as 40% of all 

BCG oligochaete fragments found in each sample. 

CPOM from each sample was sorted into 4 size classes using sieves; >0.25 <0.5 mm2, >0.5<1 

mm2, >1<4 mm2, and >4mm2. Each CPOM size class was dried at 60°C for 48 hours, weighed 

on a Mettler PM2500 ®balance to the nearest mg, then ashed at 550°C in a muffle furnace 

overnight, rewet and dried at 60°C and then reweighed to yield AFDW. 

Analysis 

Data were analysed by ANOV A. Dependent variables were; 

i) numerical and biomass diversity of invertebrates (Simpson's Diversity index, Begon et 

al. 1988)(enclosure samples only), 

ii) total number and biomass of invertebrates, 

iii) numbers and biomass of each functional feeding group, 

iv) total CPOM biomass. 

v) biomass of each CPOM size class, 

Comparisons of means were unplanned (therefore nonorthogonal) and protected (applied only 

if the ANOVA F test was significant). The Bonferroni post hoc test (available on Data Desk 

4®) (Velleman 1992), with an experiment wise error rate of a=O.OS, was used for unplanned 

multiple comparison procedures. 
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Results 

Crayfish density 

Crayfish of the necessary size could not always be located, consequently the less common, larger 

crayfish were often of a more variable size (Table 3.4). The crayfish of one Large treatment 

escaped during Experiment 1, so the replicate was excluded from the analysis. As a consequence 

of this escape, enclosure lids were fastened more securely in Experiment 2. At the conclusion of 

Experiment 2, 3 crayfish were absent from the Small treatments. As at least 2 crayfish grew 

during this time it is possible that the missing crayfish were cannibalised during ecdysis. The 

disappearances in Experiment 2 did not cause major biomass changes in the treatments, and so 

were retained in the analysis (Figure 3.3). 

Water temperature 

The mean daily water temperature was similar for both experiments, with a range of 6-11 °C 

(Figure 3.4). 

Sedimentation of enclosures 

In both experiments the substrata of the control treatments were covered with a thick layer of 

silt, while the other treatment groups remained clear (Figure 3.5). The magnitude of this 

phenomenon was unexpected, therefore no photographic record exists from Experiment 1. The 

only non-control enclosure to show this characteristic was one Large treatment of Experiment 1 

from which the sole crayfish had escaped. 

Macroinvertebrates in enclosures 

Invertebrate diversity (Simpson's Diversity Index) did not differ among treatments for either 

experiment in terms of biomass or numerical abundance (p > 0.05). The invertebrate community 

was more diverse in Experiment 2 than in Experiment 1 (Table 3.5). 

Both experiments shared a similar nuclei of taxa which dominated biomass (Table 3.6). 

Chironomids were a major browser I collector-gatherer (BCG) component of both experiments. 

Between the two experiments there was a temporal shift amongst the dominant chironomid taxa 

within the BCG, from Orthocladiinae (Experiment 1) to Chironominae (Experiment 2). 

Oligochaetes, Deleatidium (Ephemeroptera), and Elmidae larvae (Coleoptera) were also major 

components of BCG biomass. In Experiment 2, ostracods and cyclopoid copepods 
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Table 3.4: Actual stocking sizes (Carapace Length). 

Treatment Mean size (CL, mm) 

required 

Actual Mean Size (CL, mm) ± 1 SD 

Small 

Medium 

Large 

24.8 

35.3 

44.2 

Experiment 1 

24.8 ± 0.8 

34.8 ± 1.2 

43.8 ± 2.2 

Experiment 2 

24.9 ± 0.6 

34.4 ± 0.5 

43.7 ± 0.5 

55 
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Figure 3.3: Mean crayfish biomass± 1 SE in experimental treatments at the onset (shaded) and 
termination (unshaded) of the experiment. 
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Figure 3.4: Experimental programme and mean stream temperature. Key: substrate only (black), 
treatments covered and seeded with leaf litter (shaded), crayfish present (unshaded), drift 
sampling period (waves) 
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Figure 3.5: Silt accumulation in enclosures. Two enclosures on final day of Experiment 2 
(29.4.95), treatments are Control (foreground) and Small (background). 
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Table 3.5: Invertebrate diversity within the enclosures. Quantified by Simpson's Diversity 
Index, and represented in terms of invertebrate biomass (B) and numbers (N). 

Experiment 1 Experiment 2 

Treatment Diversity (B) ± SE Diversity (N) ± SE Diversity (B) ± SE Diversity (N) ± SE 

Control 4.8 (± 0.4) 2.3 (±0.2) 6.2 (± 0.5) 4.8 (± 0.2) 

Small 4.0 (± 0.4) 2.1 (± 0.1) 6.6 (± 0.3) 5.5 (± 0.2) 

Medium 4.6 (± 1.1) 1.9 (± 0.4) 6.4 (± 0.6) 5.0 (± 0.2) 

Large 4.6 (± 0.7) 1.8 (± 0.2) 6.2 (± 0.8) 4.8 (± 0.3) 

59 
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Table 3.6: Ubiquitous and dominant taxa by biomass. Definition: ubiquitous = ranked in the top 
10 taxa by biomass in every treatment; dominant = ranked in the top 10 taxa by biomass in ~ 
80% of treatments; col = collector - filterer; beg= browser I collector-gatherer ; prd = predator; 
shr = shredder. 

Biomass Experiment 1 Experiment 2 

Ubiquitous Oligochaeta (beg) Oligochaeta (beg) 

Orthocladiinae (beg) Chironominae (beg) 

Deleatidium (beg) Tanypodinae (prd) 

Dominant Tanypodinae (prd) Psilochorema (prd) 

Psilochorema (prd) Deleatidium (beg) 

Chironominae (beg) Elmidae (beg) 

Elmidae (beg) Austroperla (shr) 

Austroperla (shr) 
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were a small portion of the BCG biomass but a large component of BCG numbers. Both these 

taxa were negligible in Experiment 1. Tanypodinae were the most abundant predators in terms 

of both biomass and numbers. Where present, the shredder functional feeding group was 

dominated by Austroperla. Collector-filterers were generally poorly represented, and were 

entirely absent from Experiment 2. 

Total invertebrate numbers differed among treatments for both experiments (Figure 3.6). 

Pairwise comparisons, however, failed to detect where the differences lay in Experiment 1 

(Bonferroni post hoc test p > 0.05), however for Experiment 2, total invertebrate numbers were 

higher in the Control than the Small and Large crayfish treatments (Bonferroni post hoc test, 

Control-Small p = 0.0388, Control-Large p = 0.0373). Effects of treatment resulted in significant 

differences in total invertebrate biomass for Experiment 2 (F test p ~ 0.05). Pairwise 

comparisons, however, failed to indicate where specific differences occurred (Bonferroni post 

hoc tests; p >0.05). Separation of invertebrate biomass by function feeding group did not reveal 

any differences for either experiment (p >0.05) (Figure 3.7). Analyses of predator, shredder, 

collector-filterer numbers revealed no differences between treatments for either experiment (p 

~0.05)(Figure 3.8). Browser I collector gatherer numbers were negatively affected by the 

presence of crayfish (Figure 3.8). This trend was consistent for both experiments (Bonferroni 

post-hoc test, Experiment 1; Control-Medium p = 0.0250, Control-Large p = 0.0480, Experiment 

2; Control-Small p = 0.0189, Control-Large p = 0.0194). 

ANOV As were conducted a posteriori on the major numerical components of the 

browser I collector gatherer group. Numerically the browser I collector-gatherer group was 

dominated by a single chironomid taxon, which appeared to control the general pattern 

(Bonferroni post-hoc test, Experiment 1, Orthocladiinae; Control-Small p = 0.0374, Control

Medium p = 0.0266, Control-Large p = 0.0273; Experiment 2, Chironominae; Control-Small p = 

0.0417, Control-Large p = 0.0429) (Figure 3.9). Although oligochaetes contributed substantially 

to BCG numbers, they showed no differences due to treatment in either experiment (p > 0.05) 

(Figure 3.9). In Experiment 2 a large numerical component of the browser/collector-gatherer 

functional feeding group was made up of ostracods and cyclopoid copepods. Ostracods to a 

lesser extent reflected the generalised pattern (Bonferroni post-hoc test Control - Small 

p=0.0046)(Figure 3.9), but cyclopoid copepods showed no pattern (p >0.05). Deleatidium 

numbers followed an inverse pattern in Experiment 2, by being more prevalent in non control 

treatments than in controls (Bonferroni post-hoc test, Experiment 2; Control-Small p = 0.0060, 

Control-Medium p = 0.0029) (Figure 3.9). 
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Figure 3.6: Total invertebrate biomass and numbers in each treatment. Results of 2 way 
ANOV A indicated for treatment: NS = not significant at a=0.05, significant results 
represented by p value. Significant treatment effects (Bonferroni post hoc test) against the 
control shown as; * p ~0.05, **p ~0.01, ***p ~ 0.005. Error bars represent± 1 SE. 
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Figure 3.7: Biomass of each functional feeding group in each treatment. Results of 2 way 
ANOV A indicated for treatment: NS = not significant at a=O.OS. Error bars represent± 1 SE. 
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Figure 3.8: Numbers of each functional feeding group in each treatment. Results of 2 way 
ANOV A indicated for treatment: NS = not significant at <X=0.05, significant results 
represented by p value. Significant treatment effects (Bonferroni post hoc test) against the 
control shown as; * p $;0.05, **p $;0.01, ***p $; 0.005. Error bars represent± 1 SE. 
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Figure 3.9: Major components of browser I collector-gatherer numbers in each treatment. Results 
of 2 way ANOV A indicated for treatment: NS = not significant at a=O.OS, significant results 
represented by p value. Significant treatment effects (Bonferroni post hoc test) against the 
control shown as; * p ::;o.os, **p ::;o.Ol, ***p ::; 0.005. Error bars represent ± 1 SE. 
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CPOM 

In Experiment 1 and Experiment 2 the total amount of CPOM was not influenced by treatment 

(p >0.05) (Figure 3.10). The only CPOM component to be affected was the> 0.25 mm2 < 0.5 mm2 

size class in Experiment 2, which was more plentiful in Medium treatments than Small 

treatments (Bonferroni post hoc test, p = 0.0457 )(Figure 3.11). 

The mean biomass of leaf litter introduced into each enclosure was 38.4 ± 3.8 g AFDW m-2 (± 1 

SD) (Experiment 1) and 36.4 ± 4.3 g AFDW m-2 (± 1 SD) (Experiment 2). Consequently it appears 

that there was net export of CPOM from enclosures in Experiment 1, but capture of CPOM in 

Experiment 2 exceeded export (Figure 3.10). 

Drift 

Treatment type did not affect total invertebrate numbers or total and component variables of 

drifting invertebrate biomass and CPOM in either experiment (all cases p >0.05). Collector

filterer numbers differed between treatments in Experiment 1 (F test, p= 0.0407), however 

pairwise comparisons failed to detect where the differences laid (Bonferroni post hoc test p > 

0.05). 

Discussion 

Bioturbation 

Although little is known regarding the general importance of bioturbation in streams, some 

studies have shown that organisms can be important in both sediment removal and 

stabilisation. Reductions in sediment cover have been observed as a result of fish foraging 

(Power 1990, Flecker 1992) and atyid shrimp activity (Pringle et al. 1993, Pringle and Blake 

1994), while accrual of, and stabilisation of sediment has been caused by retreat-building 

activities of benthic insects such as Chironomidae (Nilsen and Larimore 1973). 

The results of this study, show that Paranephrops zealandicus can influence stream 

environments through bioturbation. There are two mechanisms by which crayfish can 

accomplish this; i) indirectly, by disturbance of the sediments as a result of body movements; 

ii) directly, by the removal of sediments via feeding (ingestion and egestion, or rejection) and 

burrow construction (ejection). 
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Figure 3.10: Total CPOM in each treatment. Results of 2 way ANOVA indicated for treatment: 
NS = not significant at a=0.05. Error bars represent ± 1 SE. 
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Figure 3.11: Amount of CPOM (separated by particle size) in each treatment. Results of 2 way 
ANOV A indicated for treatment: NS = not significant at a=0.05, significant results 
represented by p value. Significant treatment effects (Bonferroni post hoc test) shown as; A p 
:5;0.05, 1\1\p ;5;0.01, 1\1\1\p :5; 0.005 against the medium treatment. Error bars represent ± 1 SE. 
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Sedimentation may have been exaggerated by the physical structure of the enclosures used for 

these experiments. Peckarsky and Penton (1990) found that reduced flow rates caused 

enclosures to function as detritus sinks and accumulate significantly more coarse detritus and 

fine sediments than surrounding substrata. Additionally, since the mesh size of my enclosures 

(4 mm2) restricted larger particles from saltating over enclosure substrata the possible scouring 

effect caused by the movement of these particles on the sediment was removed. Such conditions 

may well have exaggerated the importance of crayfish bioturbation. Furthermore, if 

enclosures were acting as coarse detritus sinks this interference may have masked the effects of 

leaf litter shredding by crayfish. 

Effects on benthic invertebrates 

One of the disadvantages of enclosure/ exclosure experiments is that in the event of a 

significant outcome, it is often hard to determine the mechanism responsible. It becomes even 

more difficult when the manipulated organism is an omnivore. I was not able to predict a 

priori the manner in which the stream community might be affected, nor whether the 

primary effect of crayfish would be via bioturbation, competition, predation, or by invoking 

behavioural changes in prey taxa. 

Although the visual effect of bioturbation was striking, the actual impact of crayfish on the 

stream community was equivocal. The only effect common to both experiments was a decline in 

the number of browser I collector gathers, in crayfish enclosures. This pattern was primarily 

caused by Orthocladiinae and Chironominae abundance. In both experiments, these 

chironomids were far more abundant in control treatments than non-controls. However, the 

ephemeropteran Deleatidium showed the inverse of this pattern, being more common in 

treatments than controls. 

It is not unexpected that the patterns in Deleatidium abundance appear to be related to the 

magnitude of bioturbation. In the studies of Ryder (1989) and Quinn et al. (1992) Deleatidium 

showed a consistent pattern of decline in density in relation to increasing sedimentation. 

Furthermore, Deleatidium has been shown to have a preference for unsilted substrata, and an 

inability to reject silt when feeding (Ryder 1989). However Ryder (1989) also found that the 

abundance of chironomids in streams was also negatively related to silt. The decrease in the 

number of the chironomids in treatments with lower silt cover, shown in my experiments is 

contrary to the expectations of Ryder. Two possible explanations for this disparity are that 

crayfish inhibit chironomid abundance by disturbance (bioturbation) or active predation. Both 

of these factors would be of a greater magnitude to the chironomids, which are relatively 

sessile, than to the highly mobile Deleatidium. Corroborating evidence for the disturbance 
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hypothesis comes from Harvey and Hill (1991). These authors found that snails reduced the 

accumulation of silt and the numbers of herbivorous invertebrates in enclosures, and suggested 

that snails reduced invertebrate numbers indirectly by bulldozing smaller taxa with low 

mobility, especially chironomids. Interestingly, Nilsen and Larimore (1973) found that 

chironomids may actually facilitate sedimentation, since the silken tubes of some taxa 

accumulate fine sediments . 

The effects of P. zealandicus in these experiments closely parallel the community effects of 

other decapods inhabiting headwater streams. Pringle et al. (1993) found atyid foraging 

activities influenced benthic insect assemblages both directly and indirectly. Sessile 

invertebrates such as retreat-dwelling chironomid larvae were negatively affected by the 

constant foraging of atyid shrimp by direct removal and/ or indirectly through depression of 

sediment resources. Conversely the abundance of the mobile grazer Cloeodes maculipes 

(Ephemeroptera: Baetidae) appeared to be facilitated by sediment removal by atyid shrimp. 

Similarly, Reed and Creed (1996) found that the crayfish Cambarus bartoni affected the size 

structure of chironomids (the dominant taxon) and leaf pack size. In all cases the decapods in 

these studies represent units of biomass many times greater that those of the benthic 

consumers. 

Although control versus treatment differences were often marked in this study, differences 

between crayfish treatments were generally not found. Consequently, the functional effects of 

an ontogenetic shift in niche appear to be obscure. Alternatively, trophic effects of ontogenetic 

shifts in diet or behaviour may have been masked by the magnitude of bioturbation. 

Experimental considerations 

The Bonferroni method was used for unplanned multiple comparison procedures after a 

significant ANOV A. The Bonferroni method is regarded as a conservative method for 

pairwise comparisons, since it dictates that the experiment-wise error rate must be less than 

the nominated rate (Day and Quinn 1989). Consequently some significant ANOV As were not 

supported by post-hoc pairwise comparisons. Because of the large numbers of ANOV As 

conducted, Type I errors are likely to have occurred. For this reason only variables that 

showed significant F tests across both experiments should be treated with credence. As such 

the only variables which qualify under this criterion are total invertebrate numbers, 

browser I collector-gatherer numbers, and the number of chironomids within the BCG functional 

feeding group. These variables appear to represent a hierarchy, by which the significant 

results at the lowest level cause significance at the level above (i.e. chironomid numbers => 

BCG numbers=> total invertebrate numbers). 
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The sampling of invertebrate drift produced no conclusive results. The disturbance of the 

enclosures by the attaching and detaching of drift nets may have forced benthic invertebrates 

to drift involuntarily. Furthermore, many drift nets crumpled under their own weight 

(personal observation) because of low and slow flow during the drift sampling dates, and 

consequently may not have adequately sampled the drift. 

I did not measured periphyton biomass or cover, as there was none visible on substrata within 

the enclosures. Primary production in Powder Creek is generally low (Roger Young personal 

comments 1997), with metabolism generally being heterotrophic throughout the year, with 

the exception of spring. Low primary productivity is attributed to shading of the stream by 

the forest canopy (Roger Young personal comments 1997). Therefore, my use of shade cloth for 

the enclosure covers in combination with low light levels may have prevented periphyton 

growth in my experiments. 

Conclusions 

Like other decapod species, the impact of P. zealandicus on the headwater community would 

appear to be a result of their physical effects as a consequence of high biomass, rather than 

energetic or trophic effects. The striking similarity between these findings and those of 

Pringle et al. (1993) suggest that bioturbation may be the main factor by which large benthic 

decapods influence their environment in headwater streams. 
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CHAPTER4 

Predatory capabilities of Paranephrops zealandicus 

Summary 

The stomach contents of 154 Paranephrops zealandicus captured from six headwater streams of 

Otago were analysed to determine the predatory capabilities of this freshwater crayfish. P. 

zealandicus preys on a wide range of aquatic invertebrates. Whole invertebrates were frequently 

found in the gut, while plant material was well masticated. Deleatidium, Aoteapsyche and 

chironomids were the most common prey. The high incidence of these taxa appears to be 

attributable to their availability. Aquatic prey size increased with crayfish size, but not in 

direct proportion. Maximum prey size appeared to be up to 63% of carapace length for aquatic 

invertebrates, but well in excess of 140% of carapace length for earthworms. P. zealandicus 

shows an ontogenetic shift in diet that is characteristic for many crayfish species, with small 

crayfish consuming a lower proportion of plant tissues than large crayfish. Leaf litter fragments 

dominated the stomach contents of all crayfish sizes. It is unlikely that the primary impact of 

P. zealandicus on headwater streams communities is as a predator. 
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Introduction 

Freshwater crayfish are largely opportunistic omnivores that consume a wide variety of fresh 

and decaying plant and animal tissue (Musgrove 1988b). Most diet analyses of crayfish have 

focused on the importance of, and edibility of, plant material and detritus (Momot 1995). The 

magnitude of crayfish herbivory is often sufficient to generate community level effects in both 

lakes and streams (e.g. Hart 1992, Creed 1994, Lodge et al. 1994). Although the predacious 

tendencies of crayfish have been historically well recognised (Huxley 1884), the predatory 

capability of most crayfish species remains unknown. 

Crayfish have a number of feeding strategies. The most common strategy is described as 

'browsing' (Merrick 1993), and involves using the two pairs of chelate pereiopods to probe the 

substrate for food, and to transfer the selected items to the third maxillipeds (Holdich and 

Reeve 1988). The other strategies have been described as 'hunting' (the stalking and capture of 

live prey), 'bulldozing' (mass sieving of substrata) and filter feeding (Holdich and Reeve 1988, 

Merrick 1993). A considerable amount of evidence has shown that juvenile crayfish feed largely 

on aquatic invertebrate prey, while adult crayfish feed largely on vegetation and detritus 

(Mason 1974, Holdich and Reeve 1988, France 1996). 

Recently it has been proposed that crayfish are not indiscriminate feeders, but have a 

preference for animal protein (Momot 1995). Momot (1995) argues that crayfish are among the 

chief carnivores of lakes and streams, often acting as keystone predators within these 

ecosystems. Momot (1995) also suggests that the accumulation of herbaceous and detrital 

material in stomachs of crayfish is an incidental occurrence, and that only in times of food 

deprivation will crayfish be forced to rely on these food sources. 

Paranephrops zealandicus (White) (Parastacidae) is the sole crayfish species in the south 

eastern provinces of the South Island, New Zealand (Hopkins 1970). This crayfish is widely 

distributed in lakes and rivers Gansma 1995), and in some streams, has standing stocks in excess 

of 30 g AFDW m-2 (ash free dry weight) and productivity in excess of 10 g AFDW m-2y-1 

(Chapter 2). Musgrove (1988b) has analysed the digestive capabilities of P.zealandicus and 

found it to be an unspecialised generalist. The functional role of freshwater crayfish in New 

Zealand streams, however, remains unknown. 

The aim of this preliminary investigation was to determine the predatory capabilities of 

P. zealandicus as indicated by analysis of stomach contents, and in particular, prey size and 

type. It is evident that no one method of stomach analysis will give a complete picture of 
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dietary, or functional importance (Hyslop 1980). However given a set of community level effects, 

stomach analysis is useful in distinguishing what may be an animal's direct effect as a consumer, 

from its potential indirect effects. 

Methods 

Stomach content analysis 

Crayfish were captured from six headwater streams in Otago, during 1993 and 1994 (Figure 4.1) 

using a combination of electrofishing , net and hand capture techniques. Crayfish undergoing 

ecdysis were returned to the stream. Specimens were transported alive to the laboratory and 

then frozen. Specimens were later thawed, sexed and measured (carapace length, nun - for 

definition see Chapter 2). The pyloric and cardiac stomachs (proventriculus) were then 

dissected out and the proventriculus was opened and flushed with water into a petri dish. The 

stomach content was rinsed through a 250 I-LID sieve, backwashed and then preserved in 100% 

alcohol. The preserved stomach contents were examined under 10-40x binocular microscope. The 

articles in the stomach contents were grouped into eleven food categories (Table 4.1). 

Table 4.1: Components of crayfish diet. 

Food Category 

1. Aquatic invertebrates (whole or in part) 

2. Aquatic invertebrate exoskeletons (shed) 

3. Crayfish exoskeleton with tissue attached 

4. Crayfish exoskeleton 

5. Terrestrial invertebrates 

6. Terrestrial invertebrate exoskeleton 

7. Unidentifiable animal tissue (heavily masticated) 

8. Vascular plant (leaf fragments) 

9. Moss 

10. Terrestrial fungi and lichen 

11. Amorphous particulate matter 

Aquatic invertebrates were identified to the following resolution: genus (Ephemeroptera, 

Plecoptera, Trichoptera, Megaloptera, Lepidoptera, Decapoda, Turbellaria), subfamily or 

family (Diptera, Coleoptera), order (Crustacea other than Decapoda), class (Acari). Terrestrial 

invertebrates were identified to class. Single appendages of invertebrates in the absence of the 
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body were considered as exoskeleton. Whole invertebrates with body lengths (BL) > 2 mm were 

measured to the nearest 0.5 mm, while those with a BL < 2 mm were estimated to the nearest 0.1 

mm. Body lengths of invertebrates with at least 50% of their body remaining intact were 

estimated on the basis of probable total length. To determine whether prey size was related to 

the body size of crayfish, invertebrate body lengths were compared to CL by a least squares 

regression. 

The proportional abundance of food in each category was estimated using a 100 point counting 

cell (1 mm2 grid) and converted to a percentage of gut contents. 

ANOV A was used to assess whether ontogenetic changes occurred in crayfish diet. The 

proportional abundance of vascular plant fragments, animal tissue (excluding exoskeletons), and 

all other remains in the crayfish gut were considered dependent variables. Data from all sites 

and samples were pooled and separated into three crayfish size classes (small < 30 mm CL, 

medium 30- 39.9 mm CL, large> 40 mm CL). These size classes were factors in the ANOV A. An 

arcsine transformation was used to normalise the data (Sokal and Rohlf 1981). Comparisons of 

means were unplanned (therefore non orthogonal) and protected (applied only if the ANOV A F 

test was significant). The Bonferroni post hoc test (available on Data Desk 4, Velleman 1992) 

with an experiment wise error rate of a=0.05, was used for unplanned multiple comparison 

procedures. 

Results 

Of the 154 crayfish collected, 152 had some food items present in the stomach. Vascular plant 

material was the most ubiquitous item (Figure 4.2). Invertebrate exoskeletons, moss and 

unidentified animal tissue were also common. A wide range of aquatic invertebrates were 

consumed by crayfish (Table 4.2). Only 5 taxa, however, were represented by more than one 

specimen in an individual crayfish gut (Table 4.3). While crayfish exoskeletons were quite 

prevalent, there was only 1 definite case of cannibalism. In this case, 18 stage II, juvenile 

crayfish were removed from the stomach of a 68.4 mm CL male crayfish. 

In cases where aquatic invertebrates (excluding other crayfish) were found in crayfish, there 

was normally only one individual present. The presence of two or more taxa in a stomach 

occurred rarely (Table 4.4). The maximum number of aquatic taxa found in any single crayfish gut 

was four. Deleatidium and Aoteapsyche made up 54% of the aquatic invertebrates found in 

crayfish guts. 
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Table 4.2: Aquatic invertebrates consumed by crayfish. 

Class Order Family Taxon Location 

Acari (Phylum) Acari 2, 3 

Crustacea Amphipoda Amphipoda 1 
Decapoda Parastacidae Paranephrops 1 
Ostracoda Ostracoda 1 

Insecta Coleoptera Scirtidae Scirtidae 2 
Diptera Chironomidae Chironominae 3 

Chironomidae Diamesinae 3 
Chironomidae Orthocladiinae 4 
Chironomidae Tanypodinae 2 
Empididae Empididae 1 
Simuliidae Austrosimulium 2, 5 
Tipulidae Eriopterini 1 

Ephemeroptera Leptophlebiidae Austroclima 4 
Leptophlebiidae Deleatidium 1, 3, 4, 5, 6 
Oligoneuriidae Coloburiscus 6 
Siphlonuridae Nesameletus 2,3 
Siphlonuridae Oniscigaster 2 

Plecoptera Austroperlidae Austroperla 2 
Eustheniidae Stenoperla 1 
Gripopterygidae Zelandobius 3, 5 
Notonemouridae Spaniocerca 6 

Trichoptera Conoesucidae Pycnocentria 2 
Hydrobiosidae Psilochorema 1, 2, 3 
Hydropsychidae Aoteapsyche 2, 3, 6 

Lepidoptera Pyralidae Nymphula 2 
Megaloptera Corydalidae Archichauliodes 1, 2 

Mollusca Prosobranchia Hydrobiidae Potamopyrgus 1, 2, 3, 4, 5 

Turbellaria Rhabdocoela 
(Platyhelminthes) 

Temnocephala 1 

Key: 1) Powder Creek 2) Totara Creek 3) Canton Creek 4) Water of Leith 5) Shepherd Stream 6) Lee Stream 
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Table 4.3: Maximum number of aquatic taxa consumed by crayfish . 

Class Order Family Taxon Max no. in Total no. in all 
gut guts 

Acari (Phylum) Acari R 

Crustacea Amphipoda Amphipoda 1 1 
Decapod a Parastacidae Paranephrops 18 18 
Ostracoda Ostracoda 1 2 

Insecta Coleoptera Scirtidae Scirtidae 2 2 
Diptera Chironomidae Chironominae 1 1 

Chironomidae Diamesinae 1 1 
Chironomidae Orthocladiinae 4 5 
Chironomidae Tanypodinae 1 1 
Empididae Empididae 1 1 
Simuliidae Austrosimilium 1 1 
Tipulidae Eriopterini 1 1 

Ephemeroptera Leptophlebiidae Austroclima R 
Leptophlebiidae Deleatidium 3 22 
Oligoneuriidae Coloburiscus 1 1 
Siphlonuridae Nesameletus 1 2 
Siphlonuridae Oniscigaster R 

Plecoptera Austroperlidae Austroperla 1 1 
Eustheniidae Stenoperla 1 1 
Gripopterygidae Zelandobius R 
Notonemouridae Spaniocerca 1 1 

Trichoptera Conoesucidae Pycnocentria 1 1 
H ydrobiosidae Psilochorema 1 3 
Hydropsychidae Aoteapsyche 13 21 

Lepidoptera Pyralidae Nymphula 1 1 
Megaloptera Corydalidae Archichauliodes 1 2 

Mollusca Prosobranchia Hydrobiidae Potamopyrgus 1 5 

Turbellaria Rhabdocoela 
(Platyhelminthes) 

Temnocephala R 

Key: R =remains only (insufficient to produce a body length) 
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Aquatic invertebrate prey length increased positively with the size of the crayfish, but was not 

directly proportional to crayfish carapace length (Figure 4.3). Earthworms were the dominant 

terrestrial invertebrates found in the crayfish gut (Table 4.5), and were the longest animals 

consumed by crayfish (Figure 4.4). 

In terms of particle abundance, vascular plant material was the most common item found in 

crayfish stomachs (Figure 4.5). The stomachs of small crayfish < 30 mm CL (n=49) contained a 

lower percentage plant material than those of large crayfish> 40 mm CL (n=51) (Bonferroni 

post hoc test Small-Large p = 0.0299) but not a greater percentage of animal tissue (p > 

0.05)(Figure 4.5). Medium sized crayfish 30 - 40 mm CL (n=52) were no different from small or 

large crayfish in either respect (p > 0.05). 

Discussion 

Paranephrops zealandicus preys on a variety of aquatic invertebrates. The proportion of animal 

tissue in the stomachs of stream dwelling P. zealandicus was comparable to that of P. planifrons 

inhabiting lakes (~ 10%) (Devcich 1979). Deleatidium, Aoteapsyche, chironomids and 

Potamopyrgus were the most common invertebrates found in the crayfish stomachs. The 

particularly high incidence of these taxa may be attributable to their availability. 

Aoteapsyche , chironomids and Potamopyrgus are sedentary, often common components of 

benthic stream communities. Consequently, these organisms are probably easily 'browsed' by 

crayfish. Deleatidium, although more mobile, is one of the most widely distributed and 

abundant aquatic invertebrates of New Zealand (Winterboum et al. 1981). Its year round 

abundance and high standing stocks may ensure, its availability to crayfish. Whether crayfish 

are specifically targeting these organisms, or merely capitalising on the high of probability of 

encounters remains unclear. One crayfish that consumed 13 Aoteapsyche , for example, may have 

simply stumbled upon a 'good patch' rather than methodically targeting this species. 

Deleatidium, Aoteapsyche, and Hydrobiosidae rank among the most preferred prey taxa of 

koaro (Galaxias brevipinnis), brown trout (Salmo trutta) and rainbow trout (Oncorhynchus 

mykiss) in New Zealand streams (Kusabs and Swales 1991, Sagar and Glova 1995). 

Chironomidae often dominant the diet of koaro, but occur less frequently in the diet of trout 

(Sagar and Glova 1995). Since aquatic invertebrates total only ~ 10% of crayfish diet, the 

consequences of crayfish predation are expected to be far lower than those of the native or 

introduced predacious fish. Potamopyrgus appears to be avoided as prey by many fish species in 

New Zealand (Kusabs and Swales 1991, Sagar and Glova 1995), and as such may be particularly 

susceptible to the influence of crayfish predation. The predilection of some crayfish species for 

aquatic snails is well documented (e.g. Hanson et al. 1990, Weber and Lodge 1990, Alexander and 
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Table 4.4: The distribution of aquatic invertebrates (excluding crayfish) in the gut contents of 
crayfish containing aquatic invertebrates. 

Percentage of guts containing aquatic Percentage of guts containing aquatic 

n invertebrates with n individuals. invertebrates with n taxa 

1 63 70 

2 16 20 

3 14 7 

4 5 4 

4+ 2 

Table 4.5: The distribution of terrestrial taxa in the gut contents of crayfish. 

Class Location Maxnoingut Total no. in all guts 

Annelida 2,3 5 9 

Arachnida 1 1 1 

Coleoptera 1 1 1 

Diptera 2 1 1 

Lepidoptera 2,3,5 1 3 

Key: 1) Powder Creek 2) Totara Creek 3) Canton Creek 4) Water of Leith 5) Shepherd Stream 6) Lee Stream 
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Covich 1991). Consequently, the negative relationship between crayfish and Potamopyrgus 

abundance in the streams of Otago (Jansma 1995) may be the result of crayfish predation. 

85 

P. zealandicus is capable of consuming large aquatic invertebrates (up to 65% of CL). The upper 

limits of the prey length, as indicated by the size of terrestrial earthworms consumed would 

appear to be in excess of 140% of carapace length. Invertebrates were frequently found in the gut 

in a whole condition, while plant material was well masticated. Shell fragments and opercula 

of Potamopyrgus were often found in the absence of snail tissue. It possible that the greater 

mastication of plant and hardened animal material is a result of the larger digestive effort 

required for these items. These observations are very similar to those recorded by Mason (1974) 

for Pacifastacus leniusculus in a woodland stream in western Oregon, USA. 

Mason (1974) found that small crayfish fed extensively on small mayfly nymphs and 

chironomid larvae, and many of these occurred as whole animals - some were still alive at the 

time of dissection. These results suggest that both P. zealandicus and Pacifastacus leniusculus 

employ a specific feeding action for soft bodied macroinvertebrates, whereby the prey are 

ingested without prior mastication. However this may not be a generalised crayfish 

phenomenon. Kawai et al. (1995) recorded no animal remains in the diet of Cambaroides 

japonicus dwelling in a forested stream (despite the species having been observed preying on 

salamanders elsewhere) and attributed this to the slow moving nature of this crayfish species. 

Small crayfish consumed a lower proportion of plant fragments than large crayfish. This 

ontogenetic shift in feeding habit is consistent with that found for a number of crayfish species 

(Mason 1974, Holdich and Reeve 1988, France 1996). For many crayfish species diet has been 

shown to be a consequence of sex, season and biogeography (Goddard 1988). Parasitism by the 

cosmopolitan microsporidian Thelohania (causative agent for the disease 'white-tail'), also 

has been shown to induce changes in the prey preference in crayfish (Coste et al. 1987). Although 

Thelohania is found in coastal Otago (Quilter 1976), crayfish used in the gut samples were not 

examined for infection. 

Momot (1995) suggested that the ontogenetic shift in crayfish diet reflected a greater demand 

for protein by small crayfish. Alternatively the large size of adult crayfish may restrict their 

hunting ability, and therefore their stomach content would show a greater proportion of 

detritus. Adult crayfish may have their hunting ability restricted in a number of ways, their 

size may alert prey earlier, and prevent them from exploring smaller sized crevices, while the 

allometric enlargement of crayfish chelate pereiopods may result in an inability to grasp small 

prey quickly or tightly enough. Under this scenario large crayfish would be restricted to 

capturing (as opposed to filter feeding or scavenging) fewer, often larger aquatic prey. At no 
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point would the level of preference for animal tissue diminish. Under this hypothesis 

incapacitated terrestrial invertebrates would be a particularly important food source for larger 

crayfish. The importance of terrestrial invertebrate inputs to stream ecosystems has been 

highlighted by Edwards and Huryn (1995) who found that these inputs may support as much as 

5% of annual production by a trout population. Furthermore this hypothesis would offer at least 

some explanation as to why meat baited crayfish traps selectively attract larger crayfish 

(Somers and Stechey 1986). Another alternative hypothesis for the ontogenetic diet shift would 

be that small crayfish have an inability to consume detritus. However this hypothesis, would 

have to explain the meat-bait paradox in terms of small crayfish avoidance of adult crayfish, 

or the cannibalism of small crayfish by adults inside the trap. 

Evidence of cannibalism occurred in less than 1% of the crayfish stomachs examined. The only 

definite example of cannibalism was one large male that had ingested eighteen stage II 

crayfish . This percentage is very low when compared to other crayfish species (Growns and 

Richardson 1988). However when this is placed in the context of the stream of occurrence 

(Powder Creek), cannibalism assumes a far greater magnitude. Females carrying eggs or young in 

Powder Creek make up less than 4% of the female population (Chapter 2). The loss of such a 

large proportion of young of the year through cannibalism would be of major consequence to the 

recruitment in this stream. 

Crayfish in North American studies have been recognised as having a role in the comminution of 

leaf litter (Huryn and Wallace 1987, Griffith et al. 1994). Even if leaf processing by P. 

zealandicus is of a lower magnitude than that expected from the frequency of leaf-litter 

fragments in their gut, their large standing stocks in headwater areas suggest a clear role in the 

breakdown of leaf litter. The presence of crayfish in Otago streams is positively correlated with 

native vegetation (Jansma et al. in prep), and therefore areas of substantial allochthonous input 

(Vannote et al. 1980). Given that the shredder functional feeding group is considered to be poorly 

represented (Winterbourn et al. 1981), the importance of crayfish to stream ecosystems in New 

Zealand may well lie in their processing of leaf litter. 

The stomach contents of Paranephrops zealandicus appear consistent with its designation as a 

opportunistic omnivore. While the magnitude of crayfish predation in New Zealand streams 

may not be large in comparison with that of predacious fish, predation by crayfish may be 

sufficient to cause localised effects on some macroinvertebrates. Because of ontogenetic shifts in 

diet, the size structure of the crayfish population may determine the direction and magnitude of 

this predation. Overall, it is likely that the trophic significance of P. zealandicus, as predators 

in headwater streams, will be overshadowed by their importance as detritivores. 
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The work contained in this thesis represents the first ecological study on New Zealand crayfish 

in streams which combines both population and community ecology. The methods used in this 

study are limited to identifying a number of the possible mechanisms by which crayfish may 

affect their community. As such the research contained within this thesis is insufficient to 

produce a general model for the effects of the extinction of Paranephrops zealandicus on stream 

community structure. My results, however, suggest that P. zealandicus is unlikely to be a 

keystone species according to the criteria of Power et al. (1996). As consumers and habitat 

modifiers the main influence of P. zealandicus on the stream community as will probably be a 

direct consequence of their biomass. As a result, the community level effects generated by P. 

zealandicus will be dependent on their population ecology, and the susceptibility of the stream 

community. To appropriately assess the impact of P. zealandicus on the stream community, 

larger scale deletion and nutrient cycling studies in a variety of stream types will be required. 
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Introduction 

The plight of native crayfish in New Zealand is currently a conservation issue. Anecdotal 

evidence suggests a general decline in the abundance and distribution of the freshwater crayfish 

Paranephrops zealandicus over the last century (Jansma 1995). The practice of harvesting wild 

stocks for the seeding of aquaculture ventures, and the possibility of direct commercial harvest 

has further fuelled these concerns. These matters have provoked two broad ecological questions; 

'What is the role of crayfish in the stream communities of New Zealand, and will local 

extinctions cause a change in ecosystem structure and function?' 

P. zealandicus has been shown in this thesis to have the potential to influence stream 

communities by a number of mechanisms (Table 5.1). However the importance of such 

mechanisms to the ecology of these streams remains unclear. In this chapter I summarise the 

ecological profile of P. zealandicus, review the mechanisms by which P. zealandicus may 

affect stream community structure , and consider whether predictions can be made about the 

ecological consequences of local extinctions. 

Review 

Profile of Paranephrops zealandicus 

Paranephrops zealandicus is a medium-sized crayfish species (Chapter 2) with a flexible life 

history, little sexual dimorphism (Archey 1915), unspecialised omnivorous feeding habits 

(Musgrove 1988b) and broad ecological tolerances (Hopkins 1970). The population ecology of 

Paranephrops is variable. Populations in open canopy streams, for example, are composed of fast 

growing individuals of small size with short generation times and high egg production (Hopkins 

1966). In comparison, populations in lakes and cool streams are composed of slow growing 

individuals of large size (Chapter 2, Devcich 1979). 

Role of crayfish in New Zealand streams 

In comparison with similar sized predators such as native and introduced fish species, P. 

zealandicus is probably a low magnitude predator (Chapter 4). Predation by P. zealandicus 

appears to be opportunistic, with their prey being limited to the most abundant, and least 

mobile taxa . 



Chapter 5: The role of Paranephrops zealandicus in stream communities: a review 89 

Table 5.1: The mechanisms by which Paranephrops zealandicus could generate potential effects 
on stream ecosystems, as outlined in this thesis. 

Mechanism Function 

Consumer Predator 

Herbivore 

Detritivore 

Filter-feeder 

Habitat modification Bioturbator 

Burrower 

Nutrient Storage Sink 

Commensalism Host 

Possible Effects On 

aquatic snails (4), sedentary invertebrates (3, 4) 

juvenile crayfish recruitment (4) 

comminution rates of leaf litter (4) 

sedimentation (3) 

disturbance of sedentary benthic invertebrates (3) 

nutrient flow (2) 

Key: Numbers in parentheses represent chapter references, dash represents unexamined in this thesis. 
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P. zealandicus shows ontogenetic shifts in diet found in other crayfish species (Momot 1995). For 

this reason the effects of crayfish predation will depend on their population structure (Chapter 

4). Aquatic snails have been recognised as being particularly susceptible to predation by P. 

zealandicus (Chapter 4). The predilection of crayfish for aquatic snails is a well documented 

phenomenon and can result in trophic cascades (e.g. Hanson et al. 1990, Weber and Lodge 1990). 

Therefore the negative correlation between snail and crayfish presence in Otago streams, found 

by Jansma (1995), might be attributable to predation. 

Herbivory by crayfish on macrophytes and algae (especially Chara) is frequently reported to 

produce community level effects both in lakes (Coffey and Clayton 1988, Momot 1995) and 

streams (Hart 1992). Due to an absence of empirical studies, the importance of herbivory by P. 

zealandicus in streams remains unknown. The influence of herbivory by crayfish would be 

expected to be limited to open canopy streams, as autotrophic production is often light limited 

because of shading (Wetzel and Ward 1992). 

Stream ecologists have concentrated on the role of crayfish as detritivores (Momot 1995), as 

detritus is regarded as the most important fuel for running water communities (Hildrew 1992). 

The only crayfish species that has been extensively studied in its role as a detritivore is the 

North American crayfish Cambarus bartoni. These crayfish have a recognised role as leaf 

shredders, yet their influence is consistently less than expected relative to their share of 

shredder biomass (Huryn and Wallace 1987, Weber and Lodge 1990, Griffith et al. 1994). This 

pattern has been attributed to low crayfish turnover (P /B) and the fact that shredding activity 

by C. bartoni is temperature dependent, and therefore not synchronised with the autumnal leaf 

fall (Huryn and Wallace 1987). There are some fundamental differences between the situation in 

New Zealand and this North American model, however. Unlike North America, New Zealand 

has a depauperate shredder fauna, which makes up a low proportion of macroinvertebrate 

biomass (Winterbourn et al. 1981). The indigenous flora of New Zealand is dominated by 

evergreens, so leaf litter input is more consistent throughout the year. Production by P. 

zealandicus in a forested headwater stream is at least twice that shown by C. bartoni in an 

equivalent habitat (Chapter 2). In light of all these factors P. zealandicus would appear to 

have greater potential as a shredder than C. bartoni. 

Although filter feeding is a feeding strategy utilised by crayfish, its consequences are unstudied 

in freshwater ecosystems. The significance of Paranephrops in filter feeding may not be as a 

consumer, but as the host of the filter feeding flatworm Temnocephala novae-zealandica. 

Temnocephalida are ectocommensal on freshwater hosts, which are predominantly decapods 

(Jennings 1971). T. novae-zealandica reaches its highest densities upon the chelipeds and 
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carapace of P.zealandicus, and occasionally covers over 50% of the available surface (personal 

observation). Except when the commensals are forced to relocate after the crayfish has moulted, 

they pass their whole life cycle on the host (Chapman and Lewis 1976). The close association 

between the crayfish and its filter-feeding commensal would justify the consideration of them as 

a single functional unit, within the stream environment. 

Crayfish burrowing, especially that associated with primary (obligatory) burrowers has been 

recognised as a substantial geomorphic force (Butler 1995). Crayfish have been accredited with 

moving as much as 40 tonnes of soil per hectare per year. This behaviour has major impacts on 

hydrology and soil mixing (Butler 1995). P. zealandicus, however, is not noted as a sophisticated 

burrower (Riek 1972). In Powder Creek, the burrowing of P. zealandicus is restricted to the 

dredging of a shallow cavities beneath rocks (personal observation). Consequently the primary 

role of P. zealandicus in habitat modification may be based on the more subtle process of 

bioturbation. P. zealandicus and other freshwater decapods have the ability to reduce sediment 

cover, and therefore increase the available habitat for invertebrates that require a lower silt 

environment (Chapter 3, Pringle et al. 1993). The scale of this effect is the consequence of the 

large size and high biomass of these decapods (Pringle et al. 1993). The magnitude of 

bioturbation by crayfish can be large. Langlois (1935) found that populations of the crayfish 

Cambarus rusticus in fish ponds, stirred up enough sediment to make the water sufficiently 

turbid to prevent photosynthesis, and caused the death of macrophytes. 

It has been recognised that consumers can also have importance in the spatial and temporal 

translocation of nutrients (Kitchell et al. 1979). Estimating the importance of single species in 

nutrient cycling is an intricate and time consuming processes. Only Webster and Patten (1979) 

have examined crayfish in this context. As a consequence of a low turnover rate, populations of 

C. bartoni have been shown to act as a biotic calcium sink in streams (Webster and Patten 1979). 

Due to similarly high standing stocks, and lower turnover rates, it is possible that P. 

zealandicus may also regulate the biotic flow of calcium in a similar manner. 

Will the extinction of Paranephrops zealandicus cause a major change in stream community 

structure? 

A current theme in ecology and conservation research is the identification of species which play 

critical roles in the maintenance of community structure. Such species have been called keystone 

species (Mills et al. 1993). Recently Power et al. (1996) have established a mathematical 

criterion by which keystone status can be judged. Under this criterion, not only must the keystone 

species cause a significant difference in the community when removed, but these effects must be 

many times greater than expected by the biomass of the keystone species. The usefulness of this 



Chapter 5: The role of Paranephrops zealandicus in stream communities: a review 92 

criterion is hampered by the choice of community traits (e.g. productivity, species richness, 

abundance and biomass of functional feeding groups or dominant species) and the different 

relationships these community traits share with biomass. Nevertheless, as the impact of P. 

zealandicus as a consumer, (as measured by productivity, Chapter 2) and habitat modifier 

(bioturbation, Chapter 3) are a consequence of a large biomass, these crayfish appear to be the 

antithesis of Power et al.'s (1996) concept of the keystone species. P. zealandicus appears to be 

most similar to what Power et al. (1996) describe as the community dominant. Community 

dominants are distinguished from keystones in that their impact on the community, although 

large, is proportionate to their biomass (e.g. trees, giant kelp and reef building corals) (Power et 

al. 1996). 

The most compelling evidence for crayfish having a major role in the organisation of the benthic 

communities comes from European studies of lakes before and after infection by the crayfish 

plague fungus Aphanomyces astaci. Following crayfish extinctions caused by the fungus, 

increases in the numbers of invertebrates and macrophyte cover have been recorded (Matthews 

and Reynolds 1992). As the chance nature of such natural experiments makes them rare, deletion 

studies of crayfish are more commonly restricted to enclosure/ exclosure experiments. Because of 

cage effects, and the microhabitat specificity of enclosure/ ex closure studies (Peckarsky and 

Penton 1990), the results of these experiments may not be directly applicable to whole 

communities or ecosystems. To appropriately address the broad question of whether the 

extinction of Paranephrops zealandicus will cause a major change in stream community structure, 

nutrient cycling studies and deletion experiments (at the reach scale) need to be undertaken in a 

variety of stream and community types. 

My research, although limited, suggests that an extinction of crayfish in Powder Creek would 

result in increased sedimentation in slow flow areas (especially pools), which in tum would 

cause a change in the benthic community to species which can tolerate silty conditions. 

Harvesting of even a small proportion of the adult population in Powder Creek would risk 

extinction given the poor reproductive success of this population. 

Conclusions 

Overseas studies suggest that the impact of crayfish as consumers and the rate at which they 

cycle nutrients is relative to their turnover rates and productivity, while the impact of crayfish 

as a result of bioturbation and habitat modification is a function of biomass. As a result P. 

zealandicus is unlikely to be a keystone species under the criterion of Power et al. (1996). The 

community level effects of crayfish will be dependent on their population ecology and the 

susceptibility of the stream community. The impact of P. zealandicus on the community will be 
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expected to vary with factors controlling crayfish density and productivity, as well as those 

controlling the wider in-stream energetic and nutrient processes. 
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APPENDIX 

Raw Growth Data 

ABBREVIATIONS 

M 

F 

meanCL 

CLi 

CLf 

In term 

AGCL 

Wi 

Wf 

We1stm 

We(u)2ndm 

We(k)2ndm 

G 

G+1 

log (G+1) 

logmeanCL 

male 

female 

mean carapace length(mm) 

initial carapace length(mm) (pre growing season) 

final carapace length(mm) (post growing season) 

carapace length(mm) after its first moult, for individuals which recorded at least two moults 

annual gain in carapace length(mm) 

initial biomass (mg AFDW) (pre growing season) 

final biomass (mg AFDW) (post growing season) 

biomass of exoskeleton shed at first moult (mg AFDW) 

biomass of exoskeleton shed at a predicted second moult (mg AFDW) 

biomass of exoskeleton shed at a known second moult (mg AFDW) 

annual instantaneous growth rate (mg mg-1 AFDW) 

annual instantaneous growth rate (mg mg-1 AFDW) + 1 

(required for log transformation of data with zero values) 

log transformed annual instantaneous growth rate + 1 

log transformed mean carapace length 



M 

M 

M 

F 

F 

F 

M 

F 
F 

F 

M 

M 

F 
M 

M 

M 

F 

F 

F 

F 

F 

M 

F 
M 

M 

M 

F 

F 

F 

F 

F 
F 

F 

F 

F 

SEX mean CL CLi CL f lnterm. 

20.45 

18.775 

21.1 

21.5 

22.75 

20.975 

22.3 

21.14 

22.85 

23.25 

23.8 

24.525 

24.85 

24.875 

23.5 

16.95 

18.1 

18.5 

19.35 

19.9 

20.3 

20.6 

23.95 

19.45 

23.7 

23.65 

25.6 

21.65 

24 

20.8 21.48 

20.85 

21.2 

24.85 

25.3 

21.3 26.3 

22.1 26.95 

22.2 27.5 

22.4 27.35 

22.6 

25.65 22.6 

24.4 

28.7 

25.6 

23.4 

24.325 23.05 

23.3 23.2 

26.125 

25.965 

24.85 

26.55 

26.475 

26.75 

26.39 

26.19 

27.125 

26.375 

27.725 

27.85 

28.45 

28.725 

28.95 

29.5 

29.2 

23.5 28.75 

23.55 28.38 

24 25.7 

24 29.1 

24.4 28.55 

24.5 

24.95 

25 

25.4 

29 

27.83 

27.38 

28.85 

25.7 27.05 

26.1 29.35 

26.7 29 

27.2 29.7 

27.25 30.2 

27.5 30.4 

27.55 31.45 

27.9 30.5 

22.8 

26.7 

26.65 

26.15 

AGCL 

7 
1.35 

5.2 

4.3 

5.7 

1.35 

3.4 

0.68 

4 

4.1 

5 

4.85 

5.3 

4.95 

1.8 

6.1 

2.55 

0.2 

5.25 

4.83 

1.7 

5.1 

4.15 

4.5 

2.88 

2.38 

3.45 

1.35 

3.25 

2.3 

2.5 

2.95 

2.9 

3.9 

2.6 

Wi 

218.91 

268.45 

287.32 

330.37 

360.44 

383.44 

401.33 

413.56 

416.66 

438.78 

445.25 

499.31 

506.37 

520.68 

535.27 

535.27 

569.09 

580.68 

604.34 

608.34 

645.2 

645.2 

679.22 

687.9 

727.94 

732.48 

769.53 

798.13 

837.37 

898.66 

952.01 

957.46 

985.02 

990.6 

1030.2 

Wf 

641.03 

335.71 

620.47 

616.41 

788.51 

468.39 

645.2 

457.05 

718.91 

760.15 

857.48 

925.07 

985.02 

968.42 

679.22 

1124.9 

788.51 

596.38 

1131 

1086.3 

798.13 

1174.3 

1106.7 

1161.8 

1022.2 

971.72 

1143.2 

935.78 

1205.9 

1161.8 

1251.2 

1317.8 

1345.2 

1494.9 

1359 

We 

1st m 

27.149 

33.982 

36.62 

42.701 

46.997 

50.307 

52.895 

54.672 

55.123 

58.352 

59.299 

67.268 

68.315 

70.443 

72.617 

72.617 

77.683 

79.425 

82.993 

83.598 

89.189 

89.189 

94.376 

95.705 

101.85 

102.55 

108.27 

112.71 

118.82 

128.43 

136.84 

137.7 

142.07 

142.96 

149.26 

We (u) 

2nd m 

39.757 

52.022 

59.776 

65.209 

79.425 

80.602 

90.466 

91.757 

94.376 

97.048 

110.48 

125.17 

We (k) 

2nd m 
G 

1.173713 

0.319998 

0.903402 

0.777478 

0.915864 

0.302126 

0.553581 

0.212971 
74.839 0.711638 

0.716078 

0.806494 

0.774085 

0.815981 

0.777699 

0.339752 

0.883134 

0.420073 

0.151705 

128.43 0.798067 

0.744195 

0.318636 

127.61 0.768282 

119.6 0.664951 

0.698127 

0.434501 

0.382962 

0.486325 

0.272842 

0.45872 

0.361669 

0.377077 

0.418851 

0.412001 

0.502819 

0.381137 

G+1 log(G+1) 

2.1737 0.337202 

1.32 0.120573 

1.9034 0.27953 

1.7775 0.249804 

1.9159 0.282365 

1.3021 0.114653 

1.5536 0.191334 

1.213 0.083851 

1.7116 0.233412 

1. 7161 0.234537 

1 .8065 0.256837 

1.7741 0.248974 

1.816 0.259111 

1.7777 0.249858 

1.3398 0.127024 

1.8831 0.274881 

1.4201 0.152311 

1.1517 0.061341 

1.7981 0.254806 

1.7442 0.241595 

1.3186 0.120125 

1.7683 0.247552 

1.665 0.221402 

1.6981 0.22997 

1.4345 0.156701 

1.383 0.14081 

1.4863 0.172114 

1.2728 0.104775 

1.4587 0.163972 

1.3617 0.134071 

1 .3771 0.138958 

1.4189 0.151937 

1.412 0.149835 

1 .5028 0.176907 

1.3811 0.140237 

log 
mean CL 

1.2292 

1.2577 

1.2672 

1.2867 

1.2989 

1.3075 

1.3139 

1.3181 

1.3191 

1.3263 

1.3284 

1.3444 

1.3464 

1.3502 

1.3541 

1.3541 

1.3627 

1.3655 

1.3711 

1.372 

1.3802 

1.3802 

1.3874 

1.3892 

1.3971 

1.3979 

1.4048 

1.4099 

1.4166 

1.4265 

1.4346 

1.4354 

1.4393 

1.4401 

1.4456 



M 

M 

M 
F 

M 

F 
F 

M 

M 

M 

F 
F 

F 

F 

M 

M 

M 

M 

F 

F 

M 

F 

M 

F 

F 

M 

M 

M 

F 

F 

F 

F 

F 

M 

M 

M 

F 
F 

31.075 

30.105 

30.4 

31.75 

30.2 

31.225 

31.825 

30.965 

32.325 

32.5 

32.935 

33.225 

33.55 

33.8 

34.225 

35.15 

35.65 

36.1 

36.265 

36.59 

36.515 
37.625 

38.725 

38.525 

38.125 

39.725 

40.275 

40.4 

39.7 

40.14 

41.625 

41.175 

41.265 

41.75 

43.5 

43.45 

44.225 

46.125 

29.05 

29.08 

29.1 

29.1 

29.65 

29.8 
30.05 

30.23 

30.3 

31.3 

31.4 

33.1 

31.13 

31.7 

34.4 

30.75 

32.65 
33.6 

31.7 

34.35 

33.7 

34.47 

31.6 34.85 

31.9 35.2 

31.9 35.7 

32.3 36.15 

34 36.3 

34.05 37.25 

34.5 37.7 

34.63 37.9 

35.05 38.13 

35.2 37.83 
35.6 39.65 

36.75 

37 

40.7 

40.05 

37.6 38.65 

37.7 41.75 

38.7 41.85 

38.8 42 

38.9 40.5 

39.1 41.18 

39.4 43.85 

39.6 42.75 

40.03 

40.2 

41.65 

42 

43.45 

44.2 

42.5 

43.3 

45.35 

44.9 

45 

48.05 

31.5 

4.05 

2.05 

2.6 

5.3 

1 .1 

2.85 
3.55 

1.47 

4.05 

2.4 

3.07 

3.25 

3.3 

3.8 

3.85 

2.3 

3.2 

3.2 

3.27 

3.08 

2.63 

4.05 

3.95 

3.05 
1.05 

4.05 

3.15 

3.2 

1.6 
2.08 

4.45 

3.15 

2.47 

3.1 

3.7 

2.9 

1.55 

3.85 

1168 

1171.8 

1174.3 

1174.3 

1244.7 

1264.3 
1297.6 

1321.9 

1331 .4 
1472.8 

1487.5 

1517.1 

1562.4 

1562.4 

1624.1 

1904.7 

1913.5 

1993.2 

2016.6 

2093.6 

2121.6 

2197.4 

2425.6 

2477.3 
2604.3 

2625.8 
2848.4 

2871.4 

2894.4 

2940.9 

3011.6 

3059.4 

3163.8 

3205.8 

3579 

3673.3 

4082 

4305 

1752.4 

1448.1 

1532.1 

1975.3 

1393.9 

1679.4 

1836 

1532.1 

1966.3 

1853 

1987.8 
2056.7 

2121.6 

2216.6 

2304.6 

2334.5 

2529.6 

2625.8 

2669.4 

2720.1 

2654.1 
3071.4 

3331.3 

3168.8 

2837 

3605.8 

3632.7 

3673.3 

3280.7 

3455 

4199.9 

3881 .1 

3810.9 

4038.4 

4662.7 

4520.4 

4551.8 

5580.9 

171.38 

171.98 

172.39 

172.39 

183.79 

186.99 

192.41 

196.38 

197.94 

221.18 

223.61 
228.52 

236.02 

236.02 

246.3 

293.53 

295 

308.55 

312.55 

325.7 

330.49 
343.52 

382.97 

391.96 
414.12 

417.9 

457.05 

461.1 

465.18 

473.41 

485.94 

494.43 

513.04 

520.53 

587.59 

604.65 

679.07 

720 

215.2 

246.3 

414.12 

498.71 

575.61 

0.604983 

0.323945 

0.372601 

226.05 0. 703776 

0.237074 

0.389442 

0.446713 

0.268173 

0.593602 

0.34238 

0.396521 

0.40962 

0.411437 

0.450971 

0.451528 

0.321877 

0.389472 

0.386782 

0.391161 

0.374872 

0.34131 

0.555352 

0.426115 

0.362809 
0.221856 

0.543642 

0.361715 

0.364558 

0.257874 

0.2895 

0.55793 

0.357797 

0.31239 

0.352119 

0.383205 

0.333053 

0.247995 

0.380915 

1.605 0.205471 

1.3239 0.12187 

1.3726 0.137544 

1.7038 0.231412 

1.2371 0.092396 

1.3894 0.14284 

1.4467 0.160382 

1.2682 0.103178 

1.5936 0.20238 

1.3424 0.127875 

1 .3965 0.145048 
1 .4096 0.149102 

1.4114 0.149661 

1.451 0.161659 

1.4515 0.161826 

1.3219 0.121191 

1 .3895 0.14285 

1 .3868 0.142008 

1.3912 0.143377 

1.3749 0.138262 

1.3413 0.127529 

1.5554 0.191829 

1.4261 0.154154 

1.3628 0.134435 
1.2219 0.08702 

1.5436 0.188547 

1.3617 0.134086 

1 .3646 0.134992 

1.2579 0.099637 

1.2895 0.110421 

1 .5579 0.192548 

1.3578 0.132?35 

1.3124 0.118063 

1.3521 0.131015 

1 .3832 0.140887 

1.3331 0.124848 

1.248 0.096213 

1.3809 0.140167 

1.4631 

1.4636 

1.4639 

1.4639 

1.472 

1.4742 
1.4778 

1.4804 

1.4814 

1.4955 

1.4969 
1.4997 

1.5038 

1.5038 

1.5092 

1.5315 

1.5321 

1.5378 

1.5395 

1.5447 

1.5465 

1.5514 

1.5653 

1.5682 
1.5752 

1.5763 

1.5877 

1.5888 

1.5899 

1.5922 

1.5955 

1.5977 

1.6024 

1.6042 

1.6196 

1.6232 

1.638 

1.6454 



M 45.125 44.47 45.78 1.31 4387.3 4801.5 735.15 0.232694 1.2327 0.090855 1.6481 

M 45 45 45 0 4551.8 4551.8 0 0 1 0 1.6532 ~ 
M 46.15 45 47.3 2.3 4551.8 5314.6 765.55 0.2895 1.2895 0.110421 1.6532 

"0 
ro 

F 46.225 45 47.45 2.45 4551.8 5367.1 765.55 0.298107 1.2981 0.11331 1.6532 5. 
M 47.59 46.18 49 2.82 4933.1 5931 836.41 0.316148 1.3161 0.119305 1.6645 

~· 
):0 

M 48.09 46.45 49.73 3.28 5023.3 6210 853.26 0.340811 1.3408 0.127367 1.667 $>) 

~ 
F 47.65 46.5 48.8 2.3 5040.2 5856.1 856.4 0.286536 1.2865 0.109422 1.6675 a 
F 49.375 48.55 50.2 1.65 5763.4 6394.2 992.56 0.248169 1.2482 0.096274 1.6862 ~ 
M 50.35 48.95 51.75 2.8 5912.2 7028 1020.8 0.308504 1.3085 0.116775 1.6898 ... 

::;' 

F 50.6 50.1 51 .1 6354.7 6757.3 1105.2 0.212904 1.2129 0.083827 1.6998 0.. 
$>) ... 

M 51.975 50.45 53.5 3.05 6493.7 7793.3 1131.8 0.31804 1.318 0.119929 1.7029 $>) 

F 52.86 51.27 54.45 3.18 6827.4 8231.5 1196 0.322689 1.3227 0.121458 1.7099 

M 53.775 52.15 55.4 3.25 7198.2 8686.2 1267.6 0.32412 1.3241 0.121927 1.7173 

M 62.15 60.4 63.9 3.5 11362 13536 2094.8 0.318961 1.319 0.120232 1.781 

F 61.525 60.95 62.1 1.15 11687 12386 2160.7 0.218895 1.2189 0.085966 1.785 

M 64.475 62.7 66.25 3.55 12762 15144 2380.4 0.317156 1.3172 0.119637 1.7973 

M 71.9 70.95 72.85 1.9 18740 20344 3632.8 0.24644 1.2464 0.095671 1.851 




