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EXECUTIVE SUMMARY 

Th;s st,:dy indicates that a series of contigvoc,s, quasi-independent pilchard 

subpopu!ations, (quas!, bec~us<-: mixing occurs at somf:, stages) inhabit Australian 

waters; a finding a.!so suppr.u'ted by Blackburn (1951} and SyahaHatua (19f12}. The 

subpopuiaHons are temporally unstable and it is unclear how muc:1 mixing occurs 

dur!ng the pilchard life cycle. For exampie, two separate subpopu!ations were detected 

in King George Sound, WA, within a six week period. 

The subpopu!ations can be grouped into regions as geographic stocks which have genetic 

integrity (with some intermixing) viz: the eastern, south-eastern, south-western, 

and western stocks. These stocks generally conformed with those out!ined by Blackburn 

(195·1) and Syahailatua (1992}. Both authors contended that there was an additional 

subpopulation to tile north of Jervis Bay. Deteriorntion of a sample from that area 

precluded us from testing that hypothesis but one sample collected from Jervis Bay 

suggested mixing of two or more subpopu!ations. 

The samples of pilchards that we had from sites east of Esperance, WA, were from 

regions where only one spawning season per year has been documented. Those spawning 

seasons all vary in timing which wouid effectively act as a temporal isoiation 

mechanism to interbreeding. There are two breeding seasons in most of southern 

Western Australia but no significant variation was detected between the summer and 

winter spawners. Thus, a more complex mechanism than temporal breeding isolation 

must operate to maintain the population structure. Homing to an individual's spawning 

place has been invoked for other Clupidae species and there is no evidence to dispute 

that homing occurs in the Australian pilchard. 

It is difficult to effectively regulate individual subpopulations (ie: geneticaily distinct 

"stocks" in a management context) in a mixed-stock fishery, particularly when the 

degree of mixing is unknown at all life history stages. Blackbum (i 95"1) discerned 

differential growth rates between stocks on the east coast so, it is clearly important to 

ensure that these subpopu!ations are protected using an appropriate management 

strategy. 



CCNTFNfS 
EXEClJfiVE SUrv1MARY 

AC.i<J..;;)WLEDGMEh'TS 

UST OF TABLES 

L1ST Qt-= F!GlJRES 

UST OF APPENDICES 

iNTRODUCTICtJ ....................................................................................... , ...... , .................. ·1 

2.0 MATERIALS AND METHODS .......................... oe ............................................................. 3 
2.1 Specimen Collection for Pilot Study ....... "" ..... oc., ................................................ 3 
2.2 Specimen Collection for Population Study ......................................... ,. .............. 3 
2.3 Preparation of Starch Gel ...................... ., ............. '" .......................................... .4 
2.4 Tissue Preparation ................................................................................... , .......... 5 
2.5 Electropr1oresis .................................................... --··'"""·· .................................... 5 

2.5.1 Pilot Study ................................................................................................ 5 
2.5.2 Population Study ..................................... ., ............... "' .............................. 6 

2.6 Data Analysis ............................. "" ......... ,. ................................. ,. .. ,. ...................... 7 

3.0 RESULTS ........................................................................... ,00 ...................................... 8 
3.1 Results of Pilot Study .......................................................................... ., ............. 8 
3.2 Results of Popuiation Study ....................................................................... w ..... 8 

3.2.1 Temporal Variation between Samples ...................................................... 9 
3.2.2 Spatial Variation between Sites ........................................ "" ..................... 21 

4.0 DISCUSSION .................................................................................. "" ............................ 2 4 
4.1 Locus Specific Variation ........................................................................ ., ........... 2 4 
4.2 Temporal Variation within S!tes ........................................................................ 2 5 
4.3 Spatial Variation ................................................................................................ 2 7 
4.4 Sardinops ocellata v. S. s. neopiichardus .......................................................... 31 

5.0 CONCLUSION AND MANAGEMENT IMPLICATIONS ...................................................... 3 2 

6.0 RECOMMENDATIONS .................................................................................................. 3 4 

REFERBCES 

APPENDICES 

35 



UST OF TABLES PPG= 

i . levels of significance of cxmtingency chi-square comparison for each locus 
between King George Sound, WA samples. i 0 

2. Al,.;* and PGM" allele frequency rankings and sex ratios of grouped samples. i 2 

3. Levels of significance of contingency chi-square tests between Esperance, WA 
samp!as. 1 3 

4. Leveis cf significance of contingm1cy chi-square tests between 8rHmer Bay, WA 
samples. 

5. Levels of slgnificr.-mce of chi-square comparisons for Torbay, WA samples. 

6. Leveis of significance of contingency chi-squara tests between Dunsborough, WA 
samples. 

7. Leveis of significance for chi-square tests between Fremantie, WA i;amples. 

1 4 

1 5 

.. .,. 
! ' 

8. Levels of significance :Or contingency chi--square tests between Victorian samples. 
·1 8 

9. Levels of significance of chi-square comparisons between Jervis Bay, NSW 
samples. 1 9 

1 O. Summary of homogeneous samples (that have been pooled) and their simplified 
code for the spatial analysis, the season they were collected in, spawning condition 
and sex ratio. 2 O 

11. Levels of significance for contingency-chi square comparisons between 
Dunsborough and Fremantle spawners and non-spawners. 2 1 

12A: Levels of significance of contingency chi-square comparisons and subpopulation 
groupings between: i) closest cluster analysis groupings; and then between Ii) 
Dunsborough, Fremantle and Torbay (western group) and other WA south coast 
samples. 2 2 

i 2B: Levels of significance of contingency chi-square comparisons between: i) South 
Australia and other WA south coast sites: and ii) Victoria and New South Wales. 

22 

UST OF FIGURES FACNG PAGE 

1 . General collection sites of S. s. neopilchardus from Australian waters. 3 

2. Collection sites of S. s. neopilchardus from WA. 4 

3. Observed banding patterns and designated genotypes of routinely screened enzymes.a 

4. Dendrogram of genetic inter-relationships of the Australian pilchard. 2 3 

5. General stock areas. 2 7 

6. Dendrogram of morphometric inter-relationships of the Australian pilchard. 2 8 



UST OF APPEND!CES .. ., ......................... '""'°'°"""''"""'"""···,.···· ........................ ,. .................... Pfifx. 

APPENDIX i JJ 
Cci!,:¾ction data for pilchards .................... ,. ......... ., .............. ,.. .............................. J 

Appendix 1 2 
· · Gonad maturity stages of Pilchards ...... ,.. ................................................ .,.,. ...... iv 

APPENDIX 2.0 
Details cf BuffeiS, Sta:ns and B!cchsmicais used !n their preparatlon . ., ............ v 

Appendix 2.1 
Electrophoresis Buffer RecipHs ....... ,, ............................ ., .......................... ,, ........ v 

Appendix 2.2 
Homogeniz.ing Buffer Solution ..................................... ,. . ., ........ ., .. ., ... ., .. rn, .......... v ! 

Appendix 2.3 
Fixative Solution ........................................ "' ., ............................ ., ....... H ...... ,, ....... v i 

Appendix 2.4 
Staining Buffer Recipes ........ ., ....... ., ............................... ., ......................... "",. ....... v i 

Appendix.2.5 
Stain Recipes .................................................................................. ., ..................... v ii 

Appendix 2.6 
Stock Solutions Used ir. Enzyme-Specific Stain Hecipes ............ ,.. ............. "" ...... xv 

APPENDIX 3.0 
Pilot Study of the Australian Pilchard .................................... ., .... ,m .... H ............ xv 

Appendix 3.1 
Enzymes investigated in the Australian pi!chard .............................................. .,xvi 

Appendix 3.2 
Enzymes studied, tissues investigated, electrophoresis running 
conditions and presumed number of loci for pilchard pilot study ...................... xvi i 

APPENDIX 4.0 
Length frequency histograms for all samples .................................................... ., x x 

Appendix 4. i 
Length frequency histograms of King George Sound samples, WA ....................... xx 

Appendix 4.2 
Length frequency histograms for Esperance samples, WA .................................. x xii 

Appendix 4.3 
Length frequency histograms for Bremer Bay sampies, WA .............................. xxiv 

Appendix 4.4 
Length frequency histograms for Torbay samples, WA ....................................... xxvi 

Appendix 4.5 
Length frequency histograms for Dunsborough samples, WA ............................. JOPI iii 

Appendix 4.6 
Length frequency histograms for Fremantle samples, WA ............................... ,.xxix 

Appendix 4.7 
Length frequency histograms for Cheynes Beach samples, WA ........................... xxx 

Appendix 4.8 
Length frequency histograms for Boston Bay samples, SA. ................................. x x x i 

Appendix 4.9 
Length frequency histograms for Port Phillip Bay samples, VIC., . .,. ................. x x x l 

APPENDIX 5.0 
Rare Allele Distribution ...................................................................................... x x xiii 

APPENDIX 6.0 
Allele Frequencies ....................... , .............. ""., ................................................... ,..x x xiv 

Appendix 6.1 
Allele Pooling Rationale ........................................................... « .......................... xxxiv 

Appendix 6.2 
Pooled Ailele Frequencies for all Samples ............................ u ............................. xxxv 



APPENDIX 7.0 
Tests of Fit to Hardy Weinberg Equilibrium ....................................................... xxxvii 

Appendix 7.1 
Chi-square test for deviation from Hardy-Weinberg equilibrium for 
each initial sample ............................................................................................... xxxvii 

Appendix 7 .2 
Chi-square test for deviation from Hardy Weinberg equilibrium for 
male and females only .......................................................................................... lxxiv 

Appendix 7 .2.3 
Contingency chi-square analysis at all loci between PPB males and 
females ................................................................................................................. lxxv 

Appendix 7 .3 
Tests for conformity to Hardy Weinberg equilibrium of pooled samples 
from temporal variation analyses ....................................................................... lxxvi 

Appendix 7 .4 
Tests for conformity to Hardy Weinberg equilibrium of pooled samples 
from spatial variation analyses ........................................................................... Ix x xvi ii 

APPENDIX 8.0 
EST-4 .. Allele Frequency Distribution ............................................................... xci ii 

Appendix 9.0 
Dendrogram of genetic inter-relationships of the Australian Pilchard ............. xciv 

APPENDIX 10.0 
Comparisons between Esperance juveniles and other samples ........................... xcv 

Appendix 10.1 
Levels of significance of contingency-chi square comparisons between 
Esperance juveniles, other WA south coast groups and South Australia ............ xcv 



~NTR\')DtJ<;1'1()N 

Austra.Ban pHci1ar<.is, Sardinops .sagfix neopilchardu.c;, are sma!I, rela!iveiy shon­

iived fish that occur in large numbers, over a wide h!eograph!c range. They are 

distributed throughout coastai wate;·s and in bays an,:1 in!ets extending from Han•ay 

Bay in (:luaens!and, down to and around Tasmania, gcmss Victoria, the Great Australian 

Bight (GAB} and up the west coast of Western Austra!!a (WA} t.., Red Bluff (Fletcher 

1990}. 

Despite the apparent abundance of this species, it had not been fished !niensiveiy until 

1983. The national Australian pHchard catch currently· exceeds i 1 000 tonnes 

annually. The bulk of this catch is landed in Wesiem Australia where the fishery has 

undergone steady and substantial expansi:Jn. The annual production for WA is 

approaching 1 O 000 tonnes ( Fletcher et al. 1992). The WA fishery is ccmcentrated 

around King George Sound/Albany, Bremer Bay, Esperance, Dunsborough and 

Fremantle. The resource ls known to extend eastwards into the Bight and beyond. 

In South Australia, the catch is small and fluctuates annually. Most pilchards are used 

for tuna and snapper bait and to supply local tuna farms which also use imported 

frozen pilchards from WA (B. Bruce pers. comm.). 

Until the early i 980's, a substantial fishery for pilchards (and anchovies) existed in 

the Lakes Entrance area of Victoria. Currently, the annual production is approximately 

1 000-1 500 tonnes from Port Phillip Bay and 1 000 tonnes from Lakes Entrance. 

These piichards are mainly used for pet food and snapper bait. Controversy in the early 

1990's about starving fairy penguins (Eudyptula minor') rekindled debate about 

whether or not pilchards were being over exploited (M. MacDonald pers. comm.). 

Population studies of pilchards and anchovies are planned for Victoria (but are 

awaiting funding). 

!n New South Wales, there is a small fishery for pilchards; activity is restricted to 

Jervis Bay, Wooli and Two Fold Bay (Eden). The annual catch is between 140-300 

tonnes (Syahai!atua 1992). Since the collapse of the Southern Blue Fin Tuna (SST) 

fishery in NSW, the catch is mainly sold for human consumption. 

Small catches of pilchards have been made in Tasmanian waters but there is no existing 

fishery. Similarly in Queensland, there is no targeted fishery, but pilchards are 

known to be numerous in these waters from time to time. 
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Pi!chards and related species have been the subject cf spoiadic biological research 

since tile ·1930's, Blackbum (1950, 1951) studied pilchards extensiveiy during the 

1940's and '50s. Subsequently, he reported three major grnups in Australian waters; 

within each group there 1.vas furttler heterogeneity. Th~)S& cordusions were based on 

differences in breeding time, aga at first maturity, scale size, vertebra.I counts and 

abundance fluctuations. Blackburn contended that independent or quasHndependent 

s!ocks with sma!! ranges were Hke!y, but he had insu1ficient data to attempt to 

de!ineaie them. Sya11a1!atua's (1992} study of Austraiian pilchards, using 

discriminant analyses of morphometric and meristic characters, indicated that ihere 

are six groups of pilchards within Australian waters. 

Dredge (1969) carried out a preliminary genetic study on pilchards from South 

Australian waters'. He studied only two enzymes from heart tissue; viz: lactate 

dehydrogenase and an unspecified esterase. Both enzymes were polymorphic and 

differences were found between each of the tilree sites sampled (Coffins Bay, Cape 

Jervis and Port Adelaide). This pioneering work, although very !imited, also supported 

the idea of small subpopu!ations. 

Expansion of the fishery in WA, during the early 1980's, prompted research into 

Australian pilchard resources. Those findings were presented in June 1988 (SCP 

1988). In addition, the WA Fisheries Research Division has undertaken 

comprehensive biological research on pilchards. These findings are presented in 

Fletcher et al. (i 992,) Fletcher (1992) and Fletcher and Tregonning (1993). 

The use of the terms population, subpopulation and stock varies between authors. In 

this study, population refers to the whole Australian pilchard resource and a 

subpopulation is a genetically distinct group within that population. Stock is a broader 

term. SyahaHatua (1992) for example, referred to distinct stocks without knowledge 

of the underlying genetic structure. A stock is also a unit within the population defined 

for geographical or management convenience which may, or may not, contain 

genetically discrete units. Where other authors have defined "stocks", we have retained 

that term but they do not necessarily refer to distinct subpopulations. 

Pilchards from Jervis Bay, on the east coast of Australia, spawn from mid autumn to 

spring (Blackbum 1951, Joseph 1981, and Syahailatua i 992); in spring to early 

summer around Lakes Entrance; late spring and summer in Port Phillip Bay and 

summer to autumn in South Australia (Blackbum 1951 ). Two distinct spawning 

seasons have been reported for some regions of the west Australian coast (Fletcher 

i 990). However, it is not known whether all fish, can and do, spawn biannually, or 

whether there are separate groups of winter and summer spawners. There is a major 
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Figure 1: General collection sites of S. neopilchardus from Australian waters. 



spawning period in July on Albany and Bremer Bay, WA, and there is a degree of 

iarval movement between these two regions, but there is some rx;ssibility t!lat the 
aduits in lhf:!se respective areas function as incaper.dent units (Fietcher tit ai. 1992). 
Little ls known about the summer WA Rpawn1ng season when c-..atcl"1es ara traditional!y 

poor. in the Atlantic herring, Clupsa harengus harengus, Komfieid et a!. (1982) found 
genet•c; evidence of discrete spring and ta!! spawning subpopu!ations, whore mixing 

occun, at other Hfe history stages. 

Groups that are partiy or who!!y is0lated as brneders are expected to differ in 

rnorphoiogicai or physiological characters (81ackbum 1951 ). This project 

investigates the genetic population structure of S. s" necpi!chardus within Australian 
·waters. The main objective ls to determine whether they be!ong to one large 

interbreeding population or, whether two or more genetica!ly discrete subpopuiations 
exist. in the event that heterogeneity is identified within the Australian pilchard 

population, attempts wiil be made to delineate subpopu!ations. Isolated gene pools can 
respond independently to ecological variation or fishing pressure thus, once spawning 

populations of migratory species have been characterized, fisheries managers can 
address questions on mixed stocks (Chapman and Brown i 991 )" 

2.0 MATERIALS AND METHODS 

For initial enzyme screening in the pilot study, approximately 100 frozen specimens 
were collected from Bremer Bay, King George Sound and Two People Bay in Western 

Australia, and from Jervis Bay in New South Wales. A chilled sample was also obtained 
from Woo!i, NSW. All samples were collected using purse seine nets. 

Appendix 1 presents the collection site and date, number of individuals, sex ratio, size 

range and breeding status of each sample investigated in this study. Spawning condition 

was only assessed macroscopically, and because specimens needed to be kept frozen, it 
was not possible to test for "ripe" individuals in the usual manner (see Appendix i .2 

and Baker 1972). 

For the population study of S. s. neopilchardus, specimens were collected from several 

Australian states (Figure 1 ). The bulk of the samples were coi!ected from six regions 

of Western Australia (Figure 2). Dr W. J Fletcher (Western Austraiian Fisheries 

Research Division) coordinated the co!lection of pilchards by commercial fishermen. 
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ThesH specimens were co!!ected as part of a routine sampling prograrn at three month 

intervals 1hrm.i9hout 1990 and i 991 {!e: Dec-jan, Apri:.,June, August-September). 

Kornfieid et a!. (i 982) note that only fish ;n spawning condition shouid be examined 

in geographical studies. Howew:r, tor roanag&ment purposes the genetic stnicturn of 

br~eding units must be re!atad to those tound !n the pcpu!aticm at other times of the 

year h1:1nce, the August-September coilecting period. 

For some WA sites we received several small samples of pilchards coilected on 

separate day!;. in order to meet samp!e size requirements for statistica! purposes, 

samples that did not differ in gonad maturity were pooied (sea r'\ppendix i }. 

From New South Wales waters, pi!chards were collected from Wooli in Apili 1990 

with the assistance of commercial fishermen. However, on arrival the chilled 

specimens were in poor condition for eiectrophoret!c purposes. We wi::ire unable to 

obtain subsequent samples from this location. Pilchards were aiso collected from 

Jervis Bay in February 1991 and March i 992. 

With the assistance of Dr Murrny MacDonald (Marine Science Laboratories) pilchards 

were obtained from the Geelong arm of Port Phillip Bay, Victoria, in February 1991 

and from the top end of Port Phillip Bay in March 1992. Specimens were collected 

from Lakes Entrance by the Mitchelson fishermen in August 1991, These fish varied in 

size ciasses from 80.1 mm to 190.3 mm L.C.F. This range wouid include individuals i 

to 6 year old (Blackburn i 950). There were insufficient numbers of each size class to 

analyse by age, so only the middle range of individuals from 127.4 mm to 149.6 mm 

were included. This range encompasses the 3-5 year olds (Blackburn i 950). 

From South Australia pilchards were collected from Boston Bay, Port Lincoln in April 

1992. They were kept alive in a bait tank and then frozen live four days later. An 

additional small sample of pilchards, presumably S. ocellata, from South Africa WfiS 

also obtained. 

All fish, except the Wooli sample, were frozen live and then transported to the 

laboratory, either on dry ice, or by refrigerated trucks. Upon arrival, all specimens 

were stored whole at -20°c, until required. 

Horizontal starch ge!s were made from 11 % (w/v) Electrostarch, batch number 89, 

with a range of buffers (see Appendix 2.1 ). Starch (33 g) was suspended in 1/3 of 

300 ml of gel buffer, put on a stirrer while the remaining 2/3 of buffer was heated to 
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boiling point in a microwave oven (1 min;j!e per rno rr:l), Tt1e stirring solution was 

then transferred to a pre--hea!ed hot-piate, and the remaining solution was quickly 

added. It was kept stirring t.:ntii the volume reduced and ttie soiuticn 1;vas c!ear 1,-vith 

bubbles risin~J frorn the bottom of the flask. This solutic}n v,as then de,gassed using a 

Gelman "UWe G:ant" ;1acuum pump a'1d poured into a squata perspex mould 

(Dimensions: 300 ml 19.5 x i9.5 >:.5 cm; or 500 mi: 19.5 x 19.5 x 1 cm), 

Once poured, the gel was left to cooi at mom temperature fo, at !east 1 hour, covered 

with p!astic toed wrnp to prevent desiccatbn and stored ovemigl1t in a refdgerator. 

Fish were partially thawed and particular tissues were removed for electrophoresis. 

For the pilot study, liver, heart and white skeletal muscle were removed and screened 

for tissue specificity of enzyme !ocL For the main population study, liver w·as the only 

tissue used for routine screening. Ali tissue sampies were stored in ·1 .5 ml eppendort 

tubes for immediate use and in 1.8 ml mmc cryotubes as backup tissue. These were all 

stored at -so0 c until required for eiectrophoresis. Ali fish specimens were then 

stored at -20°c until they were measured (standard fork length, L.C.F.), sexed and 

gonad phase noted. 

Tissue samples were partially thawed and homogenized with an equal volume of cold 

homogenizing buffer (see Appendix 2.2) using a perspex rod1 . Tissue samples were 

kept in small ice-filled insulated containers during homogenization. The slurry was 

then centrifuged using an Heraeus Sepatech 17RS Biofuge at 4°C, at 5000 rpm for 10 

minutes. This process separates cellular debris from the supernatant containing 

proteins in solution. 

2.5. i Pilot Study 

Six different buffer systems viz: Cam pH 6.1, TBE pH 9.1, TC pH 6.8, TC pH 5.8, TM 

pH 7.8 and Poulik, were investigated in the pilot study. The recipes of the buffers, 

stain buffers and stock solutions used throughout the study are given in Appendix 2.1-

2.6). Liver, heart and white skeletal muscle were trialed with the buffers. Initially, 

1-3 buffers were tried and if good activity was apparent, other buffers were then 

tried to ascertain which buffer system yielded the best activity and resolution for 

polymorphic loci. 

5 



After homogani:">ation and centrifugation, the supernatant was absorbed onto a filter 

paper wick {Whatman #a filter paper, 5 x 2 mm) and using jewel!ats forceps, 

olac:ad onto the edge of a cut siarch gei 5 em from the cathodal end of the geL f\ wick 

b!ot!Hci in bromopheno! b!ue soiution was placed on the first lane on -ihe left-hand side 

of the gei and after the iast homogenate on the right-hand side. 

Loaded gels were placed !n e!ectwphoresis tanks with the appropriate eiectmde buffer. 

A direct current was applied across the gel !.:Sing Pharmacia power packs according to 

tile conditioris prescribed for the buffer as given in Appendix 2. i. 

Gels were nm unrn the tracking dye had migrated 5-7 cm from the origin (after 

3h)2. Ge;s 'tJEJre then sliced !hree times. Each slice was removed using a pre-cut 

plastic sheet and piaced in a plastic tray. The geis were stained using methods modified 

from Shaw and Prasard (i 970) and Harris and Hopkinson (1976) (Appendix 2.5)3 . 

Gels with activity were photographed and scored. 

The zyrnograms were scored by tissue type for amount of activity, resolution, 

presumed number of loci, structure and whether they appeared polymorphic (see 

Appendix 3.2). 

2.5.2 Population Study 

Tile iaboratory techniques for the electrophoresis population study follow the same 

technical methods as described for the pilot study. Up to 100 individuals per sample 

were electrophoresed and scored for polymorphic loci. The nomenclature of loci 

follows the recommendations of Shaklee et al. {1990a). Multiple loci were numbered 

sequentially with the most anodal (fastest migrating) locus designated as 1, eg: EST-1 

migrates faster than EST-2 (Richardson et al. i 986). 

Alleles were assigned arbitrary values with the most common allele nominated as 100, 

faster alleles were assigned numbers in increasing units of 1 O in preference to using 

1. Pyrodoxil 5' Phosphate was added to the homogenising solution (see Shaklee et al. 1990b). 

2. The peptidase loci were subject to diffusion (and appeared fuzzy) if the standard running 
time (ie. 3 h/300 ml gel) was not strictly adhered to. The other enzymes were more flexible 
in this regard. 

3. AA T* overstained very quickly which also made scoring difficult Trying to freeze slices, 
for approximately ten minutes, before staining, did not improve the stain. Instead, siices for 
AA r stains were left in a refrigerator for at least ten minutes before staining. AA T* 
resolved well on both TC 5.8 and TM 7.8 so, both were scored and compared. Any individuals 
that differed between slices were re-run for clarification and compared to their photographs. 
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specific migratory distances. That is, the next anoda! alieio was 110 and so on. 

Convorse!y, slower alleles were:; typed in dec:·easing values of i 0. Th1s allowed for ti1e 

inc1usion of any previously undetected aHe!es. Such al!eies were assigned values 

according to mobiilty in re!aHon to other a!!e!es. After all samples had b€Hm screened, 

these numbers 11.'ere converted to a,µhabetical letters fer analrtical convenience {the 

most cor.1mon aiie!e ·t ao was designated as cl 

Gels in the population study were usuaiiy nm with 24 unscreened individuals with the 

first Individual repeated after the 24!h inc!ividt;aL A bromophenol blue wick was 

placed at the beginning of the ge! and after the repeated first individua! {ie. in lane 

26). For consistency in typing a!le!es between gels, each gel was n.m with two 

standards of known genotype. For consistency in typing on the same gel, the distance 

between the origin and each allele was measured using dividers. 

The genotype for each individual, at each of the six loci, was recorded and analysed 

using the BiOSYS- i program by Swofford and Selander (1989). Initially, allele 

frequencies were calculated to determine genetic diversity. Each sample was then 

tested for conformity to Hardy Weinberg equilibrium to ensure that samples were 

homogeneous. 

Analyses testing for temporal variation were conducted using a contingency chi-square 

statistic in the BIOSYS-i program. Homogeneous samples collected from the same site 

which were not significantly different (p>0.05) were pooled together and retested for 

conformity to Hardy Weinberg equilibrium (see Shaklee et al. 1990b). 

Kornfield et al. (i 982) explain that it is critical that only spawning fish be examined 

to delineate geographical relationships, because mixing occurs during non-spawning 

periods. The spatial analyses were therefore undertaken on homogeneous samples of 

spawners where possible. 

We emphasize a temporal rather than a spatial analysis of our data because inferences 

about underlying population structure deduced from particular patterns of spatial 

variation may be inaccurate if such patterns vary markedly over time (Kornfield et al. 

1982}. 

Length frequency histograms were plotted for each sample and are presented in 

Appendix 4.0. 
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3.0 HESULTS 

The pi!ot study included samples coilected from three dlfferent k,cations In WA and 

from Wooti and Jeivis Bay in NSVV, The Wooii sample was not transported froz.~n and 

much of the enzyme activity was iost. Becausi3 this sample yielded inconsistent and 

int:.:.1nclusive resuas, it was exciuded from further consideration. 

Forty-eight enzymes wen:1 screened in liver, heart and muscie tissue on six different 

buffer systHms {see Appendix 3.1 ). Ten of those enzymes revealed no activity and ·13 

presumed loci were unscorable from eleven enzymes. The remaining 27 enzymes 

represented 31 presumed loci. This information is summarised in Appendix 3.2. 

Of these 3i presumed loci, 7 were polymorphic with sufficient resolution for scoring, 

The polymorphic loci were Aspartate aminotransferase (AA T", E.C 2.6.1. i }, Aconitate 

hydratase (AH*, E.C. 4.2.1.3), Esterase-4 (EST-4 ", 3. L 1. i}, Mannose phosphate 

isomerase (MPI", E.C. 5.3.1.8), Peptidase-8 (leu-gly-gly) (PEPB*, E.C. 3.4.1i or 

3.4.13.9) and Phosphog!ucomutase (PGM*, E.C. 5.4.2.2). The other polymorphic 

locus, Peptidase (leu-leu-ieu) was also scorable but the same individuals for PEPB* 

were polymorphic so it was excluded from the routine scoring. See Figure 3 for 

zymograph illustrations and interpretation of the routinely scored ioci. Gene 

nomenclature follows the recommendations of Shaklee et al. (1990a}. 

The acceptable level of polymorphism was set at the .95 criterion however, during 

routine screening there were a few samples which had MPI* frequencies between the 

.95 and .99 criteria (see Appendix 6.2}. 

Initially, al! samples were analysed within their respective collection period ie. May 

1990, September 1990, Summer i 990-91, May 1991 and Summer 1991-92. 

However, most loci showed significant deviation (p<0.01) from Hardy Weinberg 

equilibrium. This was probably due to the occurrence of 'rare alleles' at most ioci. We 

were unable to discern any pattern in the frequencies of rare alleles (see Appendix 5) 

thus, it was considered unlikely that pooling would mask any significant differences 

between samples. Samples within the same collection period from the same site which 

were not significantly different (p>0.01) were pooled. This enhanced the number of 

individuals per sample for statistical purposes (see Appendix i ). Appendix 6.1 
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provides the raticnala for pooling alleles at each locus. The pooled allele frequencies 

for each initial sample are given in Appendix 6.2. 

Each sample was tested for ccnkmnity to Hardy Weinberg equilibrium (Appendix 

i':l}. Generally, the AAT" bcus was significantly out of Hquilibdum {p<0.05). This 

locus stained V'3r"-f qu1ck!y, despite preventative measures, and heterozygotes may l1ave 

been scored too conservatively, however, u·,e frequencies were consistent throughout. 

The scoring of ai! ioci that were out of equilibrium were rechecked with the negatives 

of th~ir respective zyrnograms. Ail appeared to have been scored correcily SCI no 

changes were made. 

The .MP! .. and PEPB"' loci often deviated significantly from Hardy Weinberg 

equilibrium. This was usually due to low expected values for the L;ncommon homozygote 

despite pooling of rare a!!eies, so sampies were riot ciassed as heterogeneous in those 

cases. 

Most samples were within a sirniiar size range (see Appendix 4.0) and were all 

approximately 3-5 year olds (Fletcher ·1990). Sample sizes were too small to be 

separated into single year classes. Many of the pilchard samples were dominated by a 

particular sex. To ensure that none of the loci were sex linked, the second Port Phillip 

Bay sample (PPB2) which had an even ratio of each sex, was divided into males and 

females and tested for fit to Hardy Weinberg equilibrium (see Appendix 7.2} then 

compared using a contingency chi-square test Both sexes were in Hardy Weinberg 

equilibrium (p>0.05} except at the AAT" locus (see above). The male and female 

samples were not significantly different at any locus (p>0.05) (see Appendix 7.2.3), 

so we conclude that the six loci used in the following analyses are not sex linked. 

There was a large range in EST-4* frequencies (see Appendix 6.2), so the most 

extreme ones were rechecked wiih photographs of the appiOpriate zymograms but they 

appeared to be correct. The frequencies were then arbitrarily categorised and the· 

samples were sorted according to frequency and season (see Appendix 8.0). No pattern 

in frequency for site or season was apparent. 

3.2.iJemporai Variation between Samples. 
For most WA sites we had multiple samples coliected over a two year period. This 

enabled us to examine tempera! variation between samples. We tested that there was no 

temporai variation within sites: 

a) within years for winter and summer spawners, separately; 

b) between spawners of the same breeding season between years; 

c) between non-spawners, either within or between years; 
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d) between summer and winter breeding seasons, olther within or between years; and 

f:) betweE/11 spawners and non-spawners. 

For each site these cornparisons were performed in a hierarchical mann&r using the 

poolHd a!!e!e frequencies. n1e :emporai variation results are presented ln the 

foiicwing. 

SITE: King George Sound (KGS), WA 

Among the seven sampies co!iected from KGS, only samples KGS1, KGS5 and KGS6 were 

ir. Hardy Weinberg equilibrium (p>0.05) and thus considered to be homogeneous 

(Appendix 7.i.1). 

Tab!e 1 presents the levels of significance for the temporal variation comparisons. The 

first set of comparisons address the hypotheses as described at the beginning of this 

section. The latter half of Table 1 examines the hypothesis that there is no variation 

between samples dominated by a particular sex. 

Table 1: Levels of significance of contingency chi-square comparison for each locus 
betweenKing George Sound, WA samples (Appendix 1 ). Abbreviations: W. = 
winter, S. = summer (S '90= Dec 90-Feb 91, S '91 =Nov91-Jan92), 
Sp=spring, Au= autumn, v. =compared to, M=male dominated, F=female 
dominated, sp=spawners, non=nonspawners. a, b, c, and e refer to section 3.2. i 
hypotheses. 

C'DMPAR!SON BREEDING SEASON, YR LOO 
~IAI!J~ ddI" 13.f:1* fS.T;:f" MEC EE.ea: EGM· 

a) KGS5 v. 6 spawners W'91, W'91 .110 .015 .018 .770 .830 .060 
b) KGS2 v. 5 " W'90, W'91 .309 . i 64 .087 .202 .956 .948 
b) KGS2 v. 6 " W'90, W'91 .749 .488 .740 .099 .804 . i 00 
b) KGS4 V. 7 spawners S '90, S '91 .640 .010 .000 .510 .100 . i 35 
c) KGS1 v. 3 nonspwners Sp'90, Au'90 .11 0 .145 .044 .380 .090 .. 520 
e} KGS5 v. 1 sp, non Vl/'91, Au'90 .494 .075 .078 .584 .140 .547 
e) KGS6 v. i sp, non (M) W'91, Au'90 .043 .910 .940 .409 .174 .370 

KGS6 V. 7 spawners (M) W'91, 8'91 .295 .610 .075 .700 . 811 .018 
~.5 ~gawn!;lr~ <Fi $..]Q, W'~i .~2Q ,26;;z .62~ .49~ ,ZQ4 ~ 

The Winter '91 samples (KGS5 and 6) which were collected from Albany within a. six 

week period and were rated as pre-spawners and mixed spawners respectively 

(Appendix 1 ), were significantly different (p<0.05) at the AH* and EST-4* loci, and 

close to significance at the PGM" locus. When KGSS and KGS6 were individually 
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cornpared to KGS2, a sarnp!e of winter spawners from tile previous year, neither 

comparison was si~Jnificsnt!y dHferent at any iocus {p>0.05) (Table 1 }. 

By arbitra;Hy ranking the frequencies of AH.,. a.nd PGM" as 1ow, medium and hig!1 tor 

these three !Jamp!es, the KGS2 freque;,des for bc,t.h k,ci were intermediate between ttle 

winter spawne;s of the following year (Table 2). it is also apparent that ttw winter 

'91 sampies dmered in sex composition whereas KGS2 had a ·1 :1 ratio ,,r femaies t<'.i 

males. Furthermore, when the winter spawning samples were pooled and tested for 

Hardy We:nberg equilibrium, there was a significant heterozygote deficiencY' at the 

AAT", AH". EST-4" and MP!* loci (P-d).01) (Appendix 7.3.i). PEPB" and PGM", 

although not significant (p>0.05). also showed heterozygcte deficits. Hence, it was not 

possib!e to pool these sampie as winter spawners and they were kept separate for 

subsequent comparisons. 

The summer spawners (KGS4 and 7} weH'i¾ aiso significantiy different at the AH" and 

EST-4* loci (p<0.05) (Tabie 1). Both samples did not fit Hardy Weinberg 

equilibrium expectations at the AH" and PGM" !oci so, mixing of subpopulations 

within KGS appears to be consistent between those summer seasons (Appendix 7.1}. 

The summer spawners were similar to the winter spawners in that there was a 

difference in the dominance of sexes and the AH" locus had low ranking for the common 

allele in the female dominated sample (Table 2) however, PGM" was not significant 

(p>0.05) (Table 1 ). 

As there was heterogeneity within the samples from the winter and summer breeding 

seasons, it was not possible to pool and collectively compare them as winter and 

summer spawners. 

The non-spawners collected in Autumn and Spring of 1990 (KGS1 and 3) were not 

significantly different (p>0.05) except at the EST-4" locus (p<0.05) (Table 1 ). 

Samples cannot be regarded as different subpopulations on the basis of the EST-4/' 

locus alone, as it may not be solely under genetic control (see section 4.1). KGS3 was 

unlikely to be a homogeneous sample and when those samples were pooled, they were 

significantly different from Hardy Weinberg equilibrium expectations (Appendix 

7 .3 .1). 

There was no significant difference between homogeneous samples of spawners and 

non-spawners at any locus except between the KGS6 and KGSi male dominated samples 

at the AA T"' locus. Comparisons between the KGS samples then focused on temporal 

variation and the predominant sex of the sample. 
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As mentioned in the above, the male dominated spawners and ncn-spawners. KGS1 and 

6, iNere not significantly different {p>0.05) except at the AAT" iC>CUS (p<0.05). The 

male domlnatad spawning sample$ co!lected in winter and summer of 1991 from KGS 

(6 and 7) were sl9nificant!y differerit at the PGM* locus (p<0.05) (Tab!o 1 ). KGS 

!emale spawners that were coi!ected !n different seasons and years wen:: not 

significantly different at any iocus (P>0.0:5) bu! KGS4 was considered to be a mix9d 

sample so these sampies could not be poo!ed. These differences 1ndicate that temporal 

variation exists between male dominated sarnpies but nm between female dc:,minated 

samp!es from King George Sound. 

Tabie 2: AH" and PGM" aile!e frequency rankings (high (h), medium (m) and low 
(I)) and sex ratios of grouped samples. *denotes heterogeneous samples. 

The arbitrary frequency levels for AH" are: h=>.580, m==.560-.579 ar.d b<.559 
PGM"' are: h=>.794, m=.771-.793 and l=<.770. 

Allele Frequency Sex Ratio 
~Qli---~ 
winter {spawners} KGS6 

KGS2 
KG.SS 

summer(spwnrs) KGS7* 
KGS4* 

ESP2+6 
ESP4+5 

summer (nonsp) J B 1 
JB2" 

BB1+3 
882 

~ 

.614 (h) 

.574 (m) 

.488 ( !) 

.587 (h) 

.420 (I) 

.596 (h) 

.500 (I) 

.616 (h) 

.516 (I) 

.563 {m} 

.551 (I) 

SITE: Esperance (ESP}, WA 

M.:. .t.,;M,. __ 
.710 ( I) 0.88:1 
.793 (m) "1.00:1 
.796 (h) 4.00:1 

.809 (h} 0.83:1 

.737 (l){ns) 2.1 o:·1 

e 765 (I) 
.845 (h) 

. 753 (I) 

.729 (I) 

.698 (!) 

.8i0 (h) 

1 .40: 1 
4.50:1 

1.69:1 
0.68:1 

3.33:1 
1 .40: 1 

ESP1 a sample of winter spawners (predominantly female) was significantly out of 

Hardy Weinberg equilibrium at the AA T", AH .. and MPI .. loci (P<0.05) (Appendix 

7.1.2). The other 3 loci were close viz: EST-4" (p=0.08), PEPB" (p=0.54) and 

PGM .. (p=0.06). All differences were due to heterozygote deficits. It was therefore a 

heterogeneous sample. ESP3 a sample of juveniles fitted Hardy Weinberg expectations 

at all loci (p>0.05). The other samples from Esperance were generally within 

equilibrium (p>0.05) (see Appendix 7.1.2). Comparisons were then made between 

samples as described in section 3.2. i and between Esperance adults and juveniles 

(Table 3). 

1 2 



Table 3: Levels of significance of contingency chi-square tests between Esperance, WA 
samples. See Table 1 for abbreviations. jvnls==juveniles. 

COMPARISON BREEDING SEASON.YR LOCI 
SIAI!JS ~~I .. ~ti."' E.S.I-~" Mel" EE.PB* e.G.M" 

a)ESP4 v.5 spawners W'91, W'91 .605 .476 .608 .005 .499 .543 
b)ESP4+5 v .1 spawners W'91, W'90 .355 .221 .030 .048 .440 .069 
(no summer spawners) 
c)ESP2 v. 6 non-sp $'90, 8'91 .922 .597 .003 .133 .692 .947 
e)ESP2+6v_, 

4+5 sp, nonsp W'91,S'90'91 .402 .070 .884 .251 .289 .058 

ESP3 v. 4+5 jvnls,sp W'91,W'91 .085 .114 .635 .117 .672 .001 
1;se3 v, 2±6 illDIS,DQDS'2 ~·~a·~1.w·~1 ,Qfi3 .zaa ,QQ~ ,163 .a~fi ,l 3Q 

The Esperance winter spawners collected in the same season and year were not 

significantly different (p>0.05) except at the MPI .. locus. MPI" was not very 

polymorphic (see section 3.1) and is therefore sensitive to the occurrence of rare 

homozygotes. As pooled samples they fitted Hardy Weinberg equilibrium expectations 

(Appendix 7.3.2). These samples were considered as one for subsequent comparisons. 

ESP1 was not pooled with the winter '91 sample as it did not initially fit Hardy 

Weinberg equilibrium expectations. 

The non-spawners collected from Esperance in summer (ESP2 and 6) over two 

consecutive years were not significantly different (p>0.05) except at the EST-4,. 

locus (p<0.05). This locus is not reliable without other significant loci to distinguish 

between subpopulations (see section 4.1 ). When these samples were pooled and tested 

for fit to Hardy Weinberg equilibrium (Appendix 7.3) only AAT" and MPI" deviated 

significantly (p<0.05). The summer non-spawners were pooled for later comparisons 

since AA T" is often out of equilibrium and MPI" due to a low expected value (see 

Appendix 7.1.2). 

The winter and summer adults (spawners and non-spawners respectively) were not 

significantly different at any loci (p>0.05). However, the AH" and PGM* loci were 

close (see Table 3) so they were left as separate groups. 

The winter juvenile sample was significantly different to the winter '91 spawners at 

the PGM* locus (P<0.01 ). PGM .. was a reliable locus so it is unlikely that the winter 

'91 spawners were the source of the winter '91 juveniles. However, the juveniles 

were only significantly different to the Esperance summer non-spawners at the EST-

4,. locus (this locus may change ontogenetically, or with environmental changes) but 

as the other loci did not differ they are not considered to be different. Thus, these 

adults could have been the source of the Esperance juveniles. 
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The AH* arid PGM* ioci in the Esperance samples varied in a similar mannei to tho 

KGS winter samples, part:cu!ariy the predominantly fomale samp1es (Table 2). 

SITE: Bremer Bay (BB), WA 

~iarnp!es 881, BB~~ and BB3 were in Hardy Weinberg tiquilibr!um {p>0.05) except at 

the AA T" !ocus (pd.1.05} where there was a !arge hetemzygote, deficiency (Appendix 

7:i ,3). in view of AA T* consistently being out of equHibrium these sampies were 

considered to be homogeneous. Sample 8B4 was a heterogenous sample as lt was 

significantiy (p<0.05) out of Hardy Weinberg equilibrium 3! AA T*, Al-i" and EST-4 .. , 

again thern were iaige heterozygote deficits. 

Table 4 presents comparisons between Bremer Bay samples foilowing the hierarchy of 

hypotheses described at the beginning of this section. 

Table 4: Levels of significance of contingency chi-square comparisons between Bremer 
Bay, WA sampies. See above for abbreviations, "non-pre" (see Appendix 1) 

COMPARISON BREEDING SEASON, YR LOCI 
_____ ____...SJ .... A.._T'"""U...,S,___ ______ _,_,_AA T.::.-A ... 1:L':... F;.S. T-4 • _ _MPI * ~.E.EEEt PQM" 
b) B81 v. 4 spawners W'90, W'91 
d) B81 v. 3 sp., non-pre W'90, S'90 
~2._.s.p. non._ .. W. s' 9 o. Sp' o 

.891 .057 .001 .505 .613 .185 

.688 .264 .003 .136 .663 . 721 
85 2____.fillL_,_Q.Q.~~ 

The winter spawners collected in consecutive years from Bremer Bay were 

significantly different at the EST-4 .. locus (p<0.01) and were close to significance at 

the AH* locus. Furthermore, 884 was a heterogeneous sample so they were not pooled. 

Bremer Bay winter and summer spawners (BB1 and 8B3) were not significantly 

different at any locus (p>0.05) except EST-4"'. These samples were pooled and fitted 

Hardy Weinberg equilibrium expectations except at AA T .. (p<0.05) (Appendix 7.3.2) 

so were compared to other samples as one. 

The summer and winter spawners compared to the non-spawners collected from 

Bremer Bay were significantly different at the PGM* and EST-4"' loci (p<0.05). 

PGM .. is reiiable and indicates that the non-spawners were from a different 

recruitment source. The more predominantly female samples showed a different trend 

in the high and low rankings of the AH* and PGM .. loci compared to KGS and ESP (Table 

2). 
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There is no evidence to suggest that summer and winter spawners are different 

subpopulations from the results in Table 4, but there is some evidence of different 

subpopulations in the Bremer Bay area between breeding seasons. 

SITE: Torbay (TOR), WA 

The Torbay samples fitted Hardy Weinberg equilibrium expectations with the usual 

exception of AA r. TOR2 and TOR4 samples were out of equilibrium at the PGM· and 

AH* loci respectively, but it is unclear whether they were is due to chance, as other 

loci were in equilibrium (see Appendix 7.1.4). The contingency chi-square results 

testing for temporal variation between Torbay samples are given in Table 5. 

Table 5: Levels of significance of contingency chi-square comparisons for Torbay, WA 
samples. See above for abbreviations. 

COMPARISON BREEDING SEASON, YR LOCI 
6IAI!..!6 ddI* dti." fS.I-1" Me_t• e.fe.EJ.*E~M* 

b)TOR1 v. 4 spawners W'90, W'91 .664 .386 .000 .336 . 751 .163 
d)TOR1 +4 v. 3 spawners W'90'91,S'90 .506 .704 .037 .511 .478 .348 
e)TOR1 +4+3v.2 sp, non W'90,'91, S'90 

Sg'lM2 .,ae ,lZJ .~,~ .aaz .Z~l ,BZ~ 

Winter spawners collected in consecutive years from Torbay were not significantly 

different (p>0.05) except at EST-4* (p<0.05). When these samples were pooled and 

tested for Hardy Weinberg equilibrium only AA T* was significantly out of equilibrium 

(p<0.01) (Appendix 7.3.4). Given the uncertainty of the cause of the EST-4 * 

variation, a lack of differences at any other loci and conformity to Hardy Weinberg 

equilibrium, these samples were pooled as winter spawners for further comparisons. 

Winter spawners and summer spawners were not significantly different (p>0.05) 

except the EST-4 * locus. When pooled they were in Hardy Weinberg equilibrium 

except AAT* (p<0.05) (Appendix 7.3.4), so these samples were pooled as Torbay 

spawners. 

The spawners and non-spawners collected from Torbay were not significantly different 

at any locus (p>0.05) but were kept separate for the spatial analysis. 

SITE: Dunsborough (DUN), WA 

Conformity to Hardy Weinberg equilibrium expectations of the Dunsborough samples 

is given in Appendix 7.1.5. All Dunsborough samples were in Hardy Weinberg 
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E,quiilbrium {p>0.05), with the exceptions of DUN·1, DUN2 and DUN4 at the AA T* 

locus (p<(LOS). Thus, each sample was considered to be homogeneous. 

Table 6: Levels or significance of contingency chi-square tests bi~tween Dunsborough, 
WA sarnples. ? reproductive status: unknown. See above for abbreviations. 

COMPARISON BREEDING SEASON, YR LOCI 
______ _s_TATIJs_ ________ AAJ!' . A Hw ~~ T-4 ~ ..• MPlrr;'EJ'f31'G.M" 
a} DUN2 v. 3 spawners S'90, 8'90 .670 .622 .241 .436 .446 . i 72 
d} DUN2+3v. 1 sp,? S'90, W'90 .752 .869 .267 .484 .41 ·1 .679 
e) DUN2+3+1 sp?,non-pre S'90+ 1N'90, 
__L.._4 ________ s.:fil_, __ __Jl,Q_Q_.,_6.fill __ ....Q1J_~_._aJ~_._QJ 7 

Tab!e 6 presents the tempOiai variation resuits for the Dunsborough samples 

following the hypotheses in section 3.2.1 however, one winter sample collected from 

Dunsborough could not be reproductively 8taged. 

The samples of spawners collected in Summer, 1990 were not significantly different 

at any iocus (p>0.05). Pooled summer spawners were not significantly different to the 

winter '90 sample (p>0.05). These samples were in Hardy Weinberg equilibrium at 

all loci (p>0.05) (except AA Tj when pooled together (Appendix 7.3}.5. 

The pooled summer and winter sample was significantly different (p<0.05) to the 

summer non-spawners at the AA T* and EST-4 .. loci. A similar difference between the 

summer '91 sample from Fremantle also occurred at AA T* locus (see next section) so 

DUN4 was not pooled. 

SITE: Fremantle (FM), WA 

Chi-square results for fit to Hardy Weinberg are given in Appendix 7.1.6 for the 

Fremantle samples. FM1 was significantly out of equilibrium (p<0.05) at AAT". AH* 

and EST-4"' were also close at p=.065 and p=.061, respectively, so this sample may 

not be homogeneous. The other Fremantle samples were considered to be homogeneous 

(see Appendix 7.1.6). 

There was only one sample of spawners coliected from Fremantle, so non-spawners 

were compared first within winter seasons, and then between winter and summer 

before comparing to the spawners (Table 7). 
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Table 7: Levels of significance for contingency chi-square tests betv-;eon Fremantle, 
WA samples. See above for abbreviations. 

CCWPAH!GON SPEEDING ~1EASON, YH LOCI 
______ . ---·--·--·ST..A.I!.!Ji , ____ J1l1J..:.: ___ ,SiL:._E S T-£__...MEJ:.. __ ff PB·' P.J.alti: 
c) FMi v. 3 non--sp W'90, W'91 .353 .618 .840 .475 .090 .i 33 
G) FM2 v. 3 nor.-sp 8'90, W'Si .~Z88 . i 7·t .004 .428 .220 , 180 

There was no significant differer.ea a.t any !ocus between non-spawning samples 

coHected in consecutive winte;s. However, t.he homogeneity of FM·! was in doubt, FM1 

and FM3 were significantly out of Hardy Weinberg equmbrium at AA T", AH .. , EST'-4"' 

and MP!" .loci (p<0.05) (Appendlx 7.3.6} and therefore not pooied. 

The summer and winter non-spawners were not significantly different (p<0.05) 

except at the EST-4" iocus. As esterases are not reliable without other differences, 

these samples are not considered to be significantly different. When pooied, FM2+3 

was in Hardy Weinberg equilibrium (p>0.05) except at the AA T* and MPI" loci 

(p<0.05) due heterozygote deficiencies (Appendix 7.3.6}. As separate samples these 

loci were significant and pooling exacerbated the heterozygote deficit, so it is 

reasonable to pool these as a homogeneous sample. 

The Fremantle non-spawners were significantly different to the Fremantle summer 

spawners at the AA T" and EST-4" loci (p<0.05). A similar difference was found 

within the Dunsborough samples which are geographically close so were left unpeeled. 

SITE: Cheynes Beach (CHB), WA 

The Cheynes Beach sample, the only non-replicated sample from WA, was in Hardy Weinberg 

equilibrium except at the AAT" and AH" ioci (p<0.05) due to heterozygote deficits (Appendix 

7 .1. 7). 

SITE: Boston Bay (BSAL S.A. 

In the only sample from South Australia, AA T" was out of Hardy Weinberg equilibrium 

(p<0.05) due to a heterozygote deficiency. PEPB .. was also out but due to a heterozygote 

excess (p<0.05) (Appendix 7.1.8) probably due to chance. 

SITE: Port Phillip Bay and Lakes Entrance, Vic. 

The first sample collected from Port Phillip Bay was in Hardy Weinberg equilibrium 

except for the AA T"' and PEPB* loci (p<0.05). The second Port Phillip Bay sample was 

also in equilibrium except for AA T" and MPI .. (p<0.05). Both the PEPB" and MPt· 
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differences were due to low expected values despite pooling (see Appendix 7.1.9). They 

are considered to be homogeneous samples. 

The sample from Lakes Entrance was not in Hardy Weinberg equilibrium at the AA T"' 

and PGM"' loci (p<0.05). Both showed deficits with the expected numbers of 

heterozygotes. Despite the exclusion of specimens from the extreme ranges of this 

sample (section 2.2) there were still different size classes and therefore different 

year classes (see Appendix 4.0) so it may not be a homogeneous sample. 

Table 8 gives the results for comparisons between years within Port Phillip Bay and 

then between those samples and the Lakes Entrance sample. 

Table 8: Levels of significance for contingency chi-square comparisons between 
Victorian samples. See above for abbreviations. 

COMPARISON BFEEDING MONTH, YR LOCI 
SIAI!.!S .d.d r· .dti." ES.I-~" M.e.l· PEP{J_*e_G_M" 

c)PPB1 v.2 non-sp F'91, Mar'92 .518 .891 .559 .161 .340 .383 
c)PPB1 +2 v. non-sp F'91, M'92, 

L~i;1 Aug'S2 ,5§Q .~aa ,6§5 ,lQS .S~Q ,SQZ 

The Port Phillip Bay samples were not significantly different at any locus (p>0.05). These 

samples were in Hardy Weinberg equilibrium when pooled except for AAT"' and PEPB" 

(p<0.05)(Appendix 7.3.7) however, PEPB" was significant in PPB1 and the difference was 

exacerbated by pooling. These samples were pooled for subsequent analyses. 

The Port Phillip Bay sample was not significantly different from the Lakes Entrance sample 

at any locus (p>0.05), but they were not pooled as the homogeneity of the latter sample was 

in doubt. 

SITE: Jervis Bay (JB), NSW. 

The JB1 sample was in Hardy Weinberg equilibrium at all loci (p>0.05) except the 

AAT" locus (Appendix 7.1.10). This was regarded then, as a homogeneous sample. JB2 

however, was significantly out of Hardy Weinberg equilibrium at four loci. This 

suggests that the sample may consist of two or more subpopulations (Appendix 

7 .1.1 0). JB2 was exceptional in that two previously unscreened alleles (only one 

occurrence of each) appeared at both the MT" and PGM"' loci. 
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Sarnpies r,;oHecied from non-breeding periods in WA wen:.: excluded in th,e spatiai 

analysis (see section 2.6). The pilchards coi!ected fmm the other Australian states 

were not in spawning condition, but ware iHc!udi3d becausa no others were avaiiabie; 

and it is unlike!y that they would interbreed wl!h fish from WA. Only samples that 

fitted Hardy Weinberg equmbrium expectations were included and it was assumed that 

those groupings are retained during spawning. Table 1 0 summarises the samples used 

and g:ves the re•1ised codes of the pooled samples. 

Between Urn Dunsborough and Fremant!e samples significant temporal variation was 

found between spawners and non-spawr.ers (Tab!es 6 and 7). Table 1i presents the 

results of comparisons between those samples. The Dunsbcrough and Fremantle 

spawners werf,;,, not significantly different (p>0.05) at any locus and were in Hardy 

Weinberg equiiibrium (p>0.05) (see Appendix 7.4.i). The non-spawners {D4 and 

FM23) were also not significantly different (p>0.05) (except at EST--4 ") but were 

not in Haidy Weinberg equilibrium (Appendix 7.4). The spawners and non--spawners 

were significantly different at the AA r· locus (p<0.001) (and EST-41 and were 

therefore kept as separate samples. Both groups contained winter and summer samples 

and were predominantly female. 

Table 11: Levels of significance for contingency-chi square comparisons between 
Dunsborough and Fremantle spawners and nonspawners. 

QQMPAB,SQ~ 6 EEOI~~ s~ru~ 
D123 v. FM4 spawners .755 .465 .180 .594 
D4 v. FM23 non-spawners .926 .720 .000 .408 
D123F4 v. D4F23 sp v. non .000 .63 i .000 .582 
~......Q.UN FR (;Dgnsp) 

As there were different subpopulations collected from the Albany region within a six 

week period, it was not possible to follow the strategy of Shaklee et al. (1990b) and 

systematical!y compare samples of closest geographic proximity to elucidate 

subpopulation boundaries. Ali WA spawning samples, the Esperance summer adu!t 

sample, and samples from South Australia, Victoria and New South Wales were 

compared in a UPGMA cluster analysis using Rogers (1972) genetic similarity 

coefficient. Those results for all loci are presented with goodness of fit statistics in 

Figure 4. The cluster analysis was also run without the EST-4* data for comparison 
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(,c\ppandix 9,0). The general grouping of sarnples was slmi!ar, the only differencEi was 

in the posltloning of the Bremer Bay and Sout:·i African sampim:. 

()bv!ous grcupings such as Dunsborough ancj F'rernantie v,ith ·~rc-rbay and KGS5! Cheynos 

Beach with Bremer Bay and South Australia with Victoria are apparent {Fi~JLir-.1 4). 

One anomaly was apparent !n tl:s grouping between KGS6 .:-:nd JB'1 which are 

geographically distant The pairs of samples from tho:;e main groupings (except KGS6 

and j8) were then compared. No significant differences were found between those pairs 

at any IOGUS (p>0.05) (Table 12A). 

The Dunsborough, rremantle and Torbay (DFT) group conformed to Hardy Welnberg 

equilibrium expectations when poo:ed {see Appendix 7.4.3). The Bremer Bay (SB) and 

Cheynes Beach (CHB) samples were not homogeneous at ail loci. The alternative 

grouping of Cheynes Beach and Esperance (Appendix 9.0) were close to significance at 

the PGM .. !ocus, sc.i 88 and CHB were kept together for subsequent comparisons. The 

South Australian and Victorian samples were signlficantiy out of Hardy Weinberg so 

were not pooled for subsequent comparisons (Appendix 7.4.3). 

TABLE 12A: Levels of significance of contingency chi-square comparisons and 
subpopuiation groupings between: i) closest cluster analysis groupings; and then 
between ii) Dunsborough, Fremantle and Torbay (western group) and other WA south 
coast samples. 
12 B: Levels of significance of contingency chi-square comparisons between: 
i) South Australia and other WA south coast sites: and 

ii) Victoria and New South Wales. 

A 
DUNFRE v. TOR (DFT) .270 .554 .236 .265 .492 ,489 western 
CHB1 v. B813 (CHBB) .185 .1 71 .092 .895 ,788 .840 s-western 
S.AUST v. PPB .589 .955 .059 .847 .817 .708 s-eastem 

OFT v. CHBB .058 .202 .000 .607 .781 3 
OFT v. KGSS .287 .499 .009 .503 .940 .524 western 
DFT v, KGS6 .001 .. 013 .703 ,739 .836 .056 
CHBB v. KGS5 .716 .095 .971 .926 .684 .013 
CHBB v. KGS6 , 120 .230 .005 . 791 .474 .697 s-westem 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -=-==-~--
B 
S.Aust v. CHBB .391 .315 .000 .991 .665 .092 
S.Aust v. ESPwin .746 .705 ,027 .357 .234 8 
S.Aust v, ESPsum .188 . i 22 .021 .859 .824 .907 sth-central 

JB v. PPB .026 .025 .337 .251 .481 .866 eastern 
and 
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Figure 4: Dendrogram of genetic interrelationships of the Australian pilchard (S. s. neopilchardus) and a sample of S. oce!!ata from South Africa, 
based on the analysis of 6 polymorphic loci using Rogers '(1972) genetic similarity coefficient, as calculated using the UPGMA method, by 
BIOSYS-1. Site and sample codes are given.in Table 10. 
Goodness of fit statistics: Farris (1972) 'T' =.923; Cophenetic correlation =.652; Prager and Wilson (1976) "F" = 1.258; 
Percent standard deviation (Fitch and Margoliash, 1967) = 1. 789 



The second part of Table i2A shows that there are two rnain subpopuiations in WA 
wh:ch overlap in the vicinity of Albany. The cmnbined Dunsborcugh, Fremantle and 

Torbay samples were not significantly different to KGS5 so they wern grouped toget11er 

as the "western~ subpopuiation. However, th,:1 two groups were significantly different 

at EST-4", so maybe they breed together but do not f.:HJd together (see section 4.1). 

The KGS6 samp!e was significantly different to the DFf sampie and KGS5 (see Table 

1 ) , but was not significant!y different to the cc,mbined Cheynes Beach and Bremer Bay 

so they were grouped together as the south-western subpopu!ation. 

The Esperance juveniles were not grouped with any partlcu!ar sampies (Figure 4) but 

were ciosest to the KGS6 sample. The Esperance juveniles vvers significantly different 

to the western subpopulation {p<0.05), io the mld south--westem subpopu!ation, and 

not significantly different to the South Austraiian sample (p>0.05} (but PGM·· was 

close) (see Appendix iO.0). The most likely source of the Esperance juveniles seems 

to be the Esperance summer nor.-spawners (see Table 2). 

The South Australian sample from Boston Bay, was grouped closely with Victorian 

samples but, as it was not significantly different to the CHBB group nor, the Esperance 

adult sampies (p>0.05) (although it was almost significant to the Esperance winter 

sample at the PGM .. locus, Table 12b), it may also be considered as part of the south­

western group. 

Jervis Bay and Port Phillip Bay were significantly different at AA T* and AH* 

(p<0.05) (Table 12b) suggesting subdivision between the east coast, that is, there ls 

an eastern and south-eastern subpopulation. However, when JB2 was included there 

were no significant differences, and the Lakes Entrance sample was heterogeneous 

thus, mixing occurs between these subpopulations on the south east coast of Australia. 

There were no fixed differences between the South African pilchards and any of the 

Australian pilchards (Figure 4). However, there were differences in allele 

frequencies between the two groups. South Africa was more clearly separated when the 

EST-4"" data was excluded (Appendix 9.0). 
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4.0 DISCUSSION 

This study supports the findings of Blackburn (1951) and Syahailatua (1992) that 

Australian pilchards do not comprise one large interbreeding population. On a local scale 

there was significant temporal variation, such as that found within King George Sound 

(KGS). The following discussion first addresses the problems with the EST-4 .. and AAT"' 

loci and then, the temporal and spatial variation results. 

4.1 Locus Specific Variation 

There was significant temporal variation at the EST-4"' locus within WA sites but not 

between samples from the eastern states. Esterase variation was not considered to be 

sufficiently- reliabte to discern subpopulations without other variable loci, in view of the 

following. It may indicate for example, feeding groups rather than breeding groups. 

Berrebi et al. (1990) state that "fish esterases are among the most difficult enzymes to 

identify using starch gel electrophoresis because of the many loci that are simultaneously 

active, the duplication phenomena, satellite bands and stain traits". Esterases act on 

externally derived substrates (Smith 1979) and the frequencies have been shown to 

fluctuate through time (Seeb et al. 1990), vary according to diet (Guerin and 

Kerambrun 1982 and Kerambrun and Guerin 1983), be affected by thermal shock 

(Kerambrun and Guerin 1981 }, vary between marine and estuarine populations in 

relation to salinity fluctuations and food availability {Sin and Jones 1983) and are 

reportedly influenced by environmental and ontogenetic factors (Utter et al. 1974, 

Allendorf and Utter 1979 both cited in Andersson et al. 1981 ). 

Smith {1979) found that year classes of the New Zealand snapper, Chryophrys auratus, 

spawned in warm years differ in esterase frequencies to those spawned in cold years. He 

proposed that there is differential mortality of larval genotypes between warm and cold 

years. The selective agent may not be temperature but an associated physical parameter 

or a biological variable such as the food type available (Smith 1979). 

The TOR1 and TOR4 samples of this study for example, were collected in the same area 

and season but in different years (Appendix 1 ). Those samples were significantly 

different at the EST-4 .. locus. That may indicate that those samples were from different 

schools that fed in different areas, and/or were born in different years. WA fishermen 

previously used pollard to attract pilchards to the surface, particularly around Bremer 

Bay, and to a lesser extent, Albany (Fletcher pers. comm.). The specimens from many of 

those samples had severely distended guts which had disrupted other internal organs. We 

did not note the presence of pollard in the earliest samples and thus, could not check if its 
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presence was related to the EST-4 .. frequencies. Future work could include an 

investigation of the relationship between gut contents and esterase allele frequencies. 

Most samples had a large heterozygote deficit at the AA T"' locus. Grant (1985) also 

examined a polymorphic AA T* locus in the southern African pilchard, S. ocellata. We 

could not determine if it was the same locus and Grant made no specific reference about 

his AA T" locus and degree of fit to Hardy Weinberg equilibrium. Richardson et al. 

(1986) have ·outlined a number of reasons for locus specific phenomena, such as 

misscoring, strong selection, the presence of null alleles and assortive mating (more 

than one process may operate simultaneously). 

Many samples varied in the ratio of females to males but the loci screened were not sex 

linked and tempo~al variation within KGS was not related to the predominance of sex in a 

sample. Thus initially, we considered misscoring to be the most likely cause for that 

heterozygote deficit due to the difficulty experienced scoring this locus as a result of 

rapid overstaining. However, this stain was usually scored twice (see section 3.1) and 

each was rechecked with negatives taken of the zymogram before overstaining occurred. 

The temporal variation results also suggest that the misscoring may not have been the 

most likely cause. For example, the Esperance juvenile sample which was likely to be the 

most unmixed sample in the study, conformed to Hardy Weinberg equilibrium 

expectations at the AA T .. locus. Furthermore, significant differences between AA T* loci 

only occurred between the lower west coast spawners and non-spawners; and between the 

KGS male dominated spawners and non-spawners. 

Smith (1979) explained that a large sample containing a number of year classes could 

show an excess of homozygotes, mimicking population mixing if there have been different 

selective values between successive year classes. He noted that this would be particularly 

evident in short-lived species, where samples would be made up of only a few dominant 

year classes. Pilchard samples in this study were comprised of dominant year classes 

which could not be separated due to sample size/statistical constraints (see Appendix 

4.0). Thus, any future genetic work on S. s. neopilchardus should investigate AA T* 

variation to determine the process responsible for the large heterozygote deficits before 

making any firm conclusions based on differences at that locus. 

4.2 Temporal Variation within Sites 

Many samples did not conform to Hardy Weinberg equilibrium. According to Richardson 

et al. (1986) varying levels of heterogeneity at different loci and in different samples, 

as we found, suggest that widely distributed subpopulations were involved. Most WA sites 

exhibited temporal variation between homogeneous samples. That variation, and the 
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occurrence of trnterogeneous sarnp!e;:;, indicated that pilchard subpopulatlons mix during 

!~ieir !if1:} :;ycle (that is, a Wahlund effect). 

r<omfield et a!. (i 982) also found intra-iccaHty variation wlthln Atlantic horr!ng 

pc,puiations. Much of the tempo;al variation between their fa!! spawners occurred at the 

Alf"" and PGM* iocl as we found ln the Australian pilchard. Grnnt (i 985} deh:tctad two 

polymorphic PGM· loci be 1Ne detected or.!y one, Granrs PGM-2" locus appeared to be 

s!mi!ar to our PGAtf"" locus but he had six allelic variants {we had four and one lnstance of 

a fifth aileie in the JB2 sample}. Our sample of S., oce!Jata was comparable to S. s. 

neopilchaidus. Kornfield et ai. (1981) have demonstrated the simple Mendelian 

inheritance of the PGM"' iocus {and others) via breeding experiments. 

The difference between the KGS winter '91 samples and the intermediacy of the t<GS April 

'90 sample indicated that there are different subpopulatlons that frequent King George 

Sound. The heterogeneous samples indicate that mixing occurs in the Albany region. 

Fletcher et al. (1992) have surmised that increased winter catches at Albany are due to 

an intense aggregation of a relativeiy smai! stock off that region, a theory also supported 

by historical data. However, it may be an aggregation of subpopulations which do not 

spawn together. There is a. lack of information about the actual extent and duration of 

mixing during the life cycle that occurs between adult pilchards. Tagging data would 

provide useful information to resolve those questions. 

The Esperance winter spawners were different to the summer non-spawners and the 

juveniles but the latter two samples were not different. It seems then, that Esperance is 

inhabited by at least two different subpopulations, ln different seasons. However, it was 

not apparent when and where the summer adults spawned. There were also signs of 

subpopulation mixing in the Esperance region. 

There was no evidence to suggest that the summer and winter spawners collected from 

Bremer Bay were different subpopulations, but there was variation between the · 

spawners and non-spawners collected In different seasons around Bremer Bay. It appears 

that Bremer Bay ls a site where different subpopulation(s) feed during non-breeding 

seasons. 

Torbay appeared to be a relatively stable site as there was no temporal variation found 

between any samples from there. 

There was significant variation between combined Dunsborough and Fremantle spawners 

and non-spawners but that variation was only at the AA T* locus which may not be 

reliable without other variable loci. 
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On the east coast of AustraHa, no te~porn! variatlon was found among the Victorian 

samples but, tt1em was between the Jervis Bay samp!es. However, we did net sample 

Intensively in either of thesi:J areas. 

The temporal variation between KGS winter spawners and the heterogeneity of th& 

summer spawners precluded comparisons bet111i·een spawners nf thosEi seasons. However, 

no ~widence of discrete winter and r;umrm:r spawning subpopu!ations within Bremer Bay 

and Torbay was found on the mid-south coast of WA. Kornfield et af. {i 982) found 

significant variation between wi;1ier and summe;- spawi1ers in Hie Atlantic herring at 

similar loci to this study. However, Ryman et a!. (1984) recalculated 'lhose data and 

ciaimed that oniy .2% of the total gene diversity was expiained b~· differences between 

spring and fali spawners. Furthermore, it has been found that herring may· shift the time 

of spawning in response to environmental changes (Anokhina 1971, cited in Ryman et al. 

i 984), 

Parrish et al. (1989) claim that sardines make extensive migrations and have extremely 

large populations and thus, concluded that we do not see sympatric or parapatric species 

of sardines which can be interpreted to have arisen in situ. This is not the case with the 

Australian pilchard where an individual's range is considered to be hundreds m.:it 

thousands of miles (Blackburn 1951 and Fletcher and Tregonning in press, cited in 

Fletcher et al. 1992) the pilchard stock off Albany for example, is not large (Fletcher 

1992) and we have found evidence of sympatry within KGS. 

U_ Si;2a11a1 Variation 

The spatial variation results indicated that there are contiguous subpopulations around 

the Australian coast which sometimes overlap and can be grouped into five genera! 

geographic "stocks" (see Figure 5). Blackburn (1951) discerned three groups of 

pilchards in Australian waters (see section 1 ). The delineation of those eastern, south­

eastern and south-western "stocks" was based on growth rates (high, low and 

intermediate respectively), number of vertebrae and abundance. Blackburn claimed that 

the boundary zone between the eastern stocks is near the New South Waies-Victoria 

border and is maintained by different breeding times. This study supports that claim as 

the second Jervis Bay (JB2) sample appeared to be under the Wahlund effect (ie. a 

mixture of two or more subpopulations). Furthermore, there was significant variation 

between the homogeneous Jervis Bay and Port PhiiHp Bay (PPB) samples, but not when 

the mixed JB2 sample was included. The Port Phillip Bay and Lakes Entrance samples 

were not significantly different, but tile latter was heterogenous encompassing several 

size classes. As we know that there is genetic and morphologic variation between the JB 
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a:1d Victorian samples. we also refer to them as the eastern and south-eastern stocks; 

respectively (see Figure 5). 

Blackbum (195·,) aiso contended that them ·,vern at least two groups within the tmstem 
:,tc>ck which meet between Port Jackson and Jervis Bay. Syahailatua's {1992} study aiso 

suggested two eastem m,.>rphoiogic groups. The second Jervis Bay sarnp!e was 

heterogeneous also suggesr!ng the existence oi' two or more sub;xipulations, but we could 

no confirm that due to the urm':lliabHit:1 of the Wooii samp:e. Any future study should 

examine samp!es from Wooli and Eden to clarify the degree of genetic subdiv!slon on the 

east coast 

Blackbum {1951) was unceitain whettle; his South Australian (St,) sampies belonged to 

the south-eastern stock andior r1is south--westem stock. The ailozyme results indicated 

that the SA sample in this study was not significantly different to either adjacent samples 

(viz: PPB and Esperance) but, it was almost significantly different to the Esperance 

winter spawners and it vvas heterogeneous when pooled with the PPB samples. However, 

Figure 4 indicated that it is closer to the south-eastern than the south-western samples. 

As it is not a genetically distinct subpopulation and the Flinders current runs west 

between Victoria and South Australia (Syahaiiatua 1992) which may· allow some south­

eastem individuals to spawn in SA but it is geographically distant, we refer to it as the 

south-central "stock". 

The subpopulations discerned in this study also generally conformed with the six 

morphologically distinct groups described by Syahailatua (1992} and presented in 

Figure 6. Because Rogers' (1972) distance (and similarity) is equivalent in principle to 

Mahaianobis' distance tor morphological characters (which Syahailatua used), the 

relative distance between population units calculated from the morphometric and allelic 

data are comparable (Richardson et al. i 986) (but in this case, there are scale 

differences on the axes}. 

Syahailatua (1992) showed that pilchards of the west and south coasts of WA were 

morphoiogically different; and all the WA south coast samples belonged to one 

morphologic group. However, we found overlap between samples from the west 

(Dunsborough and Fremantle), and south-west coasts (Torbay and KGSS), (ie. the 

western subpopulation). 

In the discriminant anaiysis of the morphometric and meristic variables, the most 

misclassified individuals were between the lower-west coast and the south coast of WA 

(Syahailatua, 1992 pg: 24). That percentage of individuals moving between the lower 

west coast and the south west coast (around to the Walpole area, say) would be enough in 
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genetic terms to render them gene!icaHy indistin(;t We also d!scerned a geneticai!y 

dist1nct group on the mid south-west coast (the south-western subpopulaticm) around 

Bremer Bay and Cheynes Beach. Evidence ot mixing c1f both subpopulat!ons within the 

Aibany region was found .. Morp!1ometric and meristic data typica!iy exhibit broad overlap 

between stocks and are s.:msitive to environmental conditions {Smouse et al. 1990 and 

reft:rences therein), That is, the morphometr1c study discerned two distinct 

morphoiogicai groups within WA wa1ers, and the a!!ozyme study which was based on a 

nv.m; inte:isive sampling program, has shown that those morphologic groups may also be 

genetically distinct subpopulations but are not confined to specific coasts, or even 

specific sfles through time. 

!n contras! to this study, Ryman et al. (i S84) reported many morpht)logical!y dlstlnct 

stocks of eastem· Ai!antic hsrr!ng but little genetic variation. That resource has been 

exploited for hundreds of years (Suthers pers. comm.). The western Atiantic herring 

have more genetic variation and have been exploited since 1961 before a crash in 1977 

(Stephenson and Kornfield i 990). Hedgecock et al. (1989) did not find signficiant 

variation between Gulf of California and Pacific sardines (S. sagax caeurlea) and 

concluded that it was unlikely that the collapse of that fishery caused a severe enough 

bottleneck to have resulted In reduced variation. However, variation may not have been 

detected because that study was based on very small sample sizes, no assessment was 

made of reproductive status of specimens, and samples were not replicated. Furthermore, 

samples were not collected simultaneously so there is no guarantee that they ha.d not 

sampled from the same school of fish. The Australian pilchard has been exploited more 

recently, and there has been no reported population crashes. Thus, heavy exploitation, to 

the extent of a population crash, may result in a loss of genetic diversity. U would 

therefore be of considerable value to examine ihe correlation between the degree of 

exploitation and the amount of genetic variation in the Clupeidae. 

The subpopulations east of WA appear to be kept independent by different spawning 

seasons (see section i ). Blackburn (1951) thought that pilchards on the east coast could 

spawn twice but found no evidence of them doing so. However, there appears to be a more 

complex mechanism maintaining the population structure on the south coast of WA where 

there are two breeding seasons. The next section suggests a possible mechanism. 

Nutrient levels in WA coastal waters are largely dependent on terrestrial inputs because 

upwe!ling ls not a feature of the Leeuwin Current (Lenanton et al. 1991 ). Most WA 

rainfall occurs in winter so there is likely to be greater food availability in that season. 

The Leeuwin Current peaks in winter and is weak ln summer (Morgan and Wells 1991 ). 

Catches are traditiona!ly poor in WA during the summer season (Fletcher et al. i 992). 

Unlike the other WA south coast sites, only winter spawners were collected from 
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Esparance, so it is possible that spawning inc!dence is dependent on salinity and 

temperature cues andior food availabmty associated with th1.: intensity of the Leeuwin 

Current. 

KGS and Brnmer Bay (and to a lesser extent Wa!po!e) are areas where adult densities are 

hlgh and c-.:ir.centrations of eggs t1ave been found in t.he month ,;>f July which is the main 

WA south coast spawning period (Fletch~r ,st al. 1992}. Ow sampies were collected about 

one rnonth prior to that (and v,1ere probably stiii ''pre-spawners'') so, it is possibie that 

pilchards aggregate in KGS before some m!{Jrate to a different spawning area. For 

example, the KGS April spawners were grouped with the western subpopulation and there 

is only one known spawning site between the west coast and KGS, at Walpole (see Figure 

2) (F!etc!1er et al. i 992). It is possible then, that the April ''spawners" (KGSS) were en 

route to spawn at'Wa!po!e. 

The KGSS winter spawners were grouped with the south-western subpopuiation so some 

Albany pilchards are not isolated trorn Bremer Bay. That subpopuiation couid be the 

resident subpopulation of KGS. Fletcher et al. (i 992) contend that there is no chance that 

pilchards between Albany and Bremer Bay are reproductively isoiated (but the adults 

may still act independently) because a lack of iarvae in the Albany region in July of 

i 989 and 1990 was attributed to an easterly movement of larvae along the shelf. 

However, if the Albany eggs are moving across as a cohesive group, then it ls possibie 

that the Bremer Bay larvae have also moved away from the initial spawning site and been 

replaced by larvae from Albany. 

The eggs and larvae to the east of KGS (toward BB) may be outside the influence of the 

Leeuwin Current because it flows at about 3 knots on the shelf and at about one knot up in 

the Bremer Bay area (Fletcher et al. 1992). Thus those larvae may be retained within 

that region outside the Leeuwin Current influence and deve!op as inshore juveniles 

whereas, the eggs spawned in the Walpole area may become entrained in the Leeuwin 

Current and be transported across towards Esperance. 

The Esperance adult samples which were almost significantly different (Table 3) were 

both grouped between the western and south-western subpopulations in the cluster 

analysis. The Esperance summer adults were not different the South Australian sample 

were grouped in geographic terms as the south-central "stock". The winter adults 

however, appear to be part of the south-western subpopulation. The distribution of eggs 

and larvae and therefore the amount of mixing, between Bremer Bay and Esperance is 

unknown (Fletcher et al. 1992). 
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How then, can pilchards coliected from the same sito be reproductively isolated? Ttte 

west Atiantic herring have such predictable spawning arnas that homing by the spawning 

popuiatkm has been inferred (Stephenson and Komf!eid 1990, Iles and SinGlair ·1982 

and references themin). Fletc!"!er et al. (1992) noted that th£: areas where major 

estuarl~;s flow into the ocean on the south WA coast viz: Waipoie, Alban;/ and Bremer Bav 
{see Figure 2) are the sites of winter spawning centres. Instances of sardine and anct:ovy 
spawning activities concentrated ln European waters. enriched by estuarine outflow have 

also been rioted (Fletcher et af. 1982 and references therein). 

The fidelity to particular spawning areas by S. s. neopilchardus ls unknown but the 

temporal and spatial resuits do not dispute that horning to estuaries could occur. Homing 

to enriched waters in iow productivity areas, such as south western Australia, would 

help ensure that eggs and laivae can develop in areas with an adequate food supply. it has 

also been postulated that the sardines off the Pacific Northwest and southern California 

were distinct, either geneticaHy or due to a strong tendency for fish to favour areas in 

which they were born (Radovich 1962, 1981 cited in Parrish et a!. 1989). However, 

there am conflicting opinions regarding the existence of different subpopulations in the 

Californian Currnnt (Parrish et a!. 1989 and references therein). if homing does occur 

in S. s. neopilchardus, and femaies are more successful than males, that may explain the 

excess of females in some homogeneous samples. The homing hypothesis and 

environmental suitability for biannual spawning warrants further investigation. 

Data suggesting that tidally or other geographically stable retention mechanisms are 

associated with the spawning area of each particuiar Atlantic herring stock and that the 

number of such retention areas determines the number of genetically distinct herring 

stocks were presented by lies and Sinclair (1982). It Is not known whether such 

mechanisms can, or do, exist on the south coast of WA. However, the homogeneous sample 

of Esperance juveniles (approx. one year old, Fletcher pers. comm.) indicate that larvae 

retain cohesive groups for at least a year, Additional samples of juveniles collectep 
simultaneously from different sites of WA would be useful to clarify: i} if different 

subpopulations of juveniles exist in association with particular estuaries and ii) the 

cohesiveness of any such subpopulations. 

Parrish et al. (1989) summarised the stock structure of sardines (pilchards) from the 

major current systems. For example, in the Bengue!a Current, significant al!ozyme 

variation was not detected between two supposed stocks which had been generally accepted 

on the basis of tagging, spawning location and landing data. However, the samples in the 

allozyme study (Grant i 985) were not replicated from the same sites; there were 
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significant deviaUons from Hardy Weinberg equmbrium, but n,o data for those tests were 

presented; and samples were not collected at the same iim~, su it is possible that 

geographic comparisons were rnade between mixed sampk:s such that subpopuiations 

cou!d not be discerned. 

Parrish e-t al. {1989) etJ.nch.R:ied that Sardinot;s is a n1onoty~)ic genus and proposed tha1 

Sardinops ocefla.ta and S. s. neopilchardus, among ethers, bec.cme synonyms of Sardinops 

sagax (Jenyns). The iack of fixed differences between the south African S. ocella.t2 

samp:e and S. s. neopilchardus suggests that they are not a different species but separate 

subpopuiatlons, despite t1bvious morphological differences. However, a !ack of 

electrophoretic differer.ces does not necessariiy mean that two groups are the same 

species. Fixed differences at approximately 20% of !oci is indicative of different species 

{Richardson er al. i 986). 

Our esterase zymogram for S. ocellata was different to the one described by Thompson and 

Mostert (i974} but not different to our S. s. neopilchardus EST-4" zymograms. 

Thompson and Mostert (1974) and Le Cius (1978) found an excess of esterase 

homozygotes in S. ocellata but we found a perfect fit to Hardy Weinberg expectations. 

Thompson and Mosiert (1974) and La Cius (1974) found significant differences in 

esterase frequencies of the southern African pilchard, S. ocellata, among three sites, but 

Grant (1985) suggested that as there were large departures from Hardy Weinberg 

equilibrium the1r esterase variation may not have had a simple genetic basis. 

When the cluster analysis was run without the EST-4 .. data, the Souih African sample 

was better separated. If the EST-4 .. frequencies were directly influenced by 

environmental conditions, a priori we could expect the South African pilchards to be 

further separated with the inclusion of the of the EST-4"' data due to inter-continental 

environmental variability. 

5.0 CONCLUSION and MANAGEMENT IMPLICATIONS 

This study has indicated that a series of contiguous quasi-!ndependent pilchard 

subpopulations, (quasi, because mixing occurs at some stages) inhabit Australian waters. 

They are temporally unstable and it is unclear how much mixing occurs during their life 

cy·cle. The intensity of the Leeuwin Current in a given year may also influence where WA 

subpopulations are found in particular years. 

Blackburn (1951) explained that years of relative abundance or scarcity wili not 

necessarily be the same in all stocks, or even in adjacent stocks. Furthermore, smail 

iocal stocks may be depleted by large-scale mobile fishing efforts (lies and Sinclair 
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1982) and so, a is important tc take thti subpopu!atlon struc:ture !nto management 

considerntions. 

!t is d!fflcu!t to effectively reguiate individuai ~;ubpopu!ations (now referred to in a 

managernent context, as stock:,) in a mixed-stock f:shary, pa;tlcuiariy when the degree 

of rrdx1ng !s unknown at ali fife r,istory stages. Such difficu1tiss have teen experient;ed in 

the North Sea tor example, and consequently, b!o!ogicai stock questions have tended to bE-, 

neglected and viewed as being larget,1 arrnlevant to the nature of the practical 

management unit (l!es and Sinclair 1982). It is often diff!cu!t to restrict catches from 

endangered or depleted stocks without ilmitlng U1e entire fishery (Waples et al. 1990). 

!les and Sinclair (i 982) suggest ttlat in an mixed-stock complex, total effort must be 

restricted to a ievei much iower than wou!d be appropriate for the individualiy assessed 

stocks or aitematively, severely limit the fishery to the non mixed spawning areas. The 

second option is not viable for the Australian piichard because spawning aroas also have 

mixed stocks at different times of the year. 

The Genetic Stock Identification (GSI) procedure based on maximum likelihood 

estimation (MLE) has been used in the analysis of mixed stock fisheries such as Pacific 

salmon (Waples i 990, Waples et al. 1990 and Shaklee et al. i 990c and references 

therein). With adequate mixture and baseline samples, composition estimates for each 

stock can provide reliable information about tile relative contribution of different 

stocks (Waples et al. 1990 and Shaklee et al. 1990c). However, estimates cannot be 

made for individual stocks that are too similar. GSI analyses have provided a more 

precise and comprehensive overview of stock structuring than by conventional tagging 

techniques (Waples et al. 1990). However, this has only been appiied to fisheries 

where there is considerable archives of e!ectrophoretic data which currently do not 

exist for the Australian pilchard. 
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APPENDICES 

l\P-E.ENQJX..1~ CoUecUon data for pHchards. 

Key: ?= indeterminab:e; M=-- rnaie; F"" fEJmaie; "ncn-spawning",,,., gonad maturity stages 
·: -3; "pre spawningH= stage 4; "spawning":::: stages 5--7 {see Appendix 1.2); 
"mixed"=savera! individuals of spawning and non spawning status (assessment made by 
eye). +"" samples collected in the same month which were lumped for statistical 
analyses. 

COLLECT!CM SITE DATE #!ND!V!D. SEX RAT!O Sl?E RJ\l\itiE B=EED~\lG 
~..k2.-.. ____________ .£_;,M__JJ,.QLmm.L __ ~LID§ ____ _ 
Port Phiiiip Bay 21/02/91 100 55:44 ·!34.3-169.7 non spawning 
(PPB!} ?=1 

Port Philfip Bay 2 5 / O 3 / 9 2 9 4 46:46 111-154 
(PPB2} ?=2 

Lakes Entrance 2 7 / O 8 / 9 1 1 6 1 62:88 80.1-190.3 
(LKE1} ?,,<1·1 

COLLECTION SITE DATE #INDIVID. SEX RATIO SIZE RANGE 
""'s .... a=m..,,.p,.,,le~co,.,_d=e.._ ___________ _.F...,:M...._ ___ 1LCE mm) 
Wooli 18/05/90 124 11L5-143.6 

(not included in analyses) 

Jervis Bay 
(J 81 ) 

Jervis Bay 
(JB2} 

Iable . a· 

COUECTION S!TE 
Sampll2 _code 
Boston Bay 
(BSA i) 

24/02/91 100 

03/03/92 96 

DATE #INDIVID. 

26/04/92 96 

Table A: Col ecroo data..._or. Sout Africa 

COLLECTION SITE 
Sample code 
South Africa 
(SAF1) 

DATE #INDIVID. 

??/01/91 32 

59:35 
?:6 

38:56 

SEX RATIO 
F;M 

40:54 
?=2 

SEX RATIO 
F:M 

?? 

120.6-150.2 

122-158 

SIZE RANGE 
fLCEmm) 

128-174 

SIZE RANGE 
(LCE mm) 

?? 

non spawning 

non spawning 

BREEDING 
STATUS 

? 

non spawning 

non spawning 

BREEDING 
STATUS 

non-prespawn 

BREEDING 
STATUS 

?? 



Tab~ 1.s: Collection Data tor Western Australia 

COLLECTION SITE DATE #INDIVID. SEXRAT!O SIZE RANGE BREEDING 
Sacm::il~ ~Qdf E·M (LQE rnml SIAI!..!S 
Two People Bay 29/03/90 64 17:44 148.7-168.2 non spawning 

some spent 
Two People Bay 05/05/90 56 29:27 146.7-179.9 spawning 

(both samples excluded from analysis, tissue was unreliable) 
- - - - - = - - - - - - - ~ - ~ - - - - - ~ - - - - - - - -

Bremer Bay + 28/04/90 26 23:3 144.3-194 spawning 
Bremer Bay (B81) 29/04/90 24 21 :3 145.8-167.9 spawning 

Bremer Bay + 26/09/90 24 14: 1 0 142-168.9 non spawning 
Bremer 8ay(BB2) 27/09/90 27 14: 1 0 151-171.2 non spawning 

Bremer Bay + 15/12/90 24 18:6 153-180 non-to-pre 
Bremer Bay + 07/12/90 26 23:3 157-171 non-to-pre 
Bremer Bay(BB3) 08/01/91 30 15:i 5 155-186 non spawning 

Bremer Bay + 01/05/91 60 41 :1 9 149-181 mixed 
Bremer Bay(BB4) 08/06/91 65 50:17 146-172 mixed 

Bremer Bay 19/12/91 72 51 :21 141-183 non spawning 
(Not analysed, denaturation of several enzymes had occurred.) 

- - - - - - - - - - - - - - = - - - - - - ~ - - - - - - - -

Dunsborough 00/05/90 23 7:16 112.8-154.5 ? 
(DUN1) 
Dunsb. (DUN2) 22/11/90 84 45:39 130-175 spawning 
Dunsb.+ 20/12/90 46 33:13 139-193 spawning 
Dunsb.(DUN3) 17/12/90 46 27:19 140-185 spawning 

Dunsb. + 16/12/91 59 55:3 140-166 non-to-pre 
Dunsb. (DUN4) 06/12/91 68 43:24 137-171 non spawning 

?,::1 
- - - - - - - = - - - - - = - - - - - - - - - - - - - - - -

Esperance (ESP1) 1 0/05/90 63 43:20 145.9-180 spawning 

Esperance + 14/11/90 1 4 6:8 156-170 non spawning 
Esperance (ESP2) 01/11/90 45 14:26 138-168 non spawning 

Esperance (ESP3) 10/05/91 22 too small 67 .2-92 .2 juveniles 
Esperance (ESP4) 03/04/91 26 24:2 156-172 spawning 
Esperance + 03/06/91 2 1 i 8:3 161-190 spawning 
Esperance (ESPS) 05/06/91 25 17:8 156-180 mixed 

Esperance + 16/01/92 44 38:6 128-163 non spawning 
Esperance (ESP6) 19/01/92 32 i 8: 1 4 149-171 non spawning 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Frernantle (FM1) 11/05/90 47 19:28 146.3-162 non spawning 

Freman tie + 3'1/01/91 i 1 4:2,?=5 133-146 non spawning 
Fremantle (FM2) 16/01/91 1 8 12:M 130-165 non spawning 

Frernantle (FM3) 16/05/91 1 i 4 69:44 118-170 non spawning 
?=1 

Frernantle (FM4) 20/12/91 33 1 22: i 153-183 mixed 
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COtlECTION SffE DATE #iNDMD. SEX RATIO Sill: FlANGE Bfl:fD!f-1(:i 

King George Sound 3 O / O 3 / 9 O 4 6 
(KGS·,} 
King G.S.+ 1 0/05/90 s ·1 

King G.S. (KGS2) 

King G.S. + 
K 'N('·(l Q (UGC'3' ii ::i, .. ~.v. !'\ ~:., J 

King G.S.+ 
King G$.(KGS4) 

K. r- C' ,,/,...SS) lnQ U.;:). \ \1..:1 , 

King G.S. + 
King G.S. + 
King' G.S.(KGS6} 
King G.S. 

07/05/90 

03/09/90 
06/0~)/90 

05101/91 
!2/01/91 

72 
66 

34 
25 

05/04/91 82 
10/05/91 48 
·t3/05/91 "!8 
21/05/91 41 
28/05/91 25 

06/12/91 110 

_______ E.;M___J.l..QE_.nil1J~----
17:28 143.6,,179.9 non spawninu 

2i :29 116.9··183,8 pn:i spawning 

20:13 

35:37 
32:34 

2i :13 
13:6 

145-182 
137-172 

149-177 
161-184 

65:i 7 153-178 
18:30 148-177 
07:11 148-170 
25:H3 153-175 
not electrophoresed 

50:60 153-180 

spawning 

non spawning 
non spawning 

pre spawning 
pre spawning 

pre-tc-spawr.ing 
mixed 
mixed 
pre spawning 

King G.S.{KGS7) 

Torbay (TOR1) 

Torbay + 
Torbay (TOR2) 

- - - - - - - - - - - - - - - - - - - - - - - - - - . - - -
mixed 

spawning 

non spawning 
non spawning 

Torbay + 
Torbay + 
Torbay (TOR3) 

Torbay (TOR4) 

24/05/90 

20/09/90 
26/08/90 

05/i 2/90 
18/01/91 
17/01/91 

12/06/91 

37 

20 
8 1 

20 
25 
25 

54 

33:4 163.4-187.4 

14:6 153.8-187.6 
40:41 131,0··170.7 

14:6 158-179 
21 :4 163-185 
21 :4 163-182 

38:16 154-172 

- - - - - - - - - - - - = ~ - - - - - - ~ - - - - - - - - -

Cheynes Beach+ 1 3/6/91 
Ch. Beach (CHB1) 1 2/6/91 

47 
49 

31:16 154-173 
22:26 118-178 

iii 

spawning 
spawning 
most spawning 

spawning 

spawning 
mixed 



8Ppendix 1.2: Gonad maturity stages of Pilchards (Baker 1972). 

Stage 1. INACTIVE: Small ovaries, either immature or mature, less than half 
the body cavity length, narrow but firm, pale pink; no eggs visible. Testes flat 
and leaf-like, pink or transparent. 

Stage 2: INACTIVE/ACTIVE: Ovaries beginning to enlarge, slightly longer and up 
to 5mm thick, dark pink. Testes beginning to thicken and elongate, white colour 
developing. 

Stage 3: ACTIVE: Ovaries longer than one half body cavity length, noticeably 
thicker, and yellow with pigmented eggs. Testes elongated to over half body 
cavity length, thickened, opaque white, with wavy edges. 

Stage 4: ACTIVE/RIPE: Ovaries distended, almost completely filling body cavity, 
bright yellow, vascular; eggs discrete, becoming transparent at posterior end. 
Testes filling most of body cavity, opaque white, milkiness apparent at 
posterior end. 

Stage 5: RIPE: Ovaries at maximum size, darker yellow and semi-transparent 
owing to even dispersal of ripe transparent eggs throughout gonads. Testes at 
maximum size, posterior half milky. 

Stage 6: RIPE/RUNNING: The same as previous stage, but pressure on belly 
causes extrusion of eggs or milt. 

Stage 7: SPENT: Ovaries elongated, flat, hollow, and bloodshot; no large eggs 
present, except occasionally a few in oviduct. Testes elongated, strap-like, and 
bloodshot. 

iv 



AEi:fi"'lQJiL.2.,..0..:.J)etaiis of Buffers, Stains and Biochemica!s used in their preparation 

Efectrophores!s Buffer Recipes {E]ectrostarch) 

IS.f.,QH 90 
Electrode Buffer: 3,96 g Boric acid 

N32EDTA 
Tris 

Ge, Buffer 
Flun Conditions 

E.QU.Ut5. 
Electrode Buffer: 

i.€4 g 
38.75 g 

to 4.00 l M;l!l Q water 

to 

as for electrode buffei 
:J00V for 2h, 350V for next 3h. 

76.4 g 
9.6 g 
4.0 I 

Boric acid 
N:0-i 
Milii Q water 

Gel Buffer 37.2 g Tris 
4.2 g Citric acid 

to 4.0 I Milli Q water 
Run Conditions Reguiate on 35mA (voltage increases during run from 80V to 2i 0V) . 

. IM.Jili...La 
Electrode Buffer 

Gei Buffer 

Run Conditions 

CAMpH6,1 
Electrode Buffer 

Gel Buffer 

Run Conditions 

~ 
Electrode Buffer 

Gel Buffer 

Run Conditions 

~ 
Electrode Buffer 

Gel Buffer 

Run Conditions 

24.2 g Tris 
9.2 g Maleic acid 

to 2.0 i Milli Q water 
100.0 m! Electrode buffer 

to 1.0 I Milli Q water 
50 mA, 200V, 3.5 hrs. 

16.8 g Citric acid 
19.5 ml N-(3-aminopropyl)-morpholine 

to 2.0 I Milli Q water 
15.0 ml Electrode buffer 

to 300.0 ml Milli Q water 
50 mA, i 90V, 3hrs. 

131.2 g Tris 
84.1 g Citric acid 

to 4.0 I Milli Q water 
70.0 ml Electrode buffer 

to 2.0 I Milli Q water 
50 rnA, 200V, 3 hrs. 

64.17 g Tris 
36.14 g Citric acid 

to 2.00 I Milli Q water 
70.0 ml Electrode buffer 

to 2.0 I Milli Q water 
50 mA, 200V, 3 hrs. 

V 



Appendjx 2,2: Homogenizing Buffer Solution 
NADP 50 mg 
Mercaptoethanol 50 µI 
Milli a water 50 ml 
Pyrodoxil 5 phosphate 5 mg 

Appendix 2,3: Fixative Solution 

Methanol : Acetic acid : Water Ratio 4 : 1 : 5 

Appendix 2.4: Staining Buffer Recipes 

0.2 M ~a Citrate 12t:J ~ 8.4 g Citric acid 
to 180.0 ml Milli Q water 

titrate to pH 4 with NaOH 
to final volume of 200.0 ml Milli Q water 

Q,:l M AQetate pt:J 5 5.7 ml Glacial acetic acid 
to 800.0 ml Milli Q water 

titrate to pH 5 with NaOH 
to final volume of 1.0 I Milli Q water 

0,:1 M ebQspbate pt:J 6,Z 13.6 g KH2PO4 
to 800.0 ml Milli Q water 

titrate to pH 6.7 with KOH 
to final volume of 1.0 I Milli Q water 

Q,5 M Icis-t:fCI pt:f Z 121.1 g Tris 
to 1.8 I Milli Q water 

titrate to pH 7 with cone. HCI. 
to final volume of 2.0 I Milli Q water 

Q.:l M EbQspbate pt:J Z,5 200.0 ml 0.5 M NaH2PO4 
to 800.0 ml Milli Q water 

titrate to pH 7.5 with NaOH 
to final volume of 1.0 I Milli a water 

Q,2 M Icis-t:fCI pt:f 8 48.4 g Tris 
to 1.8 I Milli a water 

titrate to pH 8 with cone. HCI 
to final volume of 2.0 I Milli Q water 

Q,:l M Icis-t:JCI pt:f 8 24.2 g Tris 
to 1.8 I Milli Q water 

titrate to pH 8 with cone. HCI 
to final volume of 2.0 Milli a water 

Vi 



~ . •t• 'J' . I- . 1 t:::t • • r~ • , _,.,. • ' l. • d I• k' t::nzyme speci 1c t':iSIOCiierrw:ai v a1mng s-rnc:pes tmoai.1ea ,rom dams an r1op msc.m 
i 978 and St1aw and Prasard i 970) 

ACONIT'ATE MYDRATASE (AH) 
cis-/"conitate solution 
0.1 M MgCI~! 
NADP 
Na-Pyruvate 
Pyrazola 
!socitrate dehydrogenase 
MTT 
PMS 
2% AGAR 
Aconitate Stc>ck Solution 
cis-Aconitic acid 

0.2 M Tris-Ci pH 8 
(Results in pH 8. ·1 ) 

ACID PHOSPHATASE (ACP) 
alpha-napthyl acid phosphate, Na salt 
0.1 M Acetate pH 5.0 
Fast Garnett GBC salt {purified grade) 
2% Agar 

ADENOSINE DEAMINASE (ADA) 
Adsnosine 
0.1 M Phosphate pH 7.5 

(Gently Heat) 
1 M Na Arsenate 
Xanthine Oxida.se 
Nucleoside Phosphorylase 
MTT 
PMS 
2% AGAR 

ALCOHOL DEHYDROGENASE (ADH) 
95°/., Ethanol 
0.2 M Tris-HCL pH 8 
NAO 
Na Pyruvate 
MTT 
PMS 
2% AGAR 

ADENYLATE 
Glucose 
ADP 

KINASE 

0.2 M Tris-HCL pH 8 
0.1 M MgCl2 
NADP 
Na Pyruvate 
Pyrazole 
Hexok.inase 
G-6-P-DH 
MTT 
PMS 
2% AGAR 

(AK) 

EC 4.2.1.3 
20 mi 

2 rni 
0.5 rn! . ml I 

1 m! 
5 u 

,, r::. 
,,J .,,: rn! 
0.2 ml 
20 ml 

300 mg 
1 g 

80 111! 

EC 3oi,3.2 
50 mg 
20 ml 
10 mg 
20 ml 

EC 3.5.4.4 
20 mg 
15 m! 

0.5 ml 
1 u 
2 IJ 

0.5 ml 
0.2 ml 
20 ml 

EC 1.1 .1.1 
2 ml 

10 ml 
8 ml 
1 ml 

0.5 m! 
0.2 ml 
20 ml 

EC 2.7.4.3 
100 mg 

50 mg 
15 ml 

1 ml 

2.5 ml 
ml 
ml 

100 u 
60 u 

0.5 ml 
0.2 ml 
20 ml 

vii 



ALDOLASE (ALO) 
Fructose 1,6 di-Phosphate 
0.5 M Tris-HCL pH 7 
1 M Na Arsenate 
NAD 
Na-Pyruvate 
Pyrazole 
Triosephos. isomerase 
Glyeraldehyde-3-phos. -OH 
MTT 
PMS 
2% AGAR 

EC 4.1.2.13 
100 mg 

20 ml 
0.4 ml 

8 ml 
1 ml 
1 ml 

50 u 
50 u 

0.5 ml 
0.2 ml 
20 ml 

ALDEHYDE DEHYDROGENASE (ALDH) 
0.2 TRIS HCI, pH 8.0 

EC 1.2.1.3 
10 ml 

2 ml 
4 ml 
4 ml 
1 ml 
1 ml 

Benzaldehyde 
NAD 
1M KCI 
Na pyruvate · 
Pyrazole 
MTT 
PMS 
2% Agar 

ALKALINE PHOSPHATASE (ALP) 
Beta-Naphthyl Phosphate 
0.2 M Tris-HCI pH 8 
MgSO4/KCI 
Fast Garnet GBC Salt {purified grade) 
2%AGAR 

ALDEHYDE OXIDASE (AO) 
0.2M Tris -HCL pHS 
Benzaldehyde 
MTT 
PMS 
2% AGAR 

ASPARTATE AMINOTRANSFERASE 
AAT Substrate Solution 
Fast Blue 88 Salt {purified grade) 
2%AGAR 

EC 

EC 

0.5 ml 
0.2 ml 
20 ml 

3.1.3.1 
25 mg 
20 ml 

0.5 ml 
10 mg 
20 ml 

1.2.3.1 
20 ml 

0.2 ml 
0.5 ml 
0.2 ml 
20 ml 

(AAT) EC 2.6.1.1 
20 ml 
10 mg 
20 ml 

Aspartate Aminotransferase 
alpha-Ketoglutaric Acid 

Substrate Solution 
0.29 g 

L-Aspartic Acid 
Polyvinylpyrrolidone 
Na2 EDTA 
Na2 H PO4 
H20 to 

ASPARTATE AMINOTRANSFERASE 
L-Cysteine Sulfinic Acid 
Pyridoxal-5'-Phosphate 
alpha-Ketoglutaric Acid 
0.2M TRIS-HCI pHB 
MTT 
PMS 
2% AGAR 

1.06 g 
4.00 g 
0.40 g 

11.36 g 
400 ml 

(AAT)EC 2.6.1.1 
40 mg 

viii 

10 mg 
40 mg 
20 ml 

0.5 ml 
0.2 ml 
20 ml 

(alternative recipe) 



CREATINE KINASE (CK) EC 2.7.3.2 
Creatine Phosphate 20 mg 
ADP 50 mg 
Glucose 45 mg 
0.5 M Tris-HCL pH 7 15 ml 
NADP 1.5 ml 
0.1M MgCl2 0.5 ml 
Hexokinase 160 u 
G-6-P-DH 80 u 
MTT 0.5 ml 
PMS 0.2 ml 
2% AGAR 20 ml 

D-AMINO ACID OXIDASE (DAMOX) EC 1.4.3.3 
D-amino acid (eg. D-methionine) 200 mg 
0.2M Tris-HCL pH 8 20 ml 
(Adjust to pH 8 with unbuffered 2M Tris if necessary) 
FAD 10 mg 
Peroxidase 1 o mg 
3-amino-9-ethyl carbazole 1 ml 
2% AGAR 20 ml 

DIAPHORASE (DIA) 
0.2 M Tris-HCL pH 8 
NADH 
MTT 
2, 6-dichlorophenol 
Water to 

ESTERASE (EST) 
(Carboxylesterase) 
0.1 M Phosphate pH 6. 7 
Esterase Substrate Solution 
(allow to reach R.T before use) 
Fast Garnet GBC Salt (purified grade) 
2%AGAR 

Esterase Substrate Solution 
Alpha-Naphthyl Acetate 
Beta-Naphthyl Acetate 
Acetone 
H2<) to 

EC 

EC 

1.6.2.2 
10 ml 

30 mg 
1 ml 

0.75 ml 
50 ml 

3.1.1.1 

10 ml 
1.5 ml 

10 mg 
20 ml 

0.5 g 
0.5 g 
25 ml 
50 ml 

FRUCTOSE-bisPHOSPHATASE (FBP) EC 3.1.3.11 
Fructose-1,6-diPhosphate 
0.2 M Tris-HCI pH 8 
0.1 M MgCl2 
NADP 
Na-Pyruvate 
Pyrazole 
Phosphoglucose /somerase 
G/ucose-6-Phosphate OH 
MTT 
PMS 
2% AGAR 

ix 

50 mg 
20 ml 

0.5 ml 
1 ml 
1 ml 
1 ml 

50 u 
30 u 

0.5 ml 
0.2 ml 
20 ml 



FUMARATE HYDRATASE (FH) 
(Fumarate Hydratase) 
Fumaric acid· 
0.5 M Tris-HCL pH 7 
NAO 
Na-Pyruvate 
Pyrazole 
fvfJH 
MTT 
PMS 
2% AGAR 

EC 4.2.1.2 

100 mg 
20 ml 

4 ml 
1 ml 
1 ml 

iOO u 
0.5 m! 
0.2 ml 
20 ml 

GALACTOSE DEHYDROGENASE (GALDH) 1.1.1.48 
Galactose 500 mg 
0.2 M Tris-HCI pH 8 20 ml 
NAO 5 ml 
Na-Pyruvate 1 ml 
Pyrazole 1 ml 
MTT. 0.5 ml 
PMS 0.2 ml 
2% AGAR 20 ml 

GlUCONATE~5~DEHYDROGENASE (GDH) EC 1.1.1.69 
D-Gluconate (Na salt) 50 mg 
0.2 M Tris-HCI pH 8 20 ml 
NADP 1 ml 
0.1 M MgCl2 0.5 ml 
Na-Pyruvate 1 ml 
Pyrazole 1 ml 
MTT 0.5 ml 
PMS 0.2 ml 
2% Agar 20 ml 

GLUCOSE-6~PHOSPHATE DEHYDROGENASE (G6PDH) 
EC 1.1.1.49 

0.2 M Tris-HCL pH 8 
0.25 M Glucose-6-phosphate 
NADP 
0.1 M MgCl2 
Na-Pyruvata 
Pyrazole 
MTT 
PMS 
2 % AGAR 

alpha-GLUCOSIDASE (aGLU) 
Maltose 
0.1 M Acetate pH 5 
Peroxidase 
Glucose Oxidase 
o-Dianisidine 
2% AGAR 

10 ml 
3 ml 
1 mi 

0.5 ml 
1 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

EC 3.2.1.20 
50 mg 
20 ml 
10 mg 

X 

50 u 
0.4 ml 
20 ml 



GLUCOSEPHOSPHATE ISOMERASE (GPi) EC 5.3. i .9 
(G!ucose-6-phosphate lsornerase) 
Fructosa-6-phosphate 

N.ADP 
0.1 M MgG!2 
G!vcoss-6-Phosphate D!-f 
,4,,fTT 

PMS 
2% AGAR 

40 rng 
15 n,; 

0.2 ml 
C:i m! 

10 lJ 

05 111! 
0.2 rnl 
20 rni 

GLUTAMATE DcHYl>ROGENASE (GLUDH) EC ·t .4.1.3 
Na Giutamat~, 
0.2 M Tris-HCL pH 8 
NADP 
Na-Pyruvate 
Pyrazole 
M1T 
PMS 
2%AGAR 

70 mg 
20 ml 
o" ml 

ml 
m! 

0.5 m! 
0.2 ml 
20 ml 

GLVCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 
(GA3PDH) EC L2.L12 
To prepare substrate: 
Fructose-1, 6-Diphosphate 
0.2 M Tris-HC! pH 8 
Aldolase 
Incubate at 37°C for 1 hour 
Then Add: 
0.2 M Tris-HCI pHS 
NAD 
1 M Na-Arsenate 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 

50 mg 
2 ml 
5 ul 

20 ml 
3 mi 

0.2 mi 
ml 
ml 

0.5 ml 
0.2 ml 

2% AGAR 20 ml 

GLYCEROL OEHYOROGENASE (GL YOH) EC 1.1. 1.6 
0.2 M Tris pH8 20 ml 
o. i M Glycerol 5 ml 
NAO 1 ml 
Na-Pyruvate 1 ml 
Pyrazoie ml 
MTT 0.5 ml 
PMS 0.2 ml 
2% AGAR 20 ml 

alpha-GLYCEROPHOSPHATE DEHYDROGENASE (GPO) 
EC 1.1.1.8 

Na glycerophosphate 
0.2 M Tris-HCI pH 8 
NAO 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 
2% AGAR 

xi 

300 mg 
20 ml 

1 ml 
ml 

1 ml 
0.5 ml 
0.2 ml 
20 ml 



Gl YCOLATE OXIDASE (GOX) 
((S)-2-Hydroxy-acid Oxidase) 
Glycolic Acid 
0.2 M Tris-HC! pH 8 
MTT 
PMS 
2% AGAR 

Gl YCOLATE OXIDASE (GOX) 
(Alternative Recipe) 

alpha-Hydroxyisocaproic acid 
0.2 M Tris-HCI pH 8 
Peroxidase 
o-Dianisidine 
2% AGAR 

Gl YOXALASE II (GLO Ii) 
(Hydroxyacylglutathione Hydrolase) 
Gluta:thione (oxidised) 
0.1 M Tris-HCL pH 8 
NAD 
Methylglyoxal 

Gfo I 
LDH 
MTT 
PMS 
2% AGAR 

GUANINE DEAMINASE (GDA) 
0.2 M Tris-HCL pH 8 
Guanine Substrate Solution 
MTT 
PMS 
Xanthine oxida.se 
2% AGAR 

Guanine Substrate Solution 
Guanine 
1 M NaOH 

(gently heat) 

H~ 

HEXOKINASE (HK) 
( B-N-Acetylhexosarninidase) 

Glucose 
ATP 
0.5 M Tris-HCL pH 7 
0.1 M MgCl2 

NADP 
Na-Pyruvate 
Pyrazole 
G-6-PDH 
MTT 
PMS 
2% AGAR 

to 

EC 1.1.3.15 

ml 
20 ml 

0.5 ml 
0.2 ml 
20 ml 

EC 1.1.3.1 

25 mg 
20 ml 
10 mg 
0.4 ml 
20 ml 

EC 3.1.2.6 

40 mg 
15 ml 

4 ml 
50 ul 
1 ml 
50 u 
30u 

0.5 ml 
0.2 ml 
15 ml 

EC 3.5.4.3 
20 ml 

3 ml 
0.5 ml 
0.2 ml 

10 u 
20 ml 

50 mg 
5 ml 

50 ml 

EC 2.7.1.1 

Xii 

50 mg 
40 mg 
10 ml 

0.5 ml 

1 ml 
ml 
ml 

20 u 
0.5 ml 
0.2 ml 
20 ml 



HEXOSAMINIDASE (HEX) EC 3.2.1.52 
( B-N-Acetylglucosaminidase) 
NAG (Naphthol-AS-B1-2-acetamido-2-deoxy-B-D-
glucopyranoside) 20 mg 
Methanol (Absolute) 10 ml 

(Gently Heat) 
0.1 M Acetate pH 5.0 
Fast Garnett GBC Salt (Purified Grade) 
2% AGAR 

3-HYDROXVBUTYRATE DEHYOROGENASE 
DL-B-Hydroxybutyric Acid 
NaCl 
0.5 M Tris-HCL pH 7 
NAO 
Na Pyruvate 
Pyrazole 
MTT 
PMs· 
2°/4 AGAR 

20 ml 
10 mg 
20 ml 

(HBOH) 
600 mg 
300 mg 

20 ml 
3 ml 
1 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

EC 1.1.1.30 

ISOCITRATE DEHYOROGENASE (IOHP) EC 1.1.1.42 
DL-lsocitrate 
0.2 M Tris-HCL pH 8 
0.1 M MgCl2 
NADP 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 
2%AGAR 

5 ml 
20 ml 

0.5 ml 
1 ml 
1 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

LACTATE DEHYOROGENASE (LOH) EC.1 .1.1.27 
0.2 M Tris-HCL pH 8 
70 % Na-Lactate 
NAO 
Pyrazole 
MTT 
PMS 
2% AGAR 

10 ml 
2 ml 

2.5 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

MALATE OEHYOROGENASE (MDH) EC 1.1.1.37 
0.5 M Tris-HCL pH 7 
1 M Na-Malate 
NAO 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 
2% AGAR 

Na-L-Malate Substrate Solution 
Na2C0:3 
L-Malic acid 
H2<) to 

xiii 

15 ml 
5 ml 

2.5 ml 
1 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

24.3 g 
26.8 g 

200 ml 



MAUC ENZYME (MEP) 
0.5 M Tris-HCl pH 7 
1 M Na-Malate 
NADP (solid) 
0.1 M MgCl2 
MTT 
PMS 
2% AGAR 

EC 1.1.1.40 
15 ml 

5 ml 
15 mg 
0.5 ml 
0.5 ml 
0.2 ml 
20 ml 

MANNITOL DEHYDROGENASE (MADH) EC 
D-Man iii!ol 

1.1.1 .67 
50 mg 

0.2 M Tris-HCI pH 8 
NAO 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 
2% AGAR 

20 ml 
1 ml 

ml 
ml 

0.5 ml 
0.2 ml 
20 ml 

MANNOSE PHOSPHATE ISOMERASE (MPI) EC 5.3.1.8 
0.2 M Tris-HCL pH 8 10 ml 
Mannose-6-phosphate 20 mg 
NADP 1 ml 
MgCl2 ml 
Na-Pyruvate 
Pyrazole 
Phosphoglucoseisomerase 
Glucose-6-Phosphate DH 
MTT 
PMS 
2 %AGAR 

ml 
ml 

80 u 
60 u 

0.5 ml 
0.2 ml 
20 ml 

PHOSPHOGLUCOMUTASE (PGM) EC 5.4.2.2 
0.5 M Tris-HCL pH 7 
5%, Glucose-, -Phosphate 
0.1 M MgCl2 
NADP 
Na-Pyruvate 
Pyrazola 
Gfucose-6-Phosphate DH 
MTT 
PMS 
2% AGAR 

PEPTIDASE (PEP) 
0.1 M Phosphate pH 7.5 

Peptide 
0.1 M MgCl2 
Peroxidase 
Amino Acid Oxidase 
O-Dianisidine HCL 
2 %AGAR 

For Pep A & C: leu-ala 

15 ml 
3 ml 

0.5 ml 

1 ml 
1 ml 

ml 
20 u 

0.5 ml 
0.2 ml 
20 ml 

EC 3.4.11. or 3.4.13.9 
15 ml 

20 mg 
0.5 ml 
10 mg 

5 mg 
0.5 ml 
20 ml 

Pep B: leu-gly-gly; Pep D: leu-pro or phe-pro 
Pep S,B,E,F: leu-leu-leu. Also try leu-tyr, lys-leu,val-leu, etc. 

xiv 



PHOSPHOGLUCONATE DEHYDROGENASE (PGDH) 
EC 1.1.1.44 

0.2 M Tris-HCL pH 8 
6-Phosphogluconic acid 
NADP 
0.1 M MgCl2 
Na-Pyruvate 
Pyrazole 
MTT 
PMS 
2%AGAR 

10 ml 
20 mg 

1 ml 
0.5 ml 

1 ml 
1 ml 

0.5 ml 
0.2 ml 
20 ml 

SUCCINATE DEHYDROGENASE (SUCDH) EC 1.3.99.1 
0.1 M Phosphate pH 7.5 15 ml 
Na-Succinate 100 mg 
FAD 10 mg 
MTT 0.5 ml 
PMS 0.2 ml 
2% AGAR 20 ml 

XANTHINE DEHYDROGENASE (XDH) EC 1.1.1.204 
0.5 M Tris-HCI pH? 20 ml 
Hypoxanthine 50 mg 
Just before slicing gel: 

Bring to the boil to dissolve hypoxanthine. 
Cool to R.T. 

NAO 2.5 ml 
Na-Pyruvate 1 ml 
Pyrazole 1 ml 
MTT 0.5 ml 
PMS 0.2 ml 
2"/4 AGAR 20 ml 

Agpendjx 2,6: Stock Solutions Used in Enzyme-Specific Stain Recipes 

SOLUTION CONCENTRATION 

Acetoacetyl CoA 2.5 mg/ml 

o-Dianisidine 

2,6-Dichlorophenol 

Glucose-6-phosphate Dehydrogenase 

MgCl2 

MgCl2/KCI 

MTT 

NAO 

NADP 
Na-Arsenate 

Na-Pyruvate 

Phosphoglucoseisomerase 

PMS 

Pyrazole 

10 mg/ml 

Smg/ml 

10u/ml 

2g/1 OOm I 

1 g each/25ml 

10mg/1.5ml 

1g/100ml 

1g/100ml 

18.6g/100ml 

Sg/100ml 

1 Ou/ml 

1 Omg/ml 

Sg/1 OOm I 
APPENDIX 3,0: Pilot Study of the Australian Pilchard. 
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Appendjx 3,1: Enzymes investigated in the Australian pilchard 

E~ZYME ABBBEYIATIQ~ E~ZYME QOMMISSIQ~ 11. 
Aspartate aminotransferase MT EC 2.6.1.1 
Acid phosphatase ACP EC 3.1.3.2 
Aconitate hydratase AH EC 4.2.1.3 
Adenosine deaminase f,DA EC 3.5.4.4 
Adenylate kinase AK EC 2.7.4.3 
Alcohol dehydrogenase ADH EC 1.1.1.1 
Aldolase ALD EC 4.1.2.13 
Aldehyde dehydrogenase ALDH EC 1.2.1.3 
Aldehyde oxidase /0 EC 1.2.3.1 
Alkaline phosphatase ALP EC 3.1.3.1 
Creatine kinase a< EC 2.7.3.2 
D-Arnino acid oxidase DAWOX EC 1.4.3.3 
Diaphorase DIA EC 1.8.1.4 
Esterase EST EC 3.1.1.1 
Fructose-bisphosphatase FBP EC 3.1.3.11 
Furna.rate hydratase (Furnarase) FH EC 4.2.1.2 
Galactose dehydrogenase GAlDH EC 1.1.1.48 
Gluconate-5-dehydrogenase <D-1 EC 1.1.1.69 
Glucose-6-phosphate 
dehydrogenase G6PDH EC 1.1.1.49 
Glucose-6-phosphate isomerase GPI EC 5.3.1.9 
alpha-Glucosidase aGLU EC 3.2.1.20 
Glutamate dehydrogenase GWDH EC 1.4.1.3 
Glyceraldehyde-3-phosphate 
dehydrogenase GA'3PDH EC 1.2.1.12 
Glycerol dehydrogenase GLYDH EC 1.1.1.6 
alpha-Glycerophosphate 
dehydrogenase GPO EC 1.1.1.8 
Glycolate oxidase a:x EC 1.1.3.15 
Glyoxalase II GLOII EC 3.1.2.6 
Guanine dearninase 0)t\ EC 3.5.4.3 
Hexokinase HK EC 2.7.1.1 
Hexosarninidase HEX EC 3.2.1.52 
beta-Hydroxybutyrate 
dehydrogenase HBDH EC 1.1.1.30 
lsocitrate dehydrogenase IDHP EC 1.1.1.42 
Lactate dehydrogenase LOH EC 1.1.1.27 
Malate dehydrogenase MOH EC 1.1.1.37 
Mannitol dehydrogenase MADH EC 1.1.1.67 
Malic enzyme MEP EC 1.1.1.40 
Mannose phosphate 
isornerase MPI EC 5.3.1.8 
Phosphoglucornutase PGM EC 5.4.2.2 
Peptidases PEP EC 3.4.11 or 13 

or 3.4.13.9 
Phosphogluconate 
dehydrogenase PGDH EC 1.1.1.44 
Succinate dehydrogenase SLCDH EC 1.3.99.1 
Xanthine dehydrogenase XDH EC 1.1.1.204 
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Agpendjx 3.2: Enzymes studied, tissues investigated, electrophoresis running 
conditions and presumed number of loci for pilchard pilot study. 

Key: L = liver, M = muscle, H = heart. 

* = best tissue/buff er/support matrix for this enzyme, 

1 = Tris- EDTA-boric acid pH 9, 2 = Poulik, 3 = Tris-maleate pH 7.8, 

4 = Tris-citric acid pH 6.8, 5 = Tris-citric acid pH 5.8, 

6 = Citric acid-aminopropyl-morpholine pH 6.1, 

C = cathodal; A= anodal; 

ST = Electrostarch gel 

P = polymorphic. 

",3 * ,6 
1,4,6 

3 5 6 
altern * 5 * p 

1,2,3,4,6* 
1,2,3,4,6 
1 2 3 4 6 
1,2,5. 
1,3,4,5*,6 
1 2 5 

,3,6 
,3,6 
3 6 

1,2,3,4,6 1A fair resolution 
1,4,5,6 1A 

3 5 6 1A 
1,2,3,4,5,6 1 
1,2,3,4,5,6 1 
1,2,3 4 5 6* 1 
1,2,3,6 1C 
1,3,4,6* 1C 
1 2 1C 
1,2,3,4,5,6 1 

,3,6 1 
1 * ,4 5 1 ood resolution 

,3,6 1 
,3,6 1 
3 6 1 

1,2,5. 1 

H 
L ,3,4,6 ood activity, poor resolution 
M ,3,4,6* ood activity, fair resolution 
H ,3,4 6 ood activit or resolution 

DMOX L * oor activity 
oor activity 

H oor activit 
DIA L 1*,2,3,4,5,6 air activity, fair resolution 

M 3 6 oor activit 
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Enzyme irissue Buffer(s) Presumed Comments 
# loci 

EST L i,2"',3",4,5,6 !4A good activity.good resolution, P 
M l2,3,5 i4A poor activity 
H 1 ,4,6 !4A poor activity 

l=BP L ~.3,4,6" 1A ~air activity, sub-banding 
M 12,3,4,6 iA poor activity 
H ~.3,4,6 1A poor activity 

FH L 1,2,3,4,5,6 1A poor activity 
M 1,2,3,4,5 iA poor activity 
H 1,2",3,4,5,6 1A good activity, ciood resolution 

IG6PDH L 1 ,6. iA poor activity 
M 1 ,2,3,6 iA poor activity 
H 1,2 3 6* 1A good activity, fair resolution 

GA3PDH L ~ iC poor activity 
M ~ 1C good activity, fair resolution 
H 16 1C poor activity 

~II.I r»-1 L 1,2,3,4,5,6 1A poor activity, poor resolution ·-- M 1,2,3,4,5,6 rio activity 
H 1,234 5 6 no activitv 

~ L 1,2,3,4,5,6 1 poor activity 
M 1 , 6 no activity 
H 1 2,3,4 5,6 1no activity 

tD-l L 1,2,3,4,5,6 no activity 
M 1 ,2,3,4,5,6 ~o activity 
H 1,2,3,4,5,6 1110 activity 

iGLO 11 L 12 ,3", 6 1A 1900d activity, good resolution 
M 1A 
H 1 2 4"' 5 1A good resolution 

~ L ~ 1A poor activity 
M ~ ,io activity 
H 6 poor activity 

K3WDH L 1, 2 rio activity 
M 13,4,6 ,io activity 
H 1 ,2,3,4,5,6 no activity 

GLYDH L 1,2,3,4,5,6 no activity 
M 1,2,3,4,5,6 110 activity 
H 1 2 3 4 5 6 no activity 

kD< L ; '2 no activity 
M 3,4,6 no activity 
H 1 2 3 4 5 6 no activity 

K3PO L 1,2,3,4",5,6 1A good activity, good resolution 
M 2,3,6 no activity 
H 1 ,2,3 4,5,6 no activity 

IGPI L 1,2,3,4* ,5,6 1A good activity, sub-banding 
M 1 ,2, 6 iA poor activity 
H 1 ,2,3* 4,5,6 1A qood activity, fair resolution 

HBDH L 2,3,6 1110 activity 
M -
H ~ 

HEX L 
M 1 ,2,3. no activity 
H 1 ,2,3. no activity 

HK L l:2,3,4,6* 1A fair activity, fair resolution 
M 2,3,4,6 ino activity 
H 12,345 6 1A ~air activity 
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EP (leu.leu.leu) 
M 
H 

EPD L 

PEP 'leu-t r 
PEPS L 

M 
H 
L 
M 
H 
L 
M 
H 
L 
M 
H 
L 

,:3,5 
,2,3,4,6 

s.:.1 s • 

• 

1 
1 
1 
1A 
1A 
1A 

,3,6 1A 
1A 
1A 

1,2,3",4,5,6~ 1A 
1 ",2, 6 1A 
123,456 1A 
1,2,3,4,5,6 
1,2,3,4,5,6 
1,2 3,4 5,6 iA 

xix 

_.!.air re~,o! iJJlQ.!l._ 
sub · 

fair reso!ut!on 
r activity 
od _activi!L, fair resolution. 
r activity. P 

activity 
p 

p 

resolution 

fair resolution 

poor resolution 



APPENDIX 4.0 Length frequency histograms for all samples 
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Appendix 4.7: Length frequency histograms for Cheynes Beach samples, WA 
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Appen,jix 4.8: Length frequency histograms fer Bosion Bay samples, SA 
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Appendix 4.9: Length frequency histograms for Port Phillip Bay samples, VIC 

80 

70 

60 

r 501 
r:r 40 
~ 

LI.. 30 

20 -

10 

0 
85 

lKE1 27/08/91 IEF 
D M 

95 105 115 125 135 145 155 165 175 185 195 

Length 

Appendix 4.9: Length frequency histograms for Lakes Entrance samples, ViC 

XXXI 



80 ------------------------, 

60 
>,, 

g 50 
(D 
::; 
er 40 
0) 
'-

LL 30 

20 

10 

JB1 24/2/91 
[EF 
f:J M 

0 -1--....--....--.-----,.,...,..""'"'-....... "-¥~ ....... --....----........ --.-----1 

85 95 105 11 5 125 135 145 155 165 175 185 195 

Length 

80 
JB2 03/03/92 

fill 70 F 

60 
12] M 

>,, 

g 50 
(D 

5- 40 
~ 

LL 30 

20 

10 

0 
85 95 105 11 5 125 135 145 155 165 175 185 195 

Length 

xxxii 



APPENDIX 5.0: Rare :\!le!e Distribution 

,SAMPLE DATE AN• MPt·· PE?B· PGM' 
• • t .JUL _____ ---1, ____ UQ__J___ __ ..LJ..Q.. ____ j .• -a1 .... ~--.. -·11.Q.." •• .§~ 

PFS·l 21/02/91 01 I ·02-··i-· c·• ,. 114 C1 

PPB2 25/03/92 :02 1 :02 .11 :o~ :;i :~s 
! K'E"', 27'r\8/01 I . I O"' 'u' 1 ·04 0" ~ • /U ,..,~ J .... -, I ~ t ~ ~..;; 

~ s· ; - - - - · .. - ,: 4- 1- '~ 2· 1- ,: ~- - .. · T - -- - .. -+ --o--~.. - -t --~ : · · · .. ! --~ ; · .. --,,. ·4·· - - · -
J . ,:'. V ;;;r, I .. ' • ' • • \JI I .v, .,). 
Js2 03103192 I .01 ! .c 1' .01 I .o4 .o3 .01 ! . Sft.F1- . - .. - .... ? ? ~ 0 ~ ; ~ ~ --" T .. ~ ...... --.... _- -... -r --.. ----. r ~ 0 5 .. -.-o·s- . - .... 
- :.. ~ {- - - - - - - ~ ~ ~ - -_ : - : - - - -1- - .. _- - - .. - - - - -~- - -r --------t - - - • - - - - ·:--- - - - --

::· ~"- - - .. - - - 2~,.,8~~-~0~/
1
0-~~,~: ~ .. -'1· - ~0·

1
· - - -1- .. --~-c:1_ - -t ------~- :0o:: ..... ·-:-~5~- .. - .... 

OD, _--,.,,,, ""1;:ilJ . - I . .; I - . ,;;, .U, 
8B2 26+ 7/09/90 I .0:3 1 .02 .02 .03 
8B3 ~2:~1~90+91 .02 1 .025 I -r- -~: -~25 
BB4 ,J5-,.u6, 91 .02 .02 I . .J04 , ·'-· l .-3 -------------------------· --· --------r -------1- · · -------· ·· -· 
DUN1 00/05/90 I - .02 I - I .02 .02 
DUN2 22/11 /90 I .01 I .02 - .. 03 .02 
DUN3 20+i7/12/90 .0·1 I - I - 1.03 .02 
DUN4 ______ 1 G+_o_s'.121~1 I __ :02 ____ .0_1 __ -[ __ .01 __ -i· :o'.s ____ o:1_s __ _ 
ESP1 10/05/90 .02 .06 i .02 - .Oi 
ESP2 14+01/11/90 .0i ·· .01 .04 .04 
ESP3(jvnls) 10/05i91 I - .05 
ESP4 0 3 / 0 4 / 9 1 . 0 9 . 0 4 . 0 4 
ESPS 03+05/06/91 .025 .015 .035 .02 
ESP6 i 6 + i 9 / 0 1 I 9 1 . 0 0 5 . 0 1 5 0 0 5 . 0 2 5 . 0 6 5 
- - - - - - - - - - - - - - - - - - - - - -1- - - - - - - - - - - - - - - .. - - - - - - . - - - - - - - - - - - - - -
FM1 11/05/90 .03 
FM2 16+31/01/91 .02 
FM3 16/05/91 .01 .Oi .02 .05 
FM4 20/12/91 .02 .06 
- - - - - - ~ - - - - - - - - - - - - - - - ----~-= ---=-- -------- -----~--------
KGS1 30/03/90 .01 .06 .05 
KGS2 07+'10/05/90 .06 .02 .03 
KGS3 06/09/90 .0 i .02 .01 .02 .03 
KGS4 05+12/01/91 .02 .01 .05: 
KGSS 05/04/91 .02 .01 .01 .03 
KGS6 10+13+21/05 91 - .015 .01 .02 .012 
KGS7 06/12/91 .02 .01 .03 .02 
- - - - - - - - - - - - - - - - - - - - - - -------- -----~- ------- - - - - - = - - - ~ ~ - - -

TOR1 24/05/90 .o 1 .o 1 .01 
TOR2 26/08/90 .02 .01 .01 .04 .0·1 
TOR3 12+01/90+91 .01 .01 .06 .02 
TOR4 12/06/91 .03 .01 .02 .03 
- - - - - - - - - - - - - - - - - - - - - - ----~--- -----=- ---~--- = - - - - - - - - - - - - -

CHB1 12/6/91 .03 .02 .01 .06 .04 
-----------------------------------------------------------------------
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AEPENDIX 6,0; Allele Frequencies 

Appendix 6,1: Allele Pooling Rationale. 

For AA T", EST-4, .. MPI", PEPB" and PGM" the least common alleles were pooled 

together. At the AH" locus a sixth allele ( "115) appeared on rare occasions between 

alleles "120 and "110. Due to little separation between these alleles scoring was 

difficult (and there may be samples where allele "115 was not detected). Thus, allele 

"115 was scored as "110 but in case of miscoring, alleles "120 (""115) and *110 

were pooled together. As the frequencies of "11 0 and "100 were often similar, alleles 

*90 and *80 were pooled with allele --100 to maintain its integrity as a common 

allele. 

Pooling of alleles was as follows: 

LOO..B 
es:io~ci de~itu:ia1~ t'!AT" AH" ES.T-4" MPI* PEPfl_" P(J.M~ 

""A 120 120 11 0 11 0 110 110 
11 0 11 0 90 90 90 95 

90 

"'B 100 100 100 100 100 100 
90 
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ARQen ix 6. : Pooled Allele Frequencies for all WA Samples. (see Appendix 1 for sample codes.) Bis 

AAT* ACON* 
B (N) B 

N --t-t 1 I 0.457 23 0.545 22 0.750 
DUN2 0.470 83 0.519 

78 0.547 
127 0.552 125 0.891 

FM1 I o.563 32 0.554 37 0.681 
27 0.479 24 0.889 27 

0.626 107 0.587 109 0.694 93 
FM4 0.500 30 0.484 32 0.889 
TOR1 0.486 37 0.448 29 0.886 35 
TOR2 0.475 100 0.567 97 0.812 1 
TOR3 0.543 69 0.517 60 0.843 67 

51 0.519 52 0.638 47 
43 0.607 42 0.817 41 I o.910 39 
55 

KGS3 I o.596 136 I o.5'16 127 I o.694 
58 0.420 56 0.683 52 

11 71 
106 0.614 105 0.821 95 I o.938 
109 0.587 69 0.885 
41 0.489 44 0.567 45 I o.966 44 

49 
8B3 0.600 80 0.563 80 I o.750 76 
884 0.565 124 0.606 123 0.750 118 
CH81 0.527 93 0.602 93 
ESPl 0.525 61 
ESP2 0.534 58 0.617 47 

22 0.636 22 
ESP4 I o.614 22 0.458 24 I o.841 22 

567 45 0.522 46 
ESP6 I 0.541 74 0.582 67 I o.924 66 I o.9s1 70 
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Appendix 6.2 (cont): Pooled Allele Frequencies for non WA samples (before pooling).(see Appendix 1 for sample codes.) 

SAMPLE MT* ACON* EST-4* MPJ* PEP-8* PGM* ODE B N B N B N B N B N BSA1 0.600 95 0.521 95 0.932 0.932 96 0.818 . 96 0.760 PPB1 0. 1 99 0.515 99 0.872 0.954 97 0.843 99 0.727 99 PPB2 0.593 91 0.522 90 0.892 i8 92 0.806 93 0.766 94 1 0.552 115 0.484 91 0.877 1 116 0.828 1 0.737 118 JB1 0.672 99 0.616 99 0.908 0.960 99 0.848 99 0.753 99 JB2 0.656 93 0.516 96 0.900 0.932 96 0.729 96 
.1 
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APPENDIX 7,0:-Tests of Fit to Hardy Weinberg Equilibrium 

Appendix 7.1: Chi-square test for deviation from Hardy-Weinberg equilibrium for each 
initial sample 

Table 7.1.1: King George Sound, WA., 30 03 90 (KGS1) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

MT* 
A-A 17 10.624 
A-B 9 21.753 
B-B 17 10.624 

15.131 1 .000 
AH* 

A-A 8 6.361 
A-B 17 20.277 
B-B 17 15.361 

1.126 1 .289 
EST-4* 

A-A 3 1.296 
A-B 9 12.407 
B-B 29 27.296 

3.281 1 .070 
MPI* 

A-A 0 .273 
A-B 7 6.455 
B-B 32 32.273 

.321 1 .571 
PEPB* 

A-A 2 .315 
A-B 4 7.371 
B-B 39 37.315 

10.647 1 .001 
PGM* 

A-A 2 2.165 
A-B 15 14.671 
B-B 23 23.165 

.021 1 .885 
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Table 7.1.1: King George Sound, WA., 00 05 90 (KGS2) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
A-A 15 8.284 
A-B 13 26.431 
B-B 27 20.284 

14.492 1 .000 
AH* 

A-A 13 9.673 
A-B 20 26.654 
B-B 21 17.673 

3.432 1 .064 
EST-4* 

A-A 5 1.963 
A-B 11 17.075 
B-B 38 34.963 

7.126 1 .008 
MPJ* 

A-A 2 .690 
A-B 9 11.619 
B-B 46 44.690 

3.114 1 .078 
PEPB* 

A-A 3 1.188 
A-B 10 13.624 
B-B 38 36.188 

3.818 1 .051 
PGM* 

A-A 2 2.400 
A-B 20 19.200 
B-B 36 36.400 

.104 1 .747 

The AA T* and EST-4** loci were not in Hardy Weinberg equilibrium (p<0.05) but as 
AH*, MPI* and PEPB* were close to being significantly out, this sample was considered 
to be heterogeneous. 
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Table 7."i.1: King George Sound, WAOO 09 90 (KGS3} 
··=·=-...--,~~---~-..,,,,---·-" ~-·-,,.,---

Observed Expected Chi-
Lt'JCUS Genotype frequency frequency square OF p 

"'""'·=·""·-----~--------,.·---·---=------,,.....,---------~-
AAT* 

A-A 33 22.122 
A·B 44 65.756 
8-8 59 48.122 

15.00? 1 .000 
A''* .!'1 

A·A 
,,,,_ 
.:m 29.656 

A-B 51 63.688 
B-8 4() 33.656 

5.080 .024 
EST-4* 

A-A 11 6.615 
A-B 22 30.769 
S-B 39 34.615 

5.96'i 1 .015 
MPI* 

A-A 1 .495 
A-B 15 16.011 
8-8 122 121.495 

.583 1 .445 
PEPB* 

A-A 3 3.465 
A-B 38 37.070 
B-B 96 96.465 

.088 1 .767 
PGM* 

A-A 7 5.641 
A-8 42 44.718 
B-B 88 86.641 

.514 1 .473 

Three of the six loci from this sample were significantly out of Hardy Weinberg 
equilibrium, so it was considered to be heterogeneous. 
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Table 7.1.1: King George Sound, WA, 00 01 91 (KGS4) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 14 11.530 
A-B 24 28.939 
8-B 20 17.530 

1.720 1 .190 
AH* 

A-A 22 1 9 
A-B 21 27.523 
8-B 13 9.739 

3.205 1 .073 
EST-4* 

A-A 7 5.126 
A-B 19 22.748 
B-B 26 24.126 

1.448 1 .229 
MPI* 

A-A 0 .421 
A-B 10 159 
B-B 44 44.421 

.502 1 
PEPB* 

A-A 2 1.043 
A-B 12 13.913 
B-B 44 43.043 

1.161 1 .281 
PGM* 

A-A 7 3.850 
A-B 16 22.301 
B-B 34 30.850 

4.680 1 .031 

PGM* deviated significantly from Hardy Weinberg equilibrium (p<0.05) and AH*was 
dose so it was considered to be heterogeneous. 
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Table 7.1.1: King George Sound, WA. OS 04 91 (KGSS) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT"' 
A-A 23 15.536 
A-B 23 37.927 
8-B 30 22.536 

11.932 1 .001 
AH* 

A-A 26 20.887 
A-B 30 40.226 
B-B 24 18.887 

5.236 1 .022 
EST-4"' 

A-A 8 5.816 
A-8 25 29.369 
8-8 38 35.816 

1.604 1 .205 
MPI* 

A-A 0 .350 
A-8 11 10.299 
B-8 68 68.350 

.400 1 .527 
PEPB"' 

A-A 2 1.863 
A-B 21 21.273 
8-B 58 57.863 

.014 1 .906 
PGM* 

A-A 3 3.280 
A-8 27 26.441 
8-B 51 51.280 

.037 1 .847 
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Table 7.1.1: King George Sound, WA 00 05 91 (KGS6) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
A-A 22 14.602 
A-B 35 49.796 
B-B 49 41.602 

9.460 1 .002 
AH* 

A-A 18 15.502 
A-B 45 49.995 
B-B 42 39.502 

1.059 1 .303 
EST-4* 

A-A 4 2.968 
A-B 26 28.063 
B-B 65 63.968 

7 1 .468 
MPI* 

A-A 3 .3 
A-B 7 12.254 
8-B 95 92.373 

20.816 1 .000 
PEPB* 

A-A 3 2.204 
A-B 25 
B-8 78 77.204 

.391 1 .532 
PGM* 

A-A 12 8.756 
A-8 37 43.488 

56 52.756 
2.369 1 .124 
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Table7. i. 1: King George Smmd, WA. 06 ~, 
'- 91 (KGS?) 

, _ __,=---
Observed Expected Chi-

:_.ocus Genotype frequency frequenq, square DF p 

·---·--·-- ~----<s.,>=C••>_._..___,.~.«~>=--· -~--~.-.. ,-,~---·-.-~--~·'>'• 
A.AT* 

A·A 26 19.290 
A-B 40 53.419 
B-8 43 36.290 

6.945 l .008 
AH* 

A-A 16, ii .650 
A-8 25 33.701 
B··B 28 2:3.650 

4.671 1 .031 
EST-4* 

A-A 0 1.209 
A-B 22 19.581 
B··B 74 75.209 

1.528 "' .2 '16 ! 

MPI* 
A-A 0 .467 
A-B 14 13.067 
B-B 84 84.467 

.536 .464 
PEPB* 

A-A 2 1.943 
A-B 25 25.115 
B-8 78 77.943 

.002 1 .962 
PGM* 

A-A 7 3.650 
A-8 25 31.700 
B-B 70 66.650 

4.658 .031 

As AA T*, AH* and PGM* were significantly out of Hardy Weinberg equilibrium this 
sample was considered to be heterogeneous. 
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Table 7.1.2: Esperance, WA., 05 90 (ESP1) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
A-A 26 13.661 
A-B 6 30.678 
B-B 29 16.661 

40.134 1 .000 
AH* 

A-A 17 10.470 
A-B 16 29.060 
B-B 26 19.470 

12.132 1 .000 
EST-4* 

A-A 6 3.530 
A-B 17 21.939 
B-B 35 32.530 

3.027 1 .082 
MPI* 

A-A 4 1.743 
A-B 12 16.514 
B-B 39 36.743 

4.294 1 .038 
PEPB* 

A-A 2 .624 
A-B 9 11.752 
B-B 52 50.624 

3.716 1 .054 
PGM* 

A-A 6 3.345 
A-B 16 21.310 
B-B 35 32.345 

3.648 1 .056 

Three loci were significantly out of Hardy Weinberg, and the other three loci were 
close, so it was considered to be a heterogeneous sample. 
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Table 1.1.2: Espe ranee, WA 11 90 (ESP2) 

Ob8erved Expected Chi-
Locus Ger.otype frequency frequency square DF p 

'"'·-~-----........ "---~-,.,-,~-.,-=...,.,.._<_.., •• __,,.,_~"'~''"'==~--

lc\AT"' 
A··A 1 ;:;; 

i .,/ 12.443 
A-B 24 29~.113 
B·.S ~Q '_, 16.443 

'i.821 1 1 ·•7 • I• 

AH* 
A·-A 0 6.774 .., 
A·-8 18 22.452 
B-B 20 17]74 

"i.893 1 .169 I 

fST-4* 
A-A 3 2.321 
A-8 ·17 18.358 
8-8 35 34.321 

.312 1 .576 
MPi* 

A-A 1 .405 
A-8 8 9.189 
B-8 47 46.405 

1.034 ~ .309 I 

PEPB* 
A-A 0 1.487 
A-B 19 16.026 
8-B 39 40.487 

2.093 1 .148 
PGM* 

A-A 5 3.106 
A-B 17 20.788 
B-B 35 33.106 

1.953 1 .162 
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Table 7.1.2: Esperance, WA. 10 05 91 (ESP3) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

MT* 
A-A 3 1.535 

6 8.930 
B-B 13 11.535 

2.546 1 .111 
AH* 

A-A 4 2.791 
A-B 8 10.419 
B-8 10 8.791 

1.252 1 .263 
EST-4* 

1 233 
A-B 3 4.535 
B-8 18 17.233 

3.086 1 .079 

0 .000 
A-8 1 1.000 
8-B 21 21.000 

.000 1.000 
PEPB* 

A-A 1 .488 
A-B 5 6.023 
B-B 16 15.488 

1 .394 
PGM* 

A-A 3 2.927 
A-B 10 10.146 
B-B 8 

.005 1 .946 
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. .,.. · ' ·, ~ " E' ',AtA ,_ . ., ,. 4 " 1 t•·c-.4) 1 ao;e , . i.,:: spernnce, 'n . 1.J.:l u . ':J; ,t....sl" 

Lc}CUS Genotyp.e 
,.,--~·~,¥--",---~--. 

AAP 
A-A 
A-8 
8-B 

4''* J rr 
A-A 
A-B 
B-B 

EST-4~· 
A-A 
A-8 
8-B 

MPI* 
A-·A 
A-B 
B-B 

PEPB* 
A-A 
A-8 
B-8 

PGM* 
A-A 
A-B 
8-8 

Gbseived 
frequency 

6 
5 

11 

8 
10 ,,.. 
0 

0 
7 

1 ,.., . ;) 

1 
7 

'lS 

0 
8 

17 

0 
9 

16 

Expected 
frequency 

3.163 
10.67-4 

8.163 

6.91 S 
l 2.'l 70 
4.915 

.488 
6.023 

15.488 

.800 
7.400 

14.800 

.571 
6.857 

17.571 

.735 
7.531 

16.735 

xlvii 

Chl·· 
square 

6.548 

.797 

.662 

.074 

.780 

1.054 

OF p 

1 .011 

.372 

1 .416 

·1 .785 

1 .377 

1 .305 



Table 7.1.2: Esperance, WA. 06 91 (ESPS) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 11 8.326 
A-B 17 22.348 
B-B 17 14.326 

2.638 1 .104 
AH* 

A-A 12 10.396 
20 23.209 
14 12.396 

.899 1 .343 
EST-4* 

A-A 2 .742 
A-B 8 10.517 
B-B 35 33.742 

2.785 1 .095 
MPI* 

A-A 0 .067 
A-B 4 3.865 
B-B 41 41.067 

.072 1 .788 
PEPB* 

A-A 2 .604 
7 9.791 

B-8 37 35.604 
4.073 1 .044 

PGM* 
A-A 1 
A-B 11 11.286 
B-B 34 33.857 

.032 1 .859 
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Table 7.1.2: Esperance, WA. 01 92 (ESP6) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 20 15.497 
A-8 28 37.007 
B-8 26 21.497 

4.444 1 .035 
AH* 

A-A 13 11.579 
A-B 30 32.842 
8-B 24 22.579 

.510 1 .475 
EST-4* 

A-A 0 .344 
A-B 10 9.313 
B-B 56 56.344 

.396 1 .529 
MPI* 

A-A 1 .108 
A-8 4 5.784 
B-8 65 64.108 

7.937 1 .005 
PEPB* 

A-A 2 2.388 
A-B 23 22.224 
B-8 49 49.388 

.093 1 .760 
PGM* 

A-A 3 3.993 
A-B 29 27.013 
B-8 43 43.993 

.416 1 .519 
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Table 7.1.3: Bremer Bay, WA., 04 90 (BB1 ) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
A-A 12 7.346 
A-B 11 20.309 
B-B 18 13.346 

8.839 1 .003 
AH* 

A-A 11 11.379 
A-B 23 22.241 
B-B 10 10.379 

.052 1 .819 
EST-4* 

10 8.326 
A-B 19 22.348 
8-B 16 14.326 

1.034 1 .309 
MPI* 

A-A 0 .034 
A-B 3 2.931 
B-8 41 41.034 

.036 1 .849 
PEPB* 

A-A 2 1.432 
A-B 13 14.137 
B-B 33 32.432 

.3 1 .567 
PGM* 

6 4.462 
A-B 17 20.077 
B-B 23 21.462 

1.112 1 .292 



Table 7.1.3: Bremer Bay, WA. 09 90 (BB2) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

MT* 
A-A 16 8.697 
A-B 10 24.606 
B-B 24 16.697 

17.997 1 .000 
AH* 

A-A 13 9.753 
A-B 18 24.495 
B-B 18 14.753 

3.518 1 .061 
EST-4* 

A-A 1 .474 
A-B 8 9.053 
B-B 39 38.474 

.714 1 .398 
MPI* 

A-A 1 .371 
A-B 7 8.258 
B-B 41 40.371 

1.267 1 .260 
PEPB* 

A-A 2 .919 
A-B 10 12.162 
B-B 38 36.919 

1.687 1 .194 
PGM* 

A-A 0 1.727 
A-B 19 15.545 
B-B 31 32.727 

2.586 1 .108 

Ii 



Table 7.1.3: Bremer Bay, WA. Summer 90 (883) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
A-A 22 12.679 
A-8 20 38.642 
8-8 38 28.679 

18.874 1 .000 
AH* 

A-A 19 15.189 
A-8 32 39.623 
8-8 29 25.189 

3.000 1 .083 
EST-4* 

A-A 6 4.656 
A-8 26 28.689 
8-8 44 42.656 

.683 1 .409 
MPI* 

A-A 0 .503 
A-8 13 11.994 
8-8 65 65.503 

.592 1 .442 
PEPB* 

A-A 4 1.887 
A-8 17 21.226 
8-8 59 56.887 

3.287 1 .070 
PGM* 

A-A 10 6.799 
A-8 27 33.403 
8-8 43 39.799 

2.992 1 .084 
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"T hi - 'I ...,.~ , a..:!e 1. : , -1. Bremer Bay, WA OS 91 (8B4) 
---~--,.,,-~_,,....,.,=----~.,,~-,.,,-~-----"""---=-=-

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

---·~-~----.-,.,-,.----·=""'~-·.-~~~~--=~-~·---=----~~--..,.-..--.=·~,----· 
AAT·· 

A-A 37 23.393 
A-B 34 61.215 
B-8 S'' ,; 39.393 

24.Tl 5 1 .000 
AH* 

A-A 31 19.004 
A-8 35 58.992 
B-8 57 45.004 

c.'.0.5.27 1 .000 ' EST-4"" 
A-A i . ., 

• t::. 7.281 
A-8 35 44.438 
B-8 TI 66.281 

5.399 1 .020 
MP!* 

A-A 1 .311 
A-B 11 12.378 
B-B "114 113.311 

1.686 1 .'l 94 
PEPB* 

A-A 2 2.952 
A-B 35 33.096 
B-8 89 89.952 

.427 1 .514 
PGM* 

A-A 8 7.349 
A-B 45 46.301 
8-B 72 71.349 

.100 .752 

This sample was considered to be heterogeneous as three loci were significantly out of 
Hardy Weinberg equilibrium (p<0.05). 
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Table 7.1.4: Torbay, WA 24 05 90 (TOR"I) 

Observed Expected Chi-
Locus Genotype frequency frequency square p 

MT* 
A-A 11 9.630 
A-B 16 18.740 
8-B 10 8.630 

.813 1 .367 
AH* 

A-A 7 8.702 
A-B 18 14.596 
B-8 4 5.702 

1.634 1 .201 
EST-4* 

A-A 0 .406 
A-B 8 7.188 
B-8 27 27.406 

.503 1 .478 
MPI* 

A-A 1 .1 
A-8 3 4.710 
B-B 31 30.145 

5.690 1 .017 
PEPB* 

A-A 2 .634 
A-B 6 
B-B 28 26.634 

3.870 1 .049 
PGM* 

0 .930 
A-B 12 1 141 
B-B 24.930 

1.305 1 .253 
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Table 7.1.4: Torbay, WA., 09 90 (TOR2) 
.,--·-~-~~--,--~---··--=-

O' . bservea Expected Chi-
Locus Genotype frequency t'requency square DF p 

~-,--~-~- .. ,, ___ .._,,,,,_ 

AAr-1.-
A--A 39 27.437 
A-,8 ?.7 50.126 
B-B 34- 22.437 

21.50'! 1 .000 I 

AH* 
.A-A ~, 9 i 8.062 
A-8 46 47.876 
8-8 32 31.062 

.150 1 .698 
£ST·4'1" 

A-A 5 3.498 
A-8 28 31.005 
8-8 68 66.498 

971 . ' ' 1 .325 
MPI* 

A-A 1 .179 
A-B 7 

' 8.642 
B-8 93 92.179 

4.082 1 .043 
PEPB* 

A-A 4 2.291 
A-B 23 26.419 
B-8 75 73.291 

1.758 l .185 
PGM* 

A-A ? 6.034 l., 

A-B 46 37.931 
B-B 54 58.034 

4.694 1 .030 
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Table 1.4: Torbay, WA. Summer 90 (TOR3) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT" 
A-A 20 14.255 
A-B 23 34.489 
B-B 20.255 

7.771 1 .005 
AH* 

A-A 15 13.8-91 
A-8 28 30.218 
B-B 17 15.891 

.329 1 .566 
EST-4* 

A-A 2 1.579 
A-B 17 17.842 
8-8 48 47.579 

.156 1 .693 
MPI* 

A-A 0 .073 
A-B 5 4.854 
B-B 64 64.073 

.077 1 1 
PEPB* 

A-A 2 1.662 
A-8 18 18.676 
B-8 50 49.662 

.096 1 7 

A-A s 4.791 
A-B 27 27.417 
8-B 37.791 

17 1 .898 
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Table 7.1.4: Torbay, WA. 12 06 91 (TOR4) 
~=-,.~-------·~---= .. _____ ,, ________ . __ ,,.," 

Observed Expected Chi-, 
Locus Genotype frequency frequency square DF p 
-~---~"=--· 
AAT* 

A-A 1Q . ,., 'i 1.644 
A-B 13 25.713 
B··B 20 l 3.644 

12.71? 1 .000 
1-if!* 

A-·A 17 11.893 
A-B 16 26.214 
B··B 19 13.893 

8.049 1 .005 
EST-4* 

/l_.,/.\ 7 6.032 
A-B 20 21.935 
B-B 20 'i 9.032 

.375 1 .540 
MPI* 

A··A 0 .058 
A-8 4 3.883 
B-B 48 48.058 

.062 1 .804 
PEPB* 

A-A 0 .743 
A-B '13 11.514 
8-B 40 40.743 

.948 1 .330 
PGM* 

A-A 4 3.343 
A-B 19 20.314 
8-B 30 29.343 

.229 1 .632 

!vii 



Table 7. 1 .5: Dunsborough, WA. OS 90 (DUN1) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

A-A 10 6.667 
A-B 5 11.667 
8-8 8 4.667 

7.857 1 .005 
AH* 

A-A 6 4.419 
A-B 8 11.163 
8-B 8 6.419 

1.852 1 .1 
EST-4* 

A-A 2 1.154 
A-B 6 7.692 
B-B 12 11.1 

1.057 1 .304 
MPI* 

0 .140 
A-8 4 3.721 
8-B 18 18.140 

.162 1 .688 
PEPB* 

A-A 1 .233 
A-B 3 4.535 
B-B 18 17.233 

3.086 1 .079 
PGM* 

A-A 0 1.279 
A-B 11 
B-B 11 12.279 

188 1 .139 
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Table 7. LS: Dunsborough, WA. ? 'l 
.... t:.. 11 90 (DUN2) 

,,,__. ________ ~-=,~---"'--~=,~.,.,,.,.,,._¥.,.~=. 

Observed Expected t:hi~-
L.ocus Gen<.>t~/pe frequency frequency square DF p 

==-·==,_,,.,,,,,,,__,,_.___,"'--~·=·,--,-=~~-"'·~·"'--;~-~---.._..-,,.....,..._.,.._~,. • ..,,.,_.,.,,__ 

AAT* 
A-A 30 23.200 
A-8 28 4'i.600 
6-8 i~S 18.200 

8.980 . .003 ! 
AH,. 

P,,-A 18 18.403 
A-8 4·, 40.195 
B--8 2~ i ;! 1.403 

.032 . .657 ; 

EST-4* 
A-A 2 1.511 
A-8 17 17.978 
B-B 51 50.511 

.216 1 .642 
MPi* 

A-A 0 .405 
A-B 12 1 L 190 
8-B 70 70.405 

.466 1 .495 
PEPB* 

A-A 3 2.491 
A-B 23 24.018 
8-B 56 55.491 

.152 1 .697 
PGM* 

A-A 2 5.218 
A-B 38 31.564 
B-B 43 46.218 

3.521 1 .061 
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Table 7.1 Dunsborough, WA. 12 91 (DUN3) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 24 19.877 
A-8 31 39.245 
B-B 18.877 

3.488 1 .062 
AH* 

A-A 16 15.289 
A-B 36 37.423 
B-B 23 22.289 

.110 .740 
EST-4* 

A-A 4 2.959 
A-B 22 24.082 
B-8 48 46.959 

.569 1 .451 
MPI* 

A-A 0 .183 
A-8 8 7.634 
B-8 69 183 

.201 1 .654 
PEPB* 

A-A 3 1.611 
A<·B 17 19.777 
8-8 59 57.611 

1.620 1 .203 
PGM* 

A-A 3 2.771 
A-B 24 24.459 
B-B 51.771 

.029 1 .866 
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Tabie 7. i .5: Dunsborough~ W,>,,_ , ") 
• !~, 91 (DUN4) 

,,._~..,,.,--------""'--··-~= 

Obser,;ed Expected Chi-
Locus Genotype frequency frequency square DF !'.l I" 

,.,,--,.~-

AAT" 
A-A .., ') 

'-'·· i 5.830 
A··B 46 58.340 
B-8 59 52.830 

5.736 1 .017 
4J.,/;i' 

J I I 

A--A ·~t\ 
., .... l.t 24.964 

A-B 52 62.072 
B-8 43 37.964 

3.318 ·1 .069 
EST-1". 

A-A 3 L421 
A-B 21 24.158 
B-B 100 98.421 

2.·193 1 .139 0 

MPI* 
A-A 0 .478 
A-8 16 15.044 
B-B 110 110.478 

.541 .462 
PEPB* 

A-A 2 2.779 
A-B 34 32.443 
8-B 91 91.779 

.300 .584 
PGM* 

A-A 6 5.447 
A-B 41 42.107 
B-B 80 79.447 

.089 1 .765 

lxi 



Table 7. 1.6: Fremantle, WA. 11 05 90 (FM1 ) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 9 6.000 
A-B 10 16.000 
B-B 13 10.000 

4.650 1 .031 
AH* 

A-A 10 7.233 
A-B 13 18.534 
8-8 14 11.233 

3.393 1 .065 
EST-4* 

A-A 6 3.563 
A-B 11 15.873 
B-B 19 16.563 

3.521 1 .061 
MPI* 

A-A 0 .090 
A-B 4 3.821 
B-B 30 30.090 

.098 1 .754 
PEPB* 

A-A 2 1.329 
A-B 11 12.342 

329 
.502 1 .479 

PGM* 
A-A 1 .600 
A-B 8 8.800 
8-8 29 28.600 

.345 1 .557 
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Table 7. 1.6: Fremantle, WA. Oi 91 (FM2) 
,----------"~,---=·"'--~·-"'''--··"-..-~----,-

Observed Expected Chi-
Locus Genotype frequency freque:mcy square ,,·1~ 

1.,,, p 
--~"-~-----=-~·= ----·--·--··-·-~,, .... ~,."""' 

AAP· 
A-A 5 2.264 
A-B 6 i 1.472 
8--B 16 13.264 

6.480 1 .011 
AH* 

A-A 6 6.383 
A-B 13 'l 2.234 
B-8 s 5.383 

.098 i ~75•4 
EST--4* 

A-A () .283 
A-8 6 5.434 
B-B 21 21.283 

.346 , 
.557 j 

MPI* 
A-A ·1 .055 
A-B 1 2.891 
8-B 26 25.055 

17.660 1 .000 
PEPB* 

A-A 2 .789 
A-8 6 8.421 
8-8 21 19. 789 

2.626 1 .105 
PGM* 

A-A 0 .396 
A-8 7 6.208 
B-8 20 20.396 

.SOS .477 
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Table 7.1.6: Fremantie, 16 OS 91 (FM3) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 22 14.836 
A-B 36 50.329 
B-B 49 41.836 

8.766 1 .003 
AH* 

A-A 23 18.456 
A-8 44 53.088 
B-B 42 37.456 

3.225 1 .073 
EST-4* 

A-A 12 8.627 
A-B 33 39.746 
B-B 48 44.627 

19 .099 
MPI* 

A-A 4 .732 
A-B 10 16.536 
B-B 91 87.732 

17.293 1 .000 
PEPB* 

A-A 2 1.3 
A-B 21 22.285 
B-B 88 87.3 

.383 1 .536 
PGM* 

6 4.648 
A-B 33 35.704 
B-B 68 66.648 

.626 1 .429 
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Tabie 1.7: Cheynes Beach, WA 13 6 91 (CHB1) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

AAT* 
31 20.692 

A-B 26 46.616 
B-B 36 25.692 

18.389 1 .000 
AH* 

A-A 23 14.600 
A-8 28 44.800 
B-B 42 33.600 

13.233 1 .000 
EST-4* 

A-A 7 4.602 
A-B 25 29.795 
B-B 49 46.602 

2.144 1 .143 
MPI* 

A-A 1 .422 
A-B 11 12.157 
B-B 81 80.422 

.908 1 .341 
PEPB* 

A-A 3 2.794 
A-B 27 27.413 
B-B 65 64.794 

.022 1 .882 
PGM* 

A-A 9 9.053 
41 40.894 

B-B 45 45.053 
.001 1 .980 
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1'"abie 7.1.8: Bost,Jn Bay, South Australia, 26 04 92 {BSA 1) 
-~·--~-~-~~----- __ ,,.,,.._ ___ , _______ ~•="'-"""'~-

Obseived Expected Chi-
t .oc•1s Genotype frequency frequency square DF p 

___ ,_w,,-.-,,_. __ , _ __,,=,--,s,>\•><,-".,-,=,, .~ .. ----.c.,-.--------------
AAT* 

lv-A 21 15.079 
A·S 34 45.841 
B·B 40 34.079 

6.412 1 .01 't 
Af-!* 

A-Fi 26 21.667 
A-8 39 47.667 
B-·B 30 25.667 

3."174 1 .075 
EST4* 

f:;..,A 1 .408 
A-8 11 12.183 
8-B 84 83.408 

.976 1 ,323 
MPI* 

A-A 1 .408 
A-B 11 12.183 
8-8 84 83.408 

.976 1 ,323 
PEPB* 

A-A 0 3.115 
A-B 35 28.770 
B-B 61 64.11 S 

4.6i 6 1 .032 
PGM* 

A-A 5 5.419 
A-B 36 35.162 
B-B SS 55.419 

.055 1 .814 

The excess of heterozygotes at the PEPB* locus was possibly a chance occurrence. 
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Table 1.9: Port Phillip Bay, Vic. 21 02 91 (PPB1) 
---------------------------------------------------------

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 
---------------------------------------------------------

A-A 25 18.990 
A-8 49.020 
B-B 37 30.990 

6.015 1 .014 
AH* 

A-A 28 23.147 
A-B 40 49.706 
B-B 31 26.147 

3.813 1 .051 
EST-4* 

A-A 3 1.538 
A-B 19 21.923 
B-8 76 74.538 

1.807 1 .179 
MPI* 

A-A 0 .187 
A-B 9 8.627 
B-B 88 88.187 

.203 1 .652 
PEPB* 

A-A 5 2.360 
21 26.279 

B-B 73 70.360 
4.111 1 .043 

PGM* 
A-A 8 7.264 
A-B 38 39.472 
B-8 53 52.264 

.140 1 .708 
----------------------------------------------------------
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Tab!e 7.1.9: Port Phillip Bay, V!C, 25 03 92 {PPB2) 
-··--------. -- ~.~~----~-- _,,_'" _____ -,,.,.,.._ 

Obser-1ed Expected Chi-· 
Locus Genotype trequency frequency square OF p 

--,,,..,,-~~-~-~-~ "'~-=--·""-'""-·=-=="""' 

A4T* 
A-A 23 14.923 
A-B 28 44,155 
B-8 40 31.923 

12.326 ., .000 
AN,,,. 

A-A. 20 20.419 
A-B 46 45.'l 62 
B-B 24 24.4HJ 

.031 , 
.859 • 

EST'-4* 
/l1.-A 2 .977 
A-B 15 17.046 
B-B T! 69.977 

1.331 1 .249 
MP/tr 

A-A 2 .574 
A-8 11 13.852 
8-B 79 77.574 

4.159 1 ,041 
PEPB* 

A-A 5 3.405 
A-8 26 29.189 
B-B 62 60.405 

1.137 1 .286 
PGM* 

A-A 3 5.059 
A-8 38 33.882 
B-B 53 55.059 

1.415 ~ .234 i 
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Table 7.1.9: Lakes Entrance, Victoria, 27 08 91 (LKE1) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 32 22.939 
A-B 39 57.122 
B-B 44 34.939 

11.679 1 .001 
AH* 

A-A 27 24.149 
A-B 40 45.702 
B-B 24 2L149 

1.432 1 .231 
EST-4* 

A-A 3 1.728 
A-B 23 25.545 
B-B 92 90.728 

1.208 1 .272 
MPI* 

A-A 2 1.095 
A-B 19 20.810 
B-B 95 94.095 

.913 .339 
PEPB* 

3 3.543 
A-B 36 34.914 
B-B 83 83.543 

.121 1 .728 
PGM* 

A-A 14 8.047 
A-B 34 45.906 
B-B 64.047 

8.046 1 

The significant deviation Hardy Weinberg equilibrium at the PGM* locus (p<0.05) 
may indicate significant heterogeneity due to mixed size classes in this sample. 
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Tabie 7. i .10: Jer~tis Bay, NSW, 24 02 91 (JB1) 
-~-·~-,--_c; ___ k ___ , ____ ~-~--=-- _,,,_,,.,.....-~~---~=·~ 

Observed Expected Chi·· 
Locus Genotype freqLiency frequency square DF p 

·---,-,,~--=~-=~-,~-,-.------·-· .,.,, ___ ._,_,o'~Y>,..=-·----T-"'="' 

AAP' 
A-A 18 '10.558 
A-·R 29 43.883 
B-8 52 44.558 

'11 .. 535 1 .001 
Ail* 

A-A l .• 14.467 ·' ,. Ii 

A-8 42 47.066 
8-8 40 37.467 

1.160 1 .281 
EST-4* 

A-A 2 .785 
A-B 14 16.431 
B··B 82 80.785 

2.261 1 Q 133 
MPI* 

A-A 0 .142 
A-8 8 7.716 
8-B 91 91.142 

1 i;:•;i 
• I .,;, ;J 1 .696 

PEPB* 
A-A 4 2.208 
A-8 22 25.584 
8-8 73 71.208 

2.001 1 .157 ' PGM* 
A-A 4 5.970 
A-B 41 37.061 
8-8 54 55.970 

1.138 1 .286 
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Table 1.10: Jervis Bay, NSW, 03 03 92 (JB2) 

Observed Expected Chi-
locus Genotype frequency frequency square DF p 

AAT* 
A-A 16 10.897 
A-8 32 42.205 
8-B 45 39.897 

5.510 1 .019 
AH* 

A-A 30 22.398 
A-B 33 48.204 
B-B 33 25.398 

9.651 1 .002 
EST-4* 

A-A 3 .905 
A-13 13 17.190 
8-8 79 76.905 

1 1 .015 
MPI* 

A-A 2 .408 
A-B 9 1 183 
B-B 85 83.408 

7.065 1 .008 
PEPB* 

A-A 2 3.880 
A-B 35 31.241 
8-B 59 60.880 

1 1 1 .233 
PGM* 

A-A 9 6.942 
A-B 34 38.115 
B-B 53 50.942 

1.137 1 .286 

sample was considered to be heterogeneous because four ioci deviated significantly 
from Hardy Weinberg equilibrium (p<0.05) due to heterozygote deficits. 
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Table ~7~1~11: South Africa, 00 Gl 9'1 (SAF1) 
·-----~-=-ff-~ ·-· ---·-

Observed Expected Chi-
!..OCUS Genotype frequency freque·ncy· square DF p 
~-,~~------·--"----~--------~-•=··,-,~-=-"-,.-, .. _,,_,__, ____ ..,.._,,..,c,~-- --~~"",_,. ~-~ 

AAT,;; 
A-A 8 4 7''') ... o,, 
A··B 9 1.5.476 
8-8 1-

, ::, 1 L762 
5,803 1 .016 

AH* 
A··A 9 9.842 
A-B 16 14.316 
B-B 4 4.842 

.417 1 P"' .. f''\ 
,j I::, 

EST-4* 
A-A 1 1.000 
A-8 9 9.000 
8-B 18 18.000 

.000 1 1.000 
MPI* 

A-A ~ .048 l 

A-B 1 2.905 
B-8 30 29.048 

20.328 1 .000 
PEPB* 

A-A 0 .159 
A-B 5 4.683 
8-B 27 27.159 

.181 1 .670 
PGM* 

A-A 3 1.048 
A-B 6 9.905 
B-B 23 21.048 

5.359 1 .021 

This sample may not be homogeneous as the PGM* locus also was significantly out of 
Hardy Weinberg equilibrium. 
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Appendix 7.2: Chi-square test for deviation from Hardy Weinberg equilibrium for male 
and females only:· 

7.2.1: PPB2 FEMALES (PP2F) 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 11 6.806 
A-B 13 21.389 
8-8 21 16.806 

6.922 1 .009 
AHiti 

A-A 10 9.773 
A-8 21 21.453 
8-8 12 11.773 

.019 1 .890 
EST-4* 

A-A 1 .857 
A-8 10 10.286 
8-8 31 30.857 

.032 1 .857 
MPI* 

A-A 0 .091 
A-8 4 3.818 
8-8 40 40.091 

.1 001 .752 
PEPB* 

A-A 2 1.642 
A-8 13 13.716 
8-8 29 28.642 

.120 1 .729 
PGM* 

A-A 1 2.006 
A-8 17 14.989 
8-B 27 28.006 

.810 1 .368 
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7.2.1: PPB2 MALES (PP2M) 

Observed Expected Chi-
locus Genotype frequency frequency square OF p 

MT* 
A-A 12 8.843 
A-B 15 21.314 
B-8 16 12.843 

3.773 1 .052 
AH"1 

A-A 10 10.756 
A-8 24 22.489 
8-8 11 11.756 

.203 1 .652 
EST-4* 

A-A 1 .285 
A-8 5 6.430 
B-8 37 36.285 

2.127 1 .145 
MPI* 

A-A 2 .556 
A-B 6 8.889 
B-B 37 35.556 

4.753 1 .029 
PEPB* 

A-A 3 1.962 
A-8 13 15.076 
B-8 30 28.962 

.872 1 .350 
PGM* 

A-A 2 2.875 
A-B 19 17.250 
B-B 25 25.875 

.473 1 .491 

Appendix 7.2.3: Contingency chi-square analysis at all loci between PPB males and 
females. 

No. of 
Locus alleles Chi-square D.F. p 

MT*-1 2 .753 1 .38548 
AH"l 2 .026 1 .87196 
EST-4* 2 1.617 1 .20351 
MPI* 2 2.647 1 .10376 
PEPB* 2 .050 1 .82303 
PGM* 2 .388 1 .53357 

(Totals) 5.481 6 .48381 

There were no significant differences (p<0.05) between males and females at any loci. 
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Appendix 7.3: Tests for conformity to Hardy Weinberg equilibrium of pooled samples 
from temporal variation analyses. 

7.3.1: KGS2+5+6 WINTER SPAWNERS (KGS winter spawners) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 60 38.482 
A-B 71 114.036 
8-B 106 84.482 

33.754 1 .000 

A-A 45.691 
95 117.617 

B-B 87 75.691 
8.838 1 .003 

EST-4* 
17 10.473 
62 75.055 

B-B 141 134.473 
6.656 1 .010 

A-A 5 1.420 
A-B 27 34.160 
B-B 209 205.420 

1 587 1 .001 
PEPB* 

A-A 8 5.445 
56 61.109 

B-B 174 171 
1.664 1 .197 

PGM* 
A-A 17 14.266 
A-B 84 89.467 
B-B 143 140.266 

.911 1 
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Table 7.3.1: KGS1+3 AUT/SPR non spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 50 32.694 
A-B 53 87.612 
B-B 76 58.694 

27.937 1 .000 
AH* 

A-A 44 36.000 
A-8 68 84.000 
B-B 57 49.000 

6.132 1 .013 
EST-4* 

A-A 14 7.701 
A-B 31 43.597 
B-B 68 61.701 

9.434 1 .002 
MPI* 

A-A 1 .814 
A-B 22 22.373 
B-B 154 153.814 

.049 1 .825 
PEPB* 

A-A 5 3.714 
A-B 42 44.571 
B-B 135 133.714 

.606 1 .436 
PGM* 

A-A 9 7.945 
A-B 57 59.110 
B-B 111 109.945 

.226 1 .635 
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Table 7.3.2: ESP4+5 Winter spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

T* 
A-A 17 11.701 
A-B 22 3 597 
B-B 28 22.701 

7.081 1 .008 
AH* 

A-A 17.500 
A-8 30 35.000 
B-B 20 17.500 

1.429 1 .232 

A-A 2 1.347 
A-B 15 16.306 
B-B 50 49.347 

.430 1 .512 
MPI* 

A-A 1 .621 
A-B 11 11 
B-B 56 55.621 

.282 1 95 

A-A 2 1.271 
A-B 15 16.458 
B-B 54 53.271 

.5 1 .455 
PGM* 

A-A 1 1.704 
A-8 18.592 
B-B so 50.704 

.407 1 .523 
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Table 7.3.3: BB1 +3 WA Winter and summer 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

MT* 
A-A 50 
A-B 31 58.500 
B-B 56 42.250 

26.739 1 .000 

AH* 
A-A 30 26.663 
A-B 61.673 
B-B 39 35.663 

1.452 1 .228 

EST-4* 
A-A 16 12.250 
A-B 45 52.500 
B-B 60 56.250 

2.469 1 . 1 1 6 

MPI* 
A-A 0 .525 
A-8 16 1 51 
B-B 106 106.525 

.601 1 .438 

PEPB* 
A-A 6 3.445 
A-B 30 35.109 
B-B 92 89.445 

2.711 1 .100 

A-A 16 11.460 
A-8 44 53.079 
B-B 66 61.460 

3.687 1 .055 
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Table 7.3.4: TORi +4 winter spawners 
~~-,.-------=----~-,,-------=~~~-,,,.~ 

Observed Expectt:::d Chi-
locus Genotype frequency frequency square r-1;: 

~ .... ~ p 
_, ____ ._,._,,...., __ , ...... , . .__~----·-,.__.,,..,,,,~"'""""'""'---~-~---·----~-,.-·---·· 

AA!'* 
A-A ~o ,., 21.503 
A-B ·;,Q 

i. .... .....- 43.994 
8--8 30 22.503 

10.222 1 .001 I 
Al-I* 

A-A. 24 20.753 
A-B 34 40.494 

B··B 23 19.753 
2.083 1 .149 

EST-4* 
A-A 7 5.378 
A-B 28 31.244 
B-B 47 45.378 

.884 1 .347 
MPI* 

A-A 'l .233 
A-8 "7 8.534 ( 

8-8 79 78.233 
2.812 .094 

PEPB* 
A-A 2 1.486 
A-8 19 20.028 
8-8 68 67.486 

.235 1 .628 
PGM* 

A-A 4 4.272 
A-8 31 30.455 
8-B 54 54.272 

.028 1 .866 
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Table 7.3.4: TOR1 +4+3 winter and summer spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 49 35.828 
A-8 52 78.344 
B-B 56 42.828 

1 1 .000 
AH* 

A-A 39 34.752 
A-B 62 70.496 
8-B 3 

2.048 1 .152 
EST-4* 

A-A 9 6.659 
A-B 45 49.681 
B-8 95 92.659 

1.323 1 so 
MPI* 

A-A 1 .314 
A-B 12 13.372 
B-B 143 142.314 

1.642 1 .200 
PEPB* 

4 3.184 
37 38.632 

B-B 118 117.184 
.284 1 

PGM* 
A-A 9 9.082 
A-B 58 57.836 
B-8 92.082 

.001 1 
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Table 7.3.5: DUN2+3 Summer spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 54 43.306 
A-B 59 80.388 
B-B 48 37.306 

11.397 1 .001 
AH* 

A-A 34 33.911 
A-B 77 77.177 
B-B 44 43.911 

.001 1 .977 
EST-4* 

A-A 6 4.516 
A-B 39 41.969 
B-B 99 97.516 

.721 1 .396 
MPI* 

A-A 0 .629 
A-B 20 18.742 
B-8 139 139.629 

.716 1 .397 
PEPB* 

A-A 6 4.199 
A-B 40 43.602 
8-8 115 113.199 

1.099 1 .294 
PGM* 

A-A 5 8.000 
A-B 62 56.000 
B-8 95 98.000 

1.860 1 .173 
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Table 7.3.5: DUN2+3+ 1 summer spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

MT* 
A-A 64 50.087 
A-B 64 91.826 
B-B 56 42.087 

16.896 .000 
AH* 

A-A 40 38.453 
A-B 85 88.093 
8-B 52 50.453 

.218 1 .640 
EST-4* 

8 5.672 
A-8 45 49.655 
B-B 111 108.672 

1.442 
MPI* 

A-A 0 .796 
A-B 24 22.409 
8-8 157 157.796 

.913 1 .339 
PEPB* 

A-A 7 4.439 
A-B 43 1 
B-B 133 130.439 

2.074 1 .150 
PGM* 

A-A 5 60 
A-8 73 64.280 
B-B 106 110.360 

3.386 1 .066 
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Table 7.3.6: FM1+3 winter non-spawnE:rs 

Observed Expected Chi-
Locus Genotype frequency frequency square 

., ... 
t}t" p 

--,=-~~"--""'"'""''--'~ 

AA·r"/!· 
A-A 31 20.978 
A-B 46 66.043 
B---8 62 -, q-··· 

:;; • . .,I tJ 

12.802 1 .0()0 
AH* 

A-A 33 25.906 
A-B 57 7L188 
El·B 56 48.906 

5.800 i .016 
EST-4* 

A-A 18 12.403 
A-B 44 55.194 
8-B 67 €1.403 

5.306 1 .021 
MPJ* 

A-A 4 .871 
A-·B 14 20.259 
8-8 1.21 117.871 

13.267 .000 
PEPB* 

A-A 4 2.649 
A-B 32 34.702 
B-B 115 'I 13.649 

.915 1 .339 
PGM* 

A-·A 7 5.216 
A-B 41 44.569 
B-B 97 95.216 

.930 1 .335 
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Table 7.3.6: FM2+3 WA 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 27 17.194 
A-B 42 61.612 
B-B 65 55.194 

13.577 1 .000 
AH* 

A-A 29 24.859 
A-B 57 65.282 
B-B 47 42.859 

2.141 1 .143 
EST-4* 

A-A 12 8.269 
A-B 39 46.463 
B-B 69 65.269 

3.096 1 .079 
MPI* 

A-A 5 .829 
A-B 11 19.342 
B-B 117 112.829 

24.740 1 .000 
PEPB* 

A-A 4 2.188 
A-B 27 30.625 
B-B 109 107.188 

1.962 1 .161 
PGM* 

A-A 6 5.045 
A-B 40 41.910 
B-B 88 87.045 

.278 1 .598 
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l'"able ~7 .3. 7: PPB1+2 non spawners 

~-----------------~--,·=-
Observed Expected Chi-· 

:..ocus Genotype frequency frequency square DF p 

---~'>'--''-"-=-·,..,·;.-·---=c~ 

A.AT* 
A-A 48 34.107 
A-B 6~ ,, 92.787 
B-8 ·77 63.107 

17.040 1 .000 
AH* 

A-A 48 43.81 S 
A-B 86 94.370 
8-8 SS 50.81 S 

lA-87 ! .223 
EST--4* 

A-A 5 2.602 
A-8 34 38.796 
B-B 147 144.602 

2.842 1 .092 
MPI* 

A-A 2 .762 
A-8 20 22.476 
B-8 167 165.762 

2.294 , 
! . i 30 

PEPB* 
A-A 10 5.845 
A-B 47 55.310 
8-8 135 130.845 

4.334 1 .037 
PGM* 

A-A 11 12.440 
A-8 "7,.. 

I 0 73.119 
B-B 106 107.440 

.300 1 .584 
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Appendix7,4: Tests for conformity to Hardy Weinberg equilibrium of pooled samples 
spatial variation analyses. 

Table 7.4.1: D231 +F4 west coast spawners 

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 76 57.575 

70 106.850 
B-B 68 49.575 

2 1 .000 
AH* 

A-A 51 46.895 
A-B 96 104.211 
8-B. 62 57.895 

1.297 1 .255 

A-A 8 5.876 
A-B 51 55.249 

132 129.876 
1.130 1 .288 

MPI* 
A-A 0 .864 
A-B 27 25.273 
B-B 184 184.864 

.986 1 .321 
PEPB* 

A-A 8 5.510 
A-B 53 57.979 
B-8 155 152.510 

1.593 1 .207 
PGM* 

A-A 6 
A-B 82 
B-B 1 

2.854 1 .091 
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Table 7.4.1: D4+-F2+F3 West coast non-spawners 

--·--· . ---~---~_.,,-
Observed Expected Chi-

Locus (;en,)t}lpe frequency frequency square D'~ r p 
~-------·-----,-·~---=·~~~- """~"'""'=-•=-~---~-~•s..~--,·----=--=-.----- -~--·-,------· 
,~4-r•· 

A-A 49 33. 138 
A·B 88 119.724 
B··B 124 1()8.138 

18.326 1 .000 
Al-I':· 

A··A 59 49.931 
,~,-8 ·109 127.138 
B-8 90 80.931 

5.251 1 .022 
EST-4* 

A-A 15 8.299 
A-B 60 73.402 
B-B 169 '162.299 

8.134 1 .004 
MPI* 

A·-A t· ,,; 1.321 
A-B 27 34.357 
8-B 227 223.321 

11.876 1 .001 I 

PEPB* 
A-A 6 4.990 
A-B 61 63.021 
B-B 200 198.990 

.274 1 .600 
PGM* 

A-A 12 10.560 
A-B 81 83.879 
B-B 168 166.560 

.308 1 .579 
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Table 7.4.2: DUN231 +F4+ T143 western subpopulation -

Observed Expected Chi-
Locus Genotype frequency frequency square DF p 

MT* 
A-A 125 93.251 
A-8 122 185.499 
8-B 124 92.251 

43.473 1 .000 
AH* 

A-A 90 81.603 
A-B 158 174.794 
B-B 102 93.603 

3.231 1 .072 
EST-4* 

A-A 17 12.426 
A-B 96 105.1 
8-8 227 222.426 

2. 1 .109 
MPI* 

A-A 1 1.145 
A-B 38.710 
B-B 327 32 145 

.021 1 .886 
PEPB* 

A-A 12 8.664 
A-8 90 96.672 
B-B 273 269.664 

1.786 1 .181 
PGM* 

A-A 15 19.267 
A-B 140 131.467 

220 224.267 
1.580 1 .209 

XC 



Table 7.4.3: CH81+8813 (CH88) 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

AAT* 
A-A 65 40.852 
A-8 57 105.297 

.. 8-8 92 67.852 
45.021 1 .000 

AH* 
A-A 53 41.153 
A-8 83 106.694 
B-B 81 69.153 

10.701 1 .001 
EST-4* 

A-A 23 16.653 
A-13 70 82.693 
B-B 109 102.653 

4.759 1 .029 
MPI* 

A-A 1 .978 
A-B 27 27.044 
B-B 187 186.978 

.001 1 .981 
PEPB* 

A-A 9 6.306 
A-B 57 62.388 
B-B 157 154.306 

1.663 1 .197 
PGM* 

A-A 25 20.617 
A-B 85 93.767 
B-B 111 106.617 

1.932 1 .165 

Levels of signficance from contingency chi-square tests between Cheynes Beach and the 
Esperance summer adults. 

_CO_M_PA_B-1-.SO_N _____ ~AA_T_*_A_H~* ___ ES_T~--4* ...MEf!: PEPB* PGM* _...:_ 
CHB1 v. ESP2+6 .818 .904 .007 .790 .989 .072 
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Table 7.4.4: BOSTON BAY, SA AND PPB VIC, (BSPP} 

Observed Expected Chi-
Locus Genotype frequency frequency square OF p 

M 
A-A 69 49.271 
A-B 99 138.458 
B-B 117 97.271 

23.146 .000 
AH* 

A-A 74 65.607 
A-B 125 141.787 
B-B 76.607 

3.981 1 .046 
EST-4* 

A-A 6 2.880 
A-B 45 51.239 
B-B 231 227.880 

4.181 1 .041 
MPI* 

A-A 3 1.201 
A-8 31 34.598 
8-8 251 249.201 

3.083 1 .079 
PEPB* 

A-A 10 9.031 
A-B 82 83.938 
B-B 196 195.031 

.153 1 .695 
PGM* 

A-A 16 17.938 
A-B 112 108.125 
B-8 161 162.938 

.371 1 .542 
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APPENDIX 8.0: EST-4* Allele Frequency Distribution 

EST-4* allele frequencies categorised for each unpooled WA sample within their 
respective collection season. 

W'90 881,FMl ESP1, DUN1 TOR1,KGS1 

SP'90 KGS3 BB2,TOR2 

S'90 KGS4 883,DUN3 TOR3,DUN2 

W'91 TOR4, FM3 884,KGSS KGS6,ESP3 

S'91 DUN4, FM4 ESP6 
KGS7 
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f\QQ~nd,ix 9.0: Dendrogram of genetic inter-relationships 

Similarity 

--

.90 .95 

' 

Australian Pilchard. 

I I 
I 
I 

I 
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JB, NSW 

ESPjuv 
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Appendix 9: Dendrogram of genetic interrelationships of the Australian pilchard (S. sagax neopilcha.rdus) and a sample of S. ocellata from 
South Africa, based on the analysis of 5 pqlymorphic loci (Est-4" excluded) using Rogers' (1972} genetic similarity coefficient, as 
calculated using the UPGMA method, by BIOSYS-1. Site and sample codes are given in Table 10. 
Goodness of fit statistics: Farris (1972) "f' = .957; Cophenetic correction = .717; Prager and Wilson (1976) "F" = 1.296; 
Percent standard deviation (Fitch and Margoliash, 1967) = 1.948 
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