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Abstract 

Twelve samples of C. termini/era from seven locations in eastern Australia were analysed for colour 
pattern polymorphism. Although there was heterogeneity between the samples the overall frequencies 
of the colour pattern genotypes were very similar. Males and females showed consistent differences 
in their genotype frequencies and this is presumed to reflect differential selection between the two 
sexes. A comparison between observed genotype frequencies and those expected under random 
mating and in the absence of selection revealed large differences. In particular, genotypes 
heterozygous for two dominant genes were consistently underrepresented. While these differences 
could result from non-random mating it is argued that they are more likely to be due to viability 
differences between the genotypes. 

Introduction 

The most successful attempts to analyse the action of natural selection in wild 
populations have come from the study of colour pattern polymorphisms in various 
groups of animals (Ford 1975). Most colour pattern polymorphisms that have been 
studied in detail appear to be balanced: that is the selective forces are such that 
allelic variants are maintained in populations in a state of dynamic equilibrium. 
While the relevance of such systems to our understanding of the action of selection 
in general remains unclear (Lewontin 1974) they do provide valuable insights into 
population processes. 

Many species of Orthoptera are known to exhibit colour pattern polymorphisms 
but only a limited number of studies have been carried out on the genetic basis of 
this variation (Nabours 1929; Sansome and La Cour 1935; Creighton and Robertson 
1941; King and Slifer 1955; Byrne 1967a; Dearn 1981; Gill 1981) and few attempts 
have been made to examine the action of natural selection. A notable exception 
is the work of Fisher (1939) on colour pattern polymorphism in wild populations 
of the grouse locust Paratettix cucullatus (formerly P. texan us ) which was one of 
the first demonstrations of the strength of selective forces in natural popUlations. 

The existence of colour pattern morphs which are common to different but related 
acridid species (Vorontzovsky 1928) has been taken as evidence that the morphs are 
genetically determined (Key 1954). This has been confirmed in one system by Byrne 
(1967a) who studied the inheritance of the colour pattern varieties called albomedia, 
nigrovirgata, trilineata and rubiginosa which are seen in the Australian plague locust, 
Chortoicetes terminifera (Walk.) (Key 1954). These varieties are members of a series 
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of colour pattern varieties seen in C. termin!fera and in the eight species of the closely 
related genus Austroicetes (Key 1954). Five of the varieties are identical to those 
described by Vorontzovsky (1928) in his description of variation in 48 species of 
acrid ids and Key retained the original names for the Australian material as weII 
as designating new varieties. 

.Boulia 
.Longreach 

YVindorah 

.Broken Hill 

.Griffith 

o 400 
I I 

km 

Fig, 1. Map of eastern Australia showing the location of the seven sites. 

Byrne (l967a) showed that the inheritance of colour pattern variation seen in 
C. termini/era could be explained by the segregation offour aIIeles (Fa, F n, F t , F') 
at an autosomal locus. Of particular importance is the fact that with one exception 
the heterozygotes are distinguishable both from each other and from the homozygotes 
on the basis of slight variation of the colour patterns. The system represents, 
therefore, an exceIIent opportunity to examine the action of natural selection on a 
polymorphic locus in natural populations. This paper presents the results of an 
analysis of colour pattern variation in C. termin!fera in samples from seven widely 
distributed locations in eastern Australia. 

Materials and Methods 

Collections of C. termini/era were made from swarms at seven locations (Fig. 1) and are grouped 
into 12 samples (Table 1), six separate samples being taken from the Longreach area. Details of 
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the exact location of each sample site are given in an Accessory Publication. * Most samples consisted 
of material collected using a net mounted on the front of a vehicle. The samples from Longreach E, 
Channel Country, Windorah and Griffith contain some material caught in light traps. Comparison 
of the colour pattern morph frequencies in samples caught in light traps and nets from the same 
site showed no significant difference. The Longreach E sample contained some females caught 
by hand while they ·were ovipositing. Material was either scored immediately on collection or 
preserved by drying for scoring at a later time. 

Probability levels associated with statistical tests are expressed using the notation * for 
0·01 < P ~ 0·05; ** for 0·001 < P ~ 0·01; *** for P ~ 0·001. 

Table 1. Collection dates and sample sizes for the 12 samples 

Sample Collection Sex Sample Sample Collection Sex Sample 
dates size dates size 

Longreach A 16.ii.1971 cr 307 Channel Country 22. iii.l 972- cr 370 
C? 337 23.iii.l972 Cf' 313 

Longreach B 24.iii.1971- cr 470 Broken Hill 25.iii.1972 cr 213 
30.iii.1971 Cf' 303 Cf' 150 

Longreach C 4.xi.1971 cr 112 Windorah 26.iv.1972- cr 1048 
Cf' 87 7.v.1972 Cf' 856 

Longreach D 27.ii.1972 cr 208 Griffith 2.xii.1971- cr 490 
Cf' 140 5.xii.1971 Cf' 155 

Longreach E l.i.1972- cr 1138 Deniliquin Il.iv.1972 cr 488 
Il.i.1972 Cf' 1387 Cf' 392 

Longreach F 19.ii.1972- cr 849 Boulia 4.v.1972- cr 1087 
29.ii.1972 Cf' 1095 17.v.l972 0 1428 + 

Results 

The Polymorphic System 

Byrne (1967a) recognized nine distinct phenotypes corresponding to nine of the 
10 possible genotypic combinations at the F locus, the genotypes Fa Fa and Fa F r 

being indistinguishable. It is useful, however, to allocate the nine phenotypes to 
the four varieties described in Key (1954) (Fig. 2). Key (1954) stated ' ... many 
apparent intermediates are found, and there appears to be some degree of variability 
within the limits of each characteristic pattern .. .' and it was not until the genetic 
analysis was carried out that the nature of this variation became apparent. 

The Fr allele is the most recessive of the four alleles and the F r F r phenotype 
(rubiginosa) is the least conspicuous of the nine colour patterns and appears equivalent 
to the 'universal recessive' phenotype seen in other polymorphic systems. In this 
paper, therefore, the F r allele is referred to as being recessive and the Fa, F n and 
FI alleles as being dominant with respect to this colour pattern polymorphism. 

Inspection of the genotypic data in the 12 samples (Table 2) reveals obvious 
differences between the two sexes in every population. In each case the frequency of 
nigrovirgata is higher in males than females while the frequency of rubiginosa is higher 
in females than males due to differences in the frequencies of the F n Fn, FnF r, F n F r 

and F r F r genotypes between the sexes. Analyses of the phenotype number for each 
population using contingency X2 tests (Table 3) show that the differences between 

* This publication has been lodged with the Editor-in-Chief, Editorial and Publications Section, 
CSIRO, 314 Albert St., East Melbourne, Vic. 3002. Copies are available on request. 
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albomedia 

nigrovirgata 

trilineata 

rubiginosa 

Fig. 2. Drawings of the four colour pattern varieties from Key (1954) together with the phenotypes 
of the 10 constituent genotypic classes from Byrne (1967a). 
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males and females are significant in all samples except Griffith and the male and 
female data have, therefore, been analysed separately. 

Allele frequencies were calculated for males and females for the 12 samples. It 
was assumed that all the FaFajFaF' individuals were of the genotype FaFr since 
the low frequency of the Fa allele in all samples means that the frequency of FaFa 

individuals is very low. Estimates of preselection genotype frequencies were obtained 
by calculating the Hardy-Weinberg equilibrium genotype frequencies from the adult 
gene frequency estimates. X2 tests show that the differences between the observed 
genotype numbers and expected genotype numbers are significant for all 12 samples 
(Table 4). 

Viability Estimates for the Different Genotypes 

The ratios between the observed and expected genotype frequencies were used 
to calculate viability estimates for each genotype in both sexes. These were then 
standardized across genotypes assigning, as is conventional, the genotype with the 
highest viability of partial fitness value of 1 (Table 5). 

These data show apparent large differences between the viabilities of different 
genotypes in both males and females. The general agreement between the viability 
estimates obtained from different samples within either sex lends confidence to the 
conclusion that the observed viability differences are real. The most obvious feature 
of these data is that in both sexes individuals heterozygous for two different dominant 
alleles, i.e. genotypes FaFn, FaF t and F"Ft have low relative viability. In both males 
and females the F' F' (rubiginosa) genotype has low viability but this is more marked 
in males. 

Geographic Variation 

There are a total of six samples from the Longreach area. Field observations on 
migration and breeding patterns (Davies, unpublished data; D. P. Clarke, unpublished 
data) showed that the samples termed Longreach A, B, C and D represent respectively 
generations 1, 2, 4 and 5 in the Longreach area without any detected immigration 
from other areas. This is confirmed by X2 contingency analyses which show that the 
phenotype frequencies in these four samples are independent of sample in both sexes 
(males, X~ = 15·81; females, X~ = 2·78). Longreach samples E and F comprise 
both resident and immigrant individuals because field observations (Davies, 
unpublished data) showed immigration into the sampled popUlations of swarming 
individuals from the Lower Warrego River region to the south-east during the passage 
of a-low pressure trough on 28 and 29 December 1971. X2 contingency tests show 
that the phenotype frequencies are not independent of sample either with each other 
(males, X~ = 8·53*; females, X~ = 8·71 *) or with the Longreach A, B, C and D 
samples (males, xi 5 = 32·89**; females, xi 5 = 430·52***). 

The nine samples comprising Longreach A, B, C and D pooled, Longreach E, 
Longreach F, Channel Country, Broken Hill, Windorah, Griffith, Deniliquin and 
Boulia were analysed together and X2 contingency tests showed that phenotype 
frequencies were not independent of sample for either males or females (males, 
X~4 = 135 -12***; females, X~4 = 583 -33***)_ 
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The Green-brown Colour Dimorphism 

C. termin~(era, like many orthopteran species, exhibits a green-brown colour 
dimorphism though this is largely limited to females (Key 1954). The proportion 
of green individuals was scored for all samples except Griffith (Table 6) and three of 

Table 3. Contingency '1,,2 tests examining the independence of sex and colour pattern phenotype 

In the samples Griffith, Longreach C and Longreach D the albomedia and nigrovirgata classes have 
been combined because of the low expected numbers of albomedia individuals 

Sample d.f. X
2 Sample d.f. X2 

Longreach A 3 25 ' 30*** Channel Country 3 17'72*** 
Longreach B 3 31 ' 82*** Broken Hill 3 15'99** 
Longreach C 2 7'30* Windorah 3 36'99*** 
Longreach D 2 11 · 56** Griffith 2 0 ·30 
Longreach E 3 48'66*** Deniliquin 3 34'45*** 
Longreach F 3 71'00*** Boulia 3 40'83*** 

the samples had enough green females to permit an examination of the association 
between this polymorphism and the colour pattern polymorphism (Table 7) . This 
shows that F' F r females have a lower proportion of green individuals than would 
be expected if there was no association between the two polymorphic systems and 
confirms the original observations of Key (1954). 

Table 4. X2 tests comparing observed genotype numbers with genotype numbers expected under the 
Hardy-Weinberg equilibrium 

In most of the comparisons the FaF a, FaF', FaF" and FaF' genotype classes have been pooled 
to give a total of seven classes and three degrees of freedom. In the samples Longreach C ~ , 

Longreach C <j' , Longreach D ~, Longreach D <j' and Griffith <j' the FaFa, FaF', FaF", FaF' and 
F"F" genotype classes have been pooled to give a total of six classes and two degrees of freedom 

Sample Sex d.f. X2 Sample Sex d.f. X2 

Longreach A ~ 3 74'37*** Channel Country ~ 3 219'70*** 
<j' 3 62 ' 72*** <j' 3 119 ' 60*** 

Longreach B ~ 3 172 ' 89*** Broken Hill ~ 3 118 ' 14*** 
<j' 3 70 ·04**· <j' 3 68 ' 54*** 

Longreach C ~ 2 27'50*** Windorah ~ 3 283 '06*** 
<j' 2 10'49** <j' 3 168 ' 34*** 

Longreach D ~ 2 47'03*** Griffith ~ 3 179'50*** 
<j' 2 18 ' 37*** <j' 2 22 ' 20* ** 

Longreach E ~ 3 261'35*** Deniliquin ~ 3 239'46*** 
<j' 3 252·26*** <j' 3 171·81 

Longreach F ~ 3 251 ' 84*** Boulia ~ 3 351'66*** 
<j' 3 226 ·01 *** <j' 3 251 '02*** 

Discussion 

All the populations analysed in this study were polymorphic with similar frequencies 
of the colour pattern genotypes across samples. The morph frequencies are similar 
to those observed in C. terminz(era by Key (1954) and Byrne (I967b) and the same 
morphs are polymorphic in species of the related genus Austroicetes. It would appear, 
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therefore, that this polymorphic system is both stable and relatively uniform across 
different environments. 

Key (1954) studied a total of 1169 males and 1443 females sampled from throughout 
the range of C. terminifera (which covers 95 % of Australia) and was unable to 
demonstrate any heterogeneity between samples. By contrast, the present study 
demonstrated statistical heterogeneity between large samples from seven locations 

Table 6. Proportion of green individuals in the 12 samples 

Sample Sex Proportion Sample Sex Proportion 
green green 

Longreach A 6 0·0000 Channel Country 6 0·0027 
'il 0·3798 'il 0·0032 

Longreach B 6 0·0000 Broken Hill 6 0·0000 
'il 0·2805 'il 0·0067 

Longreach C 6 0'0000 Windorah 6 0·0000 
'il 0·2874 'il 0·0035 

Longreach D 6 0·0096 Deniliquin 6 0·0020 
'il 0·0500 'il 0·0995 

Longreach E 6 0·0000 Boulia 6 0·0018 
'il 0·3079 'il 0·0343 

Longreach F 6 0·0000 
'il 0·0110 

in eastern Australia. Little can be said about the significance of this heterogeneity, 
however, in absence of detailed information on migration patterns and the randomness 
of migration with respect to colour pattern. It is likely that most of the individuals 
examined in this study were the descendants of individuals breeding originally in 
south-west Queensland and north-west New South Wales where annual outbreaks 
occurred between 1969 and 1972 which led to invasions into southern New South 

Table 7. Relationship between the colour pattern polymorphism and the green-brown dimorphism 

Sample Green Non-green xi 
F'F' Non-F'F' F'F' Non-F'F' 

Longreach A, B, D 9 211 133 427 40'99*** 
Longreach E 8 419 191 769 78'10*** 
Boulia 2 47 268 1111 7'27** 

Wales and Victoria. The apparent widespread distribution of sample locations in 
this study may, therefore, be misleading. Differences between the sexes in genotype 
frequencies are apparent as was observed by Byrne (1 967b). These could represent 
a sampling effect due to different habitat associations between the sexes though this 
is unlikely since the morph frequencies do not differ in samples collected using 
different techniques. . It is assumed, therefore, that they reflect different selection 
regimes in the two sexes. 

The most significant feature of these data is the difference between the observed 
genotype frequencies and those expected under a random mating, no selection 
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(Hardy-Weinberg) model. These differences could arise from a number of different 
causes. First, the low frequency of certain genotypes in the samples could result 
from a low frequency of matings generating such genotypes. Indeed, it has been 
suggested that conspicuous colour pattern polymorphisms could evolve in order to 
distinguish different physiological morphs in that they allow individuals 'genotype 
to be read at a glance by other individuals' and thus facilitate non-random mating 
patterns which increase an individuals fitness (Borowsky 1981). However, such non
random mating patterns would only evolve if there already exist fitness differentials 
associated with the colour pattern morphs. They cannot, therefore, be used as an 
explanation for the deficiency of certain genotype classes though they could certainly 
contribute to any such deficits. Nevertheless, it is important that data be collected 
in natural populations of C. terminifera on the pattern of mating with respect to the 
colour pattern genotype. 

A second potential problem in interpreting these data is the possibility of a 
Wahlund effect due to sample aggregates of populations with different gene 
frequencies. Unlike the well-known two-allele situation, in the case of multiple 
alleles the frequency of particular heterozygotes can be either higher or lower and 
it is not possible to estimate the effect without a knowledge of the covariance matrix 
of the alleles (Nei 1965; Li 1969). However, the general consistency of the genotype 
frequencies across the different samples suggests that the deviations from Hardy
Weinberg frequencies are not due to the effects of population subdivision. 

The third explanation for the observed deficiency of certain genotype classes is 
that they result from the action of natural selection. In order to examine this 
possibility it was assumed that mating was at random with respect to the colour 
pattern genotypes and that the polymorphic system was in equilibrium. Thus, the 
before-selection (Hardy-Weinberg) genotype frequencies can be calculated from the 
after-selection gene frequencies and the ratio of the observed to the expected genotype 
frequencies will, therefore, represent partial fitness values resulting from a component 
of egg to adult viability. The problems associated with estimating fitness values 
from popUlation genotype frequencies are formidable. In particular, fitness values 
obtained from observed genotype frequencies are necessarily incomplete since they 
are based on a viability component only and may, therefore, be nullified by other 
later-acting fitness components (Prout 1969). Nevertheless, deviations from Hardy
Weinberg frequencies can indicate that some form of selection is operating on the 
genotypes. 

The first feature to note with respect to the viability estimates is the magnitude 
of the differences among the genotypes. These at first appear to be too great to 
apply to a single polymorphic locus at equilibrium. As previously mentioned, it is 
possible that these values represent only the relative rankings of the genotype viabilities 
and the large absolute values could result from a pattern of non-random mating. 
It must be remembered, however; that balanced polymorphic systems involving 
'non-cryptic' characters such as colour pattern variants, unlike polymorphisms for 
protein sequence variants, are known to involve large selection differentials (Ford 
1975). 

Although the data have been presented in terms of the single-locus model of Byrne 
(1967a) it appears that the F locus is in fact a supergene, a situation well established 
in other polymorphic systems (Ford 1975). Hawke (1974) observed recombinant 
progeny in a cross FaF t male and FnFr female and this was confirmed in further 
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test matings of the progeny. The F locus must, therefore, be regarded as a series 
of tightly linked genes. Byrne (1967a) could not exclude this situation on the basis 
of the number of progeny he scored and proposed a supergene model involving three 
loci. In this model the F r F r genotype is represented as ant/ant, F n F r represented 
as aNt/ant and FnF t represented as either aNt/anT or aNT/ant, etc. though as discussed 
later nearly all heterozygotes will be in the repulsion phase. 

Association between colour pattern morphs and other phenotypic characteristics 
have been reported in many grasshopper species. Differences between colour pattern 
morphs have been observed with respect to tolerance to heat stress (Nankivell 1974), 
behaviour and morphology (Rubztov 1935), development time (Bradley 1975) and 
longevity (Richards and Waloff 1954). The observed association between the colour 
pattern morphs and the green-brown colour dimorphism in C. termini/era confirms 
the previous observations of Key (1954) and Byrne (1967b) and shows that the 
supergene in C. termini/era is involved in more than the determination of colour 
pattern variation. 

Green-brown colour variation occurs in many species of acridids (Rowell 1971). 
In some species the colour variation is under genetic control and is insensitive to the 
effects of humidity, density or background colour (Rubtzov 1935; Gill 1981). In 
other species, including C. termini/era, which inhabit grasslands exhibiting seasonal 
changes in moisture content, the green-brown dimorphism is under environmental 
control by humidity, the moisture content of the diet and, in some species including 
C. termini/era, density (Key 1954; Rowell and Cannis 1971; Otte and Williams 1972). 
The system determining environmental induction of the colour morphs is itself under 
genetic control and it is possible to select for sensitivity or insensitivity to environ
mental induction (Nel 1968). The adaptive value of the dimorphism appears to 
result from both crypsis and from the fact that the green morph is more stress
resistant at high humidities and the brown morph more-stress resistant at low 
humidities (Albrecht 1964). It would appear, therefore, that in C. termini/era selection 
acting on the green-brown colour variation will in turn result in fitness differences 
between the colour pattern genotypes. 

The second feature of the viability estimates is that the genotypes with the lowest 
viabilities are those genotypes that are heterozygous for two dominant alleles. In 
terms of the supergene model this means that in natural popUlations chromosomes 
containing dominant alleles in coupling must be very rare. Individuals with pheno
types corresponding to genotypes with three dominant alleles have been observed 
in the field and laboratory (Hawke 1974) so that one must presume they are normally 
eliminated by selection. It appears, therefore, that the components of the supergene 
exhibit extreme linkage disequilibrium with four of the possible chromosomes (ANt, 
aNT, AnT and ANT) at an extremely low frequency and not recorded in this study. 
The low viability of genotypes with two different dominant alleles would provide 
a rationale for the existence of the supergene complex through the modification of 
linkage relationships under natural selection (Fisher 1930; Mather 1943; Bodmer 
and Parsons 1962). 

The reality of the viability measures gains support from the fact that the situation 
in C. termini/era is remarkably similar to that observed in the grouse locust Paratettix 
cucullatus by Fisher (1939). Colour pattern variation in P. cucullatus is controlled 
by 25 genes. 24 of these genes form a supergene and of these 23 are dominant 
and one is recessive (Nab ours 1929). Fisher showed in an analysis of samples from 
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six natural populations that, within the supergene, heterozygotes for two dominant 
genes had their viability reduced by at least 40%. The same observation in an entirely 
different polymorphic system suggests a phenomenon of considerable interest. 

Fisher (1939) pointed out that the low viability of double dominant genotypes was 
not observed in his analysis of Nabour's laboratory breeding experiments on a related 
species Apotettetix eurycephalus. Similarly, Byrne (1967a) in his study of the 
inheritance of the colour patterns in C. terminifera did not observe any significant 
deviations from Mendelian proportions in the progeny of different crosses. Fisher 
concluded that 'The cause of elimination is thus probably not a lack of physiological 
viability '" but some cause such as elimination by predators, which is inoperative 
in conditions of culture.' While predators may play some role in determining the 
low viability of the double dominant genotypes in natural populations one would 
not expect this effect to be observed in all samples. It may be significant that the 
two natural populations at Coonamble, N.S.W., analysed by Byrne (1967b), showed 
no evidence of the low viability of double dominant genotypes. These populations 
appeared to be at low density in contrast to the high density swarming populations 
analysed in this study and there is evidence that selection coefficients are effected 
by the degree of crowding experienced by the individuals (da Cunha 1949; Birch 
1955; Lewontin 1955; Battaglia 1958; Sokal and Karten 1964). Thus it is possible 
that the low viability of the double dominant genotypes is only manifested under 
crowded conditions. 

If the viability values for the double dominant genotypes in C. terminifera are real 
then they would impose restrictions on the frequencies of the three dominant genes 
(Fa, F n and FI) since increasing frequencies of these genes would result in an 
increasing genetic load. This effect could account for the high frequency of the 
recessive allele (Fr) in all populations. The proposed viability structure does not, 
however, explain the persistence of the three dominant genes in all populations. 
Each dominant gene might indeed exhibit heterozygote advantage with the recessive 
allele as proposed by Fisher (1939) for P. cucullatus. The pr pr genotype does appear 
to exhibit low viability in all samples but there is no evidence from the viability 
estimates of heterozygote advantage. The continued maintenance of the three 
dominant genes in stable equilibrium frequencies in a situation where they exhibit 
reduced viability when in combination would imply a complex selection regime. 
Certainly the different selection regime in the two sexes could be an important factor 
(Mandel 1971; Kidwell et al. 1977) as would be a pattern of non-random mating. 
C. terminifera being a locust, is subject to large fluctuations in population density 
(Casimir 1962; Magor 1970; Clark 1972; Farrow 1977) and these will be 
accompanied by changes in the frequencies of the green-brown morphs which will 
in turn exert selection pressures on the colour pattern genotypes. It would be naive 
to expect a single explanation for the polymorphism as the extensive work on the 
colour pattern polymorphism in the land snail Cepaea nemoralis has shown (Jones 
et al. 1977). Future work will require a detailed study of the ecology of the different 
genotypes under a variety of environmental conditions. 
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