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Wing dimorphism in the carabid beetles Caluthus cinctus and C. melunocephalus was studied by rearing 
offspring of single-pair crosses. In both species wing dimorphism was found to be determined genetically 
according to a single-locus model with brachyptery dominant to macroptery. In melunocephalus, however, 
the expression of the long-winged genotype is modified by environmental factors such as temperature and 
food supply, whereas in cinctus wing-length is independent of these factors. Moreover, in melunocephalus 
the expression of the long-winged genotype was found to be favoured by relatively better environmental 
conditions (higher temperatures and abundant food) and to be more frequent in females than in males, 
both in the field and in laboratory experiments. It is argued that the resulting differences in phenotypic 
plasticity of the long-winged genotype (none in cinctus and a varying amount in melanocephalus) contribute 
to temporal and spatial differences in dispersal abilities between the two species. The adaptive significance 
of the two types of inheritance is discussed. 

Berend Aukenia, Pomona 66, NL-6708 CC Wageningen, The Netherlands 

Wing polymorphism is a very common phenome- 
nom in insects, occurring in many groups (see HAR- 
RISON (1 980) and DINGLE (1986) for recent reviews). 
In carabid beetles it has caught the attention of zoo- 
logists since the times of DARWIN (1859: flightless 
morphs on Madeira) and DARLINGTON (1936, 1943: 
wing development in relation to mountain tops and 
islands), but little experimental work has been done 
to unravel the background of wing development in 
this group. LINDROTH (1949, 1969) based his theory 
about the recolonization of Fennoscandia by Cara- 
bidae after the last glaciation on “the postulate that 
long-winged (macropterous) individuals are homo- 
zygotes and that populations entirely or very domi- 
nantly consisting of such individuals are pioneers 
(late colonizers)” (LINDROTH 1969: p. 181). This 
postulate was mainly based on his limited but thus 
far unique breeding experience (a progeny of 52 
beetles of 7 parental females) with the wing-dimor- 
phic Pterustichus anthracinus (Illiger) (LINDROTH 
1946), which led him to the conclusion that wing 
dimorphism in this species is inherited in a simple 

’ Dedicated to the memoly of Carl H. Lindroth, who was the first to shou 
the genetic determination of wing dimorphism in carabid beetles. 

* Communication No. 422 of the Biological Station Wijster. 

Mendelian fashion with the brachypterous condi- 
tion dominant. The fact that JACKSON (1928) had 
already got similar results with the weevil Sitonia 
hispidula (Fabricius) tempted LINDROTH (1 946) to 
the statement that “it therefore seems probable that 
the non-sexual wing dimorphism in the order of 
Coleoptera as a whole will prove to be of the same 
type”. STEIN (1973) indeed got comparable results 
for another weevil, Apion virens Herbst. 

Concerning carabid beetles, since then very few 
efforts have been made to confirm Lindroth’s pos- 
tulate. Breeding results with the wing-polymorphic 
Agonum retractum LeConte (CARTER 1976) and 
with Bembidion lampros (Herbst) (LANGOR and 
LARSON 1983) do not allow unambiguous conclu- 
sions concerning the type of inheritance involved 
in these species. DESENDER (1989a) showed a high 
heritability of relative wing development in the 
wing-polymorphic Pogonus chalceus (Marsham). 
DEN BOER et al. (1980) used some preliminary data 
of Calathus cinctus from the study presented here 
to illustrate their theory on the evolution of wing 
dimorphism in carabids. 

The aim of the work presented here was to study 
the inheritance of wing dimorphism in two closely 
related species of the genus Calathus Bonelli: Cala- 
thus (Neocalathus) cinctus Motschulsky (= ery- 
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Fig. 1 4-B. Habitus of females of Calathus (scale I mm 
Fig. A.  ( i r i c ru~  

thr.odrtus Gemminger & Harold) and Calatliirs 
(Neocalathus) melanocephalus (Linnaeus) and thus 
to test Lindroth's postulate of a single-locus model 
with dominance of the short-winged condition for 
these two species. A third species under investiga- 
tion. the closely related Calathus (Neocalathus) 
mollis (Marsham), appeared to be monomorph ma- 
cropterous in field samples, collection material as 
well as in breeding experiments (AUKEMA 1990). 

Offspring of single-pair crosses between all pos- 

Fig. B. melanocephahis. 

sible combinations of wingmorphs of both species 
were reared under approximately outside conditions 
in an outdoor insectary as well as under fixed tem- 
perature conditions in incubators in the laboratory. 
In the case of melanocephalus also the effect of the 
quantity of available food during larval develop- 
ment on wing development was established. 

Some preliminary data have already been pub- 
lished (AUKEMA 1986). 
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Material and methods 
Species 

Calathus cinctus (Fig. 1A) and C. melanocephalus 
(Fig. 1B) are both wing-dimorphic with either 
strongly reduced short wings (about half the length 
of the elytra) or fully developed long wings (about 
1.5 times the length of the elytra) (Fig. 2; Table 1). 
Detailed information on biology of the species is 
given by AUKEMA (1990). 

Parents and offspring of crosses carried out by 
VAN DIJK (1978) were used as starting material for 
a first crossing programme. Assumed parental ge- 
notypes were derived from phenotypes of parents 
and their offspring. Long-winged phenotypes were 
considered to represent the recessive homozygote, 
whereas short-winged offspring of long-winged fe- 
males were supposed to be heterozygous. The short- 
winged homozygotes could not be established with 
certainty, but fully short-winged offspring of short- 
winged females from localities with a low to very 
low percentage of long-winged individuals were 
used as such. 

All three assumed genotypes of cinctus were ob- 
tained from offspring of females caught at Nuil and 
Dwingeloo in the surroundings of the Biological 
Station. 

Supposed long-winged homozygotes and short- 
winged heterozygotes of melanocephalus were 
reared from females collected in the in 1957 re- 
clamed polder of Oost-Flevoland from a population 
with a relatively high percentage of long-winged 
beetles (23 % in 1978). Short-winged offspring of 
females collected at the heath of Kraloo (a popula- 
tion with a very low percentage of macropterous 
beetles-stimated as 0.23 % by DEN BOER (1977) 
-were used as short-winged homozygotes. In me- 
lanocephalus males and females with asymmetric 
wing development (a fully developed wing on the 
left or the right side and a short wing on the opposite 
side) occur in both field populations and in labora- 
tory bred offspring (see also DESENDER 1989b). In 
this study those specimens are considered to repre- 
sent long-winged genotypes. 

Cross-breeding 

For both cinctus and melanocephalus single-pair 
crosses between all combinations of wingmorphs 
were carried out during the years 1978/1979 and 
1979/1980 under approximately outside conditions 
in an outdoor insectary. Selected pairs were kept in 
petri dishes in ground peat litter. Eggs were separ- 
ated from the peat with the sieve-wash technique 

of MOLS et al. (1981) and further incubated at a 
constant temperature of 19°C. Larvae were trans- 
ferred to glass tubes, in which they were reared 
individually in sieved peat litter in the outdoor in- 
sectary. During the winter months (from the end of 
November until the end of March) the larvae were 
moved to a climate room at 5°C under short-day 
(SD 10/14) conditions. Crosses and origin of the 
beetles used are given in Table 2. 

Offspring of crosses conducted by VAN DIJK 
(1979) (F1-offspring 1978 in Table 2) and speci- 
mens collected in the field before the start of the 
reproduction period (tenerals in the case of females) 
were used as starting material (Table 2). Further- 
more, offspring of females inseminated in the field 
(cinctus from Nuil and Dwingeloo, and melanoce- 
phalus from Oost-Flevoland) was reared in order to 
get virgin females as starting material for the next 
crossing experiments. 

In 1979/1980 crosses were carried out in the 
same way as in the preceding year. The larvae, 
however, were kept in small petri dishes and the 
food was changed from pieces of mealworm to 
small maggots. Information on these crosses is also 
summarized in Table 2. 

The effect of temperature on wing development 
in both cinctus and melanocephalus was studied in 
1981/1982 by rearing larvae of different groups of 
single pairs of long-winged parents collected in the 
field at three constant temperatures (8.5, 12 and 
15.5"C) and natural daylight in incubators in the 
laboratory as well as under outside conditions in the 
outdoor insectary. Parental material of cinctus and 
melanocephalus was collected on the West Frisian 
Island of Ameland and in Oost-Flevoland, respec- 
tively. 

During the winter months the larvae of the out- 
side-group were kept in a wooden box sunk in the 
ground, where they stayed from the third week of 
December until the last week of April. 

The effect of the amount of available food on 
wing development in rnelanocephalus was studied 
in 1982/1983 and 1983/1984 by rearing groups of 
larvae at two different levels of food supply under 
different temperature conditions. 

In 1982/1983 offspring of different groups of 
long-winged parents collected in Oost-Flevoland 
was reared at three different constant temperatures 
as well as under outside conditions (the same tem- 
perature conditions as in the 1981/1982 pro- 
gramme). 

To avoid maternal effects of using different 
groups of parental females at different tem- 
peratures, which might have affected the preceding 
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Table 1. Measurements (in mm) of wing-length and elytron-length. RWL: relative wing-length = wing-IengtWelytron-length. N: number 
of measurements. Measurements were made according to AUKEMA (1990) 

Wing-length Elyuon-length RWL 
Sexes Wing-morph Species Locality N Mean 95 % c.1. Mean 95 % c.1. Mean 95 % c.1. 

__ 
Males Short-winged cincrus Nuil 

Texel 

melanocephalus Texel 

Texel 

Texel 

Long-winged cincrus Dwingeloo” 

melanocephalus Oost-Flevoland” 

Females Short-winged cinctus Nuil 
Texel 

melanocephalus Texel 

Texel 
Long-winged cinctus Dwingeloo” 

melanocephalus Oost-Flevoland” 
Texel 

I’ Measurements M. G. J. Oudewesselink 

2, Measurements A. Spee 

experiments, in 1983/1984 newly hatched larvae of 
the same eight pairs of long-winged FI-parents were 
distributed as equally as possible over six different 
rearing conditions: four constant temperatures (8.5, 
12, 15.5 and 19°C) with natural daylight (adjusted 
once a week), one alternating temperature (1 2 hours 
light at 15.5”C and 12 hours dark at 8S°C), and 
approximately outside conditions (comparable to 
the experiment carried out in 1981/1982). 

In both years larvae of the high food-supply 
group were fed twice a week with about their own 
weight in small maggots, whereas larvae of the low 
food-supply group only got two milligrams of mag- 
gots twice a week during their whole development. 
Larvae were weighed twice a week during the entire 
developmental period. 

Results 
Calathus cinctus 

Wing-morph frequencies among offspring reared 
from females inseminated in the field are given in 
Table 3 and data on wing-morph frequencies in the 
parental field populations are summarized in Table 
4. Long-winged females produced significantly 
more long-winged offspring than did short-winged 
ones (x2=208.59, df=l, p<<O.OOl) and for both 

25 1.98 1.95-2.03 
20 1.93 1.85-2.01 

20 1.93 1.86-2.00 

30 7.18 7.02-7.35 
11 6.26 5.894.62 

25 7.34 7.17-7.51 
7 7.10 6.8C7.35 

25 2.16 2.11-2.20 
20 2.14 2.08-2.20 

20 2.06 1.99-2.13 

30 7.77 7.63-7.91 
11 6.49 6.154.82 

29 7.60 7.47-7.62 
20 7.51 7.38-7.65 

4.48 4.42-4.54 
4.17 4.074.29 

4.09 4.0W.18 

4.65 4.59-4.72 
4.12 3.98-4.25 

4.69 4.6W.78 
4.32 4.194.32 

4.82 4.734.90 
4.54 4.444.64 

4.45 4.3w.53 

5.03 4.96-5.11 
4.34 4.184.50 

5.02 4.96-5.08 
4.80 4.72-4.88 

0.44 0.44-0.45 
0.46 0.45447 

0.47 0.464.49 

1.54 1.52-1.57 
1.52 1.47-1.57 

1.57 1.53-1.60 
I .64 1.62-1.67 

0.45 0.44-0.45 
0.47 0.4M.48 

0.46 0 .45448  

1.54 1.53-1.56 
1.49 1.45-1.54 

1.51 1.49-1.54 
1.57 1.54-1.59 

groups of females there are no significant differ- 
ences in the frequencies of long-winged offspring 
between males and females (long-winged females: 
x2=1.84, df=l, O.S>p>O.l; short-winged females: 
x2=0.85, df=l, O.S>p>O.I). Nine out of the 21 
long-winged females (43 %) used in this experi- 
ment only produced long-winged offspring ( 1  37 
males and 13.5 females, representing 43 % of the 
entire offspring). Rearing mortality, calculated from 
Table 2, vaned between 35 and 45 %. 

These preliminary data already suggest a genetic 
determination of wing development in this species. 

Wing-morph frequencies of both the Fl-  and the 
F2-generation of cinctus (Tables 5-6) reared in 
1978/1979 and 1979/1980, respectively, are in ac- 
cordance with the expectations from the assumed 
single-locus model: fully long-winged offspring 
from long-winged parents, 50 8 longwinged off- 
spring from long-winged and assumed heteroLy- 
gous parents, 25 % long-winged offspring from he- 
terozygous parents and no long-winged offspring 
from crosses with one or both parents short-winged 
homozygotes. 

Heterogeneity between different crosses of the 
same group, taken together in Tables 5 and 6, was 
considerable, but never significant. The six crosses 
between heterozygous short-winged beetles (Table 
5 ) ,  expected to segregate 3 short-winged: 1 long- 
winged, show a pooled chi-square of 0.1 8 (df=l , 



Tubk  2 .  Wing-length determination in Co:othirs cinrrrr.! and C melunocrphulirs: crossing program. LW: long-winged; SW: short-winged; 
N:  number of crosses: NL: number of crosses. producing larvae: L: number of larvae reared: B: number of beetles reared 

Crosses 
- 

Pdrentr 
Wing-morph Origin 

Year Specie5 Male\ Females Males Femdles N N L L  B 

1978 oncrirc LW LW 
LW sw 
sw LW 
sR sw 
sw 5 i V  
- LW 

LW 
- sw 
- sw 

* l l l ~ l u l l <  I -  

q l l l l i l l ! A  L M  S\V 
sw sw 
sw sw 
- LW 
- sw 
L W  LW 
LW LW 
sw LW 
sw LW 
1.w sw 
LW sw 

I Y7') , !!fl Ill.\ 

!J7l , /U! lO-  

~ ~~pllul l r  \ 1.w LLV 
s w  LW 
SW LW 
LW sw 
sw sw 
sw sw 
LW SW 
sw sw 
sw sw 

Parent\ 1977" 
F,-offspring 1978 
FI-offspring 1978 
FI-offspring 1978 
Fi-offspring 1978 
no male\ 
no males 
no inales 
no rnales 

Oo\r-Flr\oiiind ~2(1/?7-9-19781 
Kraloo (30-8-1978) 
Kraloo (30-8-1978) 
no male\ 
no males 

F,-offspring 1979 
Ameland (28-6-1979) 
FI-offspring 1979 
Ameland (28-6-1979) 
FI-off5pring 1979 
Ameland (28-6- 1979) 

F ott\pring 1Y79 
F,-offspring 1979 (O-Fle\olandj 
Fl-offspring 1979 (Kraloo! 
F,-otfspring 1979 
F, offspring 1979 (0-Fleboland) 
Fl oftspring 1979 IKrdloo) 
F,-offspring 1979 
F,-off\pring 1979 (0-Flevolandj 
F,-otfrpring 1979 (Kraloo) 

F,-offspring 1978" 
Parents 1977 
Parents 1977 
F,-offTpring 1978 
Parents 1977 
Dwingeloo (23-8122-9.1978) 
Null (23-8/22-9- 1978) 
Dwingeloo (7-9-1978) 
Yuil (23131-X-1978) 

F,-offsprinlg 197X 
Kraloo (30-8- 1978) 
F,-offspring 1978 
Oost-Flevoland (20-9- 1978) 
Oo\t-Flevoland (28-9- 1978) 

F,-offspring 1979 
F,-offspring 1979 
F,-offspring 1979 
F,-offspring 1979 
F,-offspring 1979 
F,-offspring 1979 

6 5 283 179 
6 4 114 48 
6 5 149 59 
6 6 295 182 
I 1 59 25 

16 I 6  734 471 
5 5 253 158 
1 1 49 27 
4 3 147 86 

J 4 188 113 
6 6 60 40 
2 2 90 51 

14 13 489 304 
13 10 371 236 

2 2 120 43 
1 1 60 20 
2 2 85 41 
1 I 60 13 
2 2 116 68 
I 1 60 20 

F,-ott\prinf 1079 4 4 238 85 
F,-otfspring I979 4 4 240 135 
F,-offrpnng 1979 4 4 217 139 
F,-offrpnng 1979 (0-Flevoland) 4 4 239 92 
FI-offrpring 1979 (0-Flevoland) 4 4 240 130 
F,-offspring 1979 (0-Flevoland) 4 4 224 136 
F,-offspring 1979 (Kraloo) 4 4 160 96 
F,-offspring 1979 (Kraloo) 4 4 240 132 
F,-offspring 1979 (Kraloo) 4 4 240 112 

Tuhic. 3 Offspnng of fernale, of C'ukrritrr.. im I I I> and C' rw/um~~ t~plru/ ic inreminated in the field (197Xi 
1979, outside condition\/S"C. SDIOI. V: number of parental females: n: number of offspring: LW: long- 
\\iiiged. SW. \hon-v.inged: SDIO: \hen da? condition of I0 hour\ lightil? hour\ dark 

Off\pring 
- 

Parent5 
Fenidle O b w \ e d  phenotype (rnale\/femalesj 
- - 
________. . - 

\peclt ' \  Phenotbpe Ongin Y n SW LW c/r LW 

< ?!I( I l l )  LVi Dwingeloo I f 7  471 381 26 198/209 83.9B8.9 
Yuil 5 15X 71 6 7.51 70 91.5192.1 

s w Dwinlgrloo I 17 31 10 S i  9 62.5147.4 
Uuil  3 86 431 27 81 8 15.7122.9 

~ l l ~ ~ i u l l ~ ~ l  t '[J/fd/Il\  1-w Oost-Fholand 13 304 1201131 I 4 i  39 10.4122.9 

SW Oo\t-Flevoland 10 1.76 lo01 92 161 28 13.81233 
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Table 4. Wing-morph frequencies in pitfall samples of field populations of Calathus cinctus and C.  
melanocephalus. n: number of beetles trapped; LW: long-winged; SW: short-winged 

Observed phenotypes (males/females) 
Species Locality Year n SW LW % LW 
~ 

cinc tus Dwingeloo 1978 180 21/ 25 63/ 71 75.0/74.0 
Nui! 1978 33 1/ 4 13/ 25 92.9B6.2 

melanocephalus Oost-Flevoland 1978 982 389/365 91/137 19.0/27.3 

Table 5. F,-beetles from single-pair crosses of Calathus cinctus with assumed genotypes (1978/1979, outside 
conditions/5"C, SDlO). B: short-winged allele; b: long-winged allele; LW: long-winged; SW: short-winged; 
N:  number of crosses; n: number of offspring. SD10, see Table 3 

Parents Offspring 
Phenotype Genotype Phenotype (males/females) 

Male Female Male Female N n SW LW % LW % LW 

LW LW bb bb 5 179 -/- 93/86 100/100 100 
LW sw bb Bb 4 48 9/11 12/16 57.U59.3 50 
sw LW Bb bb 5 59 14/22 13/10 48.U31.2 50 
sw sw Bb Bb 6 182 23/25 69/65 25.0/27.8 25 
sw sw BB BB 1 25 10/15 -/- 4- 0 

Assumed Observed Expected 

Tahk 6 .  Fz-beetles from single-pair crosses of Calathus cincrus with assumed genotypes (1979/1980, outside 
~onditions/5~C, SDlO). Symbols, see Table 5 

Offspring 
- Parents 

Phenotype Genotype Phenotype (males/females) 
Assumed Observed Expected 

Male Female Male Female N n SW LW % LW % LW 

LW LW bb bb 3 63 f 27/36 100/100 100 

sw LW BB bb I 13 5/8 -/- -/- 0 

LW sw bh Bb 2 88 18/27 25/18 58.1/40.0 50 
sw LW Bb bb 2 41 12/10 5/14 29.4/58.3 50 

Table 7. F,-beetles from single-pair crosses of long-winged Cala- 
ihus cinctus from Ameland reared at different temperatures (198 1/ 
1982, natural daylight). Symbols, see Table 5 

Offspring 

Observed phenotypes (males/females) 

Temperature N n SW LW % LW 

8.5"C 7 118 -/- 59/59 1oo/100 
12 "C 7 120 -/- 61/59 100/100 
15.5"C 5 68 -/- 29/39 100/100 
Outside 2 50 -/- 26/24 100/100 

ns, 0.5<P<0.9), a summed chi-square of 6.61 
(df=6, ns, 0.1<P<0.5) and a heterogeneity chi- 
square of 5.42 (df=5, ns, O.l<P<0.5). 

Furthermore, offspring of single-pair crosses of 
cinctus collected on Ameland and reared at constant 

temperatures of 8.5, 12 and 15.5"C and natural day- 
light as well as under outside conditions was en- 
tirely long-winged in all cases (Table 7). 

From these data it is concluded that in Calathus 
cinctus wing dimorphism is inherited in a simple 
Mendelian fashion with brachyptery dominant to 
macroptery. Asymmetric wing development was 
not observed in this species, neither in the field nor 
in breeding experiments. 

Under the assumptions of the Hardy-Weinberg 
Equilibrium (genetically static, randomly breeding 
populations, see GOODENOUCH 1978), it is possible 
to calculate the frequency of alleles and the fre- 
quency of genotypes for populations of cinctus 
(Table 4). The frequencies of the b allele of popula- 
tions of Dwingeloo and Niiil are 0.862 and 0.940 
respectively and the populations contain 1.9 and 
0.4 % homozygous short-winged genotypes and 



LW 1.M' hh hh 4 8 5  
sw 1.w Hh hh 4 135 
sw L W  RB /Jh  4 139 
LW sw hh Ui i  4 92 
sw svv Bh Rh 4 I30 
sw- sw BR Rh 3 I16 
LU sw hh RN 4 96 
sw sw Hh Em 4 132 
s\t SM' RR RR 4 112 

38/34 
67158 
66/13 
?lX/SO 
55168 
75i6 I 
47/49 
15/56 
66/46 

716 15.6115.0 
316 5.6i 9.4 
- i- -1- 
1/3 2.61 5.7 
-17 -1 9.3 
-1- -1- 
-i- -1- 
ll- 0.81- 
-I- -i- 

I00 
50 
0 

SO 
25 
0 
0 

o 
n 

2 1  h 'ind 21 2 % heterozqgouj 5hort-uinged geno- 
types re\pectivelb The (i\olated\ i h n d  population 
on the Weit Frisian island of Ameland, on the other 
hand. contained in  1979 on14 13 '7c (29/223) long- 
uinged beetlei, I e . a much louer  trequencj of the 
h allele (0 360). 50 9 54 homozygow short-winged 
genotype\. m i  36 1 % heterozygoui short-winged 
beetle\ 

Calathus melanocephalus 

Cuiathirs niclurinc,c.i,/iulirs. collected in Oost-Flevo- 
land, did not show differences between the propor- 
tion of long-winged offcpring reared from long- and 
short-winged females. respectively (Table 3: 
x2=0.0h. df=l. pXl .5) .  For both long- and short- 
u ingecl females the proportion of long-winged off- 
spring is higher in females. but this difference is 
onl!' significant for long-winged females (long- 
winged females: x3=7.28. df= I .  p<O.01: short- 
winged females: x2=2.94. df= I .  O. 1 >p>O.OS). Six 
crosses between short-winged males and females. 
collected at the heath of Kraloo. as well as two 
crosses between such males and Fi-offspring of si- 
milar crosses carried out  in 1977 by Th. S. van Dijk 
(Table 2)  only produced short-winged offspring. 
Four crosses between long-winged males collected 
in Ooat-Flevoland and (short-winged) offspring of 
short-winged males and females collected at Kraloo 
(Table 2). however. produced not only the expected 
short-winged offspring ( 1  10 beetles). but three out 
of the four crosses each produced a long-winged 
female as well. 

These preliminary data strongly contrast with 
those of rinrtus and suggest at least another type 
of wing-morph determination in nz~lanocephalits 
than the simple genetic one found in cincrus. 

Wing-morph frequencies among the F,  -genera- 
tion of melanocephalus reared in 1979/1980 indeed 
deviated from the expectations of the single-locus 
model in that crosses which are expected to produce 
a certain proportion of long-winged offspring pro- 
duced much lower ones (Table 8). Crosses which 
are expected to produce only short-winged off- 
spring did so indeed, with only one exception: a 
long-winged male reared from one of the crosses 
between assumed heterozygous males and homo- 
zygous short-winged females (Table 8). 

Additional crosses between F,-individuals car- 
ried out at a constant temperature or 12°C under 
natural daylight in a temperature room in 1981/ 
1982. on the other hand, resulted in rather high 
frequencies of long-winged offspring, which is dif- 
ficult to explain (Table 9). Seemingly, all combina- 
tions involved are able to produce at least some 
long-winged offspring under certain conditions, 
even crosses between supposed short-winged ho- 
mozypotes (three out of four of such crosses each 
produced one long-winged female!). The highest 
proportion of long-winged offspring, however, was 
produced by crosses between short-winged beetles 
resulting from crosses between long-winged parents 
(Table 9). 

In all types of crosses females showed a higher 
frequency of long-winged individuals than males 
(Table 9). 

Offspring of single pairs of long-winged mrla- 
noccTphalus, collected in Oost-Flevoland, and reared 
at three different constant temperatures as well as 
under outside conditions, showed clear temperature 
dependent wing-morph frequencies (Table 10) with 
the highest proportion of long-winged beetles at 
12°C (56.2 %) and the lowest proportion at 8S"C 
(13.3 76). Again, females were more frequently 



Her-rditur 113 (1990) WINGLENGTH IN WING-DIMORPHIC CARABID BEETLES 197 

Table 9. F,-beetles from single-pair crosses of Calathus rnelanocephalus with assumed genotypes (198 11 
1982, 12°C. natural daylight). Symbols, see Table 5 

Parents Offspring 
Phenotype Genotype Phenotype 

Male Female Male Female N n SW LW % LW % LW 

Assumed Observed (males/females) Expected 

sw sw bb bb 3 49 111 2 12/24 52.2D2.3 ? 
sw sw Bb bb 1 4 2/ - I /  1 -1- ? 
sw sw Bb Bb 8 75 26/13 11/25 29.1165.7 25 
LW sw bb BB 2 40 19/11 31 1 13.6138.9 0 
sw sw BR BB 4 51 27/27 -I 3 -/10.0 0 

Table 10. F,-beetles from single-pair crosses of long-winged Cala- 
thus rnelanocephalus from Oost-Flevoland reared at different tem- 
peratures (1981i1982, natural daylight). Symbols, see Table 5 

Offspring 

Observed phenotypes (malesifemales) 

Temperature N n SW LW % L W  

8.5"C 9 128 54/51 4/13 6.9118.6 
12 "C 10 121 34/19 35/30 523161.2 

15.5"C 10 151 62/43 21/25 25.3136.8 
Outside 9 129 54/47 12/16 18.2125.4 

Table 11. FI-beetles from single-pair crosses of shon-winged 
Caluthus melanocephalus from Ameland reared at different tem- 
peratures (1981/1982, natural daylight). N: number of crosses (be- 
tween brackets: number of crosses with long-winged offspring). 
Symbols, see Table 5 

Offspring 

Observed phenotypes (males/females) 

Temperature N n SW LW % L W  

8.5"C lO(2) 125 73/50 -12 -/ 3.8 
12 "C 9(2) 132 65/60 -17 -/10.4 
15.5"C lO(5) 1 1 1  55/41 211 3.5112.9 
Outside lO(5) 129 69/55 114 1.41 6.8 

long-winged than males (Table lo), both for separ- 
ate temperatures as well as for the combined set of 
temperatures, though not significantly so (x2=5.76, 
df=4, 0.1 <p<0.5). Even single-pair crosses be- 
tween short-winged melanocephalus, collected at 
the West Frisian Island of Ameland from an entirely 
short-winged population (all 421 specimens (212 
males and 209 females) collected there in 1979, 
1981 and 1984 were short-winged), gave similar 
results (Table 11). 

In 1982/1983 a preliminary experiment to estab- 
lish the effect of the amount of available food on 

the phenotypic expression of the assumed long- 
winged genotype was performed. Table 12 gives 
the phenotypes of the offspring of single pairs of 
long-winged melanocephalus, collected in Oost- 
Flevoland, and reared at constant temperatures of 
8.5 and 15.5"C and natural daylight as well as under 
outside conditions. Since from these preliminary 
data it is clear that not only temperature but also 
food supply affects the expression of the assumed 
long-winged genotype, a larger experiment (more 
temperature conditions tested and more larvae 
reared) was carried out the next year. In that experi- 

Table 12. F,-phenotypes from single-pair crosses of long-winged Calarhus melanocephalus from 
Oost-Flevoland reared under three different temperatures at two food-supply levels (198211983, 
natural daylight). NL: number of larvae used. Symbols, see Table 5 

Offspring 

Food supply Temperature N NL 

Low 8.5"C 7 35 
15.5"C 6 31 
Outside 4 30 

High 8.5"C 4 15 
15.5"C 4 31 
Outside 4 43 

Observed phenotypes (males/females) 
n SW LW % L W  

24 11/13 -/- -1- 
20 l/ 8 213 22.2127.3 
23 8/12 112 11.1l14.3 

11 11 1 811 88.9187.5 
14 61 5 -13 -137.5 

31 15/17 -13 -115.0 
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winged 7ingle-pdir cro\Ses at different temperature conditions dt 1 \ 4 0  food-suppl) I K V K I ~  
(1983/1084) YL number of Idnde wed S)mbol$. tee Table 5 
___._____________ 

Offspnne 

Obserced phenotypes imaletlfemaler) 
Food supply Temperalure \L n SW LW % LW 

High 

LOW' 8 . 5 ~  
I2'C 
15.5"C 
19°C 
15 518.5T 
Outtide 

8.5'C 
1 2IC 
15.5"C 
I Y T  
I5..718.5T 
Outbide 

65 
64 
62 
65 
63 
58 

66 
63 
58 
64 
61 
63 

5 0 
37 
44 
36 
4.4 
48 

64 
60 
54 
12 
58 
57 

25/25 
20117 
20123 
271 9 
25/19 
20128 

2913 I 
28/14 
I01 8 
101 9 
16/21 
24/14 

-1- 
-I- 

1 /-" ) 

-1- 
-I- 
-I- 

I /  3 
711 1 

17/19 
61 7 
5/16 
6/13 

-1- 
-/- 

4.81- 
-1- 
-I- 
-/- 

3.31 8.8 
20.0/44.0 
63.0P0.4 
31.5143.7 
23.8113.2 
20.0/48. I 

ment possible maternal effects were excluded by 
using about equal numbers of larvae from the same 
eight single pairs in each group. 

Again. the results of this experiment (Table 13) 
show a strong temperature-dependent expression of 
the long-winged genotype in the high food-supply 
group. The highest expression was found at a con- 
stant temperature of 15.5"C (66.7 %). lower propor- 
tions of long-winged offspring were found at 19 and 
12°C (40.6 and 30.0 % respectively), whereas the 
lowest expression was found at 8.5"C. The results 
aL the alternating temperature condition (36.2 % 
long winged) and under outside conditions closely 
resembles those at 12°C. Mortality in the high food- 
supply group was only significant at 19°C (Table 
13). The difference in expression of the long- 
winged genotype between the high and the low 
food-supply group in this experiment turned out to 
be extremely large, since none of the 259 beetles 
reared with a low food supply was of the long- 
winged phenotype. Only a single male of the group 
reared at 15.5"C possessed a fully developed wing 
on the right side only. In general the mortality was 
substantially higher in the low food-supply groups 
than in the corresponding groups with a high food 

In this experiment, too. under all tested tem- 
perature conditions the frequencies of long-winged 
offspring were higher in females than in males. 
However. these differences were significant only at 
12°C (y'=4.00, df=l ,  p<O.OS) and under outside 
conditions (x'=5.08. df=l . p<O.OS), whereas for 
the combination of all six temperature conditions 

supply. 

Tuhle 14. Phenotypes of Caluthus mr/unucc7phu/rts in pitfall-sam- 
ples from the Ecological Nature Reserve, Ow-Flevoland. Sym- 
bols. \ee Table 5 

Sampling period 

19-8129- 9- 1975*) 
28-6121- 9- 1976*) 
28-9125-10-1978 

5-8130- 10- 198 I 
18-5128-10- I982 
26-5/10-11-1983 
21-6/29-11-1984 

Phenotypes (males/females) 

n SW L W  

968 1951446 751252 
857 1881361 831225 
982 3911365 891137 
428 1561105 811 86 
311 1201113 301 48 
58 181 21 71 12 

1005 3321409 861178 

% LW 

27.8136.1 
30.6138.4 
18.5127.3 
34.2145.0 
20.0129.8 
28.0136.4 
20.6130.3 

* I  Unpublished data of R. Hengeveld & J. Haeck. Institute for Ecological 
Research. Heteren. 

the difference was insignificant (xL=12.SS,  df=6, 

Analysis of year-samples of melanocephalus col- 
lected in Oost-Flevoland (Table 14) showed that 
also in the field the proportion of long-winged beet- 
les was higher in females than in males. The differ- 
ence is significant for all years, with the exception 
of 1983 (the year with the lowest catch). 

Asymmetric wing development in melanoce- 
phalus was established in a low frequency both in 
the field and in breeding experiments. For instance, 
among long-winged beetles reared in experiments 
at different temperatures and with different food 
supplies (Tables 10-13) for instance 1 of 130 males 
(0.7 Q) and 11 of 191 females (5.8 %) showed 
asymmetric wing development. 

From these data it is concluded that although in 

0.05<p<0.1). 
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Calathus melanocephalus wing dimorphism basic- 
ally might be inherited according to a single-locus 
model too, at least the expression of the long- 
winged genotype is under environmental control in 
threshold response. During this study, however, 
also a small number of long-winged melanoce- 
phalus was reared from crosses which according to 
the above mentioned single-locus model should 
have produced short-winged offspring only (Tables 
8-9, 11). 

Discussion 
HARRISON (1980) in his review of dispersal poly- 
morphism in insects recognises two ways in which 
flight polymorphism might be controlled: by genes 
and/or by the environment. Concerning genetic de- 
termination Harrison states that “Only in the weevil 
Sitonia hispidula is there unambiguous evidence 
that winglength is determined by a single gene (or 
cluster of tightly linked genes) ... In other insect 
species, crossing experiments indicate that wing de- 
termination has a genetic compound but is not a 
simple Mendelian trait.” In the first case he refers 
to the work of JACKSON (1928) and as instances of 
the latter type of inheritance he refers to studies on 
field crickets (Orthoptera) (HARRISON 1979; 
MCFARLANE 1962), on Heteroptera (HONEK 1976), 
and on Homoptera (ROSE 1972). Harrison argues 
that “since it has been demonstrated that environ- 
mental [actors directly influence wing and flight 
muscle development, much of the genetic data can 
be interpreted (or reinterpreted) in terms of indi- 
vidual variation in threshold response”. 

From a literature review ROFF (1986) concluded 
that the presence or absence of wings may be con- 
trolled by a single-locus, two-allele genetic system 
or by a polygenic system, and that both types of 
inheritance can be subsumed within a general 
threshold model. He suggests that suppression of 
wing development results when some hormone, 
perhaps juvenile hormone, exceeds a threshold 
value during a critical stage of development. In his 
view evolution towards wing dimorphism requires 
an increase in the rate of the wing-suppressing hor- 
mone and a change in the threshold level at which 
wing development is suppressed. Consequently, 
due to net gene-migration, selection in stable habi- 
tats will act against the long-winged morph, because 
beetles with a low production of wing-suppressing 
hormone and/or a low threshold level will tend to 

leave the population. The kind of reasoning used 
by Roff is basically the same as DEN BOER et al. 
(1980) developed to construct a possible pathway 
for the evolution of the genetic dominance of bra- 
chyptery. 

Returning to our species we found both types of 
inheritance: genetic determination according to a 
single-locus model in Calathus cinctus and a com- 
bination of both genetic determination and environ- 
mental control of the long-winged genotype in 
threshold response in C. melanocephalus. 

The few deviating crossing results with assumed 
short-winged homozygotes, collected at the Heath 
of Kraloo or reared from short-winged parents col- 
lected there (Table 8-9), can be explained in terms 
of the ’Threshold theory’. In this stable habitat net 
gene-migration has led to both a low frequency of 
long-winged genotypes and a relatively high thresh- 
old for the wing-suppressing hormone of the re- 
maining long-winged genotypes. Although a con- 
siderable part of the population might still consist 
of heterozygous short-winged beetles, the long- 
winged genotype will be expressed only incident- 
ally in offspring of crosses with these beetles. For 
the isolated island population at Ameland, similar 
results (Table 11) can be explained in the same way. 

These findings are in accordance with the other 
available data on wing-length determination in 
Carabidae and contrast with the polygenic control 
found in species of other taxonomic groups (espe- 
cially Orthoptera, Heteroptera and Homoptera (see 
Row 1986, for a review)). In two other families of 
Coleoptera (Ptiliidae and Bruchidae) indications of 
polygenic control are found for respectively 
Ptinella apterae (Gutrin-Meneville) and Calloso- 
brochus maculatus (Fabricius) (TAYLOR 198 1 ; 
UTIDA 1972), but in both cases no single-pair cros- 
ses were carried out. Different taxonomic groups 
apparently may exhibit different types of control of 
wing development (cf. ZERA et al. 1983; DESENDER 
1989a; ZERA 1989). 

Since also in carabids environmental factors may 
play an important role in wing-morph determina- 
tion, the interpretation of data on wing-morph fre- 
quencies in natural populations (LINDROTH 1949; 
1969) consequently should be done with care. PEAR- 
SON (1965), for instance, examined the distribution 
of wing-morph frequencies in Bemhidion grape; 
Gyllenhal in relation to isotherms of maximum 
summer temperature. Note, that this is one of the 
most important species Lindroth used to illustrate 
his theory of postglacial recolonization of Fenno- 
scandia (LINDROTH 1949; 1969; DARLWGTON 197 1 ; 
THIELE 1977). Pearson showed that wing dimorph- 



ism might be controlled by temperature. with the 
short-winged morph more cold-resistant than the 
long-winged one! 

Observed differences in frequency of‘ long- 
winged beetles between males and females (the lat- 
ter more frequently long-winged) may result from 
differences in threshold or from differences in sen- 
sitivity between the two sexes. Although this differ- 
ence in most cabes was not significant in our breed- 
ing experiments. we believe it to exist because of 
the highly convincing field data (Table 13). 
Moreover, it  must be realized that sample sizes re- 
quired for detecting such a difference with 80 % 
certainty at the 5 VC level of significance are much 
larger than those that could be realized in our breed- 
ing program (SOKAL and ROHLF 1969). For instance. 
in theory at least SO4 individuals, instead of the 15 1 
individuals actually reared, are needed to detect the 
difference between 25.3 and 36.8 9 at 1S.5”C 
(Tablc 10). Similar differences were observed by 
C \ u w u  ( 1976) in &onitni retrat’timi and BESGTSON 
and ERIKS.I -~D (1981) in Aniuru queti.sPII (Schon- 
hen-). 

The adaptive significance of a higher frequency 
of longwinged beetles in females may only be un- 
derstood if actual flight is preceded by insemina- 
tion. while otherwise the chance of founding new 
populations will diminish due to the lower chance 
of ;1 sufficient number of males arriving through the 
air at the right sites. 

Concerning the resident population the relatively 
high amount of net migration of long-winged genes 
caused by the departure of females is at least partly 
balanced by the lesser amount in males. 

Asymmetric wing developnient apparently is a 
rare phenomenon in carabids: from literature and 
from own observations DESEXDER ( 1989b) lists only 
five species in which it has been found: Agotiitni 
ohsc~uruni (Herbst ). A .  t.etructurn, Bt.udycelIus hur- 
pulitzus (Serville). C. nirlunoc~epliulrrs and Cat-ubus 
c,larhrcltus Linnaeus. If asymmetric wing develop- 
ment is linked to environmental control of the 
expression of long-winged genotypes as found in 
mc.laricicei,/zulirs, this kind of winp-length determi- 
nation consequently should be equally rare among 
carabids. 

In general, dispersal activities (production of’ dis- 
persal morphs included) are generally thought to be 
associated with adverse conditions, i.e., with detori- 
ating environments (HARRISON 1980). In the case of 
wing-morph determination in Calurhus melanoce- 
p h u h  the opposite was found, the dispersal morph 
being more frequently produced under relatively fa- 
vourable conditions (i.e., high temperatures and 

abundant food during larval development). 
Concerning carabids there is still very little and 
contradicting information on this point. NELEMANS 
(1987) found that flight muscle development in the 
autumn breeder Nehria hrevicollis (Fabricius) de- 
pends on favourable environmental conditions 
(temperature and food supply) during the develop- 
ment of the larvae, whereas VAN SCHAIK ZILLESEN 
and BRCNSTING ( 1  984) presented the opposite in the 
spring breeder Pterostichus ohlotzgopunctutus (Fa- 
bric ius). 

Perhaps these differences might have to do with 
a more general difference in effect of environmental 
factors between quickly developing summer larvae 
( P .  ohlotiRopunc.rariis) and slowly developing and 
overwintering winter larvae (C. melanocephalus 
and N .  hreiicollis). In the first case a direct response 
to the quality of the environment could be more 
advantageous than in the second case, in which the 
higher unpredictability of environmental conditions 
during future adult life could favour a more oppor- 
tunist ‘strategy’. Furthermore, it should be realized 
that both the development of both wings and flight 
muscles will cost additional energy, which gener- 
ally is not likely to be available under conditions 
in which food is scarce. 

The differences in wing-morph determination be- 
tween C. cinctus and C. melunocephalus result in 
different dispersal ‘strategies’. In cinctus the disper- 
sal potential is genetically fixed, which means that 
independent of environmental conditions the 
genetic potential of possible dispersers is always 
realized. In melatiore~~halus, however, the dispersal 
potential is under environmental control. allowing 
a more dynamic production of possible dispersers 
depending on environmental quality. Under rela- 
tively favourable conditions during larval develop- 
ment (such as a high amount of available food and/ 
or relatively high temperatures) a high proportion 
of the potentially long-winged genotypes will ac- 
tually develop long wings, whereas in the opposite 
situation only a few beetles will do so. 

Actual flight in both species, however, further- 
more depends on the development of functional 
flight muscles and on appropriate weather condi- 
tions in the short period that functional flight mus- 
cles are present. In accordance with the oogenesis- 
flight syndrome (JOHNSON 1969) both species are 
only able to fly during a short period just before 
the start of reproduction. Moreover, during this 
period flight only occurs under special weather con- 
ditions: a minimum temperature of about 18”C, no 
rain and preferably no or little wind (VAN HUIZEN 
1979). Details on wingmuscle development and ac- 
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tual flight of cinctus and melanocephalus will be 
treated elsewhere. 

Under comparable stable conditions entirely 
genetic determination (referred to as the ‘fixed sys- 
tem’) will lead to a more rapid decrease of dispersal 
potential than a combination of genetic determina- 
tion and environmental control (the ‘dynamic sys- 
tem’), since in the first case relatively more of this 
potential will be lost by flying activities. Thus wing 
dimorphism will be maintained better with the ‘dy- 
namic system’, but, on the other hand, the chance 
of establishing new populations on short terms will 
be greater with the ‘fixed system’. Therefore, the 
‘fixed system’ can be considered an opportunistic 
short-term ‘between sites strategy’, and the ‘dy- 
namic system’ a flexible, more assuring long-term 
‘within-sites strategy’. 
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