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Abstract. Variation between strains of Callosobruchus maculatus in several life-
history traits is well known. Differences in functional anatomy of egg pores and
larval respiration rates have also been reported in strains from Brazil and Yemen.
The response of five strains of C. maculatus to seeds of two host species, cowpea
(Vigna unguiculata) and mung bean (Vigna radiata), was measured along with the
larval respiration rates of the same strains on both hosts. There was significant
variability of response to the two hosts. Strains with higher larval respiration rate
(LL O»/insect/day) showed higher seed consumption, which significantly affected
adult emergence per seed on both hosts. This finding provides support for the
hypothesis that differential feeding rate is an important mechanistic component of
the larval competition outcome observed in strains of C. maculatus.
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Introduction

The discontinuous nature of the stored seed environment
imposes unusual problems for seed parasites, such as
bruchid beetles. The cowpea weevil, Callosobruchus
maculatus (F.) (Coleoptera: Bruchidae), is one such species
with a west African origin, from where it spread throughout
the tropical and subtropical world as a pest of seed legumes
of worldwide importance (Southgate, 1978). Grain-storage
units probably accentuate seasonal population cycles lead-
ing to bottlenecks where small numbers of individuals
establish new populations, which quickly develop from
them (Tanaka, 1990; Tran & Credland, 1995; Guedes
etal., 1997). This process produces inbreeding that, in
successive phases, may purge deleterious genes from the
genome, favouring further inbreeding in these populations
(Tanaka, 1990; Tran & Credland, 1995). Inbreeding
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frequently reduces vigour and fitness but it may lead to
the evolution of interstrain differences in some granivorous
species, such as C. maculatus (Tran & Credland, 1995).
Callosobruchus maculatus is a semelparous species with a
relatively simple life-history favouring its use as a model
organism in population-biology studies. Females of this
species lay eggs on the surface of various seed legumes,
such as cowpeas (Vigna unguiculata) and mung beans
(V. radiata) (Southgate, 1979). Newly-emerged larvae burrow
into and feed on a single seed until pupation and their
emergence as adults that do not require further feeding
(Mitchell, 1975). Therefore, the resources acquired during
larval development, which are heavily influenced by the
host seed, determine their reproductive potential, longevity
and growth (Credland eral, 1986; Wasserman, 1986;
Moller etal., 1989; Kawecki, 1995; Tatar & Carey, 1995;
Kawecki, 1997; Shade et al., 1999; Fox & Czesak, 2000). In
addition, because several eggs may be laid on a single
legume seed where the larvae remain throughout their
development, larval competition may be fierce and may
also be influenced by the host seed species (Bellows, 1982).
Thereiswide variationin biological traitsamong geograph-
ically distinct strains of C. maculatus (Dick & Credland
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1984; Credland, 1986; Dick & Credland 1986; Credland &
Dick, 1987; Messina, 1989; Messina etal., 1991; Berg &
Mitchell, 1993; Chiu & Messina, 1994; Savalli et al., 2000).
Expression of this variation is likely to be influenced by the
host seed and may help toward understanding the local
evolution of these strains and how they relate to their
distinctive larval competition strategies, which range from
the scramble to the contest type (Nicholson, 1954; Dick &
Credland, 1984; Smith & Lessells, 1985; Smith, 1990;
Toquenaga, 1990, 1993; Colegrave, 1994; Horng, 1997
Lale & Vidal, 2001; Takano ezal., 2001).

An important issue is the distinction between the
behavioural process of larval competition and the popula-
tion outcome. The process is a consequence of intrinsically
disruptive selection on larval competition strategies,
whereas the outcome also depends on how much resource
is required for development in relation to what is available
within a patch of resource (seed) (Smith & Lessells, 1985).
Because high seed consumption and larval respiration rate
have been associated with the Yemen strain (Credland &
Dick, 1987; Daniel & Smith, 1994), which was described as
approaching a contest-type of larval competition outcome
(Credland etal., 1986), it was hypothesized that seed
consumption and respiration would affect adult emergence
and, consequently, the competition outcome assessed here
as the number of adults emerged per seed. This would occur
because higher larval respiration rates would be associated
with high seed consumption leading to increasing inter-
actions and mortality of larvae within a single seed. Limiting
the number of adults emerged per seed might give the
appearance of a contest-type of outcome, even if there was
no direct behavioural interference.

The reported differences in larval respiration rate and per
capita consumption of legume seeds in strains from Brazil
and Yemen of C. maculatus (Credland & Dick, 1987; Smith,
1990; Daniel & Smith, 1994) may be of particular relevance
for the larval competition outcome in strains of C. maculatus,
with important applied consequences. Therefore, the object-
ives of the present investigation were to assess the overall
response of different strains of C. maculatus when subjected
to seeds of two different host species and to investigate how
this response relates to the outcome of larval competition.
Such variability of response is expected, but the consequences
are uncertain. Larval respiration rate is related to resource
use and may lead to a contest-type of outcome at high
densities, regardless of the host seed.

Materials and methods
Insect populations

Five geographically distinct strains of C. maculatus from
Brazil, India, Nigeria, Uganda and Yemen were used. The
strain from Brazil was originally collected from cowpeas in
Campinas, Brazil, in 1975, whereas the Nigeria strain was
collected in Ibadan, during 1981, and was maintained on
cowpeas at the International Institute of Tropical Agricul-
ture (Ibadan, Nigeria); the Uganda strain was collected in
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Kawanda, Uganda, in 1982; and the Yemen strain was
collected from lentils in 1976, in Damar, Yemen Arab
Republic. All of these four strains used were derived from
stock cultures maintained at the U.K. National Resources
Institute (formerly the Tropical Stored Products Centre).
The India strain was originally collected from mung beans
(Vigna radiata) and blackgram (Vigna mungo), during 1979,
in Tirunelveli, South India and it was derived from stock
cultures maintained at the Department of Biology, Utah
State University, U.S.A. This strain is known in the litera-
ture as ‘South India’ and is recognized as sharing a contest
process of larval competition, as well as a contest-like
outcome (Mitchell & Thanthianga, 1990). All of the strains,
except the Indian strain, have been maintained on cowpea
for several years at the University of Leicester. The India
strain has been maintained on mung bean, but new lines
were established in cowpea for three generations before use
in this investigation. All cultures were maintained in an
environmentally controlled room, where the experiments
were also carried out, at 304+2°C, 704+ 10% relative
humidity and a photoperiod of LD 12:12h.

Studies of developmental response on two hosts

Five grams of each host seed, cowpea (approximately 23
seeds) or mung bean (approximately 72 seeds), were
weighed into 120 mL glass jars that had the upper part of
their inner walls coated with fluon (AG Fluoropolymers,
U.K.) to prevent insect escape. Five virgin adults of
C. maculatus of the same strain (three females and two
males), aged 0-24-h old, were introduced in each jar,
which was covered by a perforated lid with a fine mesh
metal screen fitted into it to prevent insect escape and
allow maximum gas exchange. Oigiangbe & Onigbinde
(1996) have previously provided a description of this
general method. The total number of eggs laid per seed and
the percentage of hatched eggs were recorded after 15 days.
After 30days, the number of adults emerged and the seed
weight were recorded. The emerged adults were sexed using
elytral patterns (Southgate etal., 1957). The percentage of
adult emergence was calculated from the number of hatched
eggs. Six replicates were used for each strain during
experiments with either host seeds. Each replicate was
derived from a different line of insects of each strain indi-
vidually maintained in 500-mL jars at the laboratory.

Respirometry study

Oxygen uptake was measured in a Gilson Differential
Respirometer (Gilson, 1963) using methods adapted from
Daniel & Smith (1994). A series of 13 mL flasks was used
for each measurement, each flask containing 10 seeds with
one newly laid egg (< 12h) each. A small filter paper wick
with 0.20 mL alkali solution (10% KOH) was placed in the
centre of the flask for CO, absorption. Thus, changes in
volume of gas represented oxygen uptake, which was read
by daily manometric adjustments with a micrometer scale.
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Readings were taken every 24h over 7 days and daily baro-
metric pressure readings were used to convert the respiro-
meter volume changes to standard temperature and pressure
conditions (Daniel & Smith, 1994). Six replicates were used
for each strain on either host seed, allowing the assessment of
60 eggs for each insect strain in each host species.

Statistical analysis

The variables estimated for the experiments of develop-
mental response of strains of C. maculatus on each host
were subjected to canonical variate analysis (CVA) using
the procedure proc canpisc from SAS (SAS Institute, 1989),
with the DISTANCE statement, and also to univariate analysis
of variance and Fisher’s least significant difference (LSD)
test, when appropriate. The significance of the separation
between strains of C. maculatus, indicated by the ordination
through CVA, was determined by the pairwise comparison
of the strains using the approximated F-test (P < 0.05) and
the Mahalanobis distances between the respective class
mean canonical variates. These distances were based on
the pooled within-class covariance matrix of the treatments.
The respirometry data from the third measurement on were
subjected to repeated measures (multivariate) analysis of
variance for each host species. These analyses were carried
out using the procedure PrROC ANOvVA with the PROFILE state-
ment (SAS Institute, 1989), following guidelines provided
by von Ende (1993). Regression analysis between number of
adult insects emerged per seed and total seed weight loss
(%) were carried out to assess the influence of seed
consumption in the outcome of larval competition,
estimated here as the average number of adults emerged
per seed. This analysis was carried out using the procedure
PROC REG from SAS (SAS Institute, 1989). Five variables
[percentage of eggs hatched, number of eggs laid per seed,
number of adults emerged per seed, grain consumption (mg)
per adult emerged and larval respiration rate] had to be
transformed to stabilize variance and to satisfy normality
assumptions (PROC UNIVARIATE; SAS Institute, 1989). The
first variable was transformed to arcsine (x(%)/100), the
last one was transformed to log;o(x+ 1) and the others
were transformed to logg(x).

Results
Overall strain response

The average values (+ SE) of each variable estimated in
the experiments on both hosts are presented in Table 1.
CVA analysis for cowpea indicated significant overall dif-
ferences among strains (Wilks’ lambda =0.0087; F=8.56,
d.f.=24,71; P <0.0001). This ordination analysis resulted
in two significant canonical axes (P <0.05), which were
responsible for 84.4% and 14.3% of the total variance
explained (98.7%) in the data (Table 2). The traits with the
highest standardized canonical coefficients (pooled within-
class; absolute values), and therefore contributing the most
to the divergence between strains reared on cowpea, were

total seed loss and number of eggs laid and adults emerged
per seed, on the first axis and with opposing contributions,
and number of adults emerged per seed and number of eggs
laid per seed, on the second axis, and again with opposing
contributions (Table 2).

CVA analysis for mung bean also indicated significant
overall differences among strains (Wilks’ lambda = 0.0063;
F=543; d.f.=24,71; P<0.0001), but the ordination
resulted in three significant axes (P < 0.05) accounting for
54.5%, 32.6% and 8.7% of the total variance explained
(95.8%) (Table2). The traits with the highest contribution
for strain divergence on mung bean were different from the
CVA analysis for cowpea. Number of eggs laid per seed and
total seed loss were the main variables contributing to the
first axis showing opposite contributions, with number of
eggs and adults per seed as the main variables for the second
axis, both showing positive contributions, and total seed
loss and number of adults emerged per seed were the main
ones for the third axis, showing opposite contributions
(Table 2).

The ordination diagrams derived from the CVA analyses
were plotted with just the two main canonical axes of each
variable, which explain at least 87% of the total variance of
each analysis (Fig.1). The strains of C. maculatus from
Brazil, Nigeria and Uganda were indistinguishable when
reared on cowpea, forming a distinct cluster apart from
the strains of India and Yemen, which were also signifi-
cantly different from each other (Fig.1a). By contrast, a
cluster with the strains of Nigeria and Uganda was observed
on mung bean showing significant divergence from the
others (Fig. 1b).

Larval respiration rates

Three general hypotheses were addressed in each
repeated measures (multivariate) analysis of variance: ‘par-
allelism’, ‘flatness’ and ‘levels’ (von Ende, 1993). In the
present case, the parallelism was tested based on the signifi-
cance of the Time—Strain interaction. If the interaction was
not significant, as in the determinations on cowpea but not
on mung bean (Tables3 and 4), the slopes of the Strain
effect through time were parallel (Fig.2a,b). Again, the
differences observed between these results indicated plasti-
city of strain responses in different hosts. Flatness was
tested through the significance of the Time effect, because
the Strain effect will not vary with time if the Time effect
were not significant, unlike what happened in both
instances reported here (Tables3 and 4). By contrast, the
test of level effect is a test of the Strain main effect, which
was significant in both analyses. If the Time—Strain inter-
action was significant, as observed in mung bean, the tests
of flatness and levels were of little importance.

The larval respiration rates on cowpea began to differ
after the fourth day of hatching with the Yemen strain
showing nearly 30% higher O, uptake than the strain
from Brazil at the end of the assay. The strains from
India, Nigeria and Uganda showed intermediate respiration
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rates with the first showing a trend of surpassing the other
two with further development (Fig.2a). Larval respiration
rates on mung bean showed a different pattern through time
with the India strain showing higher levels subsequent to
the early determinations, followed by the Yemen strain
(Fig. 2b). The other strains showed lower larval respiration
rates (up to 41% less than the India strain), with the
Uganda strain showing the lowest values.

Larval respiration rate
(UL O»/larva/day)

6.13 +£0.39¢
7.49 +£0.55*°
7.324£0.34°
7.24+£0.30°
8.39 +0.63*
6.75+0.41¢
9.60 4+ 0.26"
6.78 & 0.24%
5.88 +0.45¢
8.07+£0.23°

Association between respiration, consumption and emergence

The number of adult insects emerged per seed varied
among strains reared on the same seed species, ranging
from 0.20 to 0.61 adults emerged per mung bean and from
2.39 to 4.39 adults per cowpea (Table 1). As larvae of C.
maculatus did not leave the seed from where the egg was
laid, but developed on the substrate selected by their
mother, the number of adults emerging per seed was the
outcome of the initial number of eggs laid, the prevailing
larval competition strategy and also the amount of resource
required for successful development.

The difference in larval respiration rates increased with
time (Fig.2) and led to significant differences between
strains at the end of the experiment in each host species,
cowpea (d.f.error =25; F=5.46; P=0.003) and mung bean
(dfierror=25; F=18.17; P<0.0001) (Table1). The India
and Yemen strains of C. maculatus showed the highest
larval respiration rates followed by the Nigeria strain. The
Brazil and Uganda strains showed the lowest larval respira-
tion rates and also the lowest seed consumption, measured
here as total seed loss (%; total seed consumption by all the
larvae inside the seed) (significantly different for cowpea;
d.f.error=25; F=9.18; P <0.0001) and per capita consump-
tion (significantly different for mung bean; d.f... o =25;
F=20.44; P<0.0001). In addition, seed consumption sig-
nificantly affected the density of adults emerging per seed of
both hosts, cowpea and mung bean (Figs3 and 4).

Total seed loss (%)

33.7+5.1°
40.2+4.5"
443 +3.8°
33.543.5
4.5+7.7*
8.1+1.9¢
10.0 1.7
26.3+£3.5%
17.6£2.5°
31.8 +4.4

Seed consumption (mg)
per adult emerged

21.46+1.14¢
38.21 £2.71*
22.4340.95%
22.18 +1.05"
25.18 +1.24°
30.42 + 4.40*
39.20 +5.57*
31.50 +£2.26*
26.99 +3.19°
36.80 + 3.80"

Proportion of
females
0.49 +0.02%
0.46 +0.03*
0.534+0.02%
0.48 £0.02°%
0.5440.02%
0.474+0.06*
0.5240.04*
0.474+0.03*
0.51+0.03*
0.494+0.01*

Number of adults

per seed
3.49 +£0.53%°
2.3940.34¢
4.39 +0.39*
3.39 +£0.40%°
4.05+0.72¢
0.20 +0.06°
0.37 £0.04%
0.61 +0.09*
0.47 £0.06*°
0.61 +£0.07*

Discussion

% Hatched eggs

95.54+2.6*
99.5 4 0.4
97.74+0.4
98.7 4+ 0.6
98.14 0.4
91.5+£2.6"
95.64+2.3%
96.8 +0.8%°
98.6 +0.9°
97.8 +0.3

The distinct composition of the main canonical axes on
both CVA analyses, for cowpea and mung bean, is an
indication of the plasticity of these insect strains when
exposed to different hosts. Smaller numbers of eggs were
laid per seed on mung bean than cowpea, suggesting
stronger competition within the second host despite its larger
size. The smaller number of eggs laid and adults emerged
per seed of mung bean indicated its unsuitability to
C. maculatus, particularly the Brazil strain. Furthermore,
three of the five strains studied (the American one from
Brazil and the African strains from Nigeria and Uganda)
were indistinguishable when reared on cowpea, but not on
mung bean, probably reflecting their relative better adapta-
tion to the first host, which they are more likely to encoun-
ter in their country of origin, unlike the India and Yemen
strains (Credland etal., 1986; Mitchell & Thanthianga,

Variables
Number of eggs
laid per seed
8.94 +1.36™
7.82£0.73b
13.154+1.38a
9.60 + 1.00*°
7.31+1.65°
1.56 £0.15¢
2.21+0.19%
4.07+0.27"
2.4240.31°
2.714£0.43°

Strain
Brazil
India
Nigeria
Uganda
Yemen
Brazil
India
Nigeria
Uganda
Yemen

Means followed by the same letter in a column, for each host, are not significantly different by Fisher’s LSD test (P < 0.05).

Table 1. Mean values (+SE) of the seven variables measured in each host and strain examined.

Host
Cowpea
Mung bean
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Table 2. Significant canonical axes (P < 0.05) and their standardized canonical coefficients (pooled within-class) of biological traits of five strains of
Callosobruchus maculatus reared in two different hosts and subjected to canonical variate analysis.

Canonical axes

Cow pea Mung bean
Variables 1 1 2 3
Number of eggs laid per seed —4.27 —1.46 —1.47 2.06 —0.47
Percent of eggs hatched —0.05 —0.74 —0.59 0.16 —0.25
Number of adults emerged per seed —1.11 1.48 0.74 1.95 —1.37
Proportion of females 0.24 0.43 0.40 0.72 —0.38
Seed consumption (mg) per adult emerged 0.45 —0.25 0.96 1.08 —0.99
Total seed loss (%) 5.23 0.31 1.56 —1.68 1.54
F 8.56 3.38 5.43 4.17 2.60
d.f. (numerator, denominator) 24, 71.0 15, 58.4 24, 71.0 15, 584 8, 44.0
P <0.0001 0.0004 <0.0001 <0.0001 0.02
Squared canonical correlation 0.84 0.14 0.55 0.33 0.09
1990; Smith, 1990). These results reinforce the contention
37 (a) Cowpea that local adaptation aided by periodic inbreeding is a
Yemen major force driving the evolution of geographically distinct
21 strains of C. maculatus (Tran & Credland, 1995).
11 Phenotypic plasticity was inferred in the present study by
o OBrazil the variation expressed for the traits investigated when the
0 Nigeria same strains were exposed to two different hosts. Such
Q Uganda plasticity has value because it can affect natural selection
-11 on phenotypes and the genetic response to selection, as
Y already demonstrated in C. maculatus (Smith & Lessells,
India 1985; Moller etal., 1989; Smith, 1991; Kawecki, 1995,
'é -3 = 1997). The patterns of plasticity observed here and the likely
= periodic inbreeding on this species suggest the possibility of
2 -4 ' i ' i j ' . adaptation of strains of C. maculatus to different hosts,
) -6 -4 -2 0 2 4 6 8 . . . .
g subjected to the constraints of life-history trade-offs
< 2 imposed by the novel host (Meller etal., 1989; Smith,
§ 1991), and may prove useful in identifying the biotypes
@ 11 more likely to be serious threats in a particular environ-
,India ment, as recently suggested by Nylin (2001).
Yemen The Yemen strain of C. maculatus has been reported as
01 A showing high larval respiration rate, low conversion effi-
ciency (i.e. insect biomass produced in relation to seed
-1 biomass consumed) and a nearly complete contest-type of
competition outcome compared to the Brazil strain
-2
Brazil . . .
3 o Table 3. Multivariate analyses of variance with repeated measure-

3 2 a o0 1 2 3 4
First canonical axis

Fig. 1. Ordination (CVA) diagram showing the discrimination of
the five strains of Callosobruchus maculatus reared on cowpea (a)
and mung bean (b), based on the biological traits shown on
Table 1. The symbols are centroids of treatments and represent the
class mean canonical variates. Large circles indicate clusters of
treatments that were not significantly different by the approxi-
mated F-test (P < 0.05), based on the Mahalanobis distance (D?)
between class means.

ments on larval respiration rates (uL O?/larva/day) of five strains of
Callosobruchus maculatus reared on cowpea and mung bean (between
subjects).

Sources of variation F d.f. P
Cowpea
Strain 2.83 4 0.04
Error 25
Mung bean
Strain 27.81 4 <0.0001
Error 25
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Table 4. Multivariate analyses of variance with repeated measurements on larval respiration rates (uL O?/larva/day) of five strains of Callosobruchus

maculatus reared on cowpea and mung bean (within subjects).

Sources of variation Wilks’ lambda F d.f pumerator d.f. genominator P
Cowpea
Time 0.0119 635.00 3 23 <0.0001
Time x Strain 0.5127 1.46 12 61.144 0.1632
Mung bean
Time 0.0091 837.49 3 23 <0.0001
Time X Strain 0.0503 10.67 12 61.144 <0.0001

(Credland & Dick, 1987; Smith, 1990; Daniel & Smith,
1994). The functional anatomy of the egg pore on the
Yemen strain, which is funnel-shaped, externally widening
to a diameter twice its length, seems to allow a two- to
three-fold increase in gas conductance and, consequently,
allows higher oxygen uptake (Daniel & Smith, 1994). Such

10/ (a) Cowpea

Strains
—o— Brazil
—o— India
—v— Nigeria
—o— Uganda

104 (b) Mung bean

Respiration rate (UL O,/larva/day)
S
w
~
o
(=)
N

Time (days after hatching)

Fig.2. Variation of larval respiration rate of five strains of
Callosobruchus maculatus reared on cowpea (a) and mung bean
(b). Symbols represent the average results of six replicates and the
vertical bars indicate the standard errors of the means.

peculiarity has its practical implications because this modi-
fied egg anatomy makes seed treatment with oils more
efficient against this strain (Daniel & Smith, 1994), but
may also enable the larvae to cope better with detoxification
of seed toxins (Smith, 1990) and even insecticides, although
this remains to be tested.

Yemen insects emerge larger and consume more seed,
which led to the suggestion that they are more likely to
encounter other larvae within a seed than insects from
other strains, resulting in larval competition resembling
the extreme contest-type observed on the India strain
(Smith, 1990; Toquenaga, 1993; Horng, 1997, Takano
etal., 2001). Therefore, if the relationship between larval
respiration rate and seed consumption holds for other
strains, and is correlated with adult emergence per seed,
this relationship may be able to provide a convincing
mechanistic explanation for the contest-like outcome in
some strains of C. maculatus, as was hypothesized here.

The differences in larval respiration rate observed appear
to provide support for the hypothesis stated above. How-
ever, the larval respiration rates obtained for the Yemen
strain in this study were not as high as those reported by
Daniel & Smith (1994) compared to the Brazil strain. In
addition, the numbers of Yemen adults emerged per cowpea

104 Cowpea

Number of adults emerged per seed

0 10 20 30 40 50 60 70
Total seed loss (%)

Fig. 3. Effect of total seed loss (%) in the number of adults
emerged per seed of five strains of Callosobruchus maculatus reared
on cowpea [open circle; log (¥)=0.09+40.01x; d.f.eror=28;
F=47.75; P=0.001; *=0.63] and mung bean [open triangle;
log(y) =—0.95+0.008x; d.f.error =28; F=5.62; P=0.02; 2= 0.17).
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104
= o
e . 32 0o %
5 Mpea
) ° @
) ° °©
g 14
£
)
2
— A
.-5 B NN fa A

A A
3 3 4. Mung bean
§ 014, ~ ° a
2 A
E A
Z. A
20 30 40 50 60 70

Seed consumption (mg) per adult emerged

Fig.4. Effect of grain consumption (mg) per emerged adult in the
number of adults emerged per seed of five strains of Callosobruchus
maculatus reared on cowpea [open circle; log(y) = 1.67-0.82 log(x);
dfoerror =28: F=9.69; P=0.004; 1 =0.26) and mung bean [open
triangle; log (¥)=0.35—-0.76 log(x); d.f.crror=28; F=7.84;
P=0.009; *=0.22).

seed were approximately twice as high as those reported by
Dick & Credland (1984), placing this strain closer to the
scramble-type of competition outcome than expected.
Takano etal. (2001) also found the Yemen strain to show
a more intermediate type of competition outcome than
would be likely based on earlier studies. The long mainten-
ance of the Yemen strain in stock cultures of cowpea seeds
may be favouring the partial loss of the peculiar traits (i.e.
very high larval respiration rates, high per capita food
consumption and nearly contest-type of competition out-
come) originally reported on this strain. Future selection on
lentils might reverse this trend.

The India and Yemen strains of C. maculatus showed
higher rates of larval respiration than the remaining strains
with wider differences recorded on mung bean rather than
on cowpea. The respirometry data from the last measure-
ment suggested a positive correlation with seed consump-
tion. Based on the regressions between seed consumption
and adult emergence per seed, high grain consumption per
adult led to a decrease on adult emergence and favoured a
contest-type of outcome of larval competition, as initially
predicted. However, larval respiration rates did not appear
to show any significant direct effect on adult emergence and
are likely to have negligible influence on the competition
outcome. Therefore, other factors such as number of eggs
laid per seed are probably of major importance, together
with per capita food consumption, in determining the com-
petition outcome.

A differential feeding behaviour among strains appears to
explain the competition outcome in strains of C. maculatus
and this is supported by the respirometry results. Larvae
from ‘scramble’ strains appear to show spatial segregation
within the seed, feeding peripherally (Toquenaga, 1993).
Such behaviour prevents interference among competing
larvae, unless they are under high densities and/or advanced

in their development, when interference behaviour may take
place as suggested by Toquenaga (1993). By contrast, larvae
from ‘contest’ strains show more uniform egg distribution
favouring a time gap in development between the larvae
from the first egg laid on the seed and the subsequent one
(Thanthianga & Mitchell, 1990). The older and therefore
larger and dominant larva appears to burrow deeper
towards the centre of the seed (Mitchell & Thanthianga,
1990). This behaviour may benefit the dominant larva with
a better food source favouring its already high rate of food
consumption and respiration, creating a greater difference
in body size between the dominant larva and the other
younger competing ones, which are probably significantly
smaller. The younger larvae probably remain confined in
shallow burrows within the seed, but the high food con-
sumption of larvae from these strains favours their inter-
ference with further development and the likely survival of
the dominant larva. The expansion of respirometry and
within-seed interference studies between larvae from the
same and distinct strains will be helpful in testing this
hypothesis.
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