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Abstract Motivation-based models dominate current
theory concerning host plant selection for oviposition by
herbivorous insects. A female searching for a host plant
will be more likely to accept a host which is of inferior
quality for her o�spring if motivation is high, e.g. a large
eggload or long time since last oviposition. This implies
that insects will accumulate eggs if exposed to hosts of
low acceptability and after a time lay eggs on such hosts.
An alternative strategy for insects when exposed to less
acceptable hosts is to stop producing, instead of accu-
mulating, eggs. Thus, resources would be saved until a
more acceptable host is found. If this hypothesis is true,
a herbivorous insect would cease egg production when
exposed to hosts of low acceptability and resume egg
production when exposed to hosts of high acceptability.
Previous exposure should not a�ect oviposition rate
when an insect encounters a new host of a di�erent
quality. In an earlier study pollen beetles, Meligethes
aeneus (F.) (Coleoptera: Nitidulidae), did not accumu-
late eggs in the absence of high quality hosts. In this
study we monitored the daily oviposition rate of female
pollen beetles on hosts plants of low (Sinapis alba L.),
intermediate (Brassica nigra Koch) or high (B. napus L.)
acceptability over a 5-day period. Individuals
were then switched to an oviposition resource of a
di�erent acceptability. Beetles moved from high- to
low-acceptability plants reduced their oviposition rate
considerably. In the opposite case, low to high
acceptability, the rate of oviposition increased markedly
after the switch. When M. aeneus were moved from the
high-acceptability host to that of intermediate accept-
ability oviposition rate was modi®ed accordingly.
However, when moved to the intermediate host from a
host of low acceptability oviposition on B. nigra was
much less than would normally be expected. A possible

mechanism for this ®nding is discussed. M. aeneus, by
adjusting oviposition rate to host acceptability, maxi-
mizes the average host quality for o�spring, even at the
cost of a lower egg-laying rate.
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Introduction

Having encountered a potential host plant, the response
of an individual gravid insect is most broadly charac-
terized as acceptance or rejection of the oviposition re-
source (Miller and Strickler 1984; Singer 1986). An
insect making a decision concerning oviposition on a
potential host e�ectively faces a trade-o� between an
immediate increment in ®tness (from oviposition) and a
possible loss of ®tness determined by the probability of
subsequently encountering and utilizing a better host
(Mangel 1987). As the period of time without oviposi-
tion increases, the motivation (Singer et al. 1992) of the
insect may change, with a subsequent modi®cation of
the probability of host acceptance. A number of ac-
cepted theoretical frameworks for individual host plant
selection, such as the rolling fulcrum (Miller and
Strickler 1984) and the hierarchy-threshold model
(Courtney et al. 1989), represent this relationship. These
motivation-based models explore an oviposition strategy
where increasing motivation (Singer et al. 1992) or
modi®ed physiological condition (Miller and Strickler
1984) over time results in a broadening range of ac-
ceptable host plants. Motivation-based models of host
plant selection currently remain the only theoretical
framework for considering the e�ect of prolonged ex-
posure to host plants of low acceptability.

Egg load is accepted as one important physiological
factor which in¯uences host selection by insects (Min-
kenberg et al. 1992; Jaenike and Papaj 1992) and posi-
tive correlations between high egg loads and acceptance
of lower-ranking hosts have been found when egg loads
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increase with host deprivation (e.g. Fitt 1986). However,
it has been shown that host deprivation can curb egg
maturation in some insect species, thereby reducing or
halting the accumulation of eggs (Fitt 1986; Weston and
Miller 1987; Weston et al. 1992; KosÏ taÂ l 1993; Hopkins
and Ekbom 1996; Alonso-Pimentel et al. 1998) and
overriding one factor linked to changes in motivation.

The suppression of egg production in the absence of
host stimuli may be a strategy to divert energy from egg
production into host ®nding when suitable hosts are
rare. For this to be a viable strategy the process must be
quickly reversible, that is, after a period of low egg
production the insect should be able to restart egg pro-
duction when acceptable host plants are once again
available. A Japanese species of thistle-feeding herbivo-
rous lady beetle, Henosepilachna niponica, varies egg
production as a mechanism for keeping the population
in equilibrium with the available food resources
(Ohgushi 1991). The resource availability of the thistle
varied considerably over a 5-year period, yet the
monophagousH. niponicamaintained a constant density
relative to the availability of this resource, mostly by
changes in oviposition rate (Ohgushi 1991, 1995). When
beetles, which had stopped laying eggs because of re-
source depletion, were moved to undamaged plants the
beetles resumed egg production (Ohgushi 1995).

The oligophagous pollen beetle, Meligethes aeneus
(F.) (Coleoptera: Nitidulidae), responds to host depri-
vation by reducing egg production (Hopkins and Ek-
bom 1996). M. aeneus is a small beetle, 1.5±2.5 mm long
and univoltine, overwintering in forest debris as an
adult. When spring temperatures reach 14°C M. aeneus
migrates and feeds on the pollen of early-¯owering
plants before moving to Brassica crops at the onset of
bud formation. M. aeneus then both feeds and oviposits
on crucifer ¯ower buds, and is reproductively active for
up to 2 months. The gravid females lay clutches of up to
six or more eggs, preferentially on buds 2±3 mm in
length (Ekbom and Borg 1996). Larger and smaller buds
are mostly used for adult feeding, together with open
¯owers. Estimates of lifetime egg production vary, but a
total in excess of 200 eggs is possible.

Individual M. aeneus exposed to Sinapis alba, a poor
host plant, lay eggs at a rate less than a third of that on
more acceptable host plants (Ekbom and Borg 1996).
M. aeneus reduces egg production in line with the rate of
oviposition when deprived of oviposition sites or o�ered
less acceptable host plant species (Hopkins and Ekbom
1996). Motivational change, in terms of egg load is con-
sequently not a factor that a�ects M. aeneus host accep-
tance, contrary to themotivation-basedmodels. Thus, we
hypothesize that host plant acceptance byM.aeneus is not
governed by changes in motivation due to increasing egg
load. Instead, egg production is suppressed until a suit-
able oviposition resource is encountered. If this is the case
then a further question arises: does the sequence in which
M. aeneus encounters host plants of di�ering acceptabil-
ity in¯uence the oviposition rate on the current host
plant? This paper addresses that question.

Materials and methods

Biological materials

Insects

M. aeneus were collected from trap plants of Brassica juncea, a
plant species not otherwise used in the study, during early June in
1996 and 1997 (peak pollen beetle oviposition). Gravid females
were identi®ed by placing insects individually in a 40-ml plastic vial
with buds of B. juncea. After 24±36 h buds were dissected and those
individuals which had laid eggs were introduced to the experiment
as reproductively active females. The pollen beetles were then ar-
bitrarily assigned to one of six plant exposure schemes after a 24-h
period without exposure to an oviposition resource.

Plants

Three cruciferous oilseed species, which have been shown to have a
range of acceptability for oviposition by M. aeneus (Ekbom and
Borg 1996), were used in this experiment. The three oilseed species
used, in order of receiving least to most eggs (i.e. increasing ac-
ceptability), were Sinapis alba L. (white mustard, cv Mustang),
Brassica nigra Koch (black mustard, breeding line 91±40112) and
B. napus L. (oilseed rape, cv. Paroll). All the seed for these exper-
iments were supplied by SvaloÈ f-Weibull AB.

Experiments

Individual females were assigned to one of six oviposition site ex-
posure regimens at the beginning of the experiment:

1. Continuous exposure to B. napus for 5 days, then switched to B.
nigra for 5 more days (n = 7)

2. B. nigra followed by B. napus (n = 13)
3. B. napus followed by S. alba (n = 12)
4. S. alba followed by B. napus (n = 5)
5. B. nigra followed by S. alba (n = 8)
6. S. alba followed by B. nigra (n = 9)

Between 22 and 29 individuals were originally assigned to each
regimen; however, some females died or went missing before the
full cycle was completed. The numbers shown in brackets are the
number that completed a full 10 days, and only those were used in
the analyses of oviposition rates.

Females were exposed singly to oviposition sites, which con-
sisted of one cut raceme with no ¯owers present and approximately
10±15 buds covering a range of sizes. The oviposition cage (cylin-
drical frames covered with netting, diameter 13 cm; height 30 cm)
contained a cut raceme of the test plant species, placed in a 40-ml
plastic vial ®lled with water, with cotton wool to prevent beetles
from falling in. Females were constantly exposed to an oviposition
site, except for a short period each day (<15 min) whilst the raceme
was being changed. All ¯owers and buds that had been exposed to
the females were carefully inspected and the number of eggs that
had been laid was recorded.

Statistical analyses

Not all females introduced into the experiment completed a 10-day
cycle. We wished to know whether the plant species in¯uenced the
outcome. The fate of females on the ®rst plant to which they were
exposed, of any of the three species, can be summarized as one of
the following: (1) female alive and had laid eggs, (2) female alive
but had laid no eggs, (3) female dead. A v2 analysis was applied to
the resulting contingency table.

Data from individuals that survived 10 days (i.e. were alive at
the end of their second 5-day period) were analysed in the following
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manner. Mean number of eggs laid on a plant species over the
5 days of exposure when the plant species was ®rst were compared
to means for when the plant species was second in the exposure
regime (Fig. 1). Groups for each plant species were tested for sig-
ni®cant di�erences using a v2 approximation of a median scores
one-way analysis (SAS, release 6.10, procedure NPAR1WAY).

For each individual female the cumulative number of eggs laid
over 5 days on the preferred host in an exposure pair was divided
by the total number of eggs laid, thereby creating a response
variable. This variable indicates the proportion of all the eggs laid
by a female on the preferred host. In order to ascertain whether this
percentage was in¯uenced by the order in which the plants were
o�ered, the response variable for individuals on one exposure pair
was tested against the response variables for the opposite pair (for
example individuals exposed to B. napus ®rst and S. alba second
were compared to individuals exposed to S. alba ®rst and B. napus
second, Fig. 2). The proportions from all individuals were trans-
formed using an arcsine-square root transformation and subjected
to a t-test (SAS, release 6.10).

Results

Fate of individuals after 5 days on di�erent host plants

Mortality of adult M. aeneus on S. alba and B. nigra
over the ®rst 5 days was greater than on B. napus. There
was also a higher probability of oviposition on B. napus
over the ®rst 5 days than on the other two species
(Table 1). The distribution of responses on the three
species was signi®cantly di�erent (v2 = 26.57, df = 4;
P = 0.001).

Oviposition rate on di�erent host plants

Whether B. napus was presented to pollen beetles di-
rectly or after 5 days on another plant, the mean number
of eggs laid was not signi®cantly di�erent (v2 = 2.5,
df = 2; P = 0.29, Fig. 1). The same was true for S. alba
(v2 = 0.04, df = 2; P = 0.98). For B. nigra, however,
fewer eggs were laid when a female had previously been
exposed to S. alba (v2 = 6.05, df = 2; P = 0.049).

Pollen beetles consistently laid most of their eggs on
B. napus when compared to S. alba irrespective of the
order in which the plants were o�ered (t = 0.45,
df = 15, P = 0.66) (Fig. 2a). The pattern was some-
what di�erent when comparing B. napus and B. nigra.

While the highest percentage of eggs was laid on B.
napus this was only slightly higher than the percentage
laid on B. nigra (Fig. 2b). The di�erence between the

Table 1 The fate of individual Meligethes aeneus females during
the ®rst 5-day period on one of three species of crucifers during the
course of this study. Numbers of females in each category is shown
(v2 = 26.57, df = 4; P = 0.001) as well as percentage in category
for each plant species

Plant species Alive and
laid egg(s)

Alive but
no eggs

Dead

Brassica napus 30 4 8
71.4% 9.5% 19.1%

B. nigra 17 12 13
40.5% 28.6% 30.9%

Sinapis alba 10 20 22
19.2% 38.5% 42.3%

Fig. 1 The mean number of eggs laid by Meligethes aeneus on host
plants during 5 days of exposure. The ®rst bar in each group is the
mean number of eggs when ®rst exposure was to the host plant named
under the group. The following two bars in each group are mean
number of eggs laid on the host plant named under the groups during
5 days after previous exposure on another plant. Lines indicate SEs

Fig. 2a±c Comparison of the proportion of eggs laid by M. aeneus
individuals on the preferred plant in a pair. Lines indicate SEs. a The
most preferred host, Brassica napus, compared to the least preferred
host, Sinapis alba. b The most preferred host, B. napus, compared to
the intermediately preferred host, B. nigra. c The intermediately
preferred host, B. nigra, compared with the least preferred host,
S. alba

276



two exposure regimens was not statistically di�erent
(t = 0.21, df = 18, P = 0.84). Females laid more eggs
on B. nigra than on S. alba, when B. nigra was presented
®rst, but not when S. alba was presented ®rst (Fig. 2c).
This di�erence was statistically signi®cant (t = 2.57,
df = 15, P = 0.02).

Discussion

During the course of this study, the oviposition rate of
M. aeneus generally changed in line with the accept-
ability of the host plant o�ered. In two of the three test
sequences this occurred irrespective of the order in
which hosts of di�ering acceptability were o�ered. When
the switch included a host of high acceptability, o�er
sequence had no signi®cant e�ect on the proportion of
eggs laid on the preferred host compared with the al-
ternate. There was, however, a clear exception to this
when individuals were placed on B. nigra (intermediate
acceptability) following a period on S. alba (low ac-
ceptability). If B. nigra was o�ered to an individual after
a period on S. alba fewer eggs were laid over 5 days than
when B. nigra was the ®rst plant o�ered or followed
5 days on B. napus (Fig. 1). In addition the proportion
of eggs laid on B. nigra compared to S. alba was sig-
ni®cantly lower if the host of intermediate acceptability
followed the host of lowest acceptability (Fig. 2).

The continued suppression of oviposition on the host
of intermediate acceptability after a period on the low-
acceptability host is the opposite of what would be
predicted by motivation-based models. Motivation-
based models would predict higher oviposition on
B. nigra when it followed S. alba, because motivation
would have changed over the course of the previous
5 days. Singer et al. (1992) de®ne motivation as ``a non-
speci®c readiness to oviposit'' and concluded that for the
checkerspot butter¯y, Euphydryas editha, motivation
was higher in the absence of a preferred host plant. This
evidence is frequently extrapolated as a general rule for
phytophagous insects. Application of either the rolling
fulcrum model (Miller and Strickler 1984) or hierarchy-
threshold model (Courtney et al. 1989) to a pattern of
increasing motivation should lead to an increasing
probability of low-quality hosts being accepted over
time and to immediately increased oviposition when a
higher-quality host is presented after a period of host
deprivation.

Several distinct explanations are possible for the re-
sults found in the B. nigra/S. alba switches of this study,
operating singly or in combination. Firstly, following
decreased oviposition on S. alba, the period tested may
simply be too short to increase oviposition after moving
to the intermediate host plant. However, if this were the
case we would expect lower oviposition when beetles
switched to B. napus after S. alba, and this was not the
case. Secondly, it has never been conclusively shown that
S. alba does not have a direct antibiotic (Painter 1941)
e�ect on M. aeneus. From the results of this study, it is

apparent that adult mortality is higher on S. alba than
on other plant species con®rming a strong, but not sig-
ni®cant, trend towards shorter lifespan on S. alba in a
previous study (Ekbom and Borg 1996). In addition, the
larvae of M. aeneus grow more slowly and have higher
mortality on S. alba than on other crucifers (Ekbom
1998). The extreme polyphagy of adult M. aeneus for
food plants has generally resulted in adult antibiosis
being disregarded as the mechanism behind low ovipo-
sition. Although there is only weak evidence to support
an antibiotic e�ect, it should not be dismissed. However,
if low oviposition on S. alba is because of antibiotic
compounds or poor nutrition, any carryover should also
be apparent when individuals are moved to B. napus,
and we did not ®nd this to be the case. Finally, on a host
plant of intermediate acceptability the individual females
may receive less clear cues than are found at the ex-
tremes. In consequence they may not clearly perceive the
improvement in host quality.

We previously suggested that cessation of egg
production in M. aeneus is an adaptation to short
periods of poor resource quality, such as might occur if
a speci®c developmental stage of the plant was required
(Hopkins and Ekbom 1996). Although insects with
short reproductive periods can gain an advantage from
laying large numbers of eggs quickly, even on hosts of
poor quality, this advantage may be reduced for insects
with longer reproductive periods (Larsson and Ekbom
1995). There may be advantages to storing the
compounds associated with egg production, rather than
simply producing eggs that only generate a small
increment in ®tness. The sweet potato white¯y, Bemisia
tabaci, builds up reserves of vitellogenin, vitellin and
lipids in the absence of acceptable oviposition sites
(Veenstra and Byrne 1998).

Several species of Coleoptera, in addition to
M. aeneus, exhibit resource-modi®ed oviposition
strategies. The larvae of the beetle Stator limbatus are
polyphagous seed feeders and the adults produce fewer,
but larger, eggs to overcome the high mortality which
normal larvae su�er when penetrating the seed coat of
some species (Fox et al. 1997). Alternatively, varying
egg production can stabilize populations of insects
which are generally long-lived in the adult stage, but
utilise unpredictable oviposition resources (Ohgushi
1991). No clear mechanism behind this type of ¯exibility
has been shown in phytophagous insects. However,
burying beetles rapidly complete ovarian maturation
upon encountering a suitable oviposition resource (Scott
and Traniello 1987; Trumbo et al. 1995). In one such
species of burying beetle, Nicrophorus orbicollis,
behavioural assessment of an oviposition resource was
linked to a rapid increase in the haemolymph titres of
juvenile hormone (JH) (Trumbo et al. 1995). They
concluded that this rise in JH was suggestive of a role
for JH in coordinating reproduction on an unpredict-
able resource. The white pine weevil, Pissodes strobi, has
been found to have reduced ovarian development on a
poor oviposition resource, a reduction that could be
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corrected by the topical application of JH (Sahota et al.
1998). Sahota et al. (1998) concluded that feeding on the
resistant oviposition resource disrupts the normal
function of the JH system by way of an antibiotic
mechanism of resistance. However, if P. strobi requires
host encounter to stimulate the function of the JH
system in the same way that burying beetles do, then it is
possible that they are also a species where simple host
quality and availability is driving the reproductive
system.

In this study we have shown that individual M. ae-
neus match oviposition rate to the changes in available
oviposition resource. Motivation-based models (e.g.
Miller and Strickler 1984; Courtney et al. 1989) essen-
tially allow for the maximization of oviposition rate at
the price of utilizing inferior oviposition resources. Al-
ternatively, insects may optimize ®tness by maximizing
the quality of the larval host, even if it is at the expense
of a lowered oviposition frequency. Preference, the rel-
ative likelihood of accepting a particular host that has
been encountered, has been de®ned as the combination
of the intrinsic acceptability of a plant, modi®ed by the
motivational state of the insect (Singer et al. 1992).
M. aeneus displays di�erent oviposition rates on host
plants of di�ering acceptability, yet does not develop
greater egg loads in the absence of a highly acceptable
oviposition site, nor does the probability of M. aeneus
accepting a low-ranked host increase over time (Hopkins
and Ekbom 1996). The motivation of M. aeneus is not
modi®ed by egg accumulation, nor does it vary with
time, so acceptance and preference are e�ectively re-
duced to the same value. If no host plant of high ac-
ceptability is found, current eggs are retained and
production of eggs is reduced or ceases. The resources an
insect thus spares may be stored (Veenstra and Byrne
1998) or diverted to somatic repair and maintenance
(Carey et al. 1998).
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