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Alois Honěk: 70th Birthday
Alois Honĕk (known as “Lojza” to all his friends), an outstanding international entomologist currently working at the Crop Research Institute, Prague-Ruzyně, in the Czech Republic, celebrated
his 70th birthday in May 2015. To mark this event we (I.H. & A.F.G.D.) review his major contributions to the ecology of insects, slugs and weeds over the past fifty years.
Alois was born on 3 May 1945 in Prague to a family of physicians. His surgeon father’s hobby
was making violins and he accompanied the Czech Philharmonic Orchestra on its journeys abroad
to take care of both the musicians and their instruments.
Alois studied at the Faculty of Science of Charles University, Prague (1963–1968). The title
of his RNDr thesis was “Adult development and diapause of Aelia acuminata (Pentatomidae,
Heteroptera)”. It is a great honour for me (I.H.) to know Alois very well because we worked
together and cooperated for many years on many topics of common interest from 1963 to 1972,
when I also supervised his thesis studies, and then later, when Alois worked in the Agricultural
Research Institute at Prague-Ruzyně. He has always been an enthusiastic researcher, extremely
active and diligent and devoted to his research. His outstanding achievements are well demonstrated by his extensive list of publications and the high number of citations, which are probably
the highest for any insect researcher in the Czech Republic.
For his RNDr thesis Alois worked in the Institute of Entomology of the Czechoslovak Academy
of Science in Prague, where he joined our team working on ecophysiology. At that time it focused
mainly on adult diapause in insects (coccinellids, two Aelia spp., Pyrrhocoris apterus, Chrysopa
carnea). We were able to construct
a laboratory in a cellar where different
photoperiods and temperatures were
regulated in three light-proof chambers
and grew wheat plants there to feed the
insects we used in our experiments. This
provided us with a simple but fully functional laboratory, climatic cabinets being
unavailable at that time. Alois not only
worked on his doctorate but at the same
time published a long series of papers.
He was, in addition, also a co-author
with I.H. of three books on Coccinellidae
(1973, 1996, 2012), the chapter on predators in the Elsevier monograph (1998)
and a review on non-aphid prey of coccinellids in a special issue of Biological
Control (2009).
After 8 years of dedicated research,
which began in the second phase of his
university studies, Alois left the Institute
of Entomology in 1972 when, because of
his religious views the then director did
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not allow him to complete his post-graduate study there. This resulted in Alois not finishing his
PhD (CSc) until 1983, when he submitted his thesis titled “Effect of agro-ecological factors on the
populations of aphid predators”. By then he was already a successful researcher in the Research
Institute of Plant Production at Ruzyně-Prague. In 2008 he was appointed as an Associate Professor
in the University of Agriculture (now: Czech University of Life Sciences) and lectured on Insect
Ecology (1987) at both Charles University and the University of Agriculture in Prague.
Thereafter, Alois actively continued his research and published many scholarly papers on Pyrrhocoris apterus (e.g., often on wing polymorphism), coccinellids and chrysopids. In 1981 Ivo
Hodek invited A.F.G.D. to what was then Czechoslovakia to meet Alois and Marcel Rejmánek,
one outcome of which was that a student of Alois’, the late Vojtěch Jarošík, came to work with
me twice in Norwich on population dynamics of cereal aphids, which subsequently led to several
joint papers on population dynamics of aphids. This in turn led to a long friendship and many
enjoyable discussions and joint projects with both Vojtěch and Alois. In the late 1980s / early
1990s Alois also began to cooperate with new colleagues at Ruzyne and internationally. This was
associated with a great widening of his interests to include studies on life history strategies, population dynamics and thermo-biology of insect pests, weeds and their natural enemies. Many of the
resulting publications are not only major contributions to applied ecology but they also greatly
increase our understanding of the ecology of insects, molluscs and plants. The significance and
importance of Alois’ findings for entomology and biology in general is particularly well illustrated
by articles in this Special Issue, where his colleagues from Bulgaria, Canada, Czech Republic,
Egypt, France, Japan, Poland, Russia, the Netherlands, Turkey, UK, and USA celebrate his 70th
birthday. He has indeed had an outstanding career.
Ivo Hodek & Anthony Dixon
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Abstract. Ladybird beetles are highly sexually active as they mate often and for a long time. In some of the species
that are polymorphic in terms of their elytral colouration there is a high proportion of melanic males in mating
pairs. We recorded the number of individuals of Harmonia axyridis (Pallas, 1773) (Coleoptera: Coccinellidae)
of both sexes and of all colour morphs (light succinea, melanic spectabilis and conspicua), and the numbers of
the different morphs mating in May and June on ornamental shrubs in the Czech Republic. There were only 29%
males among the individuals; 11% of individuals were melanic. About 17% of the individuals were recorded in
copula, which means that 30% of males were mating at any time. The composition of pairs indicated that melanic
individuals, especially those of morph conspicua, mated more frequently than light coloured individuals and more
frequently with another melanic individual. Both the choice of partner and increased activity due to the higher
body temperature of sun-basking melanics might have determined these trends.
Keywords. Sexual selection, female choice, colour polymorphism, Coccinellidae, equicolor.

Introduction

Ladybird beetles (Coleoptera: Coccinellidae) are generally very active sexually and mate for
long periods (Hodek & Ceryngier 2000, Nedvěd & Honěk 2012). In some polymorphic species,
differential or assortative mating among colour morphs is reported. In Latvian and Russian populations of Adalia bipunctata, Lusis (1961) records a higher proportion of melanic individuals
in mating pairs than expected, which he hypothesized is a consequence of their being darker in
colour and absorbing more solar radiation, which results in their having a higher body temperature
and greater activity than paler coloured individuals. DeJong et al. (1996) were the first to show
that melanic individuals of A. bipunctata have higher body temperatures and are more active than
pale coloured individuals.
However, Creed (1975) does not report assortative mating in Britain and Western Europe.
Muggleton (1979) proposes that mating is frequency dependent with the rarer morph being the
preferred mate. Majerus et al. (1982) report that melanic males, but not females, are preferred and
that an inherited female choice is responsible for this bias. Since ladybird vision is believed to be
poor, it is suggested they use olfactory cues to recognize the different morphs. Brakefield’s (1984)
analysis of a large dataset of mating frequencies of A. bipunctata in the Netherlands revealed no
evidence for assortative mating. Haddrill et al. (2013) confirm that the patterns of sexual selection
and reproductive behaviour differ in different populations of A. bipunctata.
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Although changes in the frequency of different colour morphs are reported for some polymorphic ladybirds, Honěk et al. (2005) record little variation in central European populations of
A. bipunctata and A. decempunctata and only small long-term changes in Hippodamia variegata
(Honěk et al. 2012).
Another polymorphic ladybird species, Harmonia axyridis, shows seasonal variation in the
frequency of its elytral colour pattern (Tan 1949). The proportion of the non-melanic succinea
morph increases from spring to summer because they mate more frequently than the melanic
morphs in spring (Osawa & Nishida 1992). In the laboratory, non-melanic males are preferred in
spring and melanic males are more successful at mating in summer. Males were active to a lesser
degree in this mate selection. Although the male elytral colour pattern is important in female mate
selection, behaviour and chemical cues must also be involved.
In China females of H. axyridis also prefer light succinea morph males to melanic ones in
spring (Wang et al. 2009, Su et al. 2013). Melanic individuals make up 15–20% of the population
in autumn and about 50% in spring, which indicates that melanism is advantageous in winter and
costly in summer (Wang et al. 2009).
Refusal (rejection) of non-preferred males by females is probably involved in mate choice
(Obata 1988, Wang et al. 2009). Retention of eggs before laying and fertilizing occurred after
mating with non-preferred males (Wang et al. 2009, Su et al. 2013). Melanic females wait longer
than light coloured females. Melanic males mate for longer with light than melanic females, which
indicates that both sexes are actively involved in the choice of a partner.
As H. axyridis has now spread world-wide (Brown et al. 2011) the reproductive behaviour of
invasive populations needs to be compared with that of this species in its native range to determine whether it differs and could have determined its invasive success. In the laboratory, males
from invasive populations sire more offspring than males from native populations (Laugier et
al. 2013).
Evolutionary changes in reproductive strategy and associated traits during the spread of a species may also have involved colour morph mating preferences in H. axyridis. We investigated the
mating behaviour of individuals in an invasive population of this ladybird in the field in Central
Europe in order to determine whether mate choice is similar to that reported in earlier studies.
We also tried to determine whether the differences in mating frequency was a result of only mate
choice or the higher activity of melanic individuals when exposed to bright sunlight.
Material and methods
We visually observed and recorded all individuals of all species of ladybirds from 8 May to 3 June 2012. Observations
were made in the morning, approximately from 8 to 10 o‘clock, and in the afternoon, from 13 to 15, each day, except
when raining. We inspected five plots of ornamental shrubs in the town of České Budějovice, 48° 59’ N, 14° 27’ E, mostly
of Philadelphus coronarius infested with Aphis cirsiiacanthoidis and Spiraea x vanhouttei with Aphis spiraecola and
Aphis spiraephaga. The records do not equal the number of individuals since we may have observed some individuals
several times. In addition to the species, we recorded the sex, mating activity, colour morph and composition of mating
pairs in the case of H. axyridis.
Online QuickCalcs (GraphPad Software 2014) was used to calculate χ2 values for frequency tables. Expected frequencies of a certain colour morph combination of a male and female pair; and of one of the sexes being of a particular
colour morph were calculated based on the recorded frequencies of both mating and non-mating males and females of
a particular morph collected over the course of the entire study.
When there was a difference between the observed and expected numbers of pairs or individuals of certain colour
morphs in the table, we used stepwise complement χ2 tests (SCCST) to evaluate whether the differences are significant.
That is, a 2×2 frequency table was calculated for each category, one row including observed and expected numbers of
that combination and another row including sum of all other categories. Probability level was adjusted to 0.05/number
of categories.
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Results

During this study, we recorded 2,196 adult Harmonia axyridis. There were 634 records of males
(29%) and 1,562 records of females (71%), which is very strongly biased in favour of females
(χ2(1)=392, p<0.0001). In terms of the different colour morphs 89% were of the morph succinea,
8% of the morph spectabilis and 3% of the morph conspicua. The percentages of males and females of the different morphs were similar. Moreover, among these individuals, one male was of
the rare form equicolor (heterozygous with succinea allele).
Seventeen per cent of the individuals were recorded copulating. This means that 30% of the
males were in copula. All nine possible combinations of males and females of the three main
colour morphs were recorded (Table 1).
There were fewer pairs of the combination succinea male and spectabilis female than expected,
whereas both the combination spectabilis with conspicua and monomorphic conspicua pairs were
more frequently observed than expected.
The analysis of males and females of the three different morphs recorded mating revealed a lack
of both males and females of the succinea morph and excess of both males and females of the
conspicua morph, and more spectabilis males and fewer spectabilis females than expected (Table
2). However, the only significant difference was the excess of conspicua females.
To support or falsify the thermal melanism hypothesis as an explanation of the differences in
recorded frequencies, the records made in the morning (8–10 hours), when air temperature was
low and sun-basking was more important, were analyzed separately. There were 787 individual
records in the morning of which 29% were for males and of which 91% were of the morph succinea, 7% of the morph spectabilis and 2% of the morph conspicua. Nineteen per cent of them
were recorded copulating. This means that 32% of the males were in copula at any given time
during the day.
Eight of nine possible combinations of males and females of the three main colour morphs were
recorded. There were significantly more spectabilis male with conspicua female matings than expected. Generally, there were fewer monomorphic succinea pairs than expected but this difference
was not significant. Melanic individuals mated with individuals of all of the other morphs.
When the results for the males and females were analyzed separately, there were significantly
more conspicua females than expected. Generally, there were fewer individuals of the light succinea
morph and more of the melanic conspicua morph, although not significantly so. In addition, there
were more spectabilis males and fewer spectabilis females recorded. Differences were somewhat
weaker than those recorded in the afternoon.

Table 1. Frequency of pairs of all combinations of colour morphs recorded in the present study. Expected numbers of pairs
were estimated based on the frequency of all adults (mating and non-mating) recorded in this study. The observed and
expected numbers in the table differ significantly (χ2(8)=297, p<0.0001). Differences for individual combinations based
on the SCCST method are indicated in rows χ2 and P, and in bold if significant at an adjusted level of 0.006
male
female

succinea succinea succinea spectabilis spectabilis spectabilis conspicua conspicua conspicua
succinea spectabilis conspicua succinea spectabilis conspicua succinea spectabilis conspicua

observed
expected
difference
ratio
χ2
P

304
305
–1.2
1.00
0.023
0.88

12
26
–14.1
0.46
8.17
0.004

8
8
–0.5
0.94
0.013
0.94

26
30
–4.5
0.85
0.71
0.4

4
3
1.4
1.54
0.76
0.38

12
1
11.2
14.17
146
<10–4

8
9
–1.3
0.87
0.028
0.84

4
1
3.2
5.06
13.07
0.0003

6
0
5.7
23.34
127
<10–4
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Table 2. Frequency of males and females of the three colour morphs recorded in mating pairs. Expected numbers of
individuals were based on the frequency of all adults (mating and non-mating) recorded in this study. The observed and
expected numbers in the table differ significantly (χ2(8)= 40.29, p<0.0001). Differences for individual combinations based
on the SCCST method are indicated in rows χ2 and P, and in bold if significant at an adjusted level of 0.008
sex
morph
observed
expected
difference
ratio
χ2
P

male
succinea
324
339.8
–15.79
0.95
1.32
0.25

male
spectabilis

male
conspicua

female
succinea

female
spectabilis

female
conspicua

42
33.9
8.08
1.24
2.03
0.15

18
10.3
7.70
1.75
5.84
0.016

338
344.9
–6.91
0.98
0.25
0.62

20
29.5
–9.50
0.68
3.18
0.075

26
9.6
16.41
2.71
28.37
<10-4

Discussion

The very low percentage of males recorded in spring (29%) might seem surprising. It is, however, in accordance with the observation that there is a high incidence of mating in autumn (46%
females fertilized, Nedvědová et al. 2013). In this way males avoid the consequences of high
winter mortality and sire a substantial number of progeny. In autumn, 1571 of the H. axyridis
collected during their migration to overwintering sites 845 were females and 726 males (46%),
(Nedvědová et al. 2013). Sperm can survive to the following spring in fertilized females as they
are able to produce viable progeny without further mating (Awad et al. 2013). In addition, half
of the females sampled during the autumn migration have been fertilized by on average 2.8 males (Awad et al. 2015). The sex ratio of the adults at emergence did not deviate from 0.5 in the
field, in laboratory stocks (personal observations) or in commercial biocontrol stocks (Heimpel
& Lundgren 2000).
Deviations in the numbers of mating pairs made up of the different morphs from that expected
if mating occurred at random were probably caused by partner choice. Another explanation is
that it is due to differences in the body temperatures of the different morphs with the melanic
morphs both warmer and more active. It is not easy to distinguish between partner choice and
thermal melanism and if the former whether it is the male or the female that chooses its partner
on the basis of its colour. The over-representation of both spectabilis + conspicua pairs and
monomorphic conspicua pairs indicates this might be due to these strongly melanic individuals
being more active. Under-representation of records of succinea males mating spectabilis females
indicates choice of partner.
A separate analysis of the frequencies with which males and females of the different morphs
were recorded mating revealed an under-representation of both males and females of the light
coloured succinea morph and over-representation of both males and females of the melanic
conspicua morph, which supports the thermal melanism hypothesis. But more spectabilis males
and fewer spectabilis females were recorded mating than expected, which indicates some mate
choice is involved.
The fewer than expected morning records of succinea individuals and more conspicua individuals (regardless mating status) also support the thermal melanism hypothesis. However, unexpectedly the frequency of mating was not lower and the frequency of melanic morphs in pairs was not
higher on cold mornings. In addition, the differences in the frequency were weaker in the morning.
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In conclusion, there is weak support for the thermal hypothesis. The opposite trends recorded for
spectabilis males and females support specific mate choice or difference in the activity of this
colour morph not due to higher body temperature resulting from basking in the sun.
Another possible explanation of these differences is that they include the different durations
for which pairs made up of different morphs mated and hence false differences in the frequencies
recorded. Mating in the laboratory tends to be shorter between similar morphs (Wang et al. 2009).
This is not supported by a laboratory experiment (Awad et al., unpublished) in which males of
three different morphs each mated with succinea females for similar period of time.
The percentages of the different colour morphs recorded in this study in spring were similar
to those previously recorded in the autumn migration (Nedvědová et al. 2013): succinea 89 vs.
87%, spectabilis 8 vs. 10%, conspicua 3 vs.3.6%. Similar percentages (10.5% of both melanic
morphs together) are also reported in Slovakia in mid-summer (Panigaj et al. 2014). In contrast to
Japan and China (Osawa & Nishida 1992, Wang et al. 2009) there is no strong fluctuation in the
percentage of melanic individuals during the course of a year. Hence, the small and ambiguous
differences recorded for the invasive population in this study probably have little effect on the
reproductive success of H. axyridis in Europe.
Similar percentages of melanic individuals to those recorded in invasive European populations
are reported also in a native population in Korea (Seo et al. 2008). Of all the different colour
morphs, conspicua was preferred for mating, as in the other populations. This morph tends to
dominate laboratory strains and some biocontrol stocks. The difference between field and laboratory populations in the percentages of melanics is related on the one hand to a non-random mating
preference for melanics and on the other hand selection against melanics by environmental conditions. Similarly, the reproductive success of the melanic morph of C. septempunctata in India
is greater than that of typical individuals (Srivastava & Omkar 2005), whereas Stewart & Dixon
(1989) show there are costs to being a large black ladybird.
The relatively high percentage of individuals of H. axyridis recorded mating confirms a generally
high sexual activity in Coccinellidae. The incidence of mating reported for A. bipunctata in Britain
is similar (20% of the individuals in copula; Haddrill et al. 2008). However, during this study the
incidence of mating recorded for other species of ladybirds (Coccinella septempunctata, Propylea
quatuordecimpunctata) was lower. In addition, the virility of males of two species of Coccinella
decreases progressively from virgin to five times mated (Michaud et al. 2013) and the progeny of
virgin fathers perform better. Similarly, temporal isolation of males enhanced subsequent mating
frequency in Coleomegilla maculata (Harmon et al. 2008).
In the present study, we used direct observation of ladybird beetles in the field. We recorded
individuals on each occasion (individual days, morning, afternoon) independently and summed
all the records. Thus, it is highly likely the number of records of adult ladybirds was greater than
the number of individuals present in the plots studied. Although adult ladybirds move in and out
of plots, our impression is that they stayed in the plots longer than the usual interval between two
observations. We did not set out to estimate the population density, only the relative percentages
of the males and females of individual colour morphs. We thus assumed that dispersal or residence
of individuals in plots was similar for both sexes and all colour morphs, and for mating and single
individuals, and they were present in the same percentages as in the surrounding landscape.
We did not mark the observed individuals. Durable marking of ladybirds is difficult because
of their oily surface (Hagler & Jones 2010). In previous years, we failed to recapture ladybirds
marked in various ways 24 hours after release. Another reason why marking was not used is
that manipulated individuals subsequently are more active and more likely to leave the release
site. In addition, mating individuals would stop mating and thus their future mating activity
might be distorted.
15

This study also includes the report of the first record of the morph equicolor in the Czech
Republic. This was a single male among tens of thousands of individuals of H. axyridis recorded
from 2008 to 2012. This colour morph is similarly very rare elsewhere in Europe with six individuals recorded in the Netherlands from 2006 to 2014 (waarneming.nl). It is unclear whether the
allele controlling the equicolor phenotype was present in few ladybirds that arrived from another
continent or it originated by mutation of another allele. Currently, we have a homozygous strain
of equicolor in laboratory.
Conclusion

Colour polymorphism in H. axyridis including invasive European populations is probably maintained by both sexual and environmental selection. The percentage of melanic individuals is rather
stable spatially and temporally. The small deviations in the frequency of individuals of the three
main colour morphs in mating pairs from those expected if mating were random can be attributed
to both partner choice and thermal melanism.
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Abstract. Large fluctuations in predatory ladybird populations between years makes it difficult to assess the
conservation status of this important group of beetles. Monitoring of their long-term trends may be achieved using
systematic structured surveys or by the collation of incidental records. Since the 1970s Alois Honěk and colleagues
in the Czech Republic have used the former approach to generate some of the best long-term ladybird datasets
globally. Declines in species, particularly Coccinella septempunctata Linnaeus, 1758, have been observed in these
datasets, and explanations for the declines offered. Here we reflect on the work of Alois Honěk and colleagues
and contrast their approach to monitoring ladybirds with that taken in the UK. UK ladybird trends have been
derived from careful analyses of incidental records collected by citizen scientists, along with some systematic
structured surveying. We compare the trends suggested by Czech and UK data. There are broad similarities in
trends for several species, namely Adalia bipunctata (Linnaeus, 1758), Coccinella undecimpunctata Linnaeus,
1758 and Propylea quattuordecimpunctata (Linnaeus, 1758) (decreasing trends) and Harmonia axyridis (Pallas,
1773) and Hippodamia (Adonia) variegata (Goeze, 1777) (increasing trends). Conversely the trends for Adalia
decempunctata (Linnaeus, 1758), Coccinella quinquepunctata Linnaeus, 1758, C. septempunctata and Calvia
quattuordecimguttata (Linnaeus, 1758) are dissimilar in the two countries. We briefly explore whether similar
drivers of change were at play in the Czech Republic and UK. In both countries, changes in agricultural practices
(notably less small grain cereal-growing and reduced fertilizer use that lowers aphid numbers) may account for
some of the ladybird population trends observed.
Key words. Citizen science, Coccinella septempunctata, Coccinellidae, Coleoptera, monitoring, population trends,
systematic surveys, biological records.

Introduction

Populations of many insect species fluctuate substantially between years, perhaps especially so
for predatory species such as many ladybirds (Coleoptera: Coccinellidae) that feed primarily
on aphids (Honěk 1989, Majerus 1994). Such prey may be both ephemeral and highly variable
in abundance (Dixon 2000). The effects of varying weather conditions are experienced by the
predators directly; and indirectly through effects on prey populations. Thus, the task of making
assessments of changes to ladybird populations is a difficult one, and ideally needs to be carried
out over long time periods (at least ten years) and at large spatial scales (though see Pagel et al.
2014).
The monitoring of terrestrial insect populations to assess long-term trends tends to be conducted
in one of two ways: systematic structured surveys (such as the UK Butterfly Monitoring Scheme
– UKBMS), or; opportunistic approaches (such as the UK Ladybird Survey – UKLS) (Roy et al.
2011). Both methods can yield valuable information and for most taxonomic groups opportunistic
approaches are the most practical and achievable for creating large-scale and long-term datasets.
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However, systematic, structured surveys implemented over a large-scale (national) have enabled
the clearest assessment of trends in biodiversity to be derived (Roy et al. 2007, van Swaay 2008).
Such an approach relies on considerable commitment from volunteers because long-term funding
is limited. There are, thus, few examples of such an approach (Thomas 2005).
The UKBMS, initiated in the UK in the 1970s and later extended to other parts of Europe, is
one such exception (Pollard et al. 1995). Expert volunteers participating in the UKBMS record
the abundance of butterfly species on transects carried out over a 26-week flight season. In the
UK, 2105 transect routes have been walked since 1976, and whilst not all transects are recorded
in every year, 991 sites were surveyed in 2012 (Botham et al. 2013). The UKBMS generates
a vast dataset that enables detailed analyses of long-term trends in butterfly populations that has
led to many high quality and high impact research outputs (e.g. Harding et al. 1995, Parmesan et
al. 1999, Roy & Sparks 2000, Bennie et al. 2013). Additionally the data informs policy through
a headline indicator for the UK Government (Defra 2014b). Butterflies, being generally popular,
large and colourful insects that are readily identifiable in flight, clearly lend themselves to this
kind of survey. Attracting volunteer recorders requires time and resources, but the collaboration
between the Centre for Ecology & Hydrology alongside the non-governmental organisation
Butterfly Conservation, has enabled effective coordination of the UKBMS.
Although ladybirds are amongst the most popular and prominent groups of insects, recruiting
volunteer recorders to carry out regular surveys on a long-term basis (i.e. to the extent of the
UKBMS) has largely proved unsuccessful, at least in the UK. This may be because of the smaller
size and less obvious nature of ladybirds compared to butterflies, and/or the relative low number
of volunteers and infrastructure to support ladybird recording (e.g. UKBMS is supported by
Butterfly Conservation, a high profile membership conservation organisation). The volunteer-led Coccinellidae Recording Scheme (now re-named the UK Ladybird Survey – UKLS) was
launched in 1971 as one of the national recording schemes overseen by the Biological Records
Centre (www.brc.ac.uk). It has been highly successful in engaging a very large number of recorders to provide incidental records (opportunistic data) of ladybirds from across the UK and
Ireland (Roy et al. 2011). Thus citizen science has been successfully employed for the collation
of opportunistic data on the distribution of ladybird species across the UK. Using appropriate
statistical methods, assessment of long-term trends in ladybird populations is possible using data
collated by this approach (Roy et al. 2011).
In contrast to the UK, ladybird monitoring in the Czech Republic has tended to focus on a systematic approach over a limited number of sites. A relatively small team of dedicated researchers
has generated some of the best long-term ladybird datasets globally. Indeed, we know of no longer-term ladybird datasets than those generated by Alois Honěk and colleagues from the 1970s
to the present day (although see Alyokhin & Sewell 2004).
The 7-spot ladybird Coccinella septempunctata Linnaeus, 1758 has been of particular interest
in the studies from the Czech Republic. Coccinella septempunctata is one of the most abundant
predatory ladybirds in both the Czech Republic (Honěk 1989) and the UK (Roy et al. 2011) and
indeed over much of the Palaearctic; its distribution stretches from Ireland in the west, across
Europe and Asia, to Japan in the east (Kuznetsov 1997). It is also a highly successful introduced
species in other parts of the world, notably North America, where it was used extensively from
the 1950s as a biological control agent (Angalet & Jacques 1975, Gordon 1985, Turnock et al.
2003, Evans 2004). Coccinella septempunctata is a habitat generalist but has notable fluctuations
in abundance over time, illustrating the need for long-term monitoring in order to make informed
assessments of its conservation status.
In this paper, we re-visit the work of Honěk & Martinkova (2005) and the follow-up paper
Honěk et al. (2014), and reflect on the contrasting approaches used in the Czech Republic and
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UK in the long-term assessment of ladybird populations. We explore the possible causes for any
long-term changes observed, comparing those assigned by Honěk & Martinkova (2005) and
Honěk et al. (2014) to those we believe were at play in the UK. Whilst Honěk & Martinkova
(2005) focused only on C. septempunctata, Honěk et al. (2014) take a broader approach, as we
will here, in attempting comparisons of long-term trends in various ladybird species in the Czech
Republic and UK.
Long-term trends

Whilst it is difficult to assess any similarities or differences in long-term ladybird trends from
the Czech Republic and UK due to differing sampling strategies and time periods, some general
comparisons may be made. There appear to be broad similarities in long-term trends for several
species, namely Adalia bipunctata (Linnaeus, 1758), Coccinella undecimpunctata and Propylea
quattuordecimpunctata (Linnaeus, 1758) (decreasing trends) and Harmonia axyridis (Pallas, 1773)
and Hippodamia (Adonia) variegata (Goeze, 1777) (increasing trends) (Table 1). Conversely the
trends for Adalia decempunctata (Linnaeus, 1758), Coccinella quinquepunctata Linnaeus, 1758,
C. septempunctata and Calvia quattuordecimguttata (Linnaeus, 1758) are dissimilar in the two
countries (e.g. C. septempunctata decreased in the Czech Republic but was stable in the UK).
There are observations for four further species within the Czech Republic but these species do
not occur in the UK.
For the species that appear to be thriving in both countries the mechanisms are perhaps the
most straightforward to attribute. Harmonia axyridis is an invasive alien species that was a new
arrival in both countries over the time periods considered, and has established and spread quickly
(Brown et al. 2008, Špryňar 2008, Panigaj et al. 2014). In the case of H. variegata, we hypothesize that the species is benefitting from climate warming. It favours dry sandy soils and is very
common in crop systems in southern Europe. In the UK H. variegata has become more common

Table 1. Comparison of long-term ladybird population trends in the Czech Republic and UK. Czech Rep. local trends from
Honěk et al. (2014); UK national trends from Roy et al. (2011); UK local trends from standardised surveys nine times per
year at each of four East Anglia sites (P. M. J. Brown unpublished data). * stable but decrease since arrival of Harmonia
axyridis; ** stable but some indication of increase; N/A not applicable as species does not occur in the UK
species

Adalia bipunctata
Adalia decempunctata
Calvia decemguttata
Calvia quattuordecimguttata
Ceratomegilla undecimnotata
Coccinella quinquepunctata
Coccinella septempunctata
Coccinella undecimpunctata
Harmonia axyridis
Hippodamia septemmaculata
Hippodamia variegata
Oenopia conglobata
Propylea quattuordecimpunctata

Czech Republic
local trend
(1976–1983
vs. 2002–2010)

UK
national trend
(1990–2010)

UK
local trend
(2006–2013)

decrease
increase
increase
increase
increase
decrease
decrease
decrease
increase
decrease
increase
increase
decrease

stable*
decrease
N/A
decrease
N/A
stable
stable
decrease
increase
N/A
stable**
N/A
decrease

decrease
stable
N/A
stable
N/A
N/A
stable
N/A
increase
N/A
N/A
N/A
stable

Czech Republic
/ UK trend
agreement?
yes
no
N/A
no
N/A
no
no
yes
yes
N/A
yes
N/A
yes
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in northern England in recent decades (Roy et al. 2011), with signs that it has increased in parts
of the country dominated by arable fields (notably East Anglia).
Of the species with declining trends, we suggest that in the case of A. bipunctata, A. decempunctata and possibly P. quattuordecimpunctata, the arrival of H. axyridis is at least a contributory factor in the UK. It is possible that such negative trends are observed in the UK but not the
Czech Republic because the UK represents the edge of range for many European ladybirds and
so the environment may be suboptimal. Hence the effects of alien species, such as the arrival of
H. axyridis, and other interacting drivers of change may be more pronounced in the UK compared to regions at the core of a species range. In analyses derived from the UK datasets shown
in table 1, Roy et al. (2012a) showed that an upward trend for A. bipunctata was reversed when
H. axyridis arrived, and whilst A. decempunctata and P. quattuordecimpunctata were already
declining in the UK before H. axyridis arrived, the declines steepened after its arrival. However,
in some parts of the US the native A. bipunctata apparently declined decades ago, before the
arrival of three non-native species. For example, Fothergill & Tindall (2010) indicate that A.
bipunctata had already disappeared from south-eastern Missouri by 1970. Therefore, it is highly
likely that a number of interacting factors are influencing the decline of this species. Frequently
a coastal species in the UK, C. undecimpunctata has occasionally been highly abundant (notably
in 1976, a hot and very good year for ladybirds in the UK) (Majerus 1994) but has been scarce
in recent years for unknown reasons. Coccinella undecimpunctata is a smaller species than C.
septempunctata and it may be that it is out-competed by C. septempunctata in most of the inland
habitats in most years, with an exception in years when there are very high aphid numbers. The
apparently restricted range of C. undecimpunctata to coastal habitats within the UK also suggest
that this species is thermally limited.
There are few other long-term European ladybird studies to use as comparisons to the Czech
and UK studies. However, a reflection on such studies from North America is possible. Most
long-term datasets of C. septempunctata, P. quattuordecimpunctata and H. axyridis are largely
focussed on their status as invasive alien species in North America. In Maine in potato crops, C.
septempunctata increased dramatically over a 15 year period after its arrival, but its abundance
was then apparently suppressed by the arrivals of H. axyridis and P. quattuordecimpunctata
(Alyokhin & Sewell 2004). In alfalfa, in Manitoba, Turnock et al. (2003) show an inverse
abundance relationship between the two dominant species, the alien C. septempunctata and the
native Hippodamia (Hippodamia) tredecimpunctata (Linnaeus, 1758) (i.e. C. septempunctata
abundance was higher when H. tredecimpunctata was lower, and vice versa). They hypothesize
that H. tredecimpunctata was less affected by the arrival of C. septempunctata than were four
other native species that declined following the arrival of the latter, and that this may have been
due to competitive interactions partially linked to the sizes of the species (with the large species
Coccinella transversoguttata richardsonii Brown being worse affected by the similarly large C.
septempunctata). A similar study in alfalfa explored the arrival of four alien species (the three as in
Alyokhin & Sewell 2004, plus H. variegata) over twelve and six year periods at two localities (Day
& Tatman 2006). Similarly to the results of Alyokhin & Sewell (2004), the populations reported by
Day & Tatman (2006) tended to fluctuate in a fairly regular pattern; additionally, a gradual increase
in overall coccinellid numbers was caused by increasing numbers of P. quattuordecimpunctata
and the native Coleomegilla maculata (DeGeer, 1776) (Day & Tatman 2006).
Population studies

The focus on opportunistic data within the UK enables distribution trends to be derived (Roy
et al. 2011, 2012a) but systematic surveys would strengthen assessments of population trends
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(Brown et al. 2011). Reassuringly the population trends derived from the small-scale systematic
surveys in the East of England largely align with the large-scale distribution trends (Roy et al.
2012a). However, new analytical methods are being developed to integrate the information from
local (small-scale) systematic (abundance) surveys with widespread (large-scale) opportunistic
occurrence records and so enhance the value of these different datasets (Pagel et al. 2014). These
authors have developed a hierarchical model that combines observations from multiple sources
to derive spatio-temporal population trends. The hierarchical model structure, based on Bayesian
statistics, relates to the links between population models (involving count data) and opportunistic
observation models in which the data structure, quality and inherent uncertainty is explicitly included. Such an approach has been shown to improve estimates of population trends and provides
an opportunity for collaborative analysis across datasets. Therefore, there is considerable potential
to undertake analyses over much larger spatial scales than has historically been the case.
Are changing agricultural practices responsible for species declines?

Honěk & Martinkova (2005) and Honěk et al. (2014) present similar cases for changing agricultural practices being responsible for long-term declines in C. septempunctata abundance in the
Czech Republic. There are two main facets of such agricultural change that are focussed on: firstly
a decrease in acreage of small cereal crops favoured by C. septempunctata (important because of
high acreage, high aphid abundance and formerly low insecticide use and late harvest date), with
less suitable crops such as oilseed rape grown much more in later years (Honěk & Martinkova
2005, Honěk et al. 2014); secondly a reduction in fertilizer use, shown to lower aphid numbers
(Duffield et al. 1997, Bianchi et al. 2007). Late harvest date for spring cereals appears to be a very
important factor favouring coccinellid (C. septempunctata but also others such as P. quattuordecimpunctata) populations, since destructive mechanical cutting techniques earlier in the year in
other crops, such as alfalfa and clover, could eliminate a large majority of the coccinellids in those
fields (Honěk 1982). Some additional secondary facets are also outlined, including increased use
of pesticides over time (Honěk & Martinkova 2005) (negatively affecting aphids and coccinellids)
but decreased use of destructive harvest methods (positively affecting overwintering coccinellids)
(Honěk & Martinkova 2005).
All of the above are reasonable conclusions to draw, but did similar changes to agriculture
occur in Britain during this timescale? The answer to that question is broadly, yes. In the UK small
grain cereals are heavily dominated by wheat and barley, which represent 97% of the total cereal
acreage, and similar areas of each were grown in 1984 (Defra 2014a). In 2010 wheat acreage was
the same as in 1984 (with minor fluctuations in between), but barley acreage reduced by 54% and
oilseed rape increased by 2.4 times over the same period (Defra 2014a), cf. 4.1 times in the Czech
Republic (Honěk & Martinkova 2005). Fertilizer use in the UK showed a substantial upward
trend from 1973 (index of 127) to 1987 (index 187), followed by a substantial downward trend
from 1987 to 2010 (index 100) (Defra 2014a). Pesticide application showed a general upward
trend from 1973 to 2010 (Defra 2014a), though the available figures are crude measures that do
not reveal anything about the selectivity and persistence of the treatments, which are presumed to
have respectively increased, and decreased, thus likely limiting the effects on non-target species
of increased pesticide use.
Whilst the long-term (1990–2010) trend for C. septempunctata in the UK is stable (Roy et al.
2011), this trend was derived from citizen-science collected data from the national recording scheme
and does not necessarily reflect long-term data on C. septempunctata populations in crop systems
(and no such data are available). Freier et al. (2007) report a ten year (1993–2002) dataset for C.
septempunctata and P. quattuordecimpunctata in low- and high-input crop systems in Germany
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in which no clear trend is evident. For example, C. septempunctata adults were highly abundant
in the first year of the study but fluctuate around a much lower level in subsequent years.
Traits and trends

There is considerable enthusiasm for recording coccinellids across Europe, particularly through
citizen science initiatives, and potential to expand analysis and interpretation to enhance understanding of the ecology of this important group of insects. Furthermore, there is increasing interest
in large scale ecological patterns and processes (Keith et al. 2012). Expanding collaboration across
Europe (and beyond) to enhance the integration of coccinellid datasets could inform macro-ecological research, for example through traits-based models.
Combining traits-based models (Comont et al. 2012) with hierarchical models can contribute
to elucidating the mechanisms underpinning trends by deriving hypotheses to test empirically.
Indeed, traits of vertebrates and plants have been used to explore patterns of distribution (Pocock
et al. 2006, Blackburn et al. 2009), but relationships between invertebrate traits and distribution
patterns has received less attention (Comont et al. 2012, Fox et al. 2014). Life-history and resource-use traits are relatively well understood for many species of ladybird because of the extensive
research, particularly in relation to biological control (Dixon 2000, Hodek et al. 2012). Therefore,
ladybirds provide an excellent study system for traits-based research.
In a recent study it was revealed that diet breadth was correlated with the range size of ladybirds
in the UK (Comont et al. 2012). In a subsequent study traits were combined with spatio-temporal
trends in the distribution patterns of ladybirds (Comont et al. 2014). The complex results revealed that the distribution dynamics of ladybirds are influenced by a number of factors, including
intrinsic traits of ladybirds, but also extrinsic factors such as climate and the presence of the alien
species H. axyridis. Such modelling approaches using large-scale and long-term datasets linked
to species traits and environmental factors provide a basis for formulating hypotheses in relation to the mechanisms driving change. However, it will be interesting to explore the relevance
of these traits between countries. Indeed, the variation in traits between regions would provide
fascinating insights into the intraspecific phenotypic variability of ladybirds and potential links
with population and distribution trends.
Conclusions

The inspiring datasets from the work of Alois Honěk and colleagues since the 1970s has provided
a unique insight into the ecology of coccinellids in Europe. It is exciting to consider the potential
future collaborations extending to a network across Europe. The methods employed in the Czech
Republic and the UK (alongside other European countries) could be linked through emerging analytical techniques providing the capacity to address ecological questions on a continental-scale.
Historically, modelling approaches have focused on single trophic-levels or taxonomic groups,
but the potential to combine datasets across taxa and trophic levels using hierarchical approaches
is exciting (Roy et al. 2014). Possible examples include integrating data on aphid distributions
from suction traps (such as the Rothamsted Insect Survey) (Harrington & Woiwood 2007) with
coccinellid datasets (systematic surveys and opportunistic data). The Rothamsted Insect Survey
has collected aphid data since 1964 in the UK and was later expanded to other parts of Europe as
part of the Examine network; the Czech Republic joined in 1994 and has a network of five traps
(Rothamsted Research 2014). The dataset of Honěk et al. (2014) includes detailed habitat information, including plant species, alongside the observations of coccinellids. Distribution datasets
such as that collated through the UK Ladybird Survey are increasingly including detailed habitat
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information for each occurrence record. Such information-rich datasets will provide opportunities
for detailed analyses and it is appealing to consider the potential for exploring networks of species
(Roy & Lawson Handley 2012) and their habitats in spatio-temporal contexts.
Coccinellids have captured the imagination of many people, not only scientists, throughout history (Majerus, 1994). Citizen science (Roy et al. 2012b) is a relatively new term but the involvement
of volunteers in recording ladybirds extends over centuries. Citizen science provides opportunities
to engage people beyond fascination and interest in a subject, to actively contributing to “real”
science. As technology advances there are increasingly diverse ways in which citizen scientists
can interact collaboratively with professional scientists to enhance ecological understanding. We
look forward to addressing increasingly complex questions through both mass participation and
co-created citizen science projects. Additionally, we hope that detailed long-term field studies such
as those conducted by Alois Honěk and colleagues will continue long into the future.
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Abstract. When environmental conditions become unfavourable most invertebrates enter into a state of reduced
activity called dormancy. In ladybird beetles dormancy usually occurs in the adult stage and in many species
takes up most of their lifespan. In this review, some ecological and behavioural issues related to dormancy, such
as habitat selection, migration to dormancy sites, aggregation, mortality, phenology and species composition of
aggregations of ladybirds in hibernation are discussed. The habit of migrating to and hibernating in high mountains
is characteristic of many ladybirds and is here discussed in detail with its advantages and disadvantages highlighted.
The latter include the high energy cost of migrating to and dispersing from mountain sites, high mortality often
recorded in ladybird aggregations on mountain tops and phenological shifts that result in a considerable curtailment
of the periods suitable for reproduction, development and accumulation of metabolic reserves compared to those
of ladybirds that enter dormancy in the lowlands. Knowledge of the dormancy ecology of Coccinellidae largely
relies on studies of a few species, such as Coccinella septempunctata Linnaeus, 1758, Ceratomegilla undecimnotata
(Schneider, 1792) and Hippodamia convergens Guérin-Méneville, 1842. It is postulated that investigating other
species, especially those that are more ecologically specialized, will reveal more dormancy-related strategies and
provide a better insight into ladybird ecology. It is also emphasized that the use of a community approach when
studying ladybird dormancy will provide valuable information, both in terms of basic knowledge and its applications
(e.g. pest management, conservation of rare species).
Key words. Coccinellidae, aestivation, hibernation, aestivo-hibernation, dormancy, diapause, quiescence, migration,
aggregation, mortality, phenology.

INTRODUCTION

Most terrestrial organisms experience environmental conditions that alternate between favourable
and unfavourable over the course of a year. Such seasonality is especially well expressed in temperate and polar climatic zones, but also occurs in the subtropics and tropics (Wolda 1988). At
high latitudes seasonality is mainly shaped by changes in temperature (cold and warm seasons),
while close to the equator water availability is a principal factor (dry and rainy seasons). In some
areas in the temperate zone (e.g. those with a continental climate), both factors are important and
two seasons with harsh conditions can be distinguished within a year: cold winter and a hot and
dry summer.
The majority of invertebrates spend periods of unfavourable conditions in a relatively inactive
state called dormancy, which is characterized by low developmental and metabolic activity (Danks
1987, Koštál 2006, Belozerov 2009). Based on the period of the year in which an organism remains inactive, dormancy can be categorized as hibernation (during the cold season), aestivation
(during the hot and/or dry season) or aestivo-hibernation (bridging these two periods by one prolonged period of inactivity). On the other hand, two categories of dormancy can be distinguished
depending on the mechanisms involved in its regulation: quiescence, which is directly induced
by the onset of adverse conditions and terminated when conditions improve, and diapause that
is a genetically programmed and an endogenously regulated phase in the life cycle (Danks 1987,
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Koštál 2006, Belozerov 2009). According to Belozerov (2009), the former category can be further
divided into stage-independent, stage-specific and post-diapause quiescence.
Ladybirds are a group of insects in which diapause and non-diapause dormancy and the physiological mechanisms regulating them have been studied over a long period of time, dating back
to the pioneering concepts of Theodosius Dobzhansky (Dobrzhanskii 1922a, b). Knowledge of
ladybird dormancy, in particular the ecophysiology of diapause and quiescence, is well reviewed
in the chapter, diapause/dormancy, in the recently published Ecology and Behaviour of the
Ladybird Beetles (Hodek 2012a) and in the respective chapters of earlier versions of this book
(Hodek 1973, 1996). Although the physiology of dormancy in ladybirds is well studied, it is not
always easy to determine whether in particular cases one is dealing with diapause or quiescence.
Perhaps the most common pattern of dormancy includes diapause, which in a later phase switches
to post-diapause quiescence. However, different patterns can be observed even within the same
species. For example, central and western European populations of Coccinella septempunctata
Linnaeus, 1758 enter hibernation diapause and that changes to post-diapause quiescence around
December–January (Hodek 2012a, b), in some more southern areas (e.g. Greece or central Turkey)
aestivo-hibernation occurs (Bodenheimer 1943, Katsoyannos et al. 1997), again with a sequence
of diapause and post-diapause quiescence, while in bivoltine populations of the subspecies C.
septempunctata brucki Mulsant, 1842 in central Japan the first generation enters summer diapause
and the second generation winter quiescence (Sakurai et al. 1986). Sakuratani (1988) reports that
in the mild climate of southern Honshu winter quiescence of C. septempunctata brucki can occur
at any developmental stage (adult, pupa, larva or egg), i.e. according to Belozerov (2009) it should
be classified as stage-independent quiescence.
In this review I focus on some behavioural and ecological aspects of ladybird dormancy, such
as selection of habitat for dormancy, mortality during dormancy and assemblages of dormant
ladybirds. I do not go deeply into physiological mechanisms as they are sufficiently discussed
by Hodek (2012a). I also avoid distinguishing between diapause and quiescence and use the
general term ‘dormancy’, because in many cases we cannot say with certainty whether they are
in diapause or quiescent.
Developmental stages of dormant ladybirds

Generally, ladybirds spend periods of dormancy as adult beetles (Hodek 2012b). There are, however, a few exceptions. The European Scymnus impexus Mulsant and Chinese S. camptodromus Yu
& Liu aestivo-hibernate in the egg stage (Delucchi 1954, Keena et al. 2012). It is suggested that
this serves to synchronize egg hatching in these ladybirds with that of their adelgid prey. The North
American Coccidophilus marginata (LeConte), a predator of the pine needle scale (Chionaspis
pinifoliae (Fitch)), is reported to overwinter as a third instar larva beneath female scales (Martel
& Sharma 1970). Possibly the juvenile stages of other predatory ladybirds also use dormancy as
a means of synchronizing their activity with that of their prey, e.g. with aphids that hatch from
overwintering eggs in spring. The Euro-Siberian Scymnus abietis (Paykull), for example, is suspected of overwintering as a larva as fourth instar larvae of this species can occur very early in spring
(Nedvěd & Honěk 2012). In the phytophagous Epilachna admirabilis Crotch in eastern Asia and
Japan both larvae and adults hibernate. As a rule, this species overwinters as a fully grown larva
(prepupa), but some hibernate as adults in their second year (Katakura 1976, Hoshikawa 1980,
1981). In California, Hyperaspis lateralis Mulsant is reported to overwinter either as a pupa or
adult (Hagen 1962) and, as mentioned earlier, in southern Honshu (Japan) any developmental stage
of C. septempunctata brucki can overwinter in a state of quiescence (Sakuratani 1988). Accepting
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that it is exceptional for the juvenile stages of ladybirds to become dormant, the rest of this paper
will be restricted to a discussion of various aspects of imaginal dormancy.
Dormancy habitats

Most species of ladybirds, or at least most of those that have been studied in detail, are highly
mobile, showing several kinds of flight behaviour (Hodek et al. 1993). Some species, however,
are known to complete their whole life cycle in a specific habitat or at most in a few neighbouring
habitats (e.g. crop fields and their grassy boundaries). Such sedentary behaviour is sometimes
associated with a reduction in the size of the membranous wings (aptery or brachyptery) and,
hence, an inability to fly, as in all species of the genus Tetrabrachys (Kapur 1948, Pope 1977)
and the European phytophagous ladybird, Cynegetis impunctata (Pope 1977, Kalushkov et al.
2013). Two European species of the genus Rhyzobius, R. litura and R. chrysomeloides, are also
relatively sedentary and predominantly brachypterous (Bielawski 1955, Pope 1977). The former
lives in well insolated open habitats and spends periods in dormancy in dry grass in these habitats
(Bielawski 1955, Ricci 1986), whereas R. chrysomeloides inhabits crowns of coniferous (usually
Scots pine) trees during its active life and in autumn hibernates under the bark at the bases of these
trees (Bielawski 1955). Interestingly, many other conifer specialists (Myrrha octodecimguttata,
Aphidecta obliterata, Harmonia quadripunctata, Scymnus suturalis), although having fully developed second pair of wings, usually do not leave their feeding and breeding sites and like R.
chrysomeloides overwinter under the bark of their host plants (Bielawski 1961, Pulliainen 1966,
Spitzer et al. 2010, Hodek 2012a). Another ladybird with functional wings that is rather sedentary
is Tytthaspis sedecimpunctata. This polyphagous species remains in dry grassland throughout the
year (Bielawski 1961).
Many ladybirds spend periods in dormancy in habitats different from those utilized for reproduction and development (Hodek 2012a). Breeding and dormancy habitats may be close to each
other, as e.g. in Coccinella septempunctata and Propylea quatuordecimpunctata, which hibernate
in forests or forest edges nearby the fields they occupied when active (Hemptinne 1988), or more
or less distant. In the latter case, the ladybirds may undertake lengthy migratory flights. Recent
investigations by Jeffries et al. (2013) using vertical-looking entomological radar reveal that
some ladybirds undertake very long flights. Relatively large species such as C. septempunctata
or Harmonia axyridis fly at altitudes of up to 1100 m above ground level and their displacement
speed can be up to 60 km/h. Furthermore, the average duration of tethered flight of H. axyridis
measured in the same study is 36.5 minutes, with some individuals flying continuously for more
than two hours. Based on this data the authors estimate that H. axyridis is potentially able to travel
uninterruptedly for a distance of up to 120 km and more usually for a distance of about 18 km.
High values for the duration of tethered flight, similar to those reported for H. axyridis by Jeffries
et al. (2013) and Maes et al. (2014), are recorded by Rankin & Rankin (1980) for another long-distance flier, the North American Hippodamia convergens. However, for C. septempunctata,
which is a less spectacular migrant, the duration of tethered flight only rarely exceeds 15 minutes
(Nedvěd et al. 2001).
There is some controversy about whether the long-distance flights undertaken by ladybirds
to dormancy sites are directional (see Hodek 2012a), but the many examples of aggregations of
beetles at dormancy sites at the highest points in the landscape support the hypothesis of hypsotactic orientation. Some ladybird long-distance migrants are known to select dormancy sites on
high mountain peaks. Reports of such species occupying peaks higher than 1500 m a. s. l. are
listed in Table 1. This list does not include mountain residents that spend their whole life at high
altitudes, e.g. the North American Hippodamia oregonensis (Edwards 1957, Fields & McMullen
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Table 1. Reports of Coccinellidae migrating and entering dormancy on the tops of mountains above 1500 m a. s. l.
species

altitude (m a. s. l.) location

reference

Epilachninae
Epilachna canina

		
2285
Nyika Plateau, Malawi

Farrell 1968

Chilocorinae
Exochomus octosignatus

		
up to 2500
Central Asia	Yakhontov 1962
2900
Palandöken Mtn., E Turkey
Özbek & Çetin 1991

Coccinellinae
		
Adalia decempunctata
1855
Elmadağ, central Turkey
Bodenheimer 1943
Ceratomegilla undecimnotata 1512
Mt. Cousson, France
Kreiter & Iperti 1984
2000 and higher
Central Asia	Yakhontov 1962
2130
Transcaucasia
Schneider & Leder 1878,
			
after Dobrzhanskii 1922a
2900
Palandöken Mtn., E Turkey
Özbek & Çetin 1991
2500–3000
Tajikistan
Ataeva 1972
Coccinella monticola
2000
Pinnacle Peak, WA, USA
Edwards 1957
2435
Squaw Peak, MT, USA
Chapman et al. 1955
Coccinella septempunctata
1510
Mount Nif, W Turkey
Bodenheimer 1943
1512
Mt. Cousson, France
Hodek et al. 1977
1600
Mt. Śnieżka, Poland
Ceryngier 2000
1700
Mount Aqraa, S Turkey
Bodenheimer 1943
1855
Elmadağ, central Turkey
Bodenheimer 1943
1940
Sibillini Mountains, Italy
Ricci et al. 2005
2273
Çimen Mountain, S Turkey
Güven et al. 2015
2530
Keshish Dagh, NW Turkey
Werner 1913,
			
after Dobrzhanskii 1922a
2900
Palandöken Mtn., E Turkey
Özbek & Çetin 1991
2500–3000
Tajikistan
Ataeva 1972
2600–3300
SE Kazakhstan (Tian Shan)
Savoiskaya 1966
about 4570
Dhauladhar, Himalaya, India
M.S. Mani, after Edwards 1957
Coccinella undecimpunctata 2194
Mount Enys, New Zealand
Hudson 1905
Declivitata hamata
2198
Dedza Mountain, Malawi
Farrell 1968
Hippodamia caseyi
1975
Mount Kobau, BC, Canada
Fields & McMullen 1972
2196
Beaconsfield Mtn., BC, Canada Fields & McMullen 1972
2200
Sheep Rock, BC, Canada
Fields & McMullen 1972
2248
Apex Mountain, BC, Canada
Fields & McMullen 1972
2303
Baldy Mountain, BC, Canada Fields & McMullen 1972
2435
Squaw Peak, MT, USA
Chapman 1954, Chapman et al. 1955
2787
Lolo Peak, MT, USA
Chapman et al. 1955
2990
McDonald Peak, MT, USA
Chapman et al. 1955
Hippodamia convergens
1744
Mt. Pisgah, NC, USA
Sherman 1938
1781
Mt. Sterling, SC, USA
Sherman 1938
2037
Mt. Mitchell, NC, USA
Sherman 1938
2070
Mt. Locke, TX, USA
Rankin & Rankin 1980
2200
Horsetooth Mtn., CO, USA
Hawkes 1926
2460
Green Mtn., CO, USA
Johansson 1958,
			
after Krell & Britton 2009
2510
Genesee Mtn., CO, USA
Krell & Britton 2009
2710
Doubleheaded Mtn., CO, USA Krell & Britton 2009
2890
Mosca Peak, NM, USA
Douglass 1930
Hippodamia glacialis lecontei 1519
Moscow Mtn., ID, USA
Piper 1897
Hippodamia quinquesignata 1676
Argus Mts., CA, USA
Th. Dobzhansky,
			
after Edwards 1957
1768
Lakeview Ridge, AB, Canada Harper & Lilly 1982
1780
Porcupine Hills, AB, Canada
Harper & Lilly 1982
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Table 1. (continued)
species

altitude (m a. s. l.) location

reference

Hippodamia variegata
Lioadalia intermedia
Psyllobora variegata

1829
2000
2043
2043
2134
2230
2378
2439
2474
2520
2744
2960
3365
1800–2200
2198
2198

Harper & Lilly 1982
Edwards 1957
Harper & Lilly 1982
Harper & Lilly 1982
Harper & Lilly 1982
Harper & Lilly 1982
Harper & Lilly 1982
Harper & Lilly 1982
Harper & Lilly 1982
Chapin 1946, after Edwards 1957
Harper & Lilly 1982
Chapin 1946, after Edwards 1957
Edwards 1957
Hamedi & Maharramipour 2013
Farrell 1968
Farrell 1968

Lightning Peak, AB, Canada
Pinnacle Peak, WA, USA
Bellevue Hill, AB, Canada
Plateau Mtn., AB, Canada
Turtle Mtn., AB, Canada
Table Mtn., AB, Canada
Crandell Mtn., AB, Canada
Sofa Mtn., AB, Canada
Glendowan Mtn., AB, Canada
Peavine Peak, NV, USA
Mount Blakiston, AB, Canada
Logan Peak, UT, USA
Telescope Peak, CA, USA
Hamadan, Iran
Dedza Mountain, Malawi
Dedza Mountain, Malawi

1972, Belicek 1976), Coccinella alta (Belicek 1976) and Hyperaspis jasperensis (Belicek 1976)
or the many species inhabiting central Asian ranges (Dobzhansky 1925, Savoiskaya 1966, Kovář
2005) and the Himalayas (Kapur 1963, Miyatake 1985, Canepari 1997). These ladybirds should
be ranked as relatively sedentary species.
Ladybirds migrating to dormancy sites in mountains do not always choose the summits. Some
select lower altitude sites. Hippodamia convergens, for example, overwinters in valleys in Sierra
Nevada in California (USA) (Hagen 1962) but occupies mountain tops in eastern and interior
North America (see Table 1 and references therein). In the Tian Shan mountains in Kazakhstan,
Savoiskaya (1960) records migrants of Oenopia conglobata and Adalia bipunctata in the stands
of the Asian spruce (Picea schrenkiana) growing on mountain slopes. Both species overwinter
under the bark of old P. schrenkiana trees, at between 1500 and 1800 m a. s. l. in the case of O.
conglobata and for A. bipunctata between 1500 and 2900 m a. s. l.
Spatial distribution and population density of ladybirds at dormancy sites

In terms of their spatial distribution during dormancy, ladybirds can be roughly divided into those
that form mass aggregations or occur singly or at most in small groups.
In the Palaearctic region aggregations of inactive individuals of several species of ladybirds
are commonly recorded under the bark of trees: Scymnus suturalis, Rhyzobius chrysomeloides,
Chilocorus bipustulatus (L.), Myrrha octodecimguttata, Harmonia quadripunctata, Aphidecta
obliterata, Adalia bipunctata and Oenopia conglobata (Savoiskaya 1960, Bielawski 1961, Pulliainen 1966). Of the species that select other types of dormancy habitats, long-distance migrants
to the tops of hills and mountains (e.g. those mentioned in Table 1) also usually aggregate. In the
case of non-migratory ladybirds, aggregative behaviour is less frequently observed, although the
rather sedentary Tytthaspis sedecimpunctata, for example, forms large aggregations (Jones 1990,
Majerus 1992, Nedvĕd 2006). The North American Coccinella novemnotata Herbst also forms
large aggregations, both aestival and hibernal, close to its breeding habitats in the San Joaquin
Valley in California (USA) (McMullen 1967). A distinct category of aggregation is those formed
inside buildings and other man-made structures. The best example of a ladybird gathering in such
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places is H. axyridis. In autumn, this species may enter buildings in high numbers both in its native range (Sakurai et al. 1993, Wang et al. 2011) and in areas where it is invasive (Nalepa 2007,
Koch & Galvan 2008). Other species with a similar behaviour are A. bipunctata (Majerus 1997)
and Aiolocaria hexaspilota (Hope) (Kuznetsov 1977). Each of these three species use man-made
structures as substitute hibernacula. The natural overwintering sites of H. axyridis and A. hexaspilota are usually cracks in rocks in hilly or mountainous areas (Kuznetsov 1977, Obata 1986) and
of A. bipunctata, under loose bark at the base of tree trunks (Savoiskaya 1960, Hemptinne 1985).
As H. axyridis cannot survive outdoors in the cold winters experienced in Quebec (Canada) it is
suggested that those that selected human houses as dormancy sites survived and thus enabled this
species to successful overwinter and spread in northern regions (Labrie et al. 2008).
The high densities of ladybird beetles recorded on and close to the tops of hills and mountains
can be partly explained in terms of the geometry of the area of the top of a more or less cone-shaped
mountain, which is much smaller than that around its base and, therefore, the relocation of a given
number of individuals from the surroundings of a mountain to its top results in a sharp increase in
the numbers per unit area. After arriving at a mountain, migrants may further congregate as a result
of entering specific microhabitats, such as grass tussocks, bases of shrubs, lower surfaces of stones
or rock crevices (Hodek 2012a). Finally, ladybirds may attract each other resulting in a further
compaction of the aggregation (Honěk et al. 2007). In some species, such as C. septempunctata
and Hippodamia variegata (Goeze), the former two steps of the compaction process (migration
towards summits and selection of specific microsites) are mainly, if not solely, responsible for
the high population densities recorded during dormancy. Both of the above species are neither
typical migrants nor typical aggregators as they often hibernate at low population densities in the
lowlands (Honěk et al. 2007, Hodek 2012a).
The aggregative behaviour of some species of ladybirds is induced and maintained by chemical
cues emanating from the beetles. It is postulated that alkylmethoxypyrazines, volatile compounds
that serve as predator-alerting signals, also act as pheromones for attracting conspecifics (Al
Abassi et al. 1998). Indeed, recent studies confirm the role of these chemicals in the formation of
aggregations in H. convergens (Wheeler & Cardé 2013) and A. bipunctata (Susset et al. 2013).
In addition, non-volatile cuticular hydrocarbons deposited by ladybirds at dormancy sites are
attractive to H. convergens (Wheeler & Cardé 2014), A. bipunctata (Susset et al. 2013) and H.
axyridis (Durieux et al. 2012). Substrate marking with these persistent compounds is believed
to ensure the cohesion of aggregations and colonization of the same sites from year to year. The
latter function of such a substrate marking, however, is questioned by Durieux et al. (2014), as
they found that the chemical profile of hydrocarbons left by H. axyridis changes considerably
over time and after one year no longer induce beetle aggregation.
The sizes of aggregations of ladybirds can be very impressive. Probably the record is the
aggregation of more than 40 million specimens of H. convergens overwintering at a site in the
Sierra Nevada Mountains in California (USA) (Hagen 1962). Another North American species,
Coleomegilla maculata (DeGeer), aggregates in autumn in litter on the ground in oak-elm-hickory
forest in Illinois (USA), where the population density can be 12 thousand individuals per square
meter (Park 1930). Enormous aggregation of T. sedecimpunctata, estimated at over one million
individuals, is recorded by Jones (1990) in a bramble hedge near London (England). Overwintering assemblages of up to hundreds of thousands of Ceratomegilla undecimnotata (Schneider)
and Exochomus octosignatus (Gebler) are reported from Central Asian mountains by Yakhontov
(1962). Other ladybirds that gather in large numbers in the mountains of Central Asia are the two
typical montane species, Ceratomegilla rickmersi (Weise) and C. heydeni (Weise), with tens or
hundreds of thousands of these species per aggregation recorded in Tian Shan, in the territory of
present-day Kyrgyzstan (Dobzhansky 1925).
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Aggregations of dormant ladybirds are not always monospecific. Mixed clusters are often formed
by the species that overwinter under tree bark. Bielawski (1961) reports M. octodecimguttata,
H. quadripunctata, C. bipustulatus and S. suturalis in heterospecific winter aggregations found
under the bark of large pine (Pinus sylvestris L.) trees in Poland. In Finland, under the bark of the
same species, Pulliainen (1966) recorded M. octodecimguttata, S. suturalis and A. obliterata, with
sporadic admixture of several other species. Ladybird aggregations on mountains may also consist
of more than one species. Dobzhansky (1925) describes finding about 6500 beetles clumped at the
base of a shrub at about 1500 m a. s. l. in Fergana Range (central Asia, Kyrgyzstan). Of the six

Fig. 1. Species composition of Coccinellidae overwintering in the litter in various forest habitats: A – mixed oak-pine
forest in central Poland (after Godeau & Ceryngier 2011), B – alder carr forest adjacent to the previous habitat (after
Godeau & Ceryngier 2011), C – floodplain forests along the river Vistula in central Poland (after Ceryngier & Godeau
2013, based on pooled numbers from six sites), D – beach-ridge forest at Lake Manitoba in Canada (after Turnock
& Wise 2004, pooled numbers from autumnal samples collected over a period of 2 years). Species symbols: ADADEC
– Adalia decempunctata (L.), ANAOCE – Anatis ocellata (L.), CALDEC – Calvia decemguttata (L.), CALQUA – Calvia
quatuordecimguttata (L.), CALQUI – Calvia quindecimguttata (F.), CHIBIP – Chilocorus bipustulatus (L.), CHIREN
– Chilocorus renipustulatus (Scriba), COCQUA – Coccinula quatuordecimpustulata (L.), COCRUF – Coccidula rufa
(Herbst), COCSEP – Coccinella septempunctata L., COCTRA – Coccinella transversoguttata Faldermann, EXOQUA
– Exochomus quadripustulatus (L.), HARAXY – Harmonia axyridis (Pallas), HIPCON – Hippodamia convergens Guerin,
HIPPAR – Hippodamia parenthesis (Say), HIPTRE – Hippodamia tredecimpunctata (L.), OENIMP – Oenopia impustulata (L.), OENCON – Oenopia conglobata (L.), PROQUA – Propylea quatuordecimpunctata (L.), SCYFER – Scymnus
ferrugatus (Moll), SCYSUT – Scymnus suturalis Thunberg, SOSVIG – Sospita vigintiguttata (L.), STEPUS – Stethorus
pusillus (Herbst), VIBDUO – Vibidia duodecimguttata (Poda).
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central Poland
hornbeam-oak forest
0.4
central Poland
oak forest
3
central Poland
oak forest
2
central Poland
pine forest
2
central Poland
hornbeam-oak forest
0.3
central Poland
mixed oak-pine forest
0.4
Hainaut, Belgium
forest interior
0.78
Hainaut, Belgium
forest edge
0.98
Manitoba, Canada
beach-ridge forest
31.3–45.3
Manitoba, Canada
beach-ridge forest
6.9–8.5
central Poland
oak forest
4
central Poland
pine forest
9
Manitoba, Canada
beach-ridge forest
1.1–2.1
Manitoba, Canada
beach-ridge forest
0.13–0.4
Manitoba, Canada
beach-ridge forest
47.3–65.6
central Poland
hornbeam-oak forest
0.6
central Poland
mixed oak-pine forest
1.1
Hainaut, Belgium
forest edge
1.11
Hainaut, Belgium
forest interior
1.41
central Poland
oak forest
2–3
central Poland
pine forest
15

Coccinellinae
Adalia decempunctata

Hippodamia convergens
Hippodamia parenthesis
Hippodamia tredecimpunctata
Propylea quatuordecimpunctata

Coccinella transversoguttata
Coccinula quatuordecimpustulata

Coccinella septempunctata

Coccinella quinquepunctata

			
central Poland
oak forest
8

mean density per m2

Chilocorinae
Exochomus quadripustulatus

habitat

region

species

Table 2. Estimated population densities of Coccinellidae overwintering in litter in various habitats

K. Bodzon & P. Ceryngier, unpubl.
Bielawski 1961
Bielawski 1961
Bielawski 1961
K. Bodzon & P. Ceryngier, unpubl.
K. Bodzon & P. Ceryngier, unpubl.
Hemptinne 1988
Hemptinne 1988
Turnock & Wise 2004
Turnock & Wise 2004
Bielawski 1961
Bielawski 1961
Turnock & Wise 2004
Turnock & Wise 2004
Turnock & Wise 2004
K. Bodzon & P. Ceryngier, unpubl.
K. Bodzon & P. Ceryngier, unpubl.
Hemptinne 1988
Hemptinne 1988
Bielawski 1961
Bielawski 1961

Bielawski 1961

reference

species in that aggregation, Ceratomegilla heydeni and C. undecimnotata predominated, Exochomus octosignatus and Coccinula sinuatomarginata also occurred abundantly, while Hippodamia
variegata and Platynaspis luteorubra were less numerous. A large aggregation consisting of C.
undecimnotata, C. septempunctata and E. octosignatus was recorded at 2900 m a. s. l. in eastern
Anatolia (Turkey) by Özbek & Çetin (1991). On hills at Primorye (Far East of Russia) Kuznetsov
(1977) found Aiolocaria hexaspilota aggregating together with H. axyridis, O. conglobata and
some other insects.
Non-aggregating ladybirds often spend periods inactive in the litter or on the surface of the
ground in various forested and unforested habitats or in the transition zone between them (forest
margins) (Hodek 1960, 2012a, Bielawski 1961, Hemptinne 1988, Godeau & Ceryngier 2011,
Ceryngier & Godeau 2013). Numbers of beetles at such sites may vary but are usually low
(Table 2).
Species composition of ladybird beetles that can be found in dormancy in the litter of particular habitats is rarely recorded even though it is very easy to do. Quantitative data on this topic
available in a few papers are depicted in Fig. 1. Number of species reported from different types
of habitats ranged from 5 to 14. Interestingly, at three central European locations (Fig. 1A–C)
some species considered to be rare in Europe were common. In and/or around an alder carr forest
in Poland Godeau & Ceryngier (2011) recorded an abundant overwintering population of two
rare marshy forest specialists, Calvia quindecimguttata and Sospita vigintiguttata (Fig. 1A–B).
Another relatively rare species, Vibidia duodecimguttata, is recorded as dominant in aggregations
of ladybirds hibernating in the litter in floodplain forests (Ceryngier & Godeau 2013, Fig. 1C).
These results indicate that studying overwintering assemblages, apart from its cognitive value,
may also be important in terms of the conservation of rare species.
Mortality and other fitness-reducing processes associated with dormancy

In regions with a cold and temperate climate, ladybirds often spend longer in dormancy than
active each year. C. septempunctata in Central Europe, for example, spends about two thirds
of its lifespan in hibernation (Honěk 1989) and in the Middle East about four fifths (9 months)
of its lifespan in aestivo-hibernation (Bodenheimer 1943). An equally long aestivo-hibernation
is recorded for C. undecimnotata (Hodek 1960, 2012a). During these long periods of inactivity
under unfavourable conditions many ladybirds die (e. g. Lipa et al. 1975, Honěk 1989, 1997,
Ceryngier 2000, Güven et al. 2015). Dormant individuals die of various causes, such as adverse
abiotic conditions, depletion of energy reserves or the action of natural enemies.
Of the abiotic factors, low temperature may, among others, result in high winter mortality. The
effect of cold on the mortality of H. axyridis is well illustrated by the fact that none of those that
hibernated in an outdoor artificial hibernacula survived whereas 25–53% of those that hibernated
inside houses survived (Labrie et al. 2008). Shaefer (2003) records 40% mortality in a naturally-formed aggregation of H. axyridis in an observation tower in Pennsylvania (USA), which he
attributes to the steel and concrete structure of the tower providing too little thermal protection
for the beetles. Turnock & Wise (2004) record that the mortality of several ladybird species
overwintering in the litter in a beach-ridge forest in Manitoba (Canada) was dependent on the
distance of the site from the beach, with the highest percentage dying recorded at the edge of the
forest near the beach due to them being buried by sand blown off the beach.
Numerous authors (Hodek & Čerkasov 1963, El-Hariri 1966, Mills 1981, Zhou et al. 1995,
Hodek 2012a) emphasize the importance of energy reserves (fat, glycogen) in determining
ladybird survival during dormancy. However, evidence for this is lacking and Mills (1981)
reports that winter mortality in A. bipunctata is independent of their fat content. On the other
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hand, experiments conducted by Barron & Wilson (1998) show that overwintering survival of C.
septempunctata is positively correlated with their weight relative to body size measured at the
beginning of overwintering. As the differences in the ‘relative weights’ are clearly dependent on
the size of their fat reserves, this is good indirect evidence for a relationship between fat reserves
and winter mortality in C. septempunctata.
The natural enemies that affect the survival of dormant ladybirds have been studied by many
authors (e.g. Iperti 1966, Lipa et al. 1975, Olszak 1986, Ceryngier 2000, Ormond et al. 2006, Güven
et al. 2015) and the general consensus is that entomopathogenic fungi, especially the genus Beauveria, are the most important. Dormant ladybirds may also be heavily parasitized by parasitoids,
such as Dinocampus coccinellae (Schrank), but in this case the ladybird hosts are parasitized before
dormancy and the beetles arrive at dormancy sites already parasitized (Ceryngier 2000). In contrast,
infection with pathogens may occur throughout dormancy due to the presence of pathogen spores
at the dormancy sites. Indeed, places regularly used by ladybirds as hibernacula may be very rich
reservoirs of the spores of Beauveria and other fungal pathogens. At such places, huge numbers
of dead individuals (Piper 1897, Dobzhansky 1925, Hawkes 1926, Douglass 1930, Bodenheimer
1943, Edwards 1957, Harper & Lilly 1982), often covered with fungal mycelium (Iperti 1966,
Hales et al. 1986, Ceryngier 2000, Güven et al. 2015), may be seen. This is especially the case
at montane aggregation sites, where densities of overwintering beetles are high. In aggregations,
close body contact of individuals may also favour transmission of some ectoparasites, such as
the laboulbenialean fungus Hesperomyces virescens Thaxter (Riddick & Schaefer 2005, Nalepa
& Weir 2007, Ceryngier & Twardowska 2013). Finally, although Coccinellidae are rarely eaten
by other animals (Ceryngier et al. 2012), aggregations are exploited by vertebrates. For example
winter aggregations of mainly Hippodamia caseyi Johnson are exploited by grizzly bears in the
Mission Mountains in Montana (USA) (Chapman et al. 1955, Klaver et al. 1986) and shrews feed
on aggregations of C. undecimnotata in the Czech Republic (Ceryngier & Hodek 1996).
Insects that occupy dormancy sites at high altitudes experience quite different conditions from
those that remain in the lowlands. With increasing altitude, ambient temperature decreases by about
6 °C for each 1000 m and snow cover persists for longer. Furthermore, the availability of oxygen
decreases with altitude and wind speed and harmful UV radiation increase (Hodkinson 2005).
Dormancy at high altitudes may have some benefits for ladybirds and other insects, because, e.g.
they deplete their metabolic reserves more slowly (Zhou et al. 1995) and snow cover provides
protection from extreme cold (Hodkinson 2005, Hodek 2012a). On the other hand, locating and
dispersing from mountain dormancy sites distant from breeding areas is costly in term of both
energy and time and insects remain dormant substantially longer high in the mountains than in
the lowlands where the climate is milder because at high altitudes they enter dormancy earlier
and resume activity later (Honěk 1989, Ceryngier 2000, Hodkinson 2005). As a consequence,
high-altitude hibernators or aestivo-hibernators may experience a phenological shift and considerable shortening of the periods suitable for reproduction and development. In extreme situations,
ladybirds that occupy dormancy sites in the mountains may be unable to return to lowland breeding areas because of adverse weather conditions (low temperatures, strong winds) or may return
too late, when the period suitable for breeding is over (Honěk 1989, Güven et al. 2015). Recent
studies by Güven et al. (2015) indicate that C. septempunctata that arrive every year in enormous
numbers at a high mountain aestivo-hibernation site in southern Turkey are either killed by entomopathogens during dormancy or during post-dormancy remain close to the hibernaculum as
they are unable to disperse and reproduce. As the studies by Honěk (1989) and Ceryngier (2000)
suggest, the fraction of ladybird populations so trapped probably mostly consists of females and
relatively large individuals. Smaller, poorer quality individuals are supposedly not capable of
undertaking a long-distance migration and occupy dormancy sites at lower altitudes.
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As shown in Table 1, there are numerous reports of C. septempunctata and other ladybirds
migrating to dormancy sites high in the mountains. While some of these reports also document
severe mortality, phenological effects associated with high altitude dormancy sites are less frequently mentioned. Data on the phenology of H. caseyi overwintering on several peaks in British
Columbia (Canada) (altitudes of about 2000–2300 m a. s. l.) are provided by Fields & McMullen
(1972). Aggregations of the beetles on the peaks lasted from early September till mid-October
when the first permanent snow appeared, and their dispersal began as late as early June when
large snowfields were still present. A similar overwintering phenology is recorded for another
species, Hippodamia oregonensis, which hibernates on the same summits as H. caseyi (Fields
& McMullen 1972). However, unlike H. caseyi, H. oregonensis is a typical subalpine to alpine
species, and does not migrate to the lowlands but stays at high altitudes. In summer, it is recorded
at altitudes above 1800 m a.s.l. feeding on the pollen of wild flowers and reproduces in July and
August. Feeding on pollen is perhaps a more general feature of alpine ladybirds that frequently
experience shortage of aphids and other arthropod food. Savoiskaya (1970 in Hodek & Evans
2012) reports the occurrence of pollinivory in the central Asian high mountain dwellers, Coccinella
reitteri Weise and Ceratomegilla barovskii kiritschenkoi (Semenov-Tian-Shanski).
Concluding remarks

Analyzing recently published literature on aphidophagous Coccinellidae, Sloggett (2005) found
that the majority of research was done on a few common species, which are all ecological generalists. He argues that studying less common species, especially those more specialized, might
reveal different patterns and mechanisms and enhance our understanding of the group as a whole.
This seems to hold true also for dormancy. While much is known about dormancy in such species
as the North American H. convergens or Palaearctic C. undecimnotata, C. septempunctata and
H. axyridis, little is known about dormancy in most of the other species. Interestingly, even for
H. axyridis, whose overwintering has recently attracted much attention (e.g. Nalepa et al. 1996,
Huelsman & Kovach 2004, Labrie et al. 2008, Berkvens et al. 2010, Raak-van den Berg et al.
2012a, b) because of its tendency to spend the cold season in human dwellings, there is very little
information on hibernation in natural dormancy sites in the mountains.
Among the many species of Coccinellidae that have not been investigated in terms of their
life cycles and dormancy ecology, the ‘extremophiles’ seem especially worthy of study. Living
permanently in high-mountain, polar or arid areas, these species are exposed to long periods of
unfavourable conditions. During the short periods suitable for reproduction, development and
accumulation of energy reserves they still have to cope with rather hostile abiotic conditions and
a general scarcity of essential food. On the other hand, such harsh conditions may reduce the
adverse effect of natural enemies and competitors. That ‘extremophile’ strategies are not uncommon among Coccinellidae indicates a large number of species are limited in their occurrence
to high mountains and/or the arctic tundra (Dobzhansky 1925, Savoiskaya 1966, Belicek 1976,
Kovář 2005). In particular, unusually high ladybird species richness and levels of endemism are
recorded in the Himalayas (Kapur 1963, Miyatake 1985, Canepari 1997).
Apart from the ecology of individual species it is also worth adopting a community ecology
approach when studying dormancy sites. While relatively large amounts of information exist on
communities of Coccinellidae when the individual species are active (see e.g. reviews by Honěk
& Hodek 1996 and Honěk 2012), far less is known about assemblages of dormant ladybirds.
Research on this topic could prove to be important for managing pests with the help of predatory
ladybirds or the conservation of rare species of ladybirds.
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Abstract. Analyses of data from the literature clearly indicate that the developmental rates of insect natural enemies
that feed on aphids and coccids differ and reflect that of their prey. An attempt to factor out the various confounding
factors has been criticized as facile. Here it is argued that as the rates of development of both parasitoids and predators
that feed on aphids and coccids differ similarly, and the most likely process underlying this pattern is the same, the
evidence for the rates being adaptive rather than phylogenetically constrained is too strong to be ignored.
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Introduction

Detailed analyses of the rates of development at different temperatures of aphid and coccid eating
ladybirds indicate that the difference in their rate of development is not due to differences in body
size, nor food quality, lower temperature thresholds for development or a phylogenetic constraint,
but in the number of day degrees they require to complete their development, which in the case
of coccid eating ladybirds is 3 times greater than that required by similar sized aphid eating ladybirds (Dixon et al. 2013). Studies on Drosophila and fish indicate that the rate of development
in these organisms is genetically controlled (Cruz do Nascimento et al. 2002, Devlin et al. 1994,
2001). Therefore it is subject to selection. The only study on the effect of artificial selection on
life-history traits of ladybirds was done in an attempt to breed Hippodamia convergens with
shorter developmental times in order to facilitate their production for biological control. After five
generations of selection the developmental time was reduced by 18%, and no associated effects
on adult weight, fecundity or longevity were recorded (Rodriquez-Saonia & Miller 1995). The
implication of this is that the reason why coccid eating ladybirds do not develop as fast as aphid
eating ladybirds, which appear to be at the upper bound of the rate of development in ladybirds
(Dixon 2000) is the former have been selected to develop slowly.
A likely explanation for this is that it is advantageous for coccid eating ladybirds to forage
and consequently develop more slowly than aphid eating ladybirds (Dixon et al. 2011). It is
suggested in the latest general book on the ecology and behaviour of ladybirds, however, that
the above conclusions have been too facilely drawn (Hodek et al. 2012). It is risky to generalize,
especially as in this case the data is seriously limited in terms of its coverage of the various tribes
of ladybirds and there is little that I can do about it other than encourage others to work on ladybirds belonging to other tribes and so broaden the data base. Nevertheless, simplifying complex
situations and identifying patterns, even though weakly supported, hopefully serves to provoke
others to attempt to refute them.
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In support of the above generalization, although the marked differences in the pace of life
of these two groups of ladybirds differ from the size dependent metabolically determined rate
of development well documented for mammals, it is similar to that recorded for closely related
similar sized mammals that have different “life styles”. This variation in the tempo of life around
the primary axis of the fast-slow continuum associated with body size is accounted for in terms
of mortality patterns, particularly juvenile mortality, with high mortality rates resulting in the
evolution of species with fast rates of development and low mortality rates with slow rates of
development.
That is, there is a trade-off between reproduction and survival, which is well supported by
empirical data. The assumption is that achieving a high rate of growth is easiest when resources
are abundant and in such circumstances species with high rates of reproduction should be favoured
(Sibly & Brown 2007, Dobson 2007). Ectothermic animals, especially insects, have been less
well studied in this respect. Interestingly aphid eating ladybirds show all the features of species
exploiting an abundant resource: fast development, high reproductive rate and short adult life,
whereas the coccid eating ladybirds have the features of species exploiting a scarce resource:
slow development, low reproductive rate and long adult life. However, if length of adult life is
measured by the rate of senescence, rather than its duration, then the overall pace of life of aphid
feeding ladybirds is fast, even in terms of mortality, whereas that of coccid feeding species is slow.
This leads one to question the assumption that this difference in pace of life is a consequence of
a trade-off between reproduction and survival (Dixon 2000).
Not only do coccids develop more slowly, they are less common and occur in smaller and less
compact colonies than aphids (Borges et al. 2006, 2011, Dixon 2000). Therefore, the expectation
is that a ladybird that is a specialist predator of coccids is likely to experience periods of starvation
more frequently than those that specialize on aphids. Coccid eating ladybirds are generally more
difficult to rear and experiment with than aphid eating species. Interestingly however, ladybirds,
like some other insects, show growth polymorphism (Schönrogge et al. 2000, Thomas et al. 1998,
Mishra & Omkar 2012) in which the sibling larvae of at least a few species of aphid eating ladybirds develop at different rates and by the end of the third instar it is possible to identify those
that will continue to develop fast or slow (Dixon et al. 2015).
Although the prey of aphid eating ladybirds is usually abundant, especially when they are
laying eggs, and also there is a tendency for the colonies of aphids they attack initially to increase
in size, this is not always the case, and the older larval stages can experience a severe shortage
of food that can result in high levels of cannibalism and intra-guild predation. As size is a major
determinant of the outcome of an interaction between these predators it is clearly advantageous
for them to grow and develop as fast as possible while aphids are abundant, which initially puts
them at an advantage when food becomes scarce. However, although in general aphid colonies
are ephemeral and initially increase in size this is not always the case and so it may be advantageous if the offspring of ladybirds differ in their ability to survive periods when food is scarce.
When food is abundant all the larvae are equally likely to survive, but when scarce it is those that
develop slowly that are most likely to survive. Therefore, in the case of coccid eating ladybirds
the general scarcity and low productivity of their prey might mean it is advantageous for these
ladybirds to develop slowly.
The data on ladybirds strongly indicate that the pace of life of coccid eating species is generally
slower than that of aphid eating species and that a similar phenomenon, “growth polymorphism”,
occurs within at least some species of aphid eating ladybirds. The basis for this generalization,
however, has been challenged and to strengthen or refute it requires the collection of information
on other tribes of ladybirds and more importantly other groups of natural enemies, and to address
the evolutionary question: why?
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Predators

Growth polymorphism
The frequency distribution of the duration of development recorded for larvae that hatched from
batches of eggs laid by young adults of Adalia bipunctata and reared under similar conditions
is unimodal (Dixon et al. 2015). It is, however unknown to what extent the ratio of fast to slow
developers is dependent on rearing conditions, mode of inheritance and whether the mothers,
based on their experience, can influence the ratio. As it is possible to select ladybirds for faster
development (Rodriquez-Saonia & Miller 1995) it is likely that these differences in the rate of
development are inherited. In this context it would be interesting to know whether the ratio differs, and the extent to which it differs between species, and whether the differences are associated
with the population dynamics and/or structure of the particular aphid colonies that the different
ladybirds attack. Interestingly the unimodal distribution recorded by Dixon et al. (2015) is skewed
to the left indicating there are proportionally more fast than slow developers, which is what one
would expect if most of the colonies of aphids in which this species of ladybird lays its eggs thrive,
whereas if they lay their eggs generally in colonies in which the aphids do not become abundant
then the expectation is that the distribution would be skewed to the right. Generalizing, based on
the little information we have for aphid eating ladybirds, the expectation is that the frequency
distributions for aphid eating species are likely to be skewed to the left and those for coccid eating
species skewed to the right, because as stated above their prey are generally less common and
occur in smaller and less compact colonies than aphids, which implies that their larvae are more
likely to experience periods of food shortage.
The ability of larvae that develop at different rates to survive periods of food shortage has
been tested using larvae of aphid eating ladybirds. Surprizingly, the percentages of fast and slow
developing fourth instar larvae that survive when fed 0.5, 1 or an excess of aphids per day do not
differ (Dixon et al. 2015). Like the larvae of Cheilomenes sexmaculatus and Propylea dissecta
(Mishra & Omkar 2012) the slow developing larvae of both sexes of Adalia bipunctata take
longer to complete their development than the fast developing larvae when fed 1 or an excess of
aphids per day (Dixon et al. 2015). Although the weights of the fast and slow developing fourth
instar larvae differ at the beginning of the instar they do not differ in weight at the end of this
instar when fed 1 aphid per day, and the slow developers achieve 90% of the weight of the fast
developers when fed an excess of aphids each day.
That is, during the course of the fourth instar the slow developing larvae, in spite of their lower
body weight at the beginning of this instar, can either achieve the same final weight or they nearly
do so. During the fourth instar the male larvae of both fast and slow developing strains consume
the same amount, whereas the females of the fast developing strain consume more aphids than
the slow developing larvae. There is no difference in the adult weight of the fast and slow individuals when as fourth instar larvae they are reared on 1 aphid per day. However, when reared
on an excess of aphids per day the adult weights of the fast developing individuals are greater
than those of the slow developing individuals. Developing slowly when food supply is restricted
therefore, does not appear to be costly in terms of adult weight/ fecundity (Stewart et al. 1991).
When food is abundant however, there are costs associated with developing slowly: they develop
into small adults. This brings one back to the ratio of fast to slow developers. If food is always
abundant then developing slowly is disadvantageous but when food is scarce slow development
does not appear to be advantageous or disadvantageous.
There are also marked differences in the time for which the slow and fast developing larvae
can survive when fed 0.5 aphids/day, with the fast developing larvae surviving for 9.8 ± 0.5 days
and slow developing larvae 17±1.3 days. That is, when food is scarce and larvae are starving slow
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developing fourth instar larvae can survive on little food on average for nearly twice as long as
fast developing larvae.
These results indicate that the advantage of developing slowly when prey is very scarce is that
the larvae are able to survive and remain active for longer than fast developing larvae. This would
put slow developing larvae at an advantage over fast developing larvae, which as a consequence
are likely to eat the moribund fast developing larvae, and/or in surviving for longer are more
likely to find the few but now increasing numbers of aphids and so survive to the adult stage.
That is, this result provides support for the hypothesis that it is advantageous to develop slowly in
those cases when in the latter stages of the existence of an aphid colony prey is extremely scarce.
Extrapolating these results to coccid eating ladybirds the general scarcity and low productivity
of their prey might mean it is advantageous for all the individuals of these ladybirds to develop
slowly and disadvantageous for them to develop fast.
Predator productivity
A model has been developed to determine the optimum rate of development of a predator. In this
model the rate of increase in predator biomass is maximized by changing the rate at which the
body size of the predator increases. If one assumes that it is increase in predator biomass that is
maximized then the model indicates that the optimum growth rate of a predator depends on that
of its prey (Dixon et al. 2015).
Parasitoids

In addition to ladybirds there are several other groups of predatory and parasitic insects that attack
both aphids and coccids. For a better understanding of the pronounced difference in the pace of
life of ladybirds attacking aphids and coccids it is important to know whether other insect natural
enemies also show similar differences in their pace of life. The analysis of the rate of development
of parasitoids of aphids and coccids reveals that the same overall pattern as is well documented
for ladybirds also occurs in parasitoids, with those attacking aphids developing much faster than
those attacking coccids. In this case, however, it is not currently possible to factor out completely
the effect of phylogeny in determining the difference recorded in their rates of development. This
is mainly because of the small size of the data set and lack of information on the relatedness of
the genera for which there is data, or, put another way how phylogenetically robust is the family
Aphelinidae and to what extent do the genera in this family differ phylogenetically. Although
limited, the data for parasitoids is generally supportive of the hypothesis that we are dealing with
a general phenomenon rather than one restricted to ladybirds (Dixon & Honĕk 2014).
The challenge now is not only to obtain more data on parasitoids but also on the other groups
of insects that feed on both aphids and coccids, and for other insect predators that feed on prey
with very different rates of development. The above study on parasitoids also provides an insight
into to why the rate of development of predators is so closely related to that of their prey and
supports the prediction of the model developed for predators (Dixon et al. 2015). In this particular
case the parasitoid lays an egg inside a young host, which continues to develop, and the parasitoid
larva completes its development within the body of that individual host. The well-defined nature
of this interaction provides strong evidence that the speed of development of the parasitoid larva
relative to that of the host individual is critical in determining the maximum size it can achieve. If
the larva developed faster it would quickly over exploit the food supply resulting in it developing
into a smaller adult. If a host develops slowly then the parasitoid larva must also develop correspondingly slower than those that develop in fast developing hosts. That is, foraging in this case
involves optimizing the trade-off between rate of development and adult size, which determines
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their fitness. In the case of predators the problem is similar but they have to pursue and catch not
one but many individuals and their availability in terms of biomass and the time for which they
are available is determined by the speed with which they develop.
Conclusions

There is no doubt that the insect natural enemies studied that feed on aphids develop faster than
those that feed on coccids and this reflects the rate of development of their prey. In addition, there
is good evidence that the rate of development is genetically determined and therefore subject to
selection. This implies that the rates of development recorded are optimum in terms of the fitness
of these particular natural enemies. Currently our understanding of the extent to which life history
traits are evolutionarily or phylogenetically conserved is still very rudimentary. The expectation,
however, is that future studies, particularly on other groups of natural enemies of aphids and
coccids, will provide the information that will enable us to compare the degree to which each life
history trait is evolutionarily and phylogenetically conserved.
The argument for evolutionarily conserved rates of development is based on data from the
literature for species of Nephus and Scymnus which each feed exclusively on aphids and coccids,
respectively, and belong to a robust tribe of ladybirds, the Scymnini (Dixon 2000), and in the
case of the parasitoids species belonging to one family (Dixon & Honěk 2014). The fact that both
parasitoids and ladybirds show the same pattern in terms of their rates of development is strong
support for the concept that those natural enemies that feed on aphids are all likely to develop
faster than those that feed on coccids. Further support comes from the fact that the most likely
process underlying this pattern is the same: the optimization of their growth rate. In summary,
the evidence for the rates of development of aphidophagous and coccidophagous being adaptive
rather than phylogentically constrained is too strong to be ignored.
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Abstract. Data from four experimental research projects are presented which have in common that unexpected
results caused a change in direction of the research. A plant growth accelerator caused the appearance of white
black bean aphids, a synthetic pyrethroid suspected of enhancing aphid reproduction proved to enhance plant
growth, a chance conversation with a colleague initiated a search for fungal DNA in aphids, and the accidental
invasion of aphid cultures by a parasitoid reversed the aphid population ranking of two Brussels sprout cultivars.
This last result led to a whole series of studies on the plant odour preferences of emerging parasitoids which in
turn revealed the unexpected phenomenon that chemical cues to the maternal host plant are left with the eggs at
oviposition. It is pointed out that, too often, researchers fail to follow up unexpected results because they resist
accepting flaws in their hypotheses; also that current application criteria for research funding make it hard to
accommodate unexpected findings.
Key words. Aphidius colemani, Aphis fabae, benomyl, broad beans, Brussels sprouts, cypermethrin, Myzus persicae,
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Introduction

It is a pleasure and a privilege to have been invited to contribute an article to this special issue of
Acta Societatis Zoologicae Bohemicae published to mark the 70th birthday of Dr Alois Honek.
In considering what form my article should take, I had to accept that coccinellids have had only
minor parts to play in my research and that most of my work has been on the aphids they consume
or more recently the behaviour of parasitoids and not aphid predators.
An important characteristic of Alois Honek is his ability to “think outside the box”. This 21st
century colloquialism refers to his habit of testing rather unexpected hypotheses or identifying
phenomena in data that they were not originally designed to reveal.
In my 50 year research career, I count myself very lucky to have had several unexpected
phenomena revealing themselves while testing a different hypothesis. I therefore decided that
my contribution suitable for the occasion would be to combine these unexpected research results
into a single paper. Of course students were usually involved in the work, and most of it has been
published; I therefore acknowledge their contribution in the literature citation accompanying the
heading for each topic.
White black bean aphids (Honeyborne & van Emden 1976)

When I first started research in the early 1960s on the host plant relationships of aphids, the agrochemical company Cyanamid asked me to test whether chlormequat chloride (Cycocel) had any
effect on aphids. Cycocel was marketed as a plant growth retardant, especially to reduce straw
height and prevent lodging in cereals. As a growth retardant obviously affects plant physiology
profoundly, it seemed likely that its effect on the plant might also result in some affect on aphid
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growth and reproduction. So it proved; populations of the cabbage aphid (Brevicoryne brassicae
(L.)) increased significantly more rapidly on untreated than on Cycocel-treated Brussels sprouts
(van Emden 1964). So a plant growth retardant also retarded aphid growth. I was also aware that
another paper (Carlisle at al. 1963) had reported that treatment of locusts with the plant growth
accelerator gibberellin had shortened their instar periods. So we had the hypothesis that chemicals
affecting the rate of plant growth might have parallel effects on insects. We tested four plant growth
regulators including gibberellin, but none of them had any identifiable effect on the reproduction
of the aphids in our test system, the black bean aphid (Aphis fabae Scop.) on broad bean (Vicia
faba L.). However, ethylene-bis-nitrourethane (EBNU), an experimental plant growth accelerator,
had the remarkable effect of producing white A. fabae.
To investigate this further we sowed broad beans every two weeks in order have a succession
of plants aged 6–8 weeks over a long period of time. When 8 cm high, half the plants in each
batch were sprayed with an aqueous suspension of 0.02% EBNU while the other half were sprayed with water. We originated two lines of aphids on each treatment. One line remained on the
same treatment throughout the experiment: the other was switched at each generation as newly

Fig. 1. Transfer of Aphis fabae between untreated plants and plants treated with ethylene-bis-nitrourethane (EBNU). Large
circles, adults; small circles, nymphs; black circles, dark aphids; white circles, pale aphids.
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born nymphs to the alternative treatment. The colour of the eventual adults and their nymphs was
recorded as “dark” or “pale”; no intermediates were found.
The results are presented diagrammatically (Fig. 1) and are unambiguous. Adults and their
nymphs kept their dark or pale colour when kept respectively on control or EBNU treated plants
from one generation to the next. Nymphs transferred to the alternative treatment kept their coloration for their lifetime, but the colour of their nymphs now reflected the treatment to which the
mother had been transferred.
Had the production of pale aphids been due to a lack of pigment precursors in EBNU-treated
plants, one would have expected a nymph transferred to a control plant to regain pigmentation.
This did not happen, making it more likely that an inhibition of pigmentation was involved.
An unexpected source of plant growth regulation (Hutt et al. 1994)

Beginning in the late 1970s, there were reports (e.g. Highwood 1979, Iftner & Hall 1983, Jones
& Parella 1984, Wilson et al. 1988) that the use of synthetic pyrethroid insecticides increased
populations of pest mites. These effects were variously attributed to kill of predators, direct effects
on the mites and indirect effects through their nutrition from the plant.
We decided to see whether there were similar effects on aphids in the glasshouse situation,
using the cypermethrin based insecticide Cymbush TM (Zeneca Agrochemicals, now Syngenta)
with broad bean and A. fabae as the experimental system. Cymbush is formulated as a 10% emulsifiable concentrate (EC) and the chemical was applied at 50 ppm a.i. to the beans with a hand
sprayer. The experiment was a failure, since the blocking by glass of much of the UV in sunlight
prolonged the residual life of the synthetic pyrethroid (cf. van Emden & Hadley 2011) to the extent
that plants had flowered, formed pods and the leaves were beginning to senesce before aphids
would survive when caged on the leaves in clip cages. What was noticeable, however, was that
these advanced stages of plant development were limited to Cymbush-treated plants and were
not seen in control plants sprayed only with tap water.
The research project therefore switched from a study on aphids to one on the effect of Cymbush
on plant development. To measure the effects on plants of the active ingredient (cypermethrin)
itself, it was necessary to compare the effects of the complete product (Cymbush) with those of the
formulation without the cypermethrin. Zeneca agreed to supply the blank formulation, but asked
that the work should be switched from broad bean to cowpea (Vigna unguiculata (L.) Walpers.
Cowpea seeds were sown and the plants finally potted into 18 cm diameter pots. When the
plants were six weeks old, they were placed individually on a rotating turntable and sprayed with
a hand sprayer to give even coverage of the leaves without run-off. Eight plants were assigned
to each of three treatments: distilled water, distilled water containing 500 ppm blank formulation
or a dilution of the complete product containing 50 ppm cypermethrin. The aerial fresh weight of
the plants was recorded when they were 9, 11 and 12 weeks old (Fig. 2B). The expected result,
that cypermethrin accelerated plant growth, was not obtained. Instead, it was clear that the growth
acceleration was a property of the blank formulation, as this gave the same significant increase
of 10–20% in aerial plant weight as the complete product.
We reverted to broad beans for the remaining experiments. Twenty plants at the four leaf stage
were sprayed with either distilled water, 500 ppm of the blank formulation, or two logarithmic
dilutions thereof (250 and 125 ppm). The aerial fresh weight and increase in plant height were
recorded when the plants were four weeks old, and both were significantly greater in plants
sprayed with 250 and 500 ppm blank formulation than in the plants sprayed with distilled water
(Fig. 2C).
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Cymbush has the following components as w/v (Fig. 2A): cypermethrin 10%, anionic emulsifier
2.5% non-ionic emulsifier 5.5% and solvent (Solveso 100) 82%. The three formulation components were available separately from Zeneca, and 20 broad bean plants were sprayed with each
component at the appropriate rate equivalent to that in a spray of Cymbush at a dose of 50 ppm
cypermethrin. The results (Fig, 2D) clearly showed that the growth-promoting effect came from
the non-ionic emulsifier, and this was confirmed by a further experiment in which several more
growth statistics were compared for broad beans sprayed with distilled water, blank formulation
or non-ionic emulsifier (Fig. 3). Blank formulation and non-ionic emulsifier gave similar and
significant increases over distilled water for plant height, stem and leaf fresh weight and leaf
area, confirming that the non-ionic emulsifier accounted for all the growth stimulation given by
the complete blank formulation.
The study now returned to aphids, and an experiment to see whether the blank formulation and
non-ionic emulsifier increased reproduction of A. fabae. Twenty broad beans at the four-leaf stage

Fig. 2. The components of Cymbush and their effect on plant growth. (A) Diagram of the proportions of the different
components. The dark band shows the proportion of the active ingredient (cypermethrin). 1 – entire product; 2 – blank
formulation comprising; 3 – ionic emulsifier; 4 – non-ionic emulsifier; 5 – solvent. (B) Mean aerial fresh weight of cowpea
sprayed with blank formulation (grey) or the complete product (black). Circles show means differing significantly (P<0.001)
from plants sprayed with distilled water (white). (C) Mean increase in height (white) and mean fresh weight (black) of
broad bean plants sprayed with distilled water or increasing concentrations of the blank formulation. Circles show means
differing significantly (black, P<0.001; white, P<0.05) from plants sprayed with distilled water. (D) Mean increase in
height and mean fresh weight of broad bean plants sprayed with ionic emulsifier (grey), non-ionic emulsifier (black) and
solvent (striped). Circles show means differing significantly (P<0.001) from plants sprayed with distilled water (white).
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Fig. 3. The effect on various growth measurements of broad bean plants sprayed with the entire blank formulation (grey)
or non-ionic emulsifier alone (black). Circles show means differing significantly (P<0.001) from plants sprayed with
distilled water (white).

were sprayed with each of the three treatments in the previous experiment. One newly moulted
adult aphid was caged (in a small clip cage) on each plant and five offspring were retained to
develop and reproduce. The resulting aphid population on each plant was counted visually after
7 and 14 days (Fig. 4). At both counts, the mean aphid population was remarkably similar on
plants sprayed with blank formulation and non-ionic emulsifier and aphid numbers were about
twice those on plants sprayed with distilled water.
A final experiment was conducted to check that the entire Cymbush product also stimulated
the reproductive performance of A. fabae, and so the study returned full circle to the original
aim, which had been diverted to work on plant growth phenomena. Given the short-lived nature
of broad bean plants, they were sprayed at the very early growth stage of one pair of true leaves.
Sixty plants were selected; half were sprayed with tap water and the other half with Cymbush.
To minimise the residual life of the pyrethroid, a low Cymbush dose of only 10 ppm cypermethrin was combined with keeping the plants outside the glasshouse to maximise degradation of
the cypermethrin residue by photochemical oxidation. Adult aphids were put onto leaves in clip
cages 11 days after spraying, and one newly born nymph retained per plant. The nymphs were
monitored daily till they began reproducing. The number of nymphs born in 11 days (the rounded down integer of development time from birth to reproduction) was recorded and this datum
could be combined with development time to calculate the intrinsic rate of natural increase (rm)
of the aphids (Wyatt & White 1977). Development time was not affected by Cymbush, but total
fecundity in 11 days was increased by 22% (Fig. 5), even with such a low dose of the product.
This increase resulted in aphids on Cymbush-treated plants having a higher rm than those on
plants sprayed with water.
It is only because of the failure of our first experiment that we spotted the acceleration of growth
caused by the product; otherwise the association of an increase in aphid performance with the
anionic emulsifier would never have been made and we would have attributed that increase in
performance by the aphid to the cypermethrin itself.
Many other insecticides are formulated as ECs, and it is likely that those formulations contain
similar ingredients to those in Cymbush. Our speculation is that other active ingredients in ECs
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Fig. 4. Mean no. Aphis fabae developing on broad bean plants sprayed with the entire blank formulation (grey) or non-ionic emulsifier alone (black). Circles show means differing significantly (P<0.001) from plants sprayed with distilled
water (white).

have some phytotoxicity which cancels out the growth-promoting potential of their blank formulation in a way pyrethroids, derived from natural plant products, do not.
The three DNAs in the aphid (Akhtar & van Emden 1996)

Soon after its introduction in the 1970s, there were anecdotal reports that the wide-spectrum fungicide benomyl (methyl 1-butylcarbamoyl benzimidazol-2-yl carbamate) also gave good control
of aphids. Akhtar & van Emden (1992) found that even low doses of soil-applied benomyl (50
and 100 ppm of active ingredient (a.i.) when 200 ppm is a relatively high but not exceptional field
dose) reduced the weight of Rhopalosiphum padi (L.) on wheat plants.

Fig. 5. The intrinsic rate of natural increase (rm) and its components of Aphis fabae on broad bean plants sprayed with
the entire product at a concentration of 10 ppm cypermethrin (black). Circles show means differing significantly (black,
P<0.001; white, P<0.05) from plants sprayed with distilled water.
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Work was in progress in several institutions based on the hypothesis that the effect on the aphids
was an indirect one resulting from changes in the physiology of the host plant. Although our plan
was to look at these changes in terms of soluble nitrogen, we realised no one had looked at the
possibility of direct toxicity of the fiungicide. We therefore applied benomyl topically at 200 ppm
in butanone, and obtained 80% mortality of R. padi (Akhtar & van Emden 1992).
This unexpected result changed the direction of our research, but was only a preliminary to the
real surprise which was to come later. Was the fungicide affecting the essential microbial symbionts in the aphid? After all, these were bacteria and thus more likely targets for a fungicide than
the aphids themselves. This hypothesis eventually showed that we were rather naïve in matters

Fig. 6. Electron micrographs of sections of part of the mycetome of Rhopalosiphum padi. A, normal aphid; B, aphid killed
by the fungicide benomyl; C, aphid killed by the insecticide primicarb.
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of micro-organisms but, had we not made this error of thinking, an interesting piece of scientific
detective work – with its remarkable conclusion – would never have materialised.
The normal appearance of the mycetome in R.padi is shown in Fig, 6A. The nucleus of a mycetocyte cell (under the letter “A” ) is clearly defined, as are the dense symbiotic bacteria in the
mycetocyte cytoplasm. Figure 6B shows a similar section from an aphid killed by feeding on
a plant given a soil drench of 200 ppm benomyl. The nucleus in the bottom right corner of the
photograph has largely broken down as has the cytoplasm, and empty vacuoles have appeared.
Of course the symbionts cannot survive in dead aphids, so the next question was –were the
bacteria dying because benomyl had killed the aphids by some other mechanism, or were the
aphids dying because the benomyl had first killed the symbionts? To answer this we killed aphids
with 6.25 ppm a.i. pirimicarb as a 50% a.i. granular formulation applied to the soil. Pirimicarb is
a systemic insecticide to which aphids are particularly sensitive. The electronmicrographs (Fig.
6C) showed that the mycetome in the aphids killed by pirimicarb is of normal appearance. The
insecticide was clearly killing the aphids before there was an effect on the symbionts, suggesting
that with benomyl the symbionts were dying before the aphids.

Fig. 7. Electron micrographs of section of equivalent areas of mycetocyte cytoplasm in the mycetome of Rhopalosiphum padi
to illustrate A, the presence of tubulin in normal aphids and B, its absence in aphids killed by the fungicide benomyl.
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Fig. 8. Changes in Brevicoryne brassicae populations on two Brussels sprout varieties, Winter Harvest (white symbols)
and Early Half Tall (black symbols), both with (squares) and without (circles) parasitoids.

At this point in the study the results seemed pretty clear; benomyl kills the symbionts and the
aphids consequently die. We were ready to publish. Fortunately I thought the late Dr Roland Fox,
a microbiologist on our staff, might be interested and so I told him of our work. To my surprise,
he was quite certain that our conclusions were wrong. Benomyl has no effect on bacteria; its
mode of action is by inhibiting the assembly of microtubules (Davidse 1973), which are major
components of the cytoskeleton and unique to eukaryotic cells.
The research now took on a new direction – electron micrography to find microtubules. We
found microtubules (Fig 9A) in the mycetocyte cytoplasm in which the symbiotic bacteria are
embedded, but microtubules were never observed in aphids killed with a soil drench of 200 ppm
benomyl (Fig. 9B).
It was now clear that the primary step in the toxicity of benomyl to aphids was the breakdown
of the cytoskeleton of the mycetocyte cytoplasm which acts as the interface through which the
aphid passes nutrients to sustain the symbiotic bacteria. These bacteria then die, which in turn
deprives the aphids of essential amino acids and causes death. If Dr Fox’s advice that the action
of benomyl on microtubules is restricted to fungi, then the mycetocytes in the aphid may contain
fungal DNA acquired by horizontal transfer (Xiong & Eickbush 1990) or from the assembly of
eukaryotes from assemblages of micro-organisms (the controversial endosymbiosis theory of
Margulis & Fester 1991).
The structure of aphids may therefore involve three diverse taxa of the living world, animal,
bacterial and fungal. However, the discovery of this novel possibility depended on the accident
of mentioning what appeared to be a cut-and-dried result to a microbiologist colleague.
Aphid resistant plants have larger aphid populations than more
susceptible ones (van Emden 1978, Douloumpaka & van Emden 2003)

For several years, work in my laboratory used two cultivars of Brussels sprout to study partial
plant resistance to aphids. The more susceptible cultivar “Winter Harvest” (WH) was contrasted
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with the cultivar “Early Half Tall” (EHT), on which populations of B. brassicae increased a little
more slowly (Dodd & van Emden 1979).
In one project we set up an aphid culture on several plants of both cultivars in a single large
muslin-covered cage. After some six-weeks, we noticed that the EHT plants had noticeably more
aphids than those of WH. Closer inspection revealed many more parasitoid mummies on WH than
on EHT. Parasitoids had accidentally managed to enter the cage, and a more lightly parasitised
but more slowly increasing aphid population on EHT had overtaken a potentially faster growing
but heavily parasitised population on WH. A comparison of the population growth of aphids on
the two cultivars (Fig. 8) confirmed this conclusion. After 47 days, the number of aphids on the
partially resistant EHT was about double that on the intrinsically more aphid-susceptible WH.

Fig. 9. Contrast between the Brussels sprout varieties Winter Harvest (white) and Early Half Tall (black) in allylisothiocyanate concentration and the behaviour of the parasitoid Diaeretiella rapae. Each pair of columns represents a different
replicate of the same comparison.
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Table 1. Mean per cent female Aphidius colemani responding positively within 15 min. to each of four odours (Brussels
sprout, cabbage, Chinese (Ch.) cabbage and wheat) in a four-arm olfactometer. The mother parasitoid generation had
been reared on either Brussels sprout or cabbage and 24 hr parasitisation took place on each of the four plant species
used in the olfactometer. Otherwise the host aphids (Myzus persicae) were from a culture on artificial diet and then
further reared on that diet after parasitisation. The data were analysed by analysis of variance of four replicates, each of
18–32 parasitoids. Means with the same letter within rows are not significantly different (P>0.05). The bold entries are
explained in the text
source
sprout
sprout
sprout
sprout
sprout
cabbage
cabbage
cabbage
cabbage

24h parasitisation

sprout

cabbage

Ch. cabbage

wheat

no choice

diet
sprout
cabbage
Ch. cabbage
wheat
sprout
cabbage
Ch. cabbage
wheat

17.2a
36.0b
13.0a
17.4a
18.2a
13,5a
12.3a
17.6a
17.6a

18.6a
10.0a
15.6a
18.8a
19.0a
18.6a
30.0b
15.2a
12.0a

15.1a
12.4a
17.2.a
16.0a
8.0a
16.0a
16.8a
17.4a
15.8a

18.3a
10.0a
13.6a
15.6a
14.8a
10.8a
7.6a
11.0a
15.8a

30.8
31.6
40.6
31.2
40.0
40.8
38.8
38.8
38.8

Chemical analysis of the leaves showed that EHT had less glucosinolate (a phagostimulant for
B. brassicae) than WH, and olfactometer studies revealed that the parasitoid (Diaeretiella rapae
(M’Intosh)) preferred the odour of WH to that of EHT. As a result, over three times as many
mummies were formed in 10 days on WH than on EHT (Fig. 9).
This serendipitous accidental invasion of our culture cages by D. rapae spawned what was
probably the most productive period of research in my research group at Reading. A series of papers
was published on the constancy of aphid parasitoids to the odour of the plant species/cultivar on
which they had developed, and on when and where these odour preferences were acquired during
development and emergence from the mummy. Other work manipulated this acquisition process
and the placing of the preferences in long and short term memory (van Emden et al. 2008).
Here I shall move to a second accidental discovery in our work, which moved it in a new
direction.
What we were planning to achieve was to produce parasitoids without any plant odour preferences, and the obvious approach was to parasitise aphids and rear out the parasitoids to adult
on artificial diet (van Emden, 2009) devoid of plant secondary compounds. Aphidius colemani
Viereck from Brussels sprout were allowed to parasitise the aphid Myzus persicae (Sulzer) on
the diet, and the offspring were tested in a 4-way olfactometer for any preference for the odour
of aphid-free Brussels sprout (cv. “Bedford Winter Harvest”), cabbage (cv. “Hispi”), Chinese
cabbage (cv. “Wong Bok”) and wheat (cv. “Maris Huntsman). No preference for any odour was
shown (Table 1, first row).
Now came the next accidental discovery. Powell & Wright (1992) had shown that more aphids
were parasitised when the host plant was present than when it was absent. Our previous work
suggested that allowing parasitisation to occur with the young aphids on a plant leaf for only 24h
should not affect subsequent odour preferences of the parasitoid offspring. We therefore re-tested
the preferences of the parasitoids emerging from diet-reared aphids (parasitised by females from
Brussels sprout) for the odours of the same four plant types as before, but this time when each
of the plant types had also been used as the substrate for the aphids for 24h during parasitisation. The result was completely unexpected (Table 1, rows 2–5). An odour preference was now
shown, but only by one group of parasitoids. The mothers of this group had parasitised aphids
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on a Brussels sprout leaf, i.e plant material with the same chemistry as the plant on which they
themselves had been reared.
The same phenomenon was shown when parasitoids reared on cabbage were used (Table 1,
rows 6–9). Thus the bold type in Table 1 shows that the only parasitoids emerging from aphids
reared on artificial diet devoid of any secondary plant chemistry that showed any odour preference were ones where the plant substrate on which parasitisation had occurred matched the plant
which was the source of their parent generation, and it was the odour of this plant for which the
preference was shown.
This can only be explained by postulating that the mother parasitoid leaves a chemical cue for
the host plant on which she developed, in or with the egg at oviposition. Later work (van Emden
et al. 2015) has shown that, within Brussels sprouts, this cue is so cultivar-specific that it must
take the form of enough of the secondary chemistry spectrum to “identify” the cultivar. This
later work also indicates high mortality of parasitoids in aphids on plants when the mothers were
themselves reared on diet – i.e. they had no chemical cue to leave with their offspring. The main
secondary compounds of brassicas are toxic glucosinolates. It seems likely that the inclusion of
these compounds at oviposition induces the production of enzymes in the offspring to detoxify
them. It could loosely be said that A. colemani invented immunisation before the Victorian physician Edward Jenner!
In every olfactometer test, between 30 and 40 percent of the parasitoids remained in the central
arena of the apparatus without entering or gathering at the entrance of any of the four arms within
15 min. As each arm was releasing a different odour to create a mixture of olfactory signals in the
arena, such a high proportion of “non-responders” was to be expected.
Conclusions

All four of the research projects reported here began with the aim of relating the reproductive
performance of aphids with changes in host plant chemistry (particularly components of soluble
nitrogen) obtained by varying the host plant variety or by inducing changes by experimental
treatments to the plants. However, they all finished up very differently.
Before we had reason to analyse the chemistry of bean plants treated with different plant
growth regulators, we had observed the reduction in pigmentation of A. fabae on plants treated
with EBNU and switched the project to a study of how that effect changed with aphid transfers
between control and EBNU treated plants.
In the experiments with Cymbush, we had expected to find a positive effect of the product
on aphid reproduction, with the hypothesis that this was an effect of the product on the nitrogen
compounds in the plant. However, the surprising observation that Cymbush treated bean plants
flowered and podded earlier than untreated ones changed the project to experiments on plant
growth to identify the component of the formulation responsible for the growth acceleration.
The critical accidental event in the study with benomyl was the mention to our microbiology
colleague of our hypothesis that this fungicide directly killed the bacterial symbionts. If he had
not refuted this, the work up to that point might well have been passed by referees for publication in an entomological journal. Not only would a false conclusion have been published, but the
intriguing speculation about the incorporation of fungal DNA into the mycetocyte tissue would
not have been raised.
The accidental invasion of our aphid cultures on Brussels sprouts by a parasitoid was without
doubt the accidental event in my research career which had the greatest impact, as it moved our
work away from aphids per se to an emphasis on parasitoid olfactory behaviour for over 25 years.
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This began with a long period of research on how host-plant related olfactory preferences of the
parasitoids at emergence were determined and could be manipulated. However, the unexpected
result of introducing a host plant leaf for 24 hr when the aphids to be parasitised were reared on
artificial diet changed our direction for a second time. The revelation that, at oviposition, female
A. colemani leave with their offspring a maternal cue to the secondary chemical spectrum of the
plant on which they had developed, eventually revealed the cultivar-specificity of this cue and its
potential importance in inducing defensive enzymes in the offspring.
In my career, I must have scrutinised several hundred research reports either as a referee or as
an examiner for undergraduate, masters or doctoral theses. I have come across many examples
where clear evidence of an exciting phenomenon was ignored because the researchers used every
statistical technique they could think of to avoid accepting that the insects were telling them their
hypothesis was probably wrong! The three statistical techniques most often used for this were
logarithmic transformation, regression and the amplification of degrees of freedom by combining
within- and between-plot variation in analysis of variance.
The second problem which gets in the way of looking out for the unexpected is the pressure on
researchers today to fund their work by securing grants in a highly competitive environment. This
increasingly requires a prediction of what the results will be and a statement of the stages (“milestones”) en route to that goal. As far as research is concerned, these milestones are a straightjacket.
The projects I have described in this paper are quite different; the students involved had been
awarded funding with no strings attached or (in one case) were self-funded. The progress of the
work could thus follow the directions suggested by the insects rather than by the requirements of
grant-awarding state-funded research councils.
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Abstract. Field studies of habitat use, settling behaviour and initiation of reproduction by aphidophagous ladybird
beetles in alfalfa and other crops by Honěk (1978, 1980, 1982a, b) provided key insights for conceptualizing the
intertwining of these predators’ dispersal and reproduction among habitats. Recognition of such intertwining
is fundamental both for understanding insect predator-prey interactions most generally, and for applying that
understanding to strengthen insect pest management. Among the many applications upon which to build further
from Honěk’s studies is the use of sugar sprays (applied to foliage to serve as “artificial honeydew”) as a means
of aggregating ladybirds to suppress aphid populations. In the present study, sugar (sucrose) spray was applied
repeatedly over the course of 5–10 days without rain in the spring to plots of alfalfa in two field experiments in
1996–1997 in northern Utah (USA). Densities of adult ladybirds (Coccinella and Hippodamia spp.) in the plots
dramatically increased immediately following the first application of sugar but stabilized rapidly thereafter despite
repeated application of sugar. Numbers of pea aphids, Acyrthosiphon pisum (Harris, 1776), in sprayed plots were
reduced in 1997 when the aphids occurred in low numbers throughout the experimental field, but they were not
reduced by ladybird colonization of sprayed plots when occurring at higher densities in 1996. In demonstrating
a limit in the degree to which local densities of adult ladybirds could be increased by application of artificial
honeydew, these experiments provide one example of building on the foundations laid by Honěk’s field studies of
ladybird use of alfalfa fields and their aphid populations.
Key words. Alfalfa, aphids, biological control, dispersal, habitat selection, honeydew, predation.

Introduction

In addressing predator-prey interactions, ecologists increasingly are focusing on the central issue
of intertwined predator dispersal and reproduction among habitats across large, diverse landscapes. Such is of fundamental importance, for example, in influencing insect pest suppression by
biological control from predatory insects and parasitoids (Schellhorn et al. 2014). Our ability to
develop a sound conceptual framework to guide further inquiry has arisen in large part through
key observations and inferences from field studies by perceptive ecologists. Alois Honěk’s studies
of aphidophagous ladybird beetles (Coleoptera: Coccinellidae) in fields of alfalfa and other crops
(Honěk 1978, 1980, 1982a, b) are an outstanding example. Honěk engaged in these field studies to
explore the settling behaviour of ladybirds (i.e., their tendency to remain and thereby increase in
density in local habitats) and their commitment to reproduction in these local habitats. The results
provided new insights regarding the central importance of prey (aphid) density in determining
the ladybirds’ behaviour. In essence, Honěk demonstrated clearly through these field studies that
the relationship between populations of predator and prey (ladybirds and aphids) is highly dynamic over fine scales of both space and time. High capacity for dispersal leads the predators to
distribute themselves continually across landscapes in response to constantly varying patterns of
local prey density, and to initiate reproductive activity rapidly at local sites where prey numbers
rise to sufficient levels. Hence, at any one time of the growing season, local populations of the
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predator differ markedly in key features even over small spatial scales (i.e., among sites only tens
of meters to a km or two apart). The populations differ markedly in both their local density and
degree of reproductive activity, reflecting local prey numbers.
Honěk’s (1978, 1980, 1982a, b) studies reinforced inferences and conclusions of earlier studies
that adults of aphidophagous ladybirds are highly responsive to local conditions and move extensively among many habitats (e.g., see discussions in Hemptinne et al. 1992, Ives et al. 1993, van
der Werf et al. 2000). Honěk’s studies also lent strong support for a basic model of adult ladybird
searching and reproductive behaviour. In this model, adult females become less active and initiate
egg production as they become satiated, and hence they typically lay their eggs near aphid colonies
(Putman 1955, Banks 1956, Dixon 1959, as discussed in Evans 2003). Honěk’s field observations
lent support as well for the hypothesis that net flows of ladybirds to local areas with highest aphid
densities within a crop field often prevent aphid outbreaks from arising more generally throughout
the field (Frazer 1988), a hypothesis subsequently also supported experimentally both by restricting
ladybird movement among aphid colonies (Kareiva 1987), and by creating localized outbreaks
that were quickly extinguished by immigrating ladybirds (Evans 2004).
Honěk’s field demonstration of the importance of aphid density for ladybird settling behaviour
within a habitat, coupled with laboratory demonstration of the stimulatory role of aphid honeydew
for larval ladybird searching (Carter & Dixon 1984), suggested that the ladybirds’ settling behaviour could be influenced by encounter with aphid honeydew. It also suggested that application
of “artificial honeydew” might serve as a useful experimental tool in further exploratory field
studies. Strong aggregation of aphidophagous predators, including ladybird adults, in response
to sugar (sucrose) solution sprayed as fine droplets onto foliage (a treatment intended to simulate
deposition of aphid honeydew) had been demonstrated earlier by Chiang and colleagues (Ewert
& Chiang 1966, Schiefelbein & Chang 1966, Carlson & Chiang 1973), Hagen and colleagues
(Hagen et al. 1971, Hagen 1986), and others (as discussed in Evans & Swallow 1993). Later studies demonstrated that localized application of such sugar solution to alfalfa foliage led to rapid
redistribution of adult ladybirds within two days throughout entire fields (up to 150 m away from
local areas sprayed with sugar; Evans & Richards 1997).
Here I present additional field experiments with sugar spray to address a further intriguing
aspect of Honěk’s (1978, 1980, 1982a, b) observations. In particular, I examine the extent to
which dispersing ladybirds will continue to increase in numbers locally in response to repeated
application of sugar spray to alfalfa foliage. Honěk stressed the importance of prey density itself
in determining ladybird settling behavior. Hence one might predict that in the absence of unusually large or increasing numbers of aphids themselves in a local area, the presence of abundant
sugar (artificial honeydew) alone may have only limited influence in promoting the aggregation
of large numbers of ladybirds at a site. This prediction is tested here.
Methods
Early in the growing season in 1996 and again in 1997, nine control and nine sugar plots (each 16×24 m) were placed
randomly in a grid in an alfalfa field near Logan, Utah. Adjacent plots were separated by 40 m along an east-west axis,
and by 65 m along a north-south axis. Over a period of days in May in each year, the alfalfa in each plot was lightly
sprayed repeatedly with sugar solution (150 g dissolved sucrose per liter of water; Evans & Richards 1997) or with
water only (control plots), and was sampled by taking ten (in 1996) and five (in 1997) 180° sweeps with a net 38 cm in
diameter. Plots were sprayed and sampled repeatedly on clear, calm days during spells without rain in both years, with
the experiment terminated each year by rain.
In 1996, plots were first sprayed on May 11 (when the alfalfa stood 30–35 cm tall) after taking an initial set of sweep
samples (ten sweeps per plot) from each plot before treatments were applied. The plots were sprayed again on May 13;
sweep samples were taken from each plot immediately before spraying the plots. A final set of sweep samples was taken
in the plots on May 15 (thereafter the plots were sprayed, but the treatments were nullified by rain the next day). In 1997,
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plots were sprayed with sugar solution or with water only on May 3, 6, 10, and 13, and in each case were sampled (five
sweeps per plot) two days later (i.e., they were sampled on May 5, 8, 12, and 15). The alfalfa stood 15–20 cm tall on
May 3, and 35–40 cm tall on May 15.
Adult ladybirds and aphids (pea aphids; Acyrthosiphon pisum) captured by sweep net sampling were counted in the
laboratory after freezing the samples; ladybirds were identified to species. Results for numbers of ladybirds and aphids in
plots over time, as influenced by experimental treatment and as determined from sweep sampling during the course of the
experiment, were analyzed for each year individually by repeated measures analysis of variance (ANOVA) (SAS 2004).

Results

In 1996, ladybird adults occurred in only small numbers on May 11 at the time that sugar solution
was first applied to the experimental plots (Fig. 1). Thereafter, on May 13 and 15, ladybirds were
significantly more abundant in sugar plots than in control plots, with no significant difference in
their numbers in sugar plots (or in control plots) on the two dates (repeated measures ANOVA for
ln [number of ladybirds+1] on May 13 and 15: treatment F1,16=58.30, P<0.0001; date F1,16=0.51,

Fig. 1. The mean number (+ SE) of adult ladybirds (top) and pea aphids (bottom) per 10 sweeps in a set of plots of alfalfa, each of which was sprayed repeatedly with sucrose solution (sugar plots) or water only (control plots) in May 1996.
Sweep samples were taken immediately before plots were sprayed initially on 11 May and again on 13 May, and a final
(third) time on 15 May.
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P=0.49; interaction treatment × date F1,16=0.36, P=0.56). Most of the individuals present were
of Coccinella septempunctata Linnaeus, 1758 (50% of individuals in all plots combined) or of
Hippodamia quinquesignata quinquesignata (Kirby, 1837) (34%), with fewer individuals of C.
transversoguttata richardsoni Brown, H. convergens Guerin, H. sinuata crotchi Casey, and H.
tredecempunctata tibialis (Say) also present. An increase in pea aphid numbers in both sugar and

Fig. 2. The mean number (+ SE) of adult ladybirds (top) and pea aphids (bottom) per 5 sweeps in a set of plots of alfalfa,
each of which was sprayed repeatedly with sucrose solution (sugar plots) or water only (control plots) in May 1997. For
each of the four dates on which sweep samples were taken, sampling occurred two days after treatments were applied
(e.g., sweep samples on May 5 followed application of treatments on May 3, the first date in 1997 on which treatments
were applied to the plots).

control plots during the experimental period was marginally significant, but pea aphid numbers
did not differ between the two sets of plots during the experiment (Fig. 1; repeated measures
ANOVA for ln[number of aphids+1] on May 11–15: treatment F1,16=0.04, P=0.85, date F2,32=3.12,
P=0.058; interaction treatment × date F2,32=0.54, P=0.55).
In 1997, ladybirds were very abundant in sugar versus control plots when first sampled in
experimental plots on May 5, two days after first applications of treatments to plots on May 3
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(Fig. 2). The large numbers of ladybirds in sugar plots (and the low numbers in control plots) did
not differ significantly among sample dates over the period May 5–15 as the plots were treated
repeatedly every few days with either sugar solution or water only (Fig. 2; repeated measures
ANOVA for ln [number of ladybirds+1] on May 5–15: treatment F1,16=16.48, P=0.0009; date
F3,48=1.21, P=0.31; interaction treatment × date F3,48=0.16, P=0.92). The species composition of
ladybirds in the plots in May 1997 was similar to that in 1996: again most of the adults were of
C. septempunctata (32% of individuals) or of H. quinquesignata (43%), while the other species
present additionally included Coccinella novemnotata Herbst. Aphid populations again increased
in plots over time, and were more abundant throughout in control plots than in the sugar plots (Fig.
2; repeated measures ANOVA for ln[number of aphids+1] on May 5–15: treatment F1,16=9.39,
P=0.0074; date F3,48=9.48, P<0.0001; interaction treatment × date F3,48=1.40, P=0.25). Overall,
the numbers of ladybirds present in the plots in 1997 were similar to those present in 1996, while
numbers of pea aphids were much lower in 1997 than they had been in 1996 (Figs. 1 and 2).
Discussion

Ladybirds are major predators of aphids, and there is great interest in determining their potential
for pest control in crops such as alfalfa (Dixon 2000, Hodek et al. 2012). Alfalfa fields in particular
serve as major habitat for multiple species of ladybirds both in North America (e.g., Hagen et
al. 1971, Evans & Swallow 1993) and in Europe (Honěk 1985a, Bianchi et al. 2007). As Honěk
(1978, 1980, 1982a, b) demonstrated, the abundance of aphids in these alfalfa fields is a major
factor in determining the use of this habitat by ladybirds.
As a substitute for aphid honeydew, the application of sugar solution to alfalfa foliage results
in rapid aggregation of ladybirds in treated areas (e.g., see Evans & Richards 1997 and references
therein). As shown by Hagen et al. (1971, 1976) and Nichols & Neel (1977), the presence of sugar
serves to retain ladybirds after arriving at an area rather than to attract them to the area.
Two general results of the experiments presented here are particularly noteworthy. First, as has
also been shown in as variety of settings previously (e.g., see discussions in Evans & Swallow
1993, and Evans & Richards 1997), ladybird populations rapidly increased immediately upon
the application of sugar to alfalfa foliage. But secondly, equally rapidly thereafter the number of
ladybird adults in a treated area stabilized even with repeated application of sugar. In essence,
the local density of ladybirds was raised both very rapidly and substantially with repeated sugar
application, but only so much.
This second result seemingly reflects that an equilibrial number of ladybirds was achieved rapidly in treated plots as the rate of emigration of ladybirds quickly rose to match the immigration
rate (Cardinale et al. 2003, Křivan 2008). A rise in the emigration rate can be presumed to have
arisen in part from a simple increase in the absolute number of ladybirds departing from treated
plots per unit time as more ladybirds occurred in the plots. This background level of emigration
(i.e., a given probability of an individual’s departure from a treated plot) may well reflect departures
prompted by low rates of encounter with aphid prey as suggested by Honěk’s (1978, 1980, 1985b)
studies. It may also reflect bet-hedging tendencies towards continual dispersal regardless of local
conditions as suggested by Frazer (1988; see discussion in Evans 2003). In addition, the probability of an individual adult ladybird departing from a treated plot may well be density-dependent,
for example rising with increasing ladybird density as individuals perceive local environments
as decreasingly suitable sites for foraging and oviposition (Hemptinne et al. 1992, Dixon 1997).
In any case, the results demonstrate that applied benefit from sugar application to foliage will
quickly reach an upper limit in the effort to encourage the build-up of large numbers of ladybirds
in particular habitats (e.g., to slow exponential growth of the prey population through heightened
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predation early in the season when aphid numbers are still low, or to draw ladybirds away from
nearby crops scheduled for insecticide application; Evans & Richards 1997).
Considerable potential nonetheless remains to be explored further concerning field application of sugar in the spatial manipulation of natural enemies such as ladybirds for integrated pest
management of agricultural insect pests (e.g., Carlson & Chiang 1973, Evans & Richards 1997,
Evans et al. 2010, Seagraves et al. 2011). In this context, it is instructive to compare results from
the two years in this study. In 1996, little benefit in pest control resulted from sugar application:
the numbers of aphids were not significantly reduced (or slowed in their rate of increase) in sugar
plots with high numbers of ladybirds. In 1997, however, when sugar was first applied early in
the season at a time when aphid numbers were much lower than in 1996 across all plots, fewer
aphids subsequently occurred in sugar plots as ladybird numbers swelled versus in control plots
with low numbers of ladybirds.
In summary, in studying habitat selection and the settling behaviour of ladybirds leading
to reproduction in fields of alfalfa and other crops, Honěk (1978, 1980, 1982a, b) highlighted
a world of fascinating possibilities with significant implications both for understanding fundamental aspects of predator-prey interactions, and for applying that understanding to strengthen
insect pest management. Honěk’s studies provided key insights for understanding the dynamics
of predator dispersal and reproduction among habitats across large, diverse landscapes, a topic of
fundamental applied importance for insect pest suppression by biological control as provided by
natural enemies such as ladybirds. Honěk’s studies thus have served as a strong foundation from
which to build further. The experiments presented here regarding the potential of sugar solutions
as a pest management tool provide one such example of building upon the foundations laid by
Honěk (1978, 1980, 1982a, b).
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Abstract. Predators of aphids exploit ephemeral but abundant resources. Aphid colonies are ephemeral because
they hardly last longer than the time it takes the consumers to develop from egg to adult. Aphid colonies are also
boom and bust resources that reach high numbers before collapsing. Many predators feed on these resources
when they are abundant and as a consequence there is a high risk of cannibalism and intraguild predation. These
circumstances favour the evolution of an optimal strategy for oviposition based on the assessment of aphid colonies
in terms of visual or chemical information, depending on the predator species. As an adaptation to the ephemeral
nature of their prey colonies, female predators should only lay eggs early in the development of these colonies.
They should also refrain from ovipositing in colonies where they detect information signalling the presence of
competitors. This behaviour has consequences for their use in the biological control of aphids.
Key words. Ladybird beetles, hoverflies, chrysopids, egg window, larval tracks, hydrocarbons, oviposition
inhibition.

Introduction

Historians report that our ancestors already knew that ladybirds congregate in crops infested with
aphids. These conspicuous and apparently voracious insects were seen as messengers of deities,
sent to alleviate humans from famine due to crop failure as a result of infestation by aphids (Exell
1989). Modern research tends to confirm that ladybirds are among the natural enemies that have
the greatest effect on aphid abundance (Diehl et al. 2013, Northfield et al. 2014). It is therefore
understandable that attempts have been made to unravel the factors that influence the presence
and abundance of ladybirds in fields. Early in his career Alois Honěk published several beautifully designed and analyzed supressed and moved at the place of studies of this problem (Honěk
1979, 1981, 1982a, b, Honěk & Rejmanek 1982). This field of investigation is still flourishing
in terms of determining how landscape should be designed to favour biodiversity and crop protection (Chaplin-Kramer & Kremen 2012, Landis et al. 2000). However, even if ladybirds are
able to positively respond to increased landscape complexity and contribute to the reduction in
aphid abundance they are unable to always regulate their abundance or keep it below economic
damage thresholds. In defence of ladybirds the economic damage thresholds are usually set at
very low values (e.g. Morales et al. 2013). Field surveys of populations of several species of
ladybirds indicate that eggs are laid before aphid populations peak in abundance (Hemptinne et
al. 1992). In addition, ladybirds respond to increase in prey abundance by increasing oviposition
up to a certain point. In the case of Adalia bipunctata (Linnaeus, 1758), oviposition becomes
independent of prey abundance above 5 aphids/150 cm2 (Mills 1982). As a consequence, aphid
abundance is only slightly reduced by predators as shown, for example, by field surveys (Hironori
& Katsuhiro 1997).
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To understand the origin of the gap between expectations born from historical observations
coupled with the common wisdom that so many predators must kill a tremendous number of
aphids and so control them, and the results of modern research there is a need to decipher the
life strategies of these predators. More precisely, one needs to go beyond a simplistic laboratory
relationship that links killing potential, fecundity and prey density and ask what has shaped the
optimal foraging strategies of adults. The populations of ladybirds we observe today are probably
assemblages of individuals that are well adapted to their environment. That is, those that exploited
prey optimally and passed this ability to their offspring. One key element in optimal exploitation
is adaptation to the ecology of the prey. Being highly abundant over short periods of time, aphids
attract many consumers. The risk of cannibalism and intraguild predation is therefore high (Lucas et al. 1998, Mills 1982). An additional constraint is that aphid colonies are ephemeral hardly
lasting longer than the time it takes the consumers to develop from egg to adult (Hemptinne et
al. 1992). Based on these constraints, a simple graphical model indicates that only a few eggs
should be laid early in the development of aphid colonies, in a rather short time interval that has
been named “the egg window” (Fig. 1) (Dixon 2000). The opening of the window possibly occurs
when there is enough aphids for the survival of the first instar larvae of ladybirds (Dixon 2000).
The closing mechanism will be discussed in the following paragraphs. The laying of eggs during
the egg window is optimal in that it minimizes the risk of laying eggs in colonies already being
exploited, where eggs and young larvae are likely to suffer from cannibalism or predation.
Detecting and avoiding conspecifics competitors

Numbers

From the point of view of individual females that lay eggs nearby aphids, competitors are indeed a major threat to their offspring. Conspecifics eat eggs, larvae and pupae so cannibalism is
a constant threat throughout development. Other species of ladybirds, spiders and other preda-

Aphid
abundance
Ladybird’s
developmental
time

N2
N1
T1

Tw

T2

Time

Fig. 1. Graphical model of the timing of oviposition and larval development of aphidophagous ladybirds relative to
changes in the abundance of aphids in an aphid colony. Oviposition may begin at T1 when there are sufficient aphids for
the survival of first instar larvae (N1). The minimum number of aphids to sustain fourth instar larvae (N2) is reached at
T2. Based on the duration of ladybird development, optimal oviposition should occur from T1 to Tw (the hatched area
represents the oviposition window).
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tors consume various developmental stages, which will be discussed later (Hironori & Katsuhiro
1997). Thus, females should select aphid patches where their offspring have the greatest chance
of reaching adulthood. Back in 1989 we thought that ladybirds deciding where to lay eggs might
use two sorts of information. First, as they tend to lay eggs early in the development of aphid
colonies, it could be the age of those colonies, the phenology of the host-plant or a combination of
these two. We later demonstrated that this was not the case (Hemptinne et al. 2000). Second, they
may simply avoid laying eggs where there are competitors and do this by reacting to the presence
of conspecifics, mainly larvae. In their presence, they refrain from laying eggs for some hours
in laboratory conditions (Hemptinne & Dixon 1991, Hemptinne et al. 1992). In addition, upon
perceiving the presence of conspecifics, females rapidly fly away (Frechette et al. 2003). They do
this not by responding to the sight or smell but to chemicals in the tracks left by walking larvae
(Doumbia et al. 1998). As explained later in this paper (p. 77) these chemicals are involved in
the adhesion to plant surfaces. This makes sense because the probability of females encountering
larval tracks when assessing an aphid colony is much greater than that of meeting larvae. Tracks
left by larvae when walking (henceforth we will call them larval tracks) are a mixture of about 60
cuticular hydrocarbons the composition of which is species specific (Magro et al. 2010). Experiments with Adalia bipunctata indicate that the molecules that inhibit oviposition are produced
by the anal disk at the end of the abdomen of larvae. This cocktail of molecules differs from that
deposited by the tarsi (Laubertie et al. 2006). An analysis of crude extracts of 5,000 first instar
larvae of Cheilomenes sexmaculatus (F.) led to the suggestion that Z-pentacos-12-ene is the active
molecule inhibiting oviposition (Klewer et al. 2007). Larval tracks are therefore good candidates
for studying the mechanism that closes the egg window.
The conclusion of Klewer et al. (2007) questions the complexity of the chemical nature of
larval tracks: why 60 molecules or so if one is sufficient? The mathematical models of Martini
et al. (2009) that explore the evolution of the intraspecific inhibition of oviposition by larval
tracks offer an answer. According to these models, sibling cannibalism by larvae is favoured and
has probably contributed to the success of families of siblings born from the same egg batches.
However, females that can detect the presence of conspecifics, and so avoid cannibalism have
a selective advantage. Any of the adhesive chemicals produced by larvae could trigger avoidance
of occupied patches, leading to less cannibalism. However, models show that sibling egg cannibalism by larvae should always be selected for.
Therefore, selection would favour quantitative or qualitative modifications of the composition
of larval tracks, as long as their adhesive function is maintained. These modifications would in
turn decrease recognition by females and increase egg cannibalism until females start recognizing
modified tracks. Finally, once different mixtures evolve, selection favours those females able
to recognize a mixture rather than a single molecule. Martini et al. (2009) predict that females
should be able to detect and respond to mixtures of molecules and that there should be genetic
variability in the types of chemical profiles recognized rather than in the ability to recognize
a single compound. These conclusions indicate that Klewer’s et al. (2007) suggestion regarding
the biologically active component of larval tracks should be re-examined and the chemical composition of larval tracks investigated further.
All the predators that feed on aphids face the same constraints as ladybirds. It is therefore not
unexpected that they have also evolved strategies to cope with the ephemeral nature of their prey
and the risks posed by competitors. In a series of elegant studies Eiko Kan showed that several
species of hoverflies prefer to lay eggs in young colonies of aphids, which differ from old colonies
in the absence of winged aphids (Kan 1988a, b, 1989, Kan & Sasakawa 1986). Recently, it appeared that female hoverflies also react to volatile compounds in the tracks of conspecific larvae
(Almohamad et al. 2010). This behaviour was confirmed by field observations that showed that
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the hoverfly Epistrophe nitidicollis (Meigen) lay some eggs well before aphids’ peak in abundance
and eggs are rarely deposited in the presence of conspecific third instar larvae (Hemptinne et
al. 1993). Chrysopids too have been particularly well studied and they avoid laying eggs where
conspecific larvae have walked (Ruzicka 1994). Moreover, Ruzicka (1994) noticed that female
chrysopids do not need to physically encounter larvae to refrain from laying eggs. The deterring
effect is a reaction to the perception of a secretion produced by the tip of the abdomen of the larvae, which they use to attach themselves to the substrate. The same behaviour was later observed
in ladybird beetles, which also do not need to physically encounter larvae to avoid laying eggs
(Doumbia et al. 1998).
Detecting and avoiding heterospecific competitors

In the field, several species of ladybirds and other predators frequently attack the same aphid
colonies. Predators are rarely prey specific and so their habitats overlap and they breed in the colonies of a wide range of different species of aphids; this is rather well documented for ladybirds
(Hodek & Evans 2012, Honěk 2012). Thus, an egg batch is not only at risk of being eaten by
larvae and adults of the same species but also heterospecific predators. Therefore, it should also
be advantageous for females to avoid colonies of aphids already exploited by any predators, not
just conspecifics. This has been confirmed by several laboratory studies. Larval tracks do indeed
induce heterospecific effects, with females reacting to tracks left by larvae of other species (Magro
et al. 2007, Ruzicka 1996, 2001a, b, 2006). However, heterospecific inhibition is weaker than
conspecific inhibition (Magro et al. 2010). It seems logical to think that there is a greater risk of
predation by species with overlapping niches because they are more likely to meet regularly. One
should therefore expect strong inhibition between species that coexist. Contrary to expectation,
this is not supported by experimental results (Magro et al. 2007). These authors studied three
sympatric species (Adalia bipunctata, A. decempunctata (L.) and Coccinella septempunctata L.),
which co-occur in aphid colonies. They expected the strongest inhibition between A. bipunctata
and C. septempunctata because their niches overlap. However, it was found that the intensity of
oviposition inhibition was independent of niche overlap. Magro et al. (2007, 2010) discovered
that the chemical composition of the larval tracks of the two Adalia species is very similar, only
differing in the proportions of some molecules. They have also shown that the difference in the
chemical composition of the tracks of two species increases with the phylogenetic distance between these species. This suggests a gradual evolution of the chemical composition of the tracks,
a process during which species accumulate small changes in chemical components as they diverge. This results in phylogenetic conservation of the information (Magro et al. 2010, Roelofs
& Brown 1982, Symonds & Elgar 2008). Gradual evolution is unlike saltational evolution in which
substantial and sudden changes generate very different blends (Baker 2002, Symonds & Elgar
2008). Gradual evolution driven by genetic drift is expected when the information conveyed is
not species-specific because its variation does not contribute to reproductive isolation (Symonds
& Wertheim 2005). This gradual interspecific variation probably increases intraspecific variation,
which is one of the conclusions of the models of Martini et al. (2009). Therefore, larvae and adults
of ladybirds are exposed to a wide range of chemical information, which may account for their
ability to recognize and respond to the presence of wide range of other species.
Tracks from a larva’s point of view

The study of the heterospecific effect of larval tracks revealed a potential conflict of interest
between larvae and females with the former benefiting from cannibalism, but not the females. This
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forced us to consider larval tracks from a larval perspective. The primary reason for the evolution
of these tracks is most likely that they aid locomotion on leaves. Plant tissues are protected from
desiccation by the waxy cuticle on top of their epidermis (Juniper & Southwood 1986). Adhering
to and moving on the cuticles of plants is challenging and to overcome this insects have evolved
specific morphological adaptations of their tarsi, such as claws or bristles. The bristles are frequently wetted by an oily secretion (Dixon et al. 1990, Eisner & Aneshansley 2000). Similarly, the
tarsal bristles of ladybird larvae secrete a liquid, which improves their adhesion to plants (Kosaki
& Yamaoka 1996). This is advantageous for larvae in that it makes it easier for them to search for
aphids but in doing so they leave tracks.
Most species of aphids cluster at the growing tips of plants although some species form smaller
colonies on the underside of leaves or on twigs some distance from growing points where sap is
probably richest (Dixon 1998). Larvae probably need to feed in several patches because each patch
does not always contain enough aphids to sustain their full development. In addition, aphids react
to larval attacks in various ways, depending on the species. They produce alarm pheromone, which
induces colony dispersal (Dixon 1998). As a consequence, larvae have to move elsewhere to find
prey. However, finding another colony on a plant may look like finding a small green needle in
a green haystack. Larvae are guided by their negative geotropism, positive phototropism and the
presence of honeydew droplets signalling the proximity of prey (Dixon 2000). However, these
cues are not completely reliable so larvae may lose time by searching the same place several
times. It has been shown that they are able to avoid searching previously explored places as C.
septempunctata spends less and less time searching the same plant upon successive visits (Marks
1977). These observation were later confirmed by Meisner et al. (2011). They show that C. septempunctata larvae avoid searching areas marked with conspecific tracks as well as the tracks of
Harmonia axyridis (Pallas) larvae and that this behaviour reduces the incidence of cannibalism
and intraguild predation.
To conclude, larvae search much more efficiently and more survive when they avoid areas
marked by other individuals. The direct benefits of this behaviour are so important that responding
to tracks is likely to have a marked effect on their fitness (Meisner & Ives 2013). In addition, this
behaviour sheds further light on the larva-female conflict discussed above (Martini et al. 2009).
As a consequence, larval tracks might be more than a cue for females. In addition to their role as
an adhesive it is possible larval tracks serve as indicators of the presence of competitors for both
larvae and females. As females can discriminate between the tracks of their offspring and those of
conspecifics (Martini et al. 2013) there is now a need to reconsider the evolution of larval tracks
in aphidophagous predators.
It should also be noted that the tracks of larvae of ladybird beetles and chrysopids detected by
females constitute a more complex system than the cues used in other cases of marking. In the
present case, the markers (also the senders of information) are not those that are likely to later
detect the marks (the receivers of information). This situation is a marked contrast to most of the
other documented cases, in which the senders and receivers are the same. For example, female
parasitoids mark hosts in which they lay an egg and so avoid laying several eggs in the same
host, which would expose their offspring to cannibalism. Various phytophagous insects similarly
chemically mark plants and so avoid wasting reproductive investment due to cannibalism by
laying several eggs on the same parts of plants (Nufio & Papaj 2001).
Larval tracks and aphid centered food webs

The level of activity and the distance covered by ladybird larvae searching plants for aphids is
considerable and as a consequence a large proportion of the area of plants can be covered by larval
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tracks, which because of their chemical nature are persistent and a long-lasting source of information (Doumbia et al. 1998, Ruzicka 1997, 2002). It is likely these molecules are an important
element in the functioning of aphid centered food webs.
That ladybirds and chrysopids can respond to one another’s larval tracks is well documented.
Of additional interest is the fact that females of several species of parasitoids can also detect and
react to tracks deposited by the larvae of C. septempunctata and A. bipunctata. They avoid leaves
marked by ladybird larvae, reacting specifically to three molecules, n-tricosane, n-pentacosane
and n-heptacosane. As a result, percentage parasitism is significantly reduced because females do
not lay eggs in areas where the risk of intraguild predation by ladybird larvae is high (Nakashima
et al. 2004, 2006).
When aphids move on plants, whether to escape predators searching for prey or reach other
parts of their host plant, they are likely to encounter tracks deposited by larvae. Surprisingly,
pea aphids are sensitive to the presence of these tracks. They respond by producing a greater
proportion of winged offspring, which avoid the impending risk of predation by dispersing and
colonize other plants (Dixon & Agarwala 1999, Weisser et al. 1999). Interestingly, the black bean
and vetch aphids, which are afforded some protection from attack by ladybirds because they are
ant attended or unpalatable, do not respond in this way to the presence of larval tracks (Dixon
& Agarwala 1999).
These results indicate that hydrocarbons deposited by ladybird larvae, and also probably those
of other aphidophagous predators, influence the behaviour of all the members of aphid centred
food webs. They are therefore likely to shape the dynamics of these food webs and the relationships among members of aphidophagous guilds. The implication of this for biological control
still remains to be explored.
Larval tracks and biological control

As ladybirds lay eggs early in the development of an aphid colony and stop doing so as soon as
they detect larval tracks their reproductive behaviour is not directly linked with the abundance of
aphids (Hemptinne et al. 1992). Rather, it is shaped by the necessity to avoid initiating an early
extinction of aphid colonies. Should this occur, most of their larvae would die due to starvation
and cannibalism. Therefore, their numerical response to aphid abundance is restricted to a narrow
range of prey densities, and rapidly reaches a plateau (Hemptinne et al. 1992). This reasoning can
probably be extended to other aphidophagous predators (Hemptinne et al. 1993). By modelling
the interactions between predators and aphids, taking into account the constraints imposed by
the relative life span of predators and prey, it appears that these predators are unlikely to regulate
the abundance of aphids (Kindlmann & Dixon 2001). At best, they reduce their abundance but
probably not enough to protect crops. Biological control by ladybirds is further impaired by the
reduction in percentage parasitism that results from parasitoids responding to the presence of
ladybird larval tracks (Nakashima et al. 2004 and 2006). On the other hand, ladybirds increase
the dispersion of aphids (Dixon & Agarwala 1999, Weisser et al. 1999). To our knowledge there
is no proper assessment of the consequences of these opposite influences on the development of
aphid populations and therefore damage to crops.
The foregoing does not mean that biological control is not feasible but rather that it is clearly
more complicated than initially thought following the outstanding successes in controlling coccids by some species of ladybirds (Dixon 2000). A consensus has emerged among ecologists that
herbivore abundance is regulated by a combination of top-down and bottom-up effects and the
debate is now on their relative importance (Chase et al. 2000). Natural enemies only regulate
herbivores when specific conditions are fulfilled (Schmitz 2008). Kindlmann and Dixon’s model,
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which incorporates the effect of larval tracks on the efficiency of aphidophagous predators, predicts that the importance of top-down factors is likely to be weak (Kindlmann & Dixon 2001).
Therefore, cropping systems need to minimize the potential for aphid growth either by using
resistant varieties (e. g. Broekgaarden et al. 2011), carefully managing nutrients (e.g. Garratt et
al. 2010, Sauge et al. 2010) or mixed cropping (e.g. Ndzana et al. 2014).
Research on biological control cannot afford to neglect individual behaviour (Kareiva 1996).
The current interest in landscape management ignores what is important at the individual level
and focuses on increasing natural enemy populations with the hope that this will decrease the
abundance of pests. It is now widely accepted that natural enemies respond strongly and positively
to management practices that increase landscape complexity.
However, very few studies assess how this positive response translates into crop protection
(Bianchi et al. 2006, Chaplin-Kramer & Kremen 2012). There is now a need to determine how to
assemble communities of natural enemies that complement each other so that their killing power
adds up and complements bottom-up mechanisms of control. In order to achieve this objective,
the species in these communities should be far less sensitive to interspecific than to intraspecific
competition (Northfield et al. 2010). For the biological control of aphids, we suggest that a way
forward would be to assemble species that react more strongly to their species’ larval tracks (intraspecific inhibition of egg laying) than to other species’ tracks (heterospecific inhibition). This
raises the question, is it possible?
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Abstract. Landscape structure affects the abundance, richness and species composition of many arthropods in
agriculture, including ground beetles. However, this effect of the landscape can be quite variable between different
species and functional groups. In this study, we aimed to understand whether the trophic functional groups of
ground beetles were affected by the agricultural landscape in the same way or whether significant differences
occur between different groups (granivorous, carnivorous, and omnivorous). Ground beetles were sampled weekly
using pitfall traps along a ditch border adjacent to cornfields in 2006 and 2007, in the Vacher creek watershed
(Québec, Canada). Landscape characteristics were studied at the local scale (the sampled border and the adjacent
cornfield) and at the landscape scale per se (500 m around fields). We draw three primary conclusions from our
results. Firstly, the different functional groups seem to be associated with a specific scale (local or landscape).
The granivorous group was not associated with either local or landscape components. Carnivorous species were
associated with landscape components but not the local context and omnivorous species with both landscape and
local context. Secondly, when considering the significant landscape/local components, the association of each
species within a functional group can differ. Thirdly, specific results are highly variable among years, as a focal
species can respond to a specific component in a completely opposite way depending on the year.
Key words. Carabidae, landscape, granivorous, functional groups, trophic groups.

INTRODUCTION

Insect biology and ecology remain a blackbox. Even in disturbed agricultural landscapes several
hundreds of terricolous species (ground, tiger and rove beetles, spiders...) are commonly found. The
trophic biology of both adult and larval stages are beginning to be investigated (see for example for
granivorous carabids in Honek et al. 2003), but assessing the natural dynamics or anthropocentric
values and of these assemblages of species is very difficult (Lucas & Maisonhaute 2014).
Ground beetles (Carabidae) constitute one of the main components of the terricolous assemblage
in agrosystems, with dozens of different species (for example, USA: Byers et al. 2000, 83 species, Sweden: Weibull et al. 2003, 18–38 species, Canada: Maisonhaute et al. 2010, 72 species).
Ground beetles constitute also one of the main biocontrol agents of pest and weeds in agricultural
landscapes. They may be involved in the predation of both ground-dwelling arthropods (Luff et
al. 1987, Lovei & Sunderland 1996) and canopy arthropods (Losey & Denno 1998, Snyder & Ives
2001), and also weed seeds (Honek et al. 2003, 2007, Bohan et al. 2011, Trichard et al. 2013,
2014). For example, seed predation in arable fields can reach 1000 seeds per m2 per day (Honek
et al. 2003). On the other hand, carabids may be involved in “noxious” interactions, which may
hamper or reduce the magnitude of these ecological services. As an example, ground beetles
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are commonly involved in cannibalism, intraguild predation, and/or non-pest predation (Snyder
& Ives 2001, Traugott et al. 2012).
These ecosystem services are provided by different trophic functional groups of carabids:
carnivorous, omnivorous and/or granivorous. Numerous factors affect ground beetle populations and their activity in the field including agricultural land use and management (Cole et al.
2002, Menalled et al. 2007), landscape structure (Aviron et al. 2005, Werling & Gratton 2008,
Maisonhaute et al. 2010), seasonal dynamics (Honek et al. 2006, Trichard et al. 2014), pesticide
application (Nash et al. 2008, Diekötter et al. 2010, Trichard et al. 2013), tillage (Carcamo 1995,
Trichard et al. 2013) and biotic interactions (Trichard et al. 2013). At the landscape level, it has
been demonstrated in Germany that the species richness of the carnivorous group is more affected by landscape simplification than that of the phytophagous group and that of the omnivorous
group is not affected (Purtauf et al. 2005). In France, Trichard et al. (2013) showed that landscape
composition has a greater affect than local practices on weed seed predation by ground beetles,
which was positively related to granivorous diversity and negatively to omnivorous richness. In
a study carried out in eight European countries, the activity of phytophagous carabids increased
with landscape habitat richness, whereas that of zoophagous carabids was not affected (Vanbergen
et al. 2010). The response of the different functional groups differed in these studies. This may
be linked to the local context of the study (specific landscape at a specific location with specific
resource availability), or to species specific responses within the same functional groups (see for
example Maisonhaute & Lucas 2011).
The purpose of the present study was to evaluate, in a typical agricultural North-American
landscape, how the most common species of the different functional groups of ground beetles,
that is, granivorous, omnivorous and carnivorous, are affected by the surrounding landscape and
local environment. Also, we aimed to test if species of the same functional group would respond
in the same way to different landscape/local conditions.
MATERIAL AND METHODS
Sampling area
Twenty sites were sampled in the Vacher creek watershed (Lanaudière, Quebec, Canada), about 40 km north from Montreal.
The watershed area covers 69 km2 and the landscape configurations differ, from intensive farming areas, characterized by
large fields and many cultivated areas, to more extensive areas composed of small fields and extensive areas of woodland
(Ruiz et al. 2008). Twenty sites distributed throughout the entire watershed were sampled during the summers of 2006
and 2007. At each site, four pitfall traps were placed along a ditch border adjacent to a cornfield, at 10 m intervals and
filled with 100 ml of a propylene glycol diluted with water (total of 80 pitfall traps each year). Ground beetles in the pitfall
traps were collected weekly from the beginning of June until the end of September in 2006 and 2007, totaling 16 weeks
of sampling. For more details of the methods, see Maisonhaute et al. (2010).
Ground beetle communities
Not all the beetles collected were identified only those collected every two weeks (8 weeks). Ground beetles were identified
using Larochelle (1976) and the identifications confirmed by an expert at Agriculture and Agri-food Canada. Information
about the species diet was extracted from Larochelle and Larivière’s guide (2003) and Lundgren (2009). Ground beetles
were classified into 3 groups according to their diet: mainly granivores, omnivores (which can also consume seeds) and
carnivores. Within each group, we selected the 2 or 3 species that were most abundant (Table 1). Mainly granivore beetles
belonging to the genus Amara and the species Ophonus rufibarbis (Fabricius, 1792). Because of the difficulty of identifying
species of Amara and the short time available for identification, the ground beetles of the genus Amara were not identified
to species. However, the few species identified at the beginning of the identification process revealed the presence of A.
aulica (Panzer, 1796), A. avida Say, 1823, A. bifrons Gyllenhal, 1810, A. ellipsis (Casey, 1918), A. latior (Kirby, 1837),
A. pallipes Kirby, 1837, A. quenseli (Schönherr) and A. rubrica Haldeman, 1843. Most of these species are granivorous.
From this pool of specimens, it seems that the most abundant species of Amara were A. rubrica, A. latior and A. avida.
Among the omnivores, we studied the species Pterostichus melanarius (Illiger, 1798), Poecilus lucublandus lucublandus
(Say, 1823) and Harpalus pensylvanicus (DeGeer, 1774). Finally, included in the carnivorous beetle group were the species
Chlaenius tricolor tricolor Dejan, 1826 and Bembidion quadrimaculatum oppositum Say, 1823.
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total number of 					
the seven species
				
total collected
				

77.0
100

2424
3147

Amara spp.
G
5.3–11
mostly macropterous
occasionnal
77
2.4
				
or frequent			
O. rufibarbis
G
6.3–9.5
macropterous
occasional
37
1.2
							
P. melanarius
O-G 12.2–19
polymorphic
ocasionnal
1247
39.6
							
P. lucublandus
O-G 9.3–13.8
macropterous
frequent
433
13.8
							
H. pensylvanicus
O-G
10–15
macropterous
frequent
298
9.5
							
B. quadrimaculatum
C
2.9–3.7
polymorphic
frequent
251
8.0
							
C. tricolor
C 10.1–13.3 macropterous
frequent
81
2.6
							

4156

3232

100

77.7

0.12±0.04
180
4.3
(0–0.56)			
0.14±0.13
89
2.1
(0–2.69)			
1.95±0.83
1035
24.9
(0.03–14.53)			
0.68±0.14
298
7.2
(0.03–1.91)			
0.47±0.14
783
18.8
(0–2.56)			
0.39±0.08
737
17.7
(0.06–1.31)			
0.13±0.03
110
2.6
(0–0.53)			

0.28±0.1
(0–2.16)
0.14±0.13
(0–2.69)
1.62±0.49
(0.03–8.94)
0.47±0.09
(0.06–1.34)
1.22±0.37
(0.13–6.09)
1.15±0.24
(0.19–4.38)
0.17±0.05
(0–0.78)

species
diet size [mm] polymorphism
flight
2006			
2007			
					
number
%
mean
number
%
mean
					
collected		
population
collected		
population
							
density			
density

100

77.4

2.6

13.5

14.8

10.0

31.2

1.7

3.5

%
both
years

Table 1. Biological and ecological characteristics of the different species of ground beetles included in this study. G: Granivore, O: Omnivore, C: Carnivore. In 2006
and 2007, 7 species/genera studied made up nearly 80% of the total number of ground beetles collected. Mean population density = mean number of specimens
collected per trap per site (mean population density ± standard error). In brackets: minimum and maximum population density. References: Larochelle and Larivière
2003 (diet, brachyptery, flight) and Larochelle 1976 (size)

Table 2. Description of the local and landscape components included in this study. Local components are those of the
ditch border and adjacent cornfield. Landscape components are those within 500 m of the fields
variables

description

local variables
focal area
focal perimeter-to-area ratio
ditch width
presence of water
presence of tree
vegetation richness

variables recorded in the field border and adjacent cornfield
area of the cornfield adjacent to the border sampled (m2)
perimeter-to-area ratio of the cornfield adjacent to the border sampled (m–1)
ditch width (m)
presence of stream or river in the border (0/1)
presence of trees in the border (0/1)
mean vegetation richness in the border (within 1 m2 around pitfall traps)

area
pa
width
water
tree
rich

landscape variables
percentage of the area
under crops
percentage of the area
under grassland
percentage of the area
under woodland
landscape richness
crop diversity
extent of field borders
landscape patchiness
non-crop patchiness
mean field area
mean field
perimeter-to-area ratio

landscape variables recorded within a 500 m-radius from the fields
percentage of the area under crops (%)

CROP

percentage of the area under grassland (%, includes hay crops, pasture,
fallow, riparian vegetation)
percentage of the area under woodland (%)
number of different landscape elements (maximum of 27 categories)
simpson index of crop diversity (based on 18 crop categories)
extent of field borders (m/ha)
total number of patches of landscape elements
total number of non-crop patches
mean field area of all the fields in the landscape (m2)
mean field perimeter-to-area ratio of all the fields in the landscape (m–1)

code

GRASS
WOOD
RICH
DIV
BORDER
PATCHES
NCP
AREA
PA

Local environment
Each year, characteristics of the field border were evaluated in order to determine the effect of local components on beetle
density. Components recorded in the field included the ditch width, the presence of water in the ditch (stream), the presence
of trees and vegetation richness (Table 2). The vegetation richness was evaluated within 1 m2 around each pitfall trap.
Then, the area and the perimeter-to-area ratio of the adjacent cornfield were determined using ArcGIS (ESRI 2005).
Landscape structure
Landscape structure within 500 m around each field was analyzed using MapInfo (ESRI 2000) and ArcGIS (ESRI 2005).
This scale was chosen based on previous studies that found an effect of landscape structure on ground beetles at similar
scales (Weibull & Östman 2003: 400 m, Purtauf et al. 2005: 750 m). Aerial photographs of the study area and land use
information came from the Ministère du Développement durable, de l’Environnement et des Parcs du Québec. Land use
within the study area (especially information on the crops) was updated with information gathered in the field. Variables
of landscape composition included the proportion of the landscape under crops within the 500 m radius, the proportion
of corn, grassland, woodland, landscape richness and crop diversity. Variables related to landscape configuration included
the density of field borders, landscape patchiness, non-crop patchiness, the mean field area and mean field perimeter-toarea ratio (Table 2).
Statistical analyses
Analysis of the population density of ground beetles was done using the mean number of specimens collected per trap
and per field during the eight weeks when the beetles were identified. Each genus/species was analyzed individually.
Then, since sampling sites were not exactly the same in 2006 and 2007 (but close to each other), analyses were performed
on each year separately. A forward selection was initially carried out in the local and landscape matrices separately, and
only significant variables were retained (permutation tests based on 999 permutations, α=0.05) (Blanchet et al. 2008). In
a second step, regression models were used to determine the best model accounting for the beetle density (calculation of
adjusted R2, p and regression coefficients, Crawley 2007). The different models were compared with each other using
ANOVA test (Crawley 2007) and only the best model was retained. When significant variables were found in both the
local and the landscape matrices, a variation partitioning was performed. This procedure was applied to determine the
unique contribution of local and landscape components in determining the variation in beetle population density (Borcard
et al. 1992, Peres-Neto et al. 2006).
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RESULTS

Ground beetle communities
A total of 3147 ground beetles were collected in 2006 and 4156 in 2007 (Table 1). Both years
combined, 72 species were identified, with 66 species in 2006 (mean±SE: 17.2±1.27), 67 species
in 2007 (mean±SE: 19.0±1.51) and 60 species common to both years. The seven species (genus
for Amara) studied represented nearly 80% of the total number of specimens collected with other
species often making up less than 1% of the total. The population peaks of each of the species
were recorded at different times in a year and even differed between years (Fig. 1). Pterostichus
melanarius, P. lucublandus and B. quadrimaculatum were present at the 20 sites in 2006 and 2007,
whereas Amara, O. rufibarbis and C. tricolor were not found at all the sites. Harpalus pensylvanicus was present at the 20 sites in 2007 and most of the sites in 2007 (16 sites).
Local versus Landscape effect
In both years, the granivorous ground beetles were not associated with either local or landscape
components whereas the carnivorous species were associated with only the landscape components
(Table 3). Two of the omnivorous species (P. melanarius and P. lucublandus) were associated with
components of the local and/or landscape scales (Fig. 2), whereas the third omnivorous species was
only associated with landscape components in 2007. The principal component analysis (Fig. 3)
reveals the relation between the significant variables at the local and landscape scales and the
mean population densities of the different species of ground beetles.
Granivorous Ground Beetles
Both in 2006 and 2007 Amara spp. and O. rufibarbis were not associated with local or landscape
components (Table 3).
Omnivorous Ground Beetles
Pterostichus melanarius was associated with local and/or landscape components. In 2006, the
mean population density of P. melanarius was negatively associated with vegetation richness in
the field border (R2=0.16, Table 3, Fig. 3). In 2007, positively associated with the perimeter-to-area
ratio of the adjacent cornfield (R2=0.17) and the proportion of area under crops at the landscape

Fig. 1. Population density of the different species of ground beetles recorded at different times during 2006 and 2007. For
each species, the darker the shading the greater the population density (black: peak abundance).
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Table 3. Associations between ground beetle population density and local environment and landscape structure. Only
significant variables retained after forward selection are presented. Regressions only included the significant variables.
R2 corresponds to adjusted values. No effect was recorded for the granivorous (G) Amara spp. and Ophonus rufibarbis.
O-G: Omnivore-Granivore, C: Carnivore
species

diet

year

Amara spp.
G
2006
		
2007
O. rufibarbis
G
2006
		
2007
P. melanarius
O-G
2006
		
2007
			
P. lucublandus
O-G
2006
			
		
2007
H. pensylvanicus
O-G
2007
B. quadrimaculatum
C
2006
		
2007
C. tricolor
C
2006
		
2007

R2

p

scale

model

–
–
–
–
0.159
0.169
0.191
0.191
0.434
0.425
0.360
0.436
0.277
0.186
0.111

>0.05
>0.05
>0.05
>0.05
0.046
0.040
0.031
0.031
0.001
0.004
0.009
0.003
0.001
0.033
0.083

–
–
–
–
local
local
landscape
local
landscape
landscape
landscape
landscape
landscape
landscape
landscape

–
–
–
–
–0.67rich +7.92
–74.63pa +3.66
5.52CROP –1.83
–0.12rich +1.75
2.20CROP –0.64
–1.34CROP +0.07RICH +0.41
7.83GRASS –4.86DIV +2.47
8.08GRASS2 –5.46GRASS +1.11
3.11WOOD +0.76
0.01NCP +0.041
0.015NCP +0.048

scale (R2=0.19), see Table 3 and Fig. 3. These two variables together accounted for 19.8% of the
variation and an equivalent part of the variation (Fig. 2).
Poecilus lucublandus was associated with either local or landscape components. In 2006, the
mean population density of P. lucublandus was negatively associated with vegetation richness in
the field border (R2=0.19, Table 3, Fig. 3) and positively with area under crops (R2=0.43). Variation
partitioning revealed that these two variables accounted for 45.2% of the variation and that the
landscape component (CROP) accounted for the greatest part of the variation (Fig. 2). In 2007,
the mean population density of P. lucublandus was negatively associated with the proportion of
the area under crops (R2=0.29, p=0.009, –1.19CROP +1.21, Fig. 3) and positively with landscape
richness (R2=0.17, p=0.041, 1.27e–8exp(RICH) +0.41). These 2 variables together accounted for
43% of the variation (Table 3).
Regarding Harpalus pensylvanicus, variables were significant only in 2007. The mean population density of H. pensylvanicus was positively associated with the proportion of grassland

Fig. 2. Variation partitioning between the local and landscape components that are associated with two species of omnivorous ground beetles. Variation partitioning was performed only when significant associations were recorded at both
local and landscape scales, which only occurred in the case of P. melanarius in 2007 and P. lucublandus in 2006. In bold:
greatest associations.
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Fig. 3. Principal component analysis of the association of the different species of ground beetles with the significant
landscape variables. Species for which there was no association with local or landscape components are coloured grey.
Rich: vegetation richness (local matrix), Focal pa: focal perimeter-to-area-ratio (local matrix), CROP: percentage of the
area cultivated by CROP: percentage of the area under crops; GRASS: percentage of the area under grassland, WOOD:
percentage of the area under woodland, RICH: landscape richness, DIV: crop diversity, NCP: Non-crop patchiness.

in the landscape (R2=0.21 p=0.023, 5.839GRASS +0.013, Figs. 3, 4) and negatively with crop
diversity (simple regression non-significant). These two variables together accounted for 36% of
the variation (Table 3).
Carnivorous Ground Beetles
Both years, B. quadrimaculatum was only associated with components at the landscape scale.
In 2006, the mean population density of B. quadrimaculatum was positively associated with the
proportion of grassland in the landscape (R2=0.44, Table 3, Figs. 3–5) whereas in 2007 it was
positively associated with the proportion of woodland (R2=0.28).
In both years, the mean population density of C. tricolor was only associated with non-crop
patchiness at the landscape scale (2006: R2=0.19, 2007: R2=0.11, Table 3 and Figs. 3–5).
DISCUSSION

Model species in the different functional groups of ground beetles were differently associated with
components of the local/landscape. Carnivorous species were associated with only components
of the landscape, while granivorous species were not associated with either local or landscape
characteristics, and omnivorous species mainly with landscape and local characteristics. The
responses recorded for specific functional groups were relatively similar among species but the
components of the landscape-local effects differed drastically among species and sometimes in
the two years for the same species.
Our results demonstrate that the effect of local and landscape context on ground beetle species
seems to differ depending on the functional group. The effect of the functional group may be linked
to the resource exploited by members of this group (availability in time and space, competition
...). The temporal and spatial availability of the resources used by the different trophic functional
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Fig. 4. Association of omnivorous ground beetles with local and landscape components. Mean population density is the
mean number of ground beetles collected per trap per site. Poecilus lucublandus 2007: exponential model (dotted line)
significantly accounted for a greater proportion of the variation than the linear model (plain line). Harpalus pensylvanicus
2007: crop diversity was significant in the global model that included the proportion of the area under grassland but not
in the simple regression.

groups should be drastically different, and also the diversity and abundance (and consequently
competition) of the consumers in each group. However, it is highly speculative to draw such
conclusions as there is no information on the availability of these resources.
Within the three functional groups, the different species were differently associated with specific variables. Granivorous ground beetles were not associated with either landscape or local
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conditions. It is very difficult to evaluate the absence of an association. In comparison, a French
study found that seed predation and granivorous richness were more associated with landscape
structure than agricultural practices, such as tillage, pesticide or crop residue (Trichard et al. 2013).
In contrast, in Germany, Diekötter et al. (2010) found that seed predation was only associated
with the farming system (conventional versus organic) and not with landscape. Thus, components
associated with granivorous species appear to differ in these two studies. In an excellent paper,
Honek et al. (2003) reveal the complexity of the functioning of a granivorous guild and the effect
of crop, season, seed type and site on ground beetle granivory. They also demonstrated that the
different carabid species had different specific preferences and the effect of adult size and seed
size (Honek et al. 2007, 2011). Since we worked with an “Amara” group that included several
different species of different sizes it is highly speculative to try to explain the situation in situ. It
would be interesting to analyse specifically some of the Amara species (e.g., A. rubrica, A. latior
or A. avida) to verify whether presence of these species is associated with local or landscape
variables. This would verify the effect of the absence of local or landscape conditions recorded
for the Amara group in our study. The other species, O. rufibarbis, was not recorded at numerous
sites, which may account for the absence of landscape effects. As O. rufibarbis commonly feeds
on plants of the family Apiaceae (Larochelle & Larivière 2003), its presence at some sites could
be related to the abundance of plants of this family. In fact, we noted that O. rufibarbis was present at some sites where the abundance of wild carrot, Daucus carota, was quite high, which is
in accordance with the hypothesis previously mentioned. As previously stated it is very difficult

Fig. 5. Association of the carnivorous species of ground beetles with landscape structure. Mean population density is the
mean number of ground beetles collected per trap per site. B. quadrimaculatum 2006: polynomial model (dotted line)
significantly accounted for a greater proportion of the variation than the linear model (plain line).
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to draw strong conclusions since the availability of seeds in the landscape is unknown and may
be linked not only to crop type but also to the vegetation in field margins.
Carnivorous species were only associated with landscape characteristics. This is similar to
the results of Purtauf et al. (2005), which indicate that carnivorous species are more associated
with landscape structure than the omnivorous and phytophagous species. In particular, we found
that the abundance of C. tricolor increased with increase in the number of non-crop patches, reflecting a positive association of abundance with the fragmentation of non-crop areas. The other
carnivorous species, B. quadrimaculatum, increased in number with decrease in the proportion
of grassland (2006) and increase in the proportion of woodland (2007). Bembidion quadrimaculatum is one of the most abundant species in agricultural landscapes (Melnychuk et al. 2003; the
present study). Similar interactions with woodland and grassland are recorded in the U.K., with
a negative association with heath grassland and a positive association with deciduous woodland
(Eyre & Luff 2004). While both species are associated with components of the landscape, each
is specifically associated with different components of the landscape, which may illustrate their
habitat preferences.
Finally, the omnivorous group was associated with both landscape and local characteristics.
Previous studies also show that both local components (agricultural practices) and landscape affect
the distribution of some polyphagous ground beetles (Östman et al. 2001). Although both local and
landscape characteristics are associated with the distribution of the species in the omnivorous group
in our study, the specific components of the landscape/local area affecting the different species
differ. While both P. lucublandus and P. melanarius were negatively associated with vegetation
richness at the local scale, each species respond differently in 2007 to the proportion of the area
under crops. Pterostichus melanarius is a species often associated with disturbed habitats, as
found in intensive agricultural landscapes. In our study, the abundance of P. melanarius increased
with increase in the proportion of area under crops, which is in accordance to its preference for
open habitats (Fournier & Loreau 2001, Aviron et al. 2005). Also, it is unclear why the effect of
the proportion of the area under crops on P. lucublandus differed in 2006 and 2007. Regarding
H. pensylvanicus, it was more abundant in a landscape with a high proportion of grassland. This
association between H. pensylvanicus abundance and grassland (in particular field borders) is
also recorded in the USA (Varchola & Dunn 2001). In that study, H. pensylvanicus was more
abundant in cornfields bordered by grass than cornfields bordered by hedges. It may also reflect
the positive effect of extensive farming on H. pensylvanicus populations.
Our study also revealed great variability between years, which makes it dangerous to reach
a conclusion based on a one season study of ground beetles assemblages. Food availability
(prey, seed or other food items) may vary greatly between years and account for the differences
observed. It is also known that seed predation varies throughout the season each year (Honek et
al. 2006), so it could also be assumed that it also varies between years. Interestingly, the habitat
preferences of some species of ground beetle can also vary throughout the season, for instance, due
to variations in temperature (Crist & Ahern 1999). In particular, seasonal shifts between habitats
are recorded for the omnivorous species, H. pensylvanicus. Thus, differences in climate between
years may play an important role, and strong conclusions should not be drawn unless based on
results collected over many years.
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Abstract. Flowers of dicotyledoneous plants usually host a rich community of insects consisting of herbivores,
nectar and pollen feeders, carnivores seeking prey and occasional visitors. Taxonomic affiliation of the plants is
an important factor determining the composition of this community but its effect is confounded by seasonality and
geographic variation in the fauna of insect visitors. To exclude these effects, we studied communities of flowers of 12
herbaceous plants at a single site over a period of 5 days during the flowering period. Whole flowers were harvested,
the resident insects collected and identified to species. Insect communities consisted of >50 insect species, mainly
Coleoptera, Hymenoptera and Heteroptera. The most abundant species were Meligethes aeneus (Fabricius, 1775)
and Byturus ochraceus (Scriba, 1790). The most diverse communities were associated with flowers of Taraxacum
agg., Geranium pratense and Crepis biennis. The similarity between the communities associated with particular
species of flowers was low at the level of taxa (mean Sørensen index S=0.243) and individual frequency (mean
Renkonen index Re=0.232). The composition and diversity of the communities were not related to flower colour,
size, duration of flowering or plant height. Taxonomic affiliation of plants is an important factor in determining the
composition of the associated insect communities, which acts through different effective causes.
Key words. Flower, plant, insect species, Meligethes, Byturus.

Introduction

Communities of insects associated with flowers have been intensively studied (Willmer 2011).
In most cases in addition to pollinators it is the florivores, pollinivores and nectar feeders that are
well studied (Kevan 2002, Wackers et al. 2007). Since in most studies pollinators are the main
subject of interest, most studies consist of observations on insects present on the flower surface.
The insects hidden inside flowers or inflorescences that are studied are mostly endophagous species.
In a parallel study (A. Honek, Z. Martinkova, J. Skuhrovec, M. Barták, J. Bezděk, P. Bogusch,
J. Hadrava, J. Hájek, P. Janšta, J. Jelínek, J. Kirschner, V. Kubáň, S. Pekár, P. Průdek, P. Štys, J.
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Šumpich, unpubl.), we analyzed the temporal changes in arthropod communities associated with
the inflorescences of Taraxacum sect. Ruderalia, which is a complex of apomictic microspecies
(Trávníček 2010). Here this complex is further referred to as Taraxacum agg. A result of this
study was that collecting whole capitula is a prerequisite for establishing a complete inventory of
their fauna. The list of species increased several times compared to earlier studies, in particular in
terms of small species of Coleoptera, Diptera and Hymenoptera, which are not recorded during
a superficial inspection. The floral fauna of the herbaceous species of plants included in this study
is not yet complete, particularly so for Taraxacum agg. (von Hofsten 1954, Judd 1971, Larson et
al. 2014) and to a less extent for the other species (Dlussky et al. 2000, Fox et al. 1999, Kandori
2002, Wackers 2004).
Although the rewards and resources sought by floral visitors are similar, mostly pollen and
nectar, the insect communities associated with the flowers of particular species are different. This
is due to several factors including geographic differences in the fauna at remote localities and
seasonal variation in insect communities. In this study we compared communities associated with
the flowers of species that flower simultaneously at a single locality. The hypothesis we tested is
that the communities associated with the flowers of the different species are random samples of
those that commonly visit flowers.
Material and Methods
The study was carried out in the grounds of the Crop Research Institute at Praha – Ruzyne, which is a 750×330 m area
consisting of a mosaic of experimental and production fields, orchards, ornamental gardens, lawns and buildings. The
flowers were collected in an ca. 2000 m2 area centered at 50.0859° N, 14.2972° E and is in an abandoned grassy pear
orchard in which there is a highly diverse herbaceous vegetation, partly shaded by trees. Communities of insects associated
with the flowers of 12 herbaceous plants were recorded between 20–25 June 2011 (Table 1).
Flowers of all the species were collected daily between 09:00–11:00 h. The weather during sampling sessions was
sunny, dry with a mean temperature of 21.9–29.8° C and wind speed of 0.9–2.1 m s–1. During each sampling session
10–200 flowers of each species were collected along with associated fauna. The size of the samples varied because the
flowers of particular species differed in availability with all the flowers of rare species sampled and only a sample of
those of abundant species. The randomly selected flowers were approached so as to avoid casting a shadow on them or
disturbing the associated fauna, and quickly plucked. With experience, this method enabled us to collect all slow moving
species and a representative number of actively flying large species of Hymenoptera and Diptera. To keep the bias in
sampling efficiency at a minimum the flowers of all species were collected by a single person. The samples of the flowers
of different herbaceous plants were put in plastic bags, brought to laboratory and stored at 5° C. After returning to room
temperature immobile insects and those that slowly left the plant material were collected using an aspirator, then killed and
mounted dry (Coleoptera, Heteroptera) or preserved in 90% alcohol. The numbers of Thysanoptera were not estimated.
The insects were identified to species or genera by the authors.
The insect communities associated with the flowers of particular species of plants were described using commonly
accepted indices. Simpson index of dominance c calculated as c=∑(ni/N)2where ni is the number of individuals of a particular species and N is the total number of individuals in the sample. Increasing c indicates presence of dominant species.
Margaleff index of species richness d calculated as d=(S–1)/logN where S is the number of species in the sample and
N the total number of individuals in the sample. Increasing values of d indicates an increase in the number of species.
Shannon-Wiener index of diversity H’ calculated as H’= –Σ(pi×log pi), where pi is the proportion of the total number of
individuals captured at a site belonging to species i. The value of H’ increases with increasing number of species and
decreasing differences in their abundance. Increasing H’ indicates an increasing diversity of the community.
Similarity of the communities associated with the flowers of particular species of herbaceous plants was calculated
using two indices. Sørensen index of similarity S, which indicates similarity in the presence of taxa in samples calculated
as S=2C/(A+B) where A is the number of species in the sample of flowers from species a, B the number of species in
the sample of flower species b, C the number of species common to both samples a and b. S increases to 1 when the
taxonomic composition of both samples is identical. Renkonen index Re indicates similarity in the abundance of the taxa
in the samples compared and is calculated as Re=Σmin (xip, xjp), where xip and xjp are the proportions of species p in the
samples of flower species i and j. This coefficient ranges from 0 when there are no species common to both samples and
1 when species composition and proportions in samples are identical.
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1
2
3
4
5
6
7
8
9
10
11
12

Achillea millefolium
Coronilla varia
Crepis biennis
Galium album
Geranium pratense
Geum urbanum
Hypericum perforatum
Lotus corniculatus
Plantago lanceolata
Potentilla reptans
Taraxacum agg.
Trifolium repens
Asteraceae
Fabaceae
Asteraceae
Rubiaceae
Geraniaceae
Rosaceae
Hypericaceae
Fabaceae
Plantaginaceae
Rosaceae
Asteraceae
Fabaceae

AMIL
CVAR
CBIE
GALB
GPRA
GURB
HPER
LCOR
PLAN
PREP
TOFI
TREP

white
white
yellow
white
blue
yellow
yellow
yellow
white
yellow
yellow
white
13

20

4
25
13
20
5

5
5

		
species
family
acronym
flower		
					
colour
diameter
						
mm

40
25

50
30
25

60
30
30
50

inflorescence		
diameter
mm
corymb
umbell
capitulum
terminal panicle
cyme of 2 flowers
cyme of 2 flowers
cyme of panicles
axillary raceme
spike
single flowers
capitulum
congested raceme

type

vi
v
v
vi
vi
v
v
vi
v
vi
iv
v

start
month

x
ix
ix
vii
ix
viii
ix
viii
ix
viii
xi
x

5
5
5
2
4
4
5
3
5
3
8
6

0.4
0.5
0.8
1.0
0.6
0.4
0.6
0.3
0.3
0.7
0.3
0.1

flowering
plant
end
duration height
month
month
m

Table 1. Characteristics of the species of plants included in this study. Size of flowers in capitula and spike not indicated. Diameter (diam.) of inflorescences of the
plants sampled were measured. Other data from Dostál (1989), median dimensions indicated throughout
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AMIL CVAR CBIE
(1000) (2400) (85)

species (n flowers sampled)
GALB GPRA GURB HPER LCOR PLAN PREP
(900) (300) (237) (60) (272) (160) (250)
TOFI
(50)

TREP
Nsp
(100)	 

Ni

Coleoptera	 	
 	 	 	 	 	 	 	 	 	 	 	 	 	 
Agriotes ustulatus
Elateridae
1
										
1
1
Anthaxia nitidula
Buprestidae
		
1
							
2
2
3
Anthaxia suzannae
Buprestidae
		
3
							
3
2
6
Anthonomus rubi
Curculionidae
					
2
			
1
		
2
3
Anthrenus olgae
Dermestidae
3
											
1
3
Byturus ochraceus
Byturidae
		
5
11
81
				
5
4
102
Cassida prasina
Chrysomelidae
1
											
1
1
Clanoptilus geniculatus
Malachiidae
								
2
			
1
2
Coraebus elatus
Buprestidae
									
1
		
1
1
Dasytes cf. plumbeus
Dasytidae
3
3
81
2
1
1
3
7
94
Limonius poneli
Elateridae
					
1
						
1
1
Mecinus pascuorum
Curculionidae
								
2
			
1
2
Meligethes aeneus
Nitidulidae
85
256
76
3
11
29
8
77
1
9
546
Mordellistena sp.
Mordellidae
									
2
		
1
2
Oedemera femorata
Oedemeridae
		
3
8
			
2
1
3
5
17
Oedemera lurida
Oedemeridae
		
5
2
			
4
7
1
5
19
Pseudostenapion simum
Curculionidae
						
1
					
1
1
Pseudovadonia livida
Cerambycidae
2
											
1
2
Stenurella melanura
Cerambycidae
				
1
					
1
2
2
Trichosirocalus troglodytes Curculionidae
								
2
			
1
2
Tychius picirostris
Curculionidae
											
3
1
3
Zacladus geranii
Curculionidae
				
25
							
1
25
Dermaptera
														
Forficula auricularia
Forficulidae
										
2
1
2

		
 	

Table 2. Species of insects and numbers of individuals found in flowers of the 12 species of herbaceous plants collected on 20–25 June 2011. The different species of
plants are indicated by the acronyms shown in Table 1 and the approximate number of inflorescences or flowers (indicated *) collected of each species (in bracketts).
Nsp – number of species, Ni – number of individuals
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3
6

8
100

14
286

2
4

15
216

7
92

4
14

3
36

9
19

10
29

19
111

4
7	 	

														
Empidae
		
1
									
1
Syrphidae
1
		
1
							
2
Chloropidae
									
2
3
2
Syrphidae
		
1
									
1
														
Miridae
					
1
						
1
Rhopalidae
				
1
							
1
Miridae
										
1
1
Pentatomidae
				
1
							
1
Miridae
									
1
		
1
Anthocoridae
1
										
1
Miridae
				
1
							
1
Miridae
5
1
5
			
4
		
2
5
Miridae
				
1
2
1
					
3
														
Eulophidae
										
1
1
				
3
1
		
1
1
1
1
1
7
Colletidae
										
1
1
		
1
1
1
		
6
1
5
		
6
Halictidae
										
1
1
Halictidae
										
2
1
Halictidae
		
3
							
1
2
Eucoilidae
		
1
									
1
Eucoilidae
		
2
							
1
2
Eulophidae
		
1
									
1
														
		
3
								
2
2
														
		
+
+
							
+
+

Nsp
Ni	 	

Diptera
Empis sp.
Episyrphus balteatus
Oscinimorpha sordidissima
Sphaerophoria scripta
Heteroptera
Apolygus lucorum
Corizus hyoscyami
Deraeocoris ruber
Eurydema oleracea
Halticus apterus
Orius sp.
Plagiognathus arbustorum
Plagiognathus chrysanthemi
Plagiognathus fulvipennis
Hymenoptera
Aprostocetus sp. 1
Formicidae sp.
Hylaeus confusus
Ichneumonoidea sp.
Lasioglossum leucozonium
Lasioglossum malachurum
Lasioglossum pauxillum
Leptopilina sp. 1
Rhoptromeris sp. 1
Tetrastichus sp. 3
Lepidoptera
Lepidoptera larvae
Thysanoptera
Thysanoptera sp.
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5

1
9
1
15
1
2
4
1
3
1

1
1
1
1
1
1
1
17
4

1
2
5

The differences between the insect communities associated with yellow and white flowers were tested using t-tests
with N species, N individuals, Simpson index c, Margaleff index d or Hardy-Weinberg index H’ as response variables.
Correlations between inflorescence/flower diameter, plant height, flowering duration and the above characteristics of
insect communities were calculated.

Results

More than 50 species of insects were recorded associated with the flowers of 12 herbaceous species
of plants (Table 2). The similarity in composition of floral communities associated with particular
species of herbaceous plants (Table 3) was low. The mean Sørensen index (S=0.243±0.021) indicates that the proportion of taxa common to all the communities was low. The high similarity of the
Lotus corniculatus and Galium album communities (S=0.800) was an accidental coincidence due
to small sample size. The numbers of insects associated with the flowers of both these plants were
small even though the numbers of flowers collected of both species were large, i.e. all available
flowers were collected. The highest proportion of shared species was recorded for Taraxacum
agg. and Crepis biennis (S=0.563). Of the 24 insect species present in samples of flowers of these
species, nine (38%) were common to both communities. The similarity was probably due to the
close taxonomic position of these plants and similarity of their flowers. Average similarity in
numbers of individuals in samples of particular communities was also low as indicated by mean
Renkonen index Re=0.232±0.033. In the 10 pairs of herbaceous species of plants compared Re
was >0.7. In all cases of high similarity this was mainly due to the dominance of Meligethes
aeneus (Fabricius, 1775) in the samples. Except for the presence of this dominant and ubiquitous
species the communities of insects associated with the flowers of particular species of herbaceous
plants were rather specific.
The structure of the communities associated with the flowers of particular species of herbaceous plants differed greatly (Table 4) in terms of the numbers of species (2–19) and individuals
(4–286). This was not due to sampling different quantities of flowers since the numbers sampled,
which ranged from 50–2400 per species of plant, are not correlated with either the number of
insect species (R=0.3672, P>0.05) or numbers of insects (R=0.1934, P>0.05) associated with the
flowers of particular species of plants.

Table 3. Similarity of the insect communities associated with the flowers of 12 species of herbaceous plants, 20–25 June
2011. Sørensen index S (above diagonal) of similarity indicates the similarity of the taxa in the compared samples. Renkonen index Re (below diagonal) indicates the similarity in abundance (number of individuals) of the taxa in the compared
samples. Bold – indices dicussed in the text

A. millefolium
C. varia
C. biennis
G. album
G. pratense
G. urbanum
H. perforatum
L. corniculatus
P. lanceolata
P. reptans
T. officinale
T. repens

100

AMIL CVAR CBIE

GALB GPRA GURB HPER LCOR PLAN PREP TOFI

TREP

–
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.200
0.000
– 	
0.009
0.000
0.000
0.194
0.105
0.207
0.009
0.143

0.000
0.333
0.235
0.333
0.300
0.182
0.250
0.571
0.308
0.286
0.174
–

0.000
– 	
0.864
0.010
0.413
0.054
0.816
0.816
0.090
0.286
0.739
0.193

0.000
0.286
– 	
0.000
0.402
0.061
0.796
0.806
0.042
0.304
0.771
0.146

0.000
0.417
0.414
0.222
– 	
0.110
0.426
0.359
0.131
0.329
0.468
0.171

0.000
0.267
0.300
0.000
0.348
– 	
0.076
0.033
0.022
0.054
0.099
0.033

0.000
0.333
0.235
0.000
0.300
0.545
– 	
0.786
0.053
0.276
0.721
0.143

0.000
0.364
0.125
0.800
0.316
0.200
0.286
– 	
0.080
0.470
0.703
0.171

0.000
0.353
0.364
0.364
0.480
0.125
0.154
0.333
– 	
0.332
0.072
0.263

0.000
0.222
0.261
0.333
0.385
0.235
0.143
0.462
0.421
– 	
0.348
0.177

0.000
0.222
0.563
0.095
0.400
0.231
0.174
0.182
0.286
0.345
– 	
0.152

Table 4. The characteristics of communities of insects associated with the flowers of particular species of herbaceous
plants. Nsp – number of species in the sample, Ni – number of individuals in the sample, d – Margaleff index of species
richness, c – Simpson index of dominance, H’ – Shannon-Wiener index of diversity
		
A. millefolium
C. varia
C. biennis
G. album
G. pratense
G. urbanum
H. perforatum
L. corniculatus
P. lanceolata
P. reptans
Taraxacum agg.
T. repens

AMIL
CVAR
CBIE
GALB
GPRA
GURB
HPER
LCOR
PLAN
PREP
TOFI
TREP

Nsp

Ni

d

c

H’

3
8
14
2
16
7
4
3
9
10
19
4

6
100
286
4
217
92
14
36
19
29
111
7

2.57
3.50
5.29
1.66
6.42
3.06
2.62
1.29
6.26
6.15
8.80
3.55

0.389
0.727
0.802
0.625
0.280
0.778
0.633
0.677
0.141
0.180
0.488
0.306

0.439
0.296
0.254
0.244
0.699
0.248
0.328
0.249
0.899
0.847
0.632
0.555

Numbers of insect species or individuals associated with the flowers of the different species of
plants, dominance (Simpson index c), richness (Margaleff index d) and diversity (Shannon-Wiener
index H’) of these insect communities varied greatly but were not correlated with one another,
except for the trivial negative relationship between dominance (Simpson index c) and diversity
(Shanon-Wiener index H’) (R=0.9315, P<0.001) and positive relationship between number of
species and community richness (Margaleff index d) (R=0.9142, P<0.001).
The numbers of species and individuals in the insect communities did not depend on the
morphological characteristics of the flowers. The number of species (yellow flowers 9.5±2.51
vs. white flowers 5.2±1.39, t=1.410, P>0.05), number of individuals (94.7±41.29 vs 27.2±18.39,
t=1.389, P>0.05) and diversity H’ of insects (0.593±0.0946 vs. 0.438±0.1060, t=1.094, P>0.05)
in the different insect communities were not related to the colour of the flowers or correlated
with inflorescence/flower diameter, duration of flowering or plant height (R=0.0141 to R=0.4908,
P>0.05).
Discussion

This study revealed the composition of insect faunas associated with the flowers of 12 species of
herbaceous plants growing in a small area and all flowering at the same time.
Such studies are influenced by the methods used to sample the plants. Most studies are mainly
concerned with pollination and record the insects that fly to and settle on flowers and what they
do when on the flowers. As a consequence most of these studies are on large and mobile species.
Collecting sufficient material takes a long time and the short duration of our sampling sessions
may have negatively affected the numbers of large pollinators recorded. Our method of collecting
flowers and identifying the insects in the flowers results in recording many more species of small
insects that are usually rarely recorded on the surface of flowers. Two factors that apparently influence the composition of the insect communities associated with flowers were excluded. Geographic
differences in the faunas associated with flowers are important and particularly well illustrated
by cosmopolitan species of plants like the Taraxacum agg. (Judd 1971, Larson et al. 2014). On
a regional scale, it may be important if the distribution of the plant is more wide-ranging than
that of its insect visitors resulting certain of the insects being absent at specific localities where
the plant is present. The distributions of the different species of plants are better documented than
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that of all their insect visitors. However, the dominant species of insects associated with flowers, which includes Meligethes aeneus, Byturus ochraceus (Scriba, 1790), Dasytes cf. plumbeus
(Müller, 1776), Oedemera sp., Syrphidae and Miridae species, are widely distributed in western
Europe and thus may represent an important component of the flower fauna throughout this area.
Another important factor is the seasonal variation in the community of insect species available
to visit flowers or seasonal variation in the attractiveness of flowers of particular plant species
(Colley & Luna 2000, Figueroa-Castro & Cano-Santana 2004). All the species of plants studied
flower up until August, although duration of flowering may vary with locality. During the course
of a vegetative season the species of insects visiting flowers varies. How this affects the insect
fauna associated with the flowers included in this study remain to be studied.
The flowers of all species, including those of the apomictic Taraxacum agg., provide insect
visitors with pollen and nectar. Some of the species of insects recorded in this study are pollen
feeders, such as some Diptera, Syrphidae (Larson et al. 2001), Hymenoptera, Eulophidae (Hassan 1967, Jervis et al. 1993), Coleoptera, Byturidae (Mawdsley 2003), Nitidulidae (Toth et al.
2013), Oedemeridae (Sivilov et al. 2011) and thrips (Kirk 1984, Kirk 1987). Hymenoptera e.g.
Apidae, Halictidae and Megachilidae are also important pollen collectors, which visit flowers
to collect pollen for feeding to their offspring (Macek et al. 2010). In this study, large species
of Hymenoptera were rarely recorded probably because the collecting sessions were too short.
Another important food source for floral visitors is nectar (Kevan & Baker 1983). It is consumed
by Diptera, Syrphidae (Laubertie et al. 2012), Hymenoptera, Ichneumonidae (Jervis 1998) and
Hylaeus confusus Nylander, 1852 (Macek et al. 2010) and Coleoptera, Buprestidae (Barker 2005),
Dasytidae (Mawdsley 2003), and Cerambycidae (O’Neill et al. 2008). Some species are predators seeking phytophagous prey, e.g. Orius spp., which consumes thrips in flowers of Taraxacum
agg. (Honek et al. 2005). Phytophagous insects that feed specifically on the tissues of flowers
and complete their development inside their host plant, e.g. Zacladus geranii (Paykull, 1800) on
Geranium pratense (Tsuchimatsu et al. 2014), were also components of the insect community
associated with flowers of particular species of plants.
In this study, the insect communities associated with flowers of particular species of plants
differed substantially but the differences were not correlated with prominence and flower traits
as has been demonstrated several times (Wackers 2004, Witting et al. 2007). The insects may be
attracted by stimuli associated with flowers and not directly by a particular food source (Primante
& Doetterl 2010). Or they may be attracted by traits of their host plants other than flower characteristics (Fox et al. 1999) or even by other plants flowering close by (Bruckman & Campbell
2014, Sydenham et al. 2014).
Thus, the hypothesis that the insect communities associated with the flowers of different species of plants are random samples from a common pool of flower visitors present at the study
site was falsified. A proportion of the insect visitors are specialist feeders on specific species of
plants and are not found on other species of plants. The communities differed even though the
site sampled was small as all the species recorded were winged as adults and probably good fliers
and the weather was suitable for flight. The insects had more than sufficient time to spread evenly
among the flowers of the different species. In this study the composition of the different insect
communities was not significantly associated with the morphology, colour or other characteristics
of the flowers.
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Abstract. This paper salutes Alois Honěk’s outstanding contributions and collaborative work in ecology and
entomology. First, we highlight two important aspects of his work – the experimental analysis of thermal responses
in predaceous insects, and the elucidation of general trends in these responses. These areas of study are crucial for
understanding how predators adapt to seasonal and long-term changes in their physical and biotic environments,
as well as for managing predator-prey interactions in agricultural and horticultural settings. Second, we provide
data on the thermal requirements for development of three North American species of predaceous lady beetles
– Cycloneda munda (Say, 1835), Hippodamia glacialis (Fabricius, 1775), and H. tredecimpunctata (Linnaeus,
1758). We show that their thermal responses are similar to those of other aphid-feeding lady beetles; for complete
preimaginal development, their Tb values (lower thermal temperatures) range from 10 °C to 11 °C, and their SET
values (number of day degrees above Tb) vary from 252 °C to 284 °C days.
Key words. Developmental threshold, lower base temperature, Degree days, thermal time, thermal constant,
phenology of insect predators.

Introduction

Investigation of poikilothermic thermal responses and their role in adapting predators to their
physical and biotic environment has been a very important and fruitful area of Alois Honěk’s
research. In the first part of this paper we discuss some of the significant topics to which Honěk
and his co-authors have contributed, and that, in some cases impinged on our own work.
In the second part of the paper, we present previously unpublished data on the thermal requirements for development of three predatory lady beetle species from North America, Cycloneda
munda (Say), Hippodamia glacialis (F.), and H. tredecimpunctata (Say). Such information adds
to the large body of comparative data that Honěk, his co-authors, and others developed; and, it
extends our studies emphasizing the thermal biology of Nearctic predatory species.
Contributions of Alois Honěk

Experimental analysis of thermal reaction
Through a series of widely cited papers beginning in the 1980s, Alois Honěk and his colleagues
characterized the thermal responses of a substantial number and variety of insect species, especially
predaceous ones. For example, Honěk & Kocourek (1988) determined the thermal requirements
for development of 20 species of aphid predators (Coccinellidae, Chrysopidae, Hemerobiidae,
and Syrphidae) from central Bohemia and compared these values to those for similar species from
†) Professor Maurice J. Tauber deceased on 6 October 2014.
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around the world. And, in doing so, they documented an inverse relationship between the lower
thermal threshold for development (Tb) and the Sum of Effective Temperatures (SET) [often
referred to as degree days or the Thermal Constant (K)]. Later in a comprehensive worldwide
study, Honěk & Kocourek (1990) documented a similar inverse relationship between Tb and SET
in 294 species from nine insect orders. Interestingly, this pattern of trade-offs between Tb and
SET values among species was also shown to occur among populations of a single species of
North American lacewing predator, Chrysopa oculata Say (Tauber et al. 1987). In the lacewing
study, the relationship was interpreted as a possible evolutionary constraint on the two parameters.
Subsequently, in a series of significant publications, Honěk and co-authors presented interesting
ideas of how such information could be used to explore physiological mechanisms and trade-offs
underlying temperature-developmental rate relationships in plants and invertebrates (Jarošík et
al. 2002, 2004, Trudgill et al. 2005, Dixon et al. 2009, 2013).
Thermal responses and community interactions
Many of Honěk’s investigations were aimed at elucidating general patterns of poikilothermic
thermal responses that impinge on the ecology, management, and conservation of arthropods
(Honěk & Kocourek 1988, Honěk 1996a, Dixon et al. 2005, Nedvěd & Honěk 2012). Several
papers demonstrated general trends in the thermal requirements for development of taxonomically
diverse aphid predators within communities; these studies help provide a foundation for explaining
the predators’ characteristic patterns of seasonal occurrence and their interactions with prey. For
example, based on the thermal requirements for development in two groups of predatory insects,
syrphids and coccinellids, Dixon et al. (2005) proposed that differences in lower thresholds (Tb)
for development serve as a mechanism for timing the characteristic patterns of the predators’ seasonal occurrence with seasonally available aphid prey. Tb values of ~4 °C for syrphids, compared
to an average Tb of ~10 °C for coccinellids, result in temporal separation of the two groups and
their different seasonal patterns of prey usage.
The above findings cast further light on work by other investigators. For example, Neuenschwander (1975) documented that the lower thresholds (Tb) for egg, larval and pupal development of the
brown lacewing Hemerobius pacificus (Neuroptera: Hemerobiidae) were much lower than those
for chrysopid, coccinellid, and lygaeid predators in California, thus synchronizing development
with its aphid prey and providing an early seasonal advantage for H. pacificus. In a comparative
study of the thermal responses of three lady beetle species, Obrycki and Tauber (1981) proposed
that the lower developmental threshold of Adalia bipunctata (L.) allows it to become active
earlier in the spring relative to two other predatory species, Coccinella septempunctata (L), and
Coccinella transversoguttata (Brown), that have higher threshold values.
Thermal responses and climate change
Research on thermal responses, such as that of Alois Honěk and his colleagues, becomes especially pertinent to our current concern with global climate change (Thomson et al. 2010), which
includes consistent increases in temperature. A thorough understanding of insect responses to
warming conditions requires fundamental information on the thermal and photoperiodic responses
of individual species (e.g., Bradshaw & Holzapfel 2008, Moore & Remais 2014.); it also requires an understanding of interspecific and intraspecific variation in these responses (e.g., Tauber
& Tauber 1981, Tauber et al 1987, Bradshaw & Holzapfel 2008, Hoffmann & Sgrò 2011, Jarošík
et al. 2011, 2014). For example, patterns of distribution, phenological traits, and numbers of generations per year, all of which serve to describe the seasonality of insect species, are influenced by
developmental interactions with temperature. In this regard, the types of highly valuable studies
that Honěk and his colleagues (e.g., Honěk 1996b, Dixon et al. 2009) conducted on the thermal
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characteristics of predatory species provide an important (thermal) component for exploring the
effects of climate change on predaceous insects. Moreover, when such knowledge of the thermal
and other responses of insect species is combined with long-term studies of predator communities
(e.g., Honěk et al. 2014), it becomes possible to quantify and explain climate-based changes in
the broader community structure.
Thermal Responses of Three North American Lady Beetle Species
In this section, we report on our developmental studies with three lady beetle species, whose thermal
responses have not been published previously – C. munda, H. glacialis, and H. tredecimpunctata.
Then, we compare their thermal requirements with the general patterns for predatory species that
Alois Honěk and his colleagues described (Honěk & Kocourek 1988, 1990, Honěk 1996a, Dixon
et al. 2005, Nedvěd & Honěk 2012). These findings extend our work on the thermal biology of
predatory species in North America (Obrycki & Tauber 1978, 1981, 1982, Tauber & Tauber 1981,
Tauber et al. 1987, Orr & Obrycki 1990, Obrycki et al. 1993).
The three lady beetle species feed on aphids in a wide range of agricultural and herbaceous
habitats; they are members of a guild of aphid predators typically observed in surveys of lady
beetles in North America (e.g., Hoffmann et al. 1997, Colunga-Garcia & Gage 1998, Elliot et al.
1998, Hesler & Kieckhefer 2008). Hippodamia tredecimpunctata has a Holarctic distribution; in
North America it occurs from Newfoundland to South Carolina in the east, and from Alaska to
California in the west (Gordon 1985). Cycloneda munda and H. glacialis are widely distributed in
eastern North America (Gordon 1985). However, recent photo documentation of these species by
citizen scientists indicates that their areas of distribution in North America have become reduced
since Gordon’s (1985) publication (data summarized by the Lost Ladybug Project http://www.
lostladybug.org/index.php).
Materials and Methods
Adult C. munda, H. glacialis, and H. tredecimpunctata were collected in the Ithaca, NY area (latitude = 42.44° N, longitude = 76.5° W). They were maintained at 23.9±1 °C and L:D 16:8 on a diet of pea aphids, Acrythosiphon pisum (Harris),
and green peach aphids, Myzus persicae (Sulzer). The developmental studies were conducted with F1 individuals reared
from these field-collected adults.
Egg masses from two to four C. munda and H. glacialis females were harvested daily and placed in one of five temperatures (15.6, 18.3, 21.1, 23.9, and 26.7, all ±1 °C) at L:D 16:8. Similarly, egg masses from H. tredecimpunctata females
were collected daily, but placed in one of four temperatures (15.6, 18.3, 23.9, and 26.7 °C) at L:D 16:8. After hatching,
first instars were moved to individual glass vials; they were fed pea aphids and checked for ecdysis daily. The number
of individuals completing development at each temperature ranged from 3 to 45; one replicate group of individuals were
reared at each temperature. The developmental times of the egg, each instar, and the pupa were recorded.
We used linear regression to examine the relationship between temperature and developmental rate [1/developmental
time (days)] for each growth stage. The lower threshold for development was estimated by extrapolating the straight-line portion of the regression line between developmental rate and temperature to the x-axis. And, the Sum of Effective
Temperatures (SET), °C Days, [= thermal constant (K)] was calculated from the equation K=1/m, where m is the slope
of the regression line.

Results

The mean preimaginal developmental time for C. munda ranged from 44 days with 29 % mortality
at 15.6 °C, to 14.5 days with 0% mortality at 26.7 °C (Table 1). In comparison, relatively few (12%)
H. glacialis completed development at 15.6 °C (Table 2); their mean preimaginal development
time was 67 days (N=3). At 26.7 °C mortality decreased to 0 % and development was completed
in a mean of 18 days (Table 2). The preimaginal development time of H. tredecimpunctata ranged
from 50 days at 15.6 °C to 16 days at 26.7 °C (Table 3). Mortality was lowest at 23.9 °C (28%) and
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Table 1. Developmental times (X±SD, days) and survival rates (%, n) of Cycloneda munda under a range of constant
temperatures (±1 °C; L:D 16:8)

egg
first instar
second instar
third instar
fourth instar and prepupa
total larval stage
pupa
total preimaginal
% survival (n)

15.6 °C

18.3 °C

21.1 °C

24.0 °C

26.7 °C

7.4±0.5
7.1±1.5
5.0±1.2
4.3±1.2
8.8±1.0
25.3±1.7
11.0±0.7
43.7±2.1

4.4±0.5
4.8±0.8
3.0±0.7
3.0±0.6
7.0±1.2
17.6±1.2
6.8± 0.5
28.6±1.2

4.3±0.5
3.8±0.8
2.65±0.8
2.7±0.6
5.0±0.5
14.2±0.8
6.1±0.4
24.6±1.0

3.6±0.5
3.1±0.5
1.8±0.5
2.0±0.6
4.7±1.0
11.6±1.2
3.9±1.3
19.0±1.4

2.8 ±0.4
1.8±0.6
1.4±0.5
1.6±0.5
3.5±0.5
8.4±1.0
3.3± 0.5
14.5±0.8

71 (28)

75 (24)

96 (26)

98 (46)

100 (25)

highest at 15.6 °C (70%) (Table 3). The rates of preimaginal development for all stages of each of
the three species showed strong (R2 >0.98) positive linear relationships with temperature (Table
4). Although the lower thresholds (Tb) for development of the embryo (oviposition to hatching)
varied among the three species by 3.4 °C, those for larval and complete preimaginal development
generally showed a considerably smaller range of variation. For example, the Tb value for total
development differed among the three species by only 1.3 °C (10.0–11.3 °C) (Table 4). And, the
estimated lower threshold for larval and pupal development for the three species fell between
~10 °C and 12 °C.
Similarly, the sum of effective temperatures (SET) for preimaginal development also had a relatively small span of variation among the three species. For total development, the SET values
ranged from 252 °C to 284 °C Days.
Discussion

In a recent review of thermal response studies, conducted between 1985 and 2010 on 44 populations of 25 species of Coccinellidae, Nedved & Honěk (2012) concluded that the range of Tb
values was between 9 °C and 15 °C for most predacious Coccinellidae. The SET requirement to
complete preimaginal development ranged from 200 to 320 °C days for aphid feeding species.

Table 2. Developmental times (X±SD, days) and survival rates (%, n) of Hippodamia glacialis under a range of constant
temperatures (±1 °C; L:D 16:8)

egg
first instar
second instar
third instar
fourth instar and prepupa
total larval stage
pupa
total preimaginal
% survival (n)
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15.6 °C

18.3 °C

21.1 °C

24.0 °C

26.7 °C

7.7±0.6
8.7±1.5
7.0±0.0
8.3±1.2
19.3±1.2
43.3±0.6
19.7±0.1
67.0±8.7

5.6±0.5
5.7±0.9
3.6±0.6
4.5±0.7
10.3±1.0
23.9±1.4
10.6±0.7
40.1±1.1

4.6±0.5
4.3±0.7
2.8±0.7
3.4±0.8
7.5±0.8
17.9±1.7
7.3±0.6
29.9±2.5

3.8±0.4
3.4±0.6
2.1±0.5
2.6±0.5
5.5±0.6
13.6±0.8
5.8±0.7
23.2±0.9

2.4±0.5
2.9±0.4
1.8±0.4
2.0±0.4
4.4±0.6
11.0±0.5
4.6±0.6
18.1±0.8

12 (25)

69 (26)

73 (45)

80 (45)

100 (28)

Table 3. Developmental times and (X±SD, days) survival rates (%, n) of Hippodamia tredecimpunctata under a range of
constant temperatures (±1 °C; L:D 16:8)

egg
first instar
second instar
third instar
fourth instar and prepupa
total larval stage
pupa
total preimaginal
% survival (n)

15.6 °C

18.3 °C

24.0 °C

26.7 °C

7.9±1.3
6.1±1.1
5.0±1.0
6.4±0.5
12.2±2.0
29.8±2.4
12.7±1.0
50.2±3.0

6.0±0.0
5.0±0.0
3.0±0.5
3.4±0.5
7.8±0.8
19.2±1.4
7.1±0.6
32.3±1.7

3.4±0.5
2.8±0.9
2.0±0.6
1.75±0.5
4.4±0.6
10.9±0.7
4.5±0.7
19.0±1.3

3.0±0.0
2.0±0.0
2.0±0.0
2.0±0.0
3.0±0.0
9.0±0.0
4.0±0.0
16.0±0.0

30 (30)

64 (14)

72 (46)

40 (10)

Based on these data from 25 species of predaceous Coccinellidae, Nedved and Honěk (2012)
calculated average SET > Tb values for egg (64°C days > 9.8°C), larvae (167°C days > 9.3°C),
pupae (78 °C days >10.1 °C), and total preimaginal development (304 °C days > 10.1°C).
The thermal thresholds (Tb) for egg, larval, pupal and total preimaginal development of C.
munda, H. glacialis and H. tredecimpuntata are similar to values reported above. The exception
to this pattern is the relatively low (7.5°C) Tb value for C. munda (Table 4). Moreover, the three
species have Tb values that fall well within the range (t = 9.0°C to 12.2°C) of those previously
determined for six additional species from eastern North America (see Table 5). Interestingly, the
SET values are similar among all of the North American Coccinellidae, except for H. glacialis,
which has a higher value (284 °C days), than those of the other species, including the three reported
here (see Table 5). However, the SET value for H. glacialis is within the range for predaceous
Coccinellidae determined by Nedved & Honěk (2012). These data provide additional support for
the generalization of Honek and colleagues that Coccinellidae are characterized by relatively high
Tb values and somewhat variable SET values.
Comparative studies, such as those by Honěk and colleagues and the one here, on insect thermal
requirements for development help provide a basis for examining the effects of climate change
and predicting the action of natural enemies in biological control. Further studies of the seasonal
biology of predatory species are needed to examine their temporal relationships with prey and
with other predatory species.

Table 4. Thermal requirements [Tb (= lower base temperature, °C) and SET (= sum of effective temperatures, °C days
>Tb)] for development of three species of lady beetles from Ithaca, New York, USA
species
Cycloneda munda a
Hippodamia glacialis b
Hippodamia tredecimpunctata c

Tb

egg		
SET

Tb

larva		
SET

Tb

pupa		
SET

7.5
10.9
9.1

55
42
52

10.2
11.6
10.7

147
166
145

11.1
12.0
9.8

52
68
65

pre-imaginal
Tb
SET
10.0
11.4
10.3

252
284
259

Preimaginal development of C. munda: Y=0.00397×X–0.0396; (R2=0.98); where Y=the rate of development (1/days)
and X=temperature (°C);
b Preimaginal development of H. glacialis: Y=0.00352×X–0.04026 (R2=0.99);
c Preimaginal development of H. tredecimpunctata: Y=0.00387×X–0.0399 (R2=0.99).
a
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Table 5. Thermal requirements [Tb (= lower base temperature, °C) and SET (= sum of effective temperatures, °C days
>Tb)] for preimaginal development of selected species of predatory lady beetles in eastern North America. All species
were fed the same aphid prey (Acrythosiphon pisum (pea aphids) and reared under comparable constant temperature
conditions at L:D 16:8
species
Adalia bipunctata
Coccinella septempunctata
Coccinella transversoguttata
Coleomegilla maculata
Cycloneda munda
Hippodamia convergens
Hippodamia glacialis
Hippodamia parenthesis
Hippodamia tredecimpunctata

Tb (°C)

SET (°C days >Tb)

9.0
12.1
12.2
11.3
10.0
12.0
11.3
10.8
10.3

263
197
218
236
252
230
284
235
235

reference
Obrycki & Tauber 1981
Obrycki & Tauber 1981
Obrycki & Tauber 1981
Obrycki & Tauber 1978
reported here
Obrycki & Tauber 1982
reported here
Orr & Obrycki 1990
reported here
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Abstract. We analyzed the occurrence of non-random mating in relation to body size in a natural population of the
ladybird Harmonia axyridis (Pallas, 1773). Mating males were significantly larger than non-mating males in the
spring generation. There was no significant difference in the size of mating and non-mating females in the spring
generation or among members of either gender in the summer generation. Large males mated more frequently
than medium-sized or small males only in the spring generation. Notably, large females mated less frequently than
those in other size classes in the summer generation, although the difference was marginally significant, but not
in the spring generation. The ratios of the gender size difference in pairs of mating individuals were significantly
different among size classes of females and males in both generations. Ratio values may be indicative of the degree
to which the mating success of males and/or females depends on mating behaviour (female repulsion vs. male
compulsion). Large ratio values may indicate a low degree of mating success because females often refuse males
and are more successful in repulsing them when the males that attempt to mate are relatively small. Conversely,
when the ratio is small, male mating behaviour may be better able to overcome female refusal, thereby enhancing
the degree of mating success. The behaviour that overcomes the differences in the sizes of the different sexes in
mating pairs may drive size variability in both genders in natural populations. Mating success also depends on
female mating preference, and the condition and activity level of males and females.
Key words. Body size, non-random mating, seasonal variation, sex, sexual selection.

INTRODUCTION

Female mate choice and male–male competition are two major elements in the concept of sexual
selection proposed by Darwin (1871) and subsequently extended by Fisher (1930). Female mate
choice occurs in the non-random mating of polymorphic ladybird beetles Adalia bipunctata
(Majerus et al. 1982, O’Donald & Majerus 1984, 1985, Hodek & Ceryngier 2000) and Harmonia
axyridis (Osawa & Nishida 1992). Morph- and size-related non-random mating also occurs in the
Coccinellidae (Osawa & Nishida 1992, Ueno et al. 1998, Wang et al. 2009). The female is generally larger than the male in this group of insects (Dixon 2000, Yasuda & Dixon 2002, Nedvěd
& Honěk 2012); female body size is positively related to fecundity (Thornhill & Alcock 1983),
but male body size is not directly related to male fitness per se. The energy and nutrient demands
for egg production exceed the demands for sperm production (Nedvěd & Honěk 2012).
Notably, intense male–male competition during mating is not recorded in ladybird beetles.
Thus, selection pressure for large body size is probably stronger in females than in males, which
may explain the size differential between sexes. In both genders, body size is also influenced by
temperature, feeding rates, food quality and quantity (e.g. Hodek & Honěk 1996, Yasuda & Dixon
2002) and cannibalism at hatching (Osawa 2002).
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Male behaviour in H. axyridis prior to copulation can be divided into five sequential steps:
approach, watch, examine, mount and copulation (Obata 1987). Females often refuse to mate
and flee courting males and/or shake them from their bodies (Obata 1987). Hence, males that
are able to overcome female refusal may successfully mate. This is likely to depend on male
size and strength because successful copulation depends on the strength of a male’s grip on
a female’s elytra during mounting. Other factors are also important in male mating success, e.g.
physiological condition of the female (which is nutrition-dependent), mating experience, duration
of time since the previous mating and age (Hodek & Honěk 1996). All of these factors influence
the strength of a female’s resistance to mating. Under laboratory conditions, this is independent
of male size in A. bipunctata (Perry et al. 2009). However, when female resistance is low, large
males successfully complete copulation more frequently than small males, which is suggested
as a driver of selection for increased male body size (Perry et al. 2009). This form of directional
selection is expected to reduce variability in male body size. Nevertheless, the body sizes of males
and females are extremely variable in natural populations of ladybirds. In this study, we analyzed
mating performance success in a natural population of H. axyridis in relation to variability in the
differences in the body sizes of the males and females in mating pairs.
MATERIAL AND METHODS
Field observations
Our study site was located in the Botanical Garden of Kyoto University (35° 02’ N, 135° 47’ E) (Osawa 2000), where
non-random mating was observed previously by Osawa & Nishida (1992). H. axyridis adults were captured and individually marked in the period extending from April to July in 1987 and 1988. The marked beetles were released at the sites
at which they were captured after their sex, whether they had been mating and their body size (total body length to the
nearest 0.01 mm) was recorded. Individuals of the summer generation (i.e. the first generation) were distinguished from
those of the spring generation (i.e. the overwintering generation) based on the colour hue of the elytra (Brakefield 1984,
Osawa & Nishida 1992). We analyzed the data collected from the beetles at first capture and a later recapture (n=1919),
males (n=107) and females (n=112) mating individuals and mating pairs (body size of paired males and females were
analyzed; n=128: 63 females and 65 males).
Body size categories
Beetle body sizes were divided into three categories within each gender (females: (i) large, ≥7.10 mm, 25% of animals;
(ii) medium, ≥6.40 mm, <7.10 mm, 50% of animals; (iii) small, <6.40 mm, 25% of animals; males: (i) large, ≥6.45 mm,
25% of animals; (ii) medium, ≥5.85 mm to <6.45 mm, 50% of animals; (iii) small, <5.85 mm, 25% of animals).
Gender size difference ratio
We calculated a gender size difference ratio using the following formula: (female partner body size – male partner body
size)/individual body size (female or male).
This ratio was usually greater than zero because females were larger than males. Ratio values may be indicative
of the degree to which mating success (for males and/or females) depends on mating behaviour. Large values indicate
a low degree of mating success because females often refuse males and are more successful in repulsing them when the
males attempting to mate are relatively small. Conversely, when the ratio is small, male compulsion may be better able
to overcome female refusal, thereby enhancing the degree of mating success.
Statistical analysis
We used JMP Discovery Software (SAS Institute 2013) to conduct t-test for analysing female and male body sizes, Fisher’s
exact test for the analysis of sex ratios and one-way ANOVA followed by a Tukey-Kramer HSD multiple comparison
test to analyse the size difference ratio. We also used the extended Fisher’s exact test routine in R software (R Core Team
2013) to analyse numbers of mating and non-mating male and female individuals in the spring and summer generations
by size class.

RESULTS

Females were significantly larger than males in the spring and summer generations [spring
generation: t-test: t=–19.66, P<0.0001; female: 6.71±0.02 mm (mean±SE) (n=676), male:
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Fig. 1. Frequency distributions of the body sizes of Harmonia axyridis in the spring and summer generations.

6.15±0.02 mm (n=479); summer generation: t=–16.14, P<0.0001; female: 6.75±0.02 mm (n=430),
male: 6.16±0.03 mm (n=334)] (Fig. 1). Size was not significantly different between generations
(female: t=1.39, P>0.16; male: t=0.18, P>0.85) (Fig. 1). Sex ratio was female-biased in both

Fig. 2. Differences in the body sizes of non-mating and mating females and males of Harmonia axyridis in the spring and
summer generations. Vertical lines indicate ±1 standard error and n.s. indicates non-significance.
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Fig. 3. Percentages (%) of non-mating (uncoloured parts) and mating (grey parts) individuals (both genders) of Harmonia
axyridis in large (L), medium (M) and small (S) size classes in the spring and summer generations. n.s. indicates non-significance.

Fig. 4. Ratios of gender size difference in large (L), medium (M) and small (S) size classes of Harmonia axyridis in the
spring and summer generations. Vertical lines indicate +1 standard error. Different letters indicate significant differences
based on Tukey-Kramer HSD tests (P<0.05).
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generations (Fisher’s exact test for no. of individuals; spring: P<0.0001; summer: P<0.05), but
the degree of bias was not different between generations: the percentages of males were equal
in both generations (P=0.33). Mating males were significantly larger than non-mating males in
the spring generation (t-test: t=2.04, P<0.05; mating males: 6.25±0.05 mm, n=64; non-mating:
6.14±0.02 mm, n=415) (Fig. 2). Body size was not significantly different between non-mating and
mating females in the spring generation (t=–0.04, P>0.96; mating females: 6.71±0.02 mm, n=603;
non-mating: 6.71±0.06, n=73) or between mating and non-mating individuals of either gender in
the summer generation (females: t=–0.46, P>0.64; non-mating females: 6.76±0.03 mm, n=391;
mating females: 6.72±0.09 mm, n=39; males: t=–0.55, P>0.58; non-mating males: 6.17±0.03 mm,
n=291; mating males: 6.13±0.07, n=43) (Fig. 2).
In the spring generation, large males mated more frequently than males in the smaller size
classes (extended Fisher’s exact test for no. of individuals: P<0.05), but this was not the case
in the summer generation (P=0.23) (Fig. 3). Notably, large females in the summer generation
tended to mate less frequently than those in the smaller size classes, although the difference was
not significant (0.05<P<0.10) (Fig. 3). A significant effect of size was not recorded in the spring
generation (P=0.24) (Fig. 3).
Among the mating pairs, the size difference ratio was significantly different among size classes
of both genders (Fig. 4). Thus, the ratio values for large females were significantly larger than
those of medium and small females in both generations (one-way ANOVA; spring generation:
F2,30=15.51, P<0.0001; summer generation: F2,33=18.22, P<0.0001) (Fig. 4). The opposite trend
was recorded for males (Fig. 4). The ratio values of small males were significantly larger than those
of medium and large males in both generations (one-way ANOVA; spring generation: F2,29=7.43,
P<0.01; summer generation: F2,36=17.82, P<0.0001) (Fig. 4).
Discussion

In both the spring and summer generations, the sex ratios were female-biased. Theoretically, differences in reproductive success among males are diminished by both the strongly biased sex ratio
and the adjusted sex ratio to an extent dependent on the intensity of sexual competition among
males (Thornhill & Alcock 1983). Male-killer has been recorded in this population (Osawa, pers.
obs.), although the infection rate of H. axyridis is generally low (ca. 8%; Noriyuki et al. 2014).
Furthermore, sex- and morph-related (i.e. melanic vs. non-melanic) differences in cold tolerance
during overwintering may affect variations in the body sizes and sex ratios of the spring generation in this species (Osawa 2001). These effects may promote a female bias in the population sex
ratio, which in turn may influence variability in male mating success in the population, although
we emphasize that the sex ratio (male/female) was not strongly skewed (0.71 in spring; 0.78 in
summer). Furthermore, we can not rule out the possibility that male–male competition may play
a role in the variability in male mating success, even though intense male–male competition during
mating is uncommon in ladybird beetles.
Mating males were larger than non-mating males in the spring generation (Fig. 2); moreover,
large males mated more frequently than small males (only in this generation) (Fig. 3). Furthermore,
the ratios of the gender difference in size for small males were significantly larger than those of
males in other size classes (Fig. 4). Thus, for small males, the difference in size when mating is very
large, which is not the case for large males. Large males were chosen more frequently by females
than small males, although we do not know whether this was due to female sexual activity.
However, the degree of size-related non-random mating of males in the summer generation was
less (size differences between mating and non-mating males were not significant in summer) (Fig.
3). This seasonal variation in mating preference by size may have been caused by the size-rela117

ted mating tactics of males. Smaller males may have compensated for the large size differential
they encounter during mating by engaging in more frequent mating attempts. Yasuda & Dixon
(2002) clearly demonstrate under laboratory conditions that small males of the ladybird beetle A.
bipunctata are more active in mating than large males when food is limited. Furthermore, small
males of the yellow-spotted longicorn beetle Psacothea hilaris are more sensitive to female sex
pheromones and more active in searching for mates and precopulatory behaviour than large males
(Fukaya 2004).
The enhanced mating success of large males and reduced mating activity of large females that
we detected (Fig. 3) also indicate that mating behaviour has a role in overcoming the relative
gender size difference (but not the absolute body size) of individuals in mating pairs. Thus, mating behaviour related to the ratio of the gender difference in size in copulating pairs may have
importantly affected size-related non-random mating that we recorded in this population, even
when mating attempts were random and strongly influenced by female physical condition and
male sexual activity. The behaviour that overcomes size differences in mating pairs may drive
size variability in both genders in natural populations (Fig. 1). Thus, the relative size difference
between individuals in mating pairs, which is an indicator of compensating behaviour, may
influence fitness in natural populations. This effect operates synergistically with female mating
preference, female condition and the level of beetle activity.
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Abstract. In this paper the requirements of the larvae of Amara montivaga Sturm, 1825 for feeding on seeds
and its consumption of seeds were investigated. As this species is known to aggregate at sites where dandelion
(Taraxacum officinale spp. agg.) is abundant and is shedding its seeds and these seeds are preferred by adult
beetles in the laboratory, it is assumed that the larvae require dandelion seed to complete their development. In
this study the larvae were reared on three different diets (insects, seed of T. officinale and seed of Crepis biennis
L.), and mortality was measured in order to test this assumption. Most of the larvae completed their development
on both seed diets but none on the insect diet. In addition, the mean daily consumption of dandelion seed was
estimated to be 1.86±0.16 in L1, 4.08±0.47 in L2, and 6.65±0.68 in L3, respectively. It is concluded that there is
a close trophic linkage between A. montivaga and dandelion and/or other Asteraceae with similar phenologies.
This species aggregates at sites where dandelion is abundant at time when it is shedding its seeds, feeds on the
florets in the flowers, prefers the seed of this plant over that of a range of other species, and most of the larvae
fed on its seed successfully complete their development. A. montivaga can thus be considered as an obligatory
granivore that is specialized in feeding on dandelion and other Asteraceae with seeds of a similar size and similar
phenology in terms of seed production.
Key words. Seed predation, granivory, survival, seed consumption, Weibull function.

Introduction

Granivory, or seed predation, is when an animal, a granivore or seed predator, devours seeds to
obtain nutrients. Obligatory or facultative granivores are important components of food webs
(Lundgren 2009) as they are responsible for a substantial proportion of the seed loss during the
life cycle of plant species (Janzen 1971). Despite the great number of studies published every year
on granivory, the compositions of granivorous invertebrate assemblages in temperate ecosystems
are poorly known. Besides the well known groups like ants, crickets, carabid beetles and slugs
(Janzen 1971, Fenner & Thompson 2005), recent research indicates that the range of arthropods
that consume substantial amounts of seed in the field is much greater than previously thought
(Saska 2008, Koprdová et al. 2010, Lundgren et al. 2013).
Based on modelling it is concluded that an annual consumption by granivores of 50% of the
seed of annual weeds would be sufficient to stop the increase in the populations of these plants.
Studies that indicate such levels of seed predation, however, are scarce (Westerman et al. 2003,
2005). One such study documents that predation of dandelion (Taraxacum officinale spp. agg.)
seed is as high as 95% when both pre- and post-dispersal predation of seed is combined (Honěk
& Martinková 2005, Honěk et al. 2005). Dandelion is a perennial weed and its reproduction
strategy differs from that of annual weeds in that the seeds are used for plant dispersal and so
a high level of seed mortality may reduce the rate of spread of this plant. In the above and sub121

sequent studies (Honěk et al. 2005, 2009) slugs, terrestrial isopods and carabid beetles were the
most important granivores of seed after dispersal. Amara montivaga Sturm, 1805 is suggested to
be the dominant carabid granivore at their study site, because it is the most abundant granivore
in stands where dandelion is abundant and nearly absent in neighbouring dandelion-free stands
(Honěk et al. 2005). Moreover, their peak in abundance coincides with the time of dandelion seed
dispersal. This conclusion is also supported by the results of multi-choice laboratory experiment,
in which this species prefers dandelion seed and that of other Asteraceae over the seed of other
families (Honěk et al. 2005, 2007). Unpublished observation on adults of A. montivaga feeding on
flowering florets within anthodia also support a trophic linkage between this species and dandelion
and/or related Asteraceae, at least in the adult stage (own unpubl. obs.).
Most studies on seed consumption, however, are on predation by adults despite the fact that
immature individuals may also destroy many seeds. For example, larvae of three species of carabid
consume 1–50 seeds per day, depending on instar, species of carabid and seed species and size
(Klimeš & Saska 2010), and in the case of the terrestrial isopod, Armadillidium vulgare, small
immature individuals consume seeds in numbers proportional to their size (Saska 2008). Other
studies indicate that granivory may be an obligatory strategy for some carabid larvae as they do
not complete their development if not supplied with seed of the required species (Saska & Jarošík
2001, Saska 2004, Sasakawa 2009, Sasakawa et al. 2010). The most important dandelion granivore
(Honěk et al. 2005), A. montivaga, is one of the species studied by Saska & Jarošík (2001) that did
not develop well on a pure insect diet or mixed diet of insects and oat flakes, and rejected seeds
of Capsella bursa-pastoris. The dietary requirements of the larvae of this species are unknown.
In this paper the dietary requirements of larvae of A. montivaga are studied, focusing on seeds
of Asteraceae as the possible diet. This test is in line with the hypothesis of Saska & Jarošík (2001)
who speculate that larvae of this species are granivorous but with unknown seed requirements, and
the findings of Honěk et al. (2005) for adults. It is assumed that seed of Asteraceae, particularly
those of dandelion, are also a suitable diet for larvae and that they will prefer this seed in laboratory tests and aggregate in patches of dandelion in the field (see above). The consumption of this
seed is also measured for each larval instar.
Material and Methods
Amara montivaga Sturm, 1825 is a small carabid, 7.1–9.0 mm long, usually a dark metallic green in colour, which prefers
unshaded habitats such as meadows and pastures at moderate altitudes, where it can be locally abundant (Hůrka 1996). It
is classified as an adaptable species by Hůrka et al. (1996) based on their habitat quality requirements. The parental adults
were collected in Prague-Ruzyně, 20.5.2005, in a mown lawn densely infested with dandelion (Taraxacum officinale)
using pitfall traps (plastic cups 7 cm in diameter set into ground). The adults were kept in pairs in Petri dishes (10 cm in
diameter, 2 cm high) filled to a depth of 1 cm with sieved garden soil. The seeds of Taraxacum and pieces of Tenebrio
molitor larvae were provided as food. The dishes with adults were checked twice a week and eggs were transferred to
a new dish. The Petri dishes for eggs were of the same size as those used for adults but filled to a depth of 0.5 cm with
a moist mixture of plaster of Paris and charcoal (Saska & Honěk 2003). In this way moisture could be kept at an optimum
level and the eggs could be monitored until they hatched.
Hatchling larvae were transferred to small Petri dishes (6 cm in diameter and 1 cm high) filled to a depth of 0.5 cm
with sieved soil that did not contain any seed. The larvae were assigned to one of the three dietary treatments and each
treatment was replicated 20 times. The larvae were fed either with pieces of Tenebrio molitor larvae, seeds of T. officinale
or seeds of Crepis biennis. The T. molitor larvae were taken from a laboratory colony maintained at the Crop Research
Institute, and the seeds of both plants were collected on site. The food was offered in excess. The dishes with larvae were
kept at 21 °C and under a long day photoperiod (17L:7D) and checked regularly until they died or pupated. The data were
analyzed using the survival analysis in R package, v. 2.15.2 (R Core Team 2014). In this analysis each individual was
assigned “1” if it died and “0” if it survived the experiment and instar was used as a time unit (Saska & Jarošík 2001).
The survreg function from the survival library (Therneau 2014) was used to perform the test, first fitted by an exponential
and then by a Weibull distribution function; both models were then compared based on the log-likelihood ratio using
the χ2 distribution (Saska 2005). The significance of the models was assessed based on z statistics (Crawley 2005). The
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Table 1. The effect of diet on the survival of larvae of A. montivaga. The full model contains all treatment levels, while in
the reduced model the treatments levels that do not differ significantly from each other were combined. Value – natural
logarithm of the mean time to death measured in each instar as estimated by the model. Same letters behind the p-value
indicate diets significantly not different from each other
diet

value±s.e.

z

p

1.415±0.133
0.552±0.170
1.427±0.179

10.619
5.549
10.688

<0.001*
<0.001**
0.945**

a
b
a

1.420±0.099
0.550±0.145

14.390
8.390

<0.001*
<0.001**

a
b

full model (exponential) – log-likelihood: –74.8
full model (Weibull) – log-likelihood: –54.1
Crepis
insects
Taraxacum
reduced model (Weibull) – log-likelihood: –54.1
Crepis+Taraxacum
insects

* difference from 0; ** difference from the first-listed term (Crepis in the full model and Crepis+Taraxacum in the reduced
model)

treatments that were not significantly different were combined and the adequacy of this model simplification was assessed
based on the log-likelihood ratio using the χ2 distribution (Crawley 2005).
In the second experiment, larvae of each instar were kept individually under the same conditions as described above,
but there was moist filter paper on the bottom of the Petri dishes (Klimeš & Saska 2010). Each larva was provided with
a defined number of seeds of dandelion and the consumption monitored for three consecutive days. The following numbers of seeds were offered: 10 to L1 and 20 to L2 and L3, which were based on the sizes of the larvae. If more than 50%
of the seeds in each dish was consumed, they were replenished to the initial number. The consumption was expressed as
the mean daily consumption.

Results

A Weibull distribution function fitted the data significantly better than an exponential function
(–2×log-likelihood ratio=41.39, df=1, p<0.001), which indicates that the probability of survival of
larvae changed over time. Therefore, the Weibull distribution function was used in all subsequent
analyses. Although the larvae consumed all the diets offered, the diet significantly affected their

Fig. 1. The survival curves for A. montivaga larvae fed on three different diets.
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survival (χ2=43.89, df=2, p<0.001). While survival was high on both seed diets (60% survived
until the third instar), it was poor on the insect diet as none survived to pupate (Table 1; Fig. 1).
The seed diets did not differ significantly in their effect on the survival of A. montivaga larvae
(Table 1; Fig. 1), as the reduced and full model did not differ significantly (–2×log-likelihood
ratio=0.005, df=1, p=0.945).
The daily mean consumption (±s.e.) of dandelion seeds increased with instar of A. montivaga,
and was 1.86±0.16 in L1, 4.08±0.47 in L2, and 6.65±0.68 in L3, respectively.
Discussion

In this contribution the preference of larvae of Amara montivaga for feeding on seeds of Asteraceae,
notably T. officinale, is demonstrated for the first time. It is shown that seeds of T. officinale and
C. biennis were a suitable diet for larvae but not a pure insect diet of T. molitor larvae. This result
complements already published data based on which the hypothesis of a trophic link between
A. montivaga and Asteraceae seeds was erected (Saska & Jarošík 2001, Honěk et al. 2005). It is
concluded that A. montivaga is a granivorous species, which specializes on seeds of dandelion
and other related Asteraceae and both as an adult and a larva, aggregates at sites where dandelion is abundant and at time when it disperses its seeds (Honěk et al. 2005), feeds on flowering
florets (own unpubl. obs.), prefers this seed to that of other species of plants (Honěk et al. 2005,
2007) and develops well on this seed (and related and similarly shaped seed of C. biennis) in the
larval stage. This specialization thus includes all phases of the life cycle. The only part of the life
cycle for which data are missing is oviposition, but the linkage of this trait to dandelion or other
Asteraceae can also be expected. Unpublished observations (own unpubl. obs.) indicate that only
individuals collected at the time of maximum seed dispersal laid eggs, while females collected
earlier laid only very few if any eggs. Thus, the linkage to dandelion and perhaps other Asteraceae
of the same phenology seems to be complex.
The mean daily values of seed consumption by larvae measured in this study are comparable
to those previously reported in the literature. Indeed there is only one available study (Klimeš
& Saska 2010) in which larvae of three carabid species of comparable size, Amara aenea, A.
familiaris and A. similata, were fed seeds of dandelion. Larvae of A. familiaris, a specialist on
Stellaria media (L.) Vill. hardly consumed any of the seed but those of the other two species
readily consumed dandelion seeds (Klimeš & Saska 2010). The first instar larvae of A. montivaga
studied here consumed more seeds than A. aenea and A. similata, while the second instar larvae
of all three species consumed seeds in similar numbers. Surprisingly, the third instar larvae of A.
montivaga consumed less seed of dandelion than either A. aenea or A. similata. This difference in
consumption may be related to differences in size and possibly also to behavioural adaptations for
seed opening that may have developed in the specialist A. montivaga. In the first instar the head
capsule of A. montivaga is the largest of the three species (Saska 2004), which may help the larva
to open seed that is almost as large as the whole body of the larva at this stage. The somewhat
lower consumption of the third instar of A. montivaga compared to A. aenea and A. similata may
be related to possible differences in optimum growth rates of these species. Growth rate describes
how the body size increases per unit time and is related to the amount of food required, i.e. consumption. While the larva of A. montivaga is relatively large (Saska 2004) compared to the mean
adult size the final size can be achieved slowly, whereas the larvae of the other two species have
to grow faster to attain their final size and thus consume more food per day.
It is concluded that A. montivaga is a specialist feeder on the seeds of Asteraceae, mainly T.
officinale, both in the adult and larval stages. Currently it is one of the few granivorous species
of Carabidae for which the role of its food plant is so well described.
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Abstract. In 1985, after several years of work on coccinellid community composition, Alois Honěk published
a paper called Habitat Preferences of Aphidophagous Coccinellids, on the niches of individual species and niche
overlap between them. In it he showed that three factors, plant cover, aphid density and insolation, led to species
having different and minimally overlapping habitat niches. In this paper, I discuss how studies of the three factors
and their effect on habitat preference have developed over the subsequent thirty years. I consider how more recent
studies have supported Honěk’s view about niche overlap in coccinellids and the messages for researchers today.
Researchers working on invasive ladybirds and their effects on native species particularly need to be aware that
niche overlap is not only defined by plant species but by the other factors studied by Honěk as well.
Key words. Aphidophagous Coccinellidae, habitat preference, niche partitioning, principle component analysis.

Introduction

Aphidophagous coccinellids display a broad range of habitat specialisation. Species may be broad
generalists, occurring on a wide variety of (aphid) host plants in a diversity of different biotopes,
or they may be limited to individual types of plants, such as conifers, or particular habitats, such
as river banks. We still do not fully understand what determines their habitat preferences, although
it is clear that they are closely linked to their diet.
Prior to the 1980s much of the information available about coccinellid habitat preferences
were descriptions of the species living in particular habitats and phenological observations (e.g.
Banks 1955, Iperti 1965, Wheeler 1977). Other interesting information was scattered about the
literature. For example, in respect of conifer-dwelling species, some interesting observations
had been made on differences between coccinellid faunas living in older and younger tree stands
(Gumoś & Wiśniewski 1960, Gagné & Martin 1968) and on the attraction of coccinellids to prey
host plants (Kesten 1969). However, generally, the knowledge of both proximate and ultimate
causes for why particular coccinellid species preferred particular habitats was much more limited
than our understanding of what they ate.
In the late 1970s and early 1980s, Alois Honěk published a number of papers about the composition of coccinellid communities and the factors determining this composition (Honěk 1979, 1981,
1982, 1983, Honěk & Rejmánek 1982). Following on from this work, in 1985, he published a paper
on the niches of individual species and niche overlap between them entitled Habitat Preferences
of Aphidophagous Coccinellids (Honěk 1985a). This paper, which continues to be cited today, can
arguably claim to have anticipated many of the subsequent developments that have occurred in
*Honěk A. 1985: Habitat preferences of aphidophagous coccinellids (Coleoptera). Entomophaga 30: 253–264.
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Table 1. The ladybird species studied by Honěk and a summary of their preferences within the three principal environmental components he deduced. For more detail of the habitat preferences, see Honěk (1985a)

Coccinella septempunctata
Coccinella quinquepunctata
Propylea quatuordecimpunctata
Hippodamia (= Adonia) variegata
Adalia bipunctata
Adalia decempunctata
Calvia quatuordecimguttata

plant cover (height of plants)

aphid density

insolation

low herbs
variable over season
variable over season
low herbs
herb-shrub height
trees
shrubs-trees

high
low
all
high
high
all
high

sunny
sunny
broad range
sunny
sunny
shaded
shaded

our understanding of coccinellid habitat preferences. In this article, I discuss Honěk’s 1985 paper,
its importance and the continuing messages it has for those studying coccinellids now.
The paper

One reason for the value of Honěk’s paper is the detailed and extensive field data which was
used for the analyses. In 1982 and 1983, surveys were carried out in Czechoslovakia during the
breeding season (May-July) on a variety of potential prey host plants for adult aphidophagous
coccinellids of seven species (Table 1). Four environmental factors were recorded in nine different ways (quantitative variables: Table 2). The particular factors were chosen based on Honěk’s
earlier work on ladybird communities: in this respect this paper may be seen as a culmination
of earlier findings about the factors responsible for species distributions. Principle component
analysis was used to analyse coccinellid abundance data in respect of the variables. The method,
the most widely used multivariate approach at the time, detects those components responsible for
the widest variance in a dataset (James & McCulloch 1990, Janžekovič & Novak 2012). In this
case it was used to reduce the collected variables to a smaller number of principle components
responsible for variance in coccinellid abundance. The principle components were then used to
study the habitat preferences of individual coccinellid species and niche overlap between them.
For 1982 there were three principal components: aphid density, plant cover and insolation, while
in 1983 they were date, plant cover and aphid density.
Ladybird species varied in response to the environmental principal components tested (aphid
density, insolation and plant cover; Table 1). Only some ladybirds were able to tolerate low

Table 2. Table summarising the data recorded in each of the four categories of environmental variable studied by Honěk
environmental factors
time
aphid density
insolation
type of plant cover
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quantitative variables
Julian date from 1 May
physiological time (sum of temperatures from 1 May)
number of aphids per cm2 leaf area
size of largest aphid colony observed in a plant stand
proportion of ground surface shaded from the sun (ordinal)
plant density
type of plant (herb or tree)
maximum height of stand from ground
type of plant stand (field; hedge/garden/forest margin; forest interior)

aphid densities, while most species exhibited marked preferences for sunny or shaded habitats
or particular plant strata. Interestingly one species, P. quatuordecimpunctata, displayed broad
“generalist” characteristics, tolerating a wide diversity of plant heights, insolation conditions and
aphid densities without exhibiting clear preferences. However, plotted Euclidean distances for
habitat breadth (calculated from the 25% of populations of species with the highest abundance)
were similar for generalist and more specialised species alike. The overlap between species was
generally low, typically less than 0.3.
The paper marked a significant step forward for two main reasons. First, it very clearly elucidated the important environmental variables differentiating the habitat preferences of aphidophagous coccinellid species. Although aphid density, insolation and plant cover had been previously
considered by Honěk and others, here they were considered together. Honěk showed that these
three factors alone could account for habitat differentiation observed. Second, Honěk’s paper
showed that there was very limited overall habitat overlap in aphidophagous coccinellids. This
finding brought coccinellid studies of habitat in line with those of diet. It was already known that
aphidophagous coccinellids varied in the prey they ate, and that while ladybird species might
share an aphid prey species, different ladybirds ate different spectra of aphid prey (Hodek 1973).
Honěk showed that although ladybird species might occur together in a habitat, the totality of
their habitat preferences varied markedly between species.
Subsequent work and messages for those working with ladybirds today

Honěk’s paper has certainly enhanced our understanding of habitat selection in aphidophagous
coccinellids. It continues to be cited today and its relevance for those working with aphidophagous ladybirds remains undimmed. Honěk identified three environmental components largely
responsible for determining coccinellid habitat preference. Each of these has continued to receive
attention and they are all deserving of more. Furthermore Honěk’s conclusions about niche overlap
between coccinellids are perhaps more important than ever in a world very different from 1985,
where invasive species may be the commonest elements of the coccinellid fauna, and where much
coccinellid research is focused exclusively on these species.
Plant cover and coccinellid habitat preferences
Before and certainly after Honěk’s paper there was a tendency for researchers to divide coccinellids on the basis of the plants they were found on. Indeed some authors have referred to “host
plants” for predatory coccinellids (e.g. Majerus 1991, Timms et al. 2008, Baker et al. 2012), even
though more correctly the plant should be described as a habitat or an aphid host plant. This is
unsurprising as the plant habitat is the most obvious manifestation of where a coccinellid lives.
Plants are often easier to identify than the aphids they harbour, still more so than other biotic or
abiotic factors that may be important for the ladybird. We therefore tend to take an anthropomorphic view of things and to describe the habitat in terms of what is important or obvious to us
rather than the ladybird.
Since Honěk’s paper, Nedvěd (1999) developed the plant habitat concept further analysing
a wider variety of coccinellid species in the same geographic region as Honěk. He divided the
species into eight groups on the basis of plant type. We also know rather more about what attracts
coccinellids to particular plants. In addition to attraction to plant or aphid volatiles, which can
clearly give a high level of specificity (e.g. Şengonca & Liu 1994, Heit et al. 2008, Glinwood et
al. 2011, Auad et al. 2013), coccinellids may be able to discriminate vegetational height using
visual cues (Kalil et al. 1985, Hattingh & Samways 1995, Lambin et al. 1996). Notably, Kalil
et al. (1985), studying two species also studied by Honěk, found that the more strongly arboreal
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A. bipunctata was attracted to taller objects whereas C. septempunctata was not. Plant colour
could also contribute to habitat differentiation (Lorenzetti et al. 1997), although it is not yet clear
whether this is the case within the Coccinellidae.
A challenge for the future is to explain why such preferences for particular vegetation types
have evolved in the first place. Rather few studies have thus far addressed this issue. There is
some evidence that coccinellids adapted for life in trees are less suited for life in the herbaceous
layer or vice versa. Adalia bipunctata larvae are less prone to dropping from plants than C. septempunctata: unlike C. septempunctata, A. bipunctata tends to live in higher vegetation and the
costs of dropping are greater. However, the reduced dropping behaviour makes A. bipunctata more
vulnerable to predators, being less able to rapidly escape (Sato et al. 2005). In this case there is
a clear trade-off related to the vegetational stratum in which the ladybird lives. Prey related trade-offs could also serve to tie ladybird species to one particular type of plant/stratum: these might
be phenological (i.e. aphids on similar types of plants might exhibit similar population dynamics)
or more directly related to the prey (e.g. many of the aphids on conifers are large and difficult to
catch for smaller ladybirds; see below).
Aphid density
Honěk’s finding that aphid density mediates species habitat preference provides a clear link
between the habitat and the diet of aphidophagous coccinellids. Earlier work had also suggested
this: for example, Gagné & Martin (1968) found that coccinellid specialists on red pine (Pinus
resinosa Aiton) tended to inhabit older stands of trees than generalist ladybirds did. These older
stands typically had lower aphid densities. Much subsequent work has focused on the relationship
between aphid density and habitat or dietary specialisation (a lot of it the author’s); this work is
closely related to work on aphid density and ladybird phenology in individual habitats.
Starting with the latter, we begin with work carried out by Honěk before 1985. In two of his
early papers, he observed that C. septempunctata required a particular threshold aphid density to
colonise crop stands and oviposit there (Honěk 1978, 1980): the idea at the time was of particular
interest as previously internal physiological state and temperature were considered to be of primary importance in moderating insect activity in spring (Tauber & Tauber 1976, Honěk 1978).
Much later, Dixon (2007) argued that smaller ladybirds should begin to reproduce earlier on aphid
colonies as being smaller they needed smaller threshold quantities of food for oviposition. This
was supported by later work carried out by Honěk and Dixon together on C. septempunctata and
P. quatuordecimpunctata (Honěk et al. 2008).
Smaller ladybirds cannot catch the bigger instars of large aphid species, however. For larger
aphids, it is large ladybirds that would reproduce at the lower total aphid densities (Sloggett 2008a).
An element of “size matching” would therefore occur between aphid species and ladybird species,
with specialised ladybirds most closely matching their prey and feeding at the lowest densities,
and thus potentially for longer in the same aphid patches and habitats. By contrast generalist
ladybirds are medium sized (the most effective size for exploiting a range of species) but cannot
exploit such low densities of aphid species as specialists (Sloggett 2008a).
These hypotheses can certainly explain why Honěk found habitat-related interspecific variation
in the densities of aphids utilised by ladybird species. I have previously emphasised the specialist-generalist/aphid density difference in relation to the two sibling Adalia species studied by Honěk.
The species with broader vegetational preferences, A. bipunctata, prefers higher aphid densities,
while the more strictly arboreal A. decempunctata tolerates lower aphid densities (Sloggett 2005,
2008b). Interestingly, the broadest habitat generalist in Honěk’s study (P. quatuordecimpunctata)
also tolerated low aphid densities: this could be because it feeds on other food in addition to aphids
(see Hodek & Evans 2012). Some evidence supporting this view comes from C. septempunctata,
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which in North America persists in alfalfa at lower aphid densities than native species, possibly
because of it propensity to feed on non-aphid prey (Evans 2004). Future lines of enquiry could
include how alternative food sources and other factors enhancing predation or capture efficiency
(such as specialised searching behaviours) could influence tolerance of low aphid densities and
interact with body size.
Insolation and the microclimate
Honěk’s paper focuses specifically on insolation i.e. whether ladybirds prefer sun or shade. A number of his papers prior to this one were also concerned with microclimatic effects on ladybirds,
in particular C. septempunctata. This species was found to prefer sparser cereal crop stands than
P. quatuordecimpunctata, which Honěk interpreted as being indicative of its thermophilic nature
(Honěk 1979). Later he studied the behaviour of this species in detail in relation to temperature
and sunshine, showing that in the morning, when it is cool, this species basked in the sun (Honěk
1985b). Larvae showed similar tendencies to adults (Honěk 1983). Other studies of C. septempunctata in Japan are consistent with Honěk’s observations (Sakuratani et al. 1991, Ohashi et al.
2005).
Subsequent work has also demonstrated that sympatric coccinellid species can differ in their
preferred temperatures, although intraspecific variability may also be very great (Pekin 1993).
Other potentially important microclimatic factors exist (Honěk 1979), but they have been rarely
investigated. Pekin (1996) studied intraspecific variation in coccinellid preference and tolerance in
relation to humidity. In general, relative humidity preferences were consistent with the habitats in
which ladybirds lived, with species occurring near water, such as Anisosticta novemdecimpunctata
(L.) and Hippodamia tredecimpunctata (L.), preferring a higher relative humidity to other species, and xeric species, such as H. variegata, preferring a low relative humidity. To a lesser extent
species ability to withstand dessication also reflected their lifestyles.
As noted by Honěk much more recently (Honěk 2012), microclimate has received rather little
attention in recent years and is certainly deserving of further work as a determinant of habitat
preference. There are a number of ladybird species whose habitat preferences are apparently not
primarily determined by plant or aphid prey species; trade-offs in the tolerance of different microclimates might explain why they live where they do and not elsewhere (Sloggett 2008b).
Coccinellid niches and niche overlap
Overlap between the habitat or microhabitat preferences of aphidophagous coccinellids has important implications both for the ability of coccinellids to suppress their prey and when thinking
about the effects of exotic species on native communities (Snyder 2009). Broader interest in how
biodiversity can affect ecosystem services (Dasgupta et al. 2013) is reflected in interest in how
coccinellid or aphidophagous insect diversity can impact on aphid populations. There are two
opposing possibilities: either that different species complement each other and enhance aphid
control or alternatively that they interfere with each other (possibly by intraguild predation) and
reduce overall effective aphid control. Honěk’s observations suggest that the former rather than
the latter is more likely to be the case: even in the same habitat, species occupy different niches,
separated by aphid density or microclimate, or temporally, leading to complementarity in aphid
biocontrol.
In a recent review, Snyder (2009) concluded that in most cases enhanced suppression was
observed with enhanced biodiversity, at least in part due to niche separation. However, some of
the studies he included did not involve aphid prey or involved only one coccinellid species. There are surprisingly few studies exclusively focused on coccinellids that do not involve invasive
ladybirds, which may exhibit atypically large niche overlaps with native species (see below).
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Evans (1991) tested Hippodamia convergens Guérin-Méneville pairwise with three other species
on bean plants, Vicia faba L., infested with pea aphids, Acyrthosiphon pisum (Harris): he found
no change in resulting aphid numbers in aphids consumed when compared to conspecific pairs of
the individual species. More recently, Omkar et al. (2014) found antagonistic effects when testing
different combinations of four aphidophagous Indian coccinellid species, but their experiments
were conducted in Petri dishes and thus do not contain a habitat-related niche component. Certainly, more studies are necessary to gain a better understanding of the effects of biodiversity in
natural, coevolved communities.
In recent years, coccinellid studies have undergone a radical change, as a consequence of the
introduction of alien species to new geographic regions, which have then gone on to become
invasive. Much work on coccinellids now focuses on these species and their (presumed) effects,
particularly their interaction with and suppression of native species. Honěk’s work provides
a pattern for a coevolved, stable situation without invaders i.e. coccinellids possess limited niche
overlap and thus the potential for competition is limited. This suggests that the introduction of
additional species, which might have higher levels of overlap with some native species, could
lead to some form of competitive displacement, due to similar exploitation of prey or contact
leading to intraguild predation. This would provide a simple ecological rationale behind suspected
declines in native species after the introduction of exotics, such as C. septempunctata in North
America and Harmonia axyridis (Pallas) in both North America and Europe (e.g. Harmon et al.
2007, Roy et al. 2012).
However, although Honěk’s work can help explain declines in native species, it also suggests
that the current work arguing that this is what is occurring is insufficiently exact to support its
claims. For example, studies have focused on plant type or species as an indicator of the threat
posed to native ladybirds by the invasive species H. axyridis (e.g. Adriens et al. 2008, Kenis et al.
2010, Comont et al. 2014). It is clear that plant species are certainly useful when thinking about
niche overlap and competitive effects; however, use of plant type alone, without supporting data
on aphid density and microclimate, will lead to an overestimate of niche overlap and the threat
posed by the invader. Risk assessments based on niche overlap need to be much more fine grained,
using the sort of detailed field recording carried out by Honěk.
A few experimental studies have examined the effects of other factors on competition. The
most noteworthy of these was by Evans (2004), investigating the invasive C. septempunctata in
North America. He showed that a decline in native North American ladybird species coincided
with a decline in pea aphids in alfalfa, Medicago sativa L., after the arrival of C. septempunctata.
Alfalfa crops with experimentally elevated aphid densities attracted native species, suggesting
that they had been displaced due to C. septempunctata’s ability to tolerate lower aphid densities.
This study provides very good evidence for competitive displacement of native species by an
invasive species based on aphid density. This may not always be the case however: overly gloomy
predictions of the effects of invasive species on native species may be falsified. For example, the
North American conifer specialist Mulsantina picta (Randall) remained reproducing on pine trees
after H. axyridis dispersed; this appeared to be mediated by aphid density (Sloggett et al. 2008).
Thus, dire predictions of the effects of generalist invaders on more efficient specialists living on
the same plants are probably overstated.
Conclusions

At the time of my Ph.D., in the mid-1990s, I worked on habitat selection in an obscure specialised mymecophilous coccinellid, Coccinella magnifica (Redtenbacher). Initially I read a lot
about myrmecophiles that lived with ants as a way of gaining clues to this ladybird’s specialised
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behaviour. As time went on, I realised that the key to understanding C. magnifica lay not in it
being a myrmecophile but in it being a ladybird. Later, I went on to study specialisation not in
other myrmecophiles but in other ladybirds. At the time there was not a lot to read on the subject: Alois Honěk’s paper was an important insight for me into understanding why ladybirds live
where they do.
In the subsequent 20 years, interest in the habitat preferences of ladybirds has intensified, but
there remain many areas where we incompletely understand their habitat preferences. This is in
part because habitat and diet are so closely intertwined, meaning that much work on habitat preferences is more closely allied to diet. However, there are numerous species, which are in effect
dietary generalists but still live in specialised habitats – from Honěk’s study we might include H.
variegata and C. quinquepunctata, at least in some parts of their ranges (see Sloggett & Majerus
2000). For these we need the insights provided by Honěk’s paper as much as we ever did. Our
overall knowledge of habitat preferences still lags behind our knowledge of dietary ones.
Furthermore, the study of ladybirds has undergone a massive upheaval due to interest in invasive
species, which in its turn has led to an influx of new researchers into the study of ladybirds, in
addition to the many who already study ladybirds for other academic or applied reasons. There is
a temptation on the part of many of these researchers, like I did with C. magnifica, to look at their
study species as invaders first and ladybirds second. Like me, they may find that looking at them
as ladybirds, with the insight that that can ultimately provide, may prove more useful. Honěk’s
paper can certainly help them in doing so.
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Abstract. We estimated the effect of photoperiod at a temperature of 25±1 °C on diapause incidence, developmental
rate and pre-oviposition period of the linden bug, Pyrrhocoris apterus (Linnaeus, 1758) (Heteroptera: Pyrrhocoridae).
At 12L (light):12D (darkness), 14L:10D, 15L:9D 100% of the females entered diapause, at 16L:8D it was only
slightly lower, at 16.5L:7.5D (critical photoperiod) it was 54%, at 17L:7D it was near to 0% and at 18L:6D it was
0%. Larval development was longest at conditions near to the critical photoperiod. At photoperiods of 16L:8D and
16.5L:7.5D some of the females that entered diapause had a longer larval development than some of the non-diapause
females. The duration of the pre-oviposition period of diapause females activated keeping them at a photoperiod
of 18L:6D depended on the photoperiod that previously induced diapause. The longest pre-oviposition period was
recorded for females kept at 12L:12D and the shortest at 15L:9D, 16L:8D or the critical photoperiod of 16.5L:7.5D.
Conversely, oxygen consumption of adults kept at photoperiods of 12L:12D, 15L:9D and 16L:8D was similar.
Only females kept at the critical photoperiod 16.5L:7.5D showed a slightly enhanced oxygen consumption. If the
oxygen consumption is measured continuously during the photoperiodic activation of females from 12L:12D, it
remained low and stable until a short period before oviposition when a higher metabolic rate associated with the
maturation of oocytes was recorded. If the duration of pre-oviposition period of activated females is accepted as
a criterion of diapause intensity, it may be concluded that oxygen consumption and diapause intensity are mutually
independent parameters.
Key words. Diapause, diapause development, diapause incidence, diapause intensity, oxygen consumption,
photoperiod, temperature, Pyrrhocoris apterus.

Introduction

Diapause is the most important of the seasonal adaptations that synchronize the development of
insect populations with suitable conditions (presence of food, suitable climatic conditions).
From a long list of definitions of diapause we have chosen that formulated by Danks (1987:
9–10): In contrast to quiescence, diapause is a more profound suppression of development “that
routes the metabolic programme of the organism away from direct developmental pathways” into
those “not controlled simply by the direct action of environmental factors, and which in nature
precedes the advent of adverse conditions.” Thus the adaptive functions of diapause are: (1) to
synchronize the development of active/feeding stages with favourable conditions, and (2) to
enhance the survival potential during unfavourable periods (Hodek 2012: 276).
While there are many general studies on diapause there are problems with the interpretation of
the results, mostly due to inconsistencies between the predictions of general theory and empirical
data. Intensity of diapause (and the methods for measuring it) is one such important but controversial feature. More insight into the phenomenon and term “diapause intensity” is needed, which
can be achieved by comparing experimentally the effects of factors that do not differ greatly, but
may have different qualitative effects. Thus, e.g., insects may be reared at day lengths differing
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little in absolute values but which produce a marked difference due to their relative position to
a particular threshold.
Effect of photoperiod on larval developmental rate
Photoperiod affects the rate of development in many insect species. Diapause inducing photoperiods usually decrease the developmental rate before the onset of diapause (Danks 1987, Saunders
2002). An unusual phenomenon is reported in Pyrrhocoris apterus: The mean duration of larval
development increases at photoperiods around the critical value for diapause regulation (Saunders
1983, Numata et al. 1993). The significance of this is not clear. Similarly Lopatina et al. (2007)
show that the larval development of P. apterus at relatively high temperatures (above 24–25 °C)
proceeds faster under long than under short days, which should be advantageous at the height of
summer. At relatively low temperatures (below 24–25 °C) larvae develop faster under short than
under long days. This is likely to be advantageous at the end of summer as it would enable larvae
to reach the adult stage, which can successfully overwinter. The interaction between temperature
and photoperiod in the regulation of the rate of development occurs also in the pentatomid Nezara
viridula: at a high temperature (25 °C) development is faster under an intermediate photoperiod
then under short or long days, while the opposite is recorded at a low temperature (20 °C) (Musolin & Numata 2003). According to Honek (1983) artificially slowed down development in the
last larval instar of P. apterus produced diapause even under long days.
One aim of the present study was to ascertain the relation between diapause induced at different
photoperiods and the duration of larval development of individual insects at 25 °C. At intermediate
photoperiods there is a tendency for individuals that do not enter diapause to develop faster.
Diapause intensity and metabolic rate
Although the diapause response has a qualitative character (“all or none” response), diapause of
different intensities can be induced by modifying the inducing factors, particularly photoperiod.
Perhaps the first such finding was recorded by Tauber & Tauber (1972) in Chrysopa carnea (now
Chrysoperla plorabunda). In some cases e.g. in Manduca sexta (Bell et al. 1975), Aphidoletes
aphidimyza (Havelka 1980) and Nineta flava (Canard 1983) diapause is more intense when induced
by photoperiods near the critical value for inducing diapause. In other species, e.g. in Ostrinia
nubilalis (Beck 1980), Riptortus clavatus (Numata & Hidaka 1983, Nakamura & Numata 2000)
and Drosophila auraria (Kimura 1990), the most efficient photoperiods (shortest photophases in
long-day insects and longest photophases in short-day insects) induce the most intense diapause.
Other environmental factors, such as temperature, population density etc., may also modify diapause intensity (Tauber et al. 1986, Danks 1987, Tauber & Tauber 2015).
Diapause intensity is often described in quite vague terms, as weak or deep/strong diapause, but
even when the word intensity is used it is not clear what this term means. The intensity has mostly
been measured “a posteriori” as the length of time required for the resumption of development
(Hodek 1971a, b, Danks 1987, Kostal et al. 2008).
However, we are usually interested in the actual state of a diapausing insect not a “a posteriori” measure of its condition. Attempts have been made to measure the intensity of diapause
using metabolic rate (Hodek & Hodkova 1981). This is logical because a lowered metabolic rate
is considered to be the essential symptom of diapause as an adaptive phenomenon (Tauber et al.
1986, Danks 1987). In two lepidopterans, Lacanobia oleracea and Mamestra brassicae, oxygen
consumption has been used as an indicator of diapause intensity induced by different photoperiods
at 25 °C (Varjas & Saringer 1998).
Interspecific comparisons indicate that diapause intensity is inversely related to oxygen consumption (Beck 1980). However, this relationship is less clear if diapause intensity is measured
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in this way for diapausing individuals of a species that have experienced different “histories” of
inducing factors, etc. Diapause intensity may vary at its onset due to differences in the inducing
factors and also changes (usually diminishes) with the progress of diapause development (Hodek
1983, 2002).
Oxygen consumption at 22 °C of the solitary bee, Osmia lignaria, overwintering at 0, 4 and
7 °C is similar over the first ~100 days, but than starts to diverge with an exponential increase
occurring earliest in those kept at 7 °C (Sgolastra et al. 2010). The authors conclude that diapause
was weakest in bees that overwintered at 7 °C. Alternatively, 7 oC may be the optimum temperature
for diapause development and the increase in metabolism at 7 °C was probably because these bees
were in post-diapause and already developing. Respiration recorded at 25 °C for P. apterus and
Aelia acuminata that were previously diapausing at 15 °C increases slightly with time, but there
is no significant correlation between the preoviposition period of individual females and their
oxygen consumption, which indicates there is no clear relationship between diapause intensity
and oxygen consumption (Hodek & Hodkova 1981). In P. apterus the oxygen consumption is
even greater at a thermoperiod of 25 °C day 15 °C night than at a constant 25 °C, although the
diapause intensity measured in terms of the duration of the pre-oviposition period is greater in
the former case (Kalushkov et al. 2001).
Denlinger (2002) states that the intensity of diapause is determined by qualitative differences
in gene expression, which do not affect the metabolic rate. Changes in level of transcription of
genes coding for AR and SoDH closely match changes in diapause intensity in P. apterus (Kostal
et al. 2008).
Several of the examples above indicate that the notion of the diapause intensity expressed in
terms of the duration of diapause development is not accepted uniformly. Therefore the other aim
of this study was to determine the relationship between the intensity of adult diapause and oxygen
consumption in P. apterus. We did two experiments: (1) Females induced to diapause by keeping
them at several different photoperiods (a) had their oxygen consumption recorded once before
transfer to an activation photoperiod (b) after which the duration of diapause was measured. (2)
Females induced to diapause at one photoperiod had their oxygen consumption measured repeatedly until the onset of reproduction.

Material and methods
Insects
We used Pyrrhocoris apterus bugs from a culture kept in the Entomological Institute, Czech Academy of Sciences, which
originated from bugs collected in the village of Chelcice near Ceske Budejovice (49° N) and reared at 25±1 °C in incubators
at a regulated photoperiod. At this temperature and a 18L:6D photoperiod the pre-adult development (egg and five larval
instars) lasted 4–5 weeks. The bugs were reared on linden seeds and water in 0.5 liter jars covered with nylon tissue.
Duration of development was measured as the number of days from oviposition to adult emergence.
The eggs laid during the preceding 24 hr were transferred to six incubators kept at 25±1 °C and with one of the following
range of photoperiods: 12L:12D, 14L:10D, 15L:9D (short days, SD), 16L:8D, 16.5L:7.5D (intermediate photoperiods)
and 18L:6D (long day, LD). Three groups, each of 100 eggs were kept at each photoperiod. The newly emerged adults
were isolated daily and the duration of their larval development recorded. Experimental females were reared individually
in Petri dishes and the number of egg they laid monitored. Females lay infertile eggs in the absence of males. Females
were considered to be non-diapausing if they started ovipositing within two weeks of emerging as an adult. Diapausing
females did not lay any eggs for at least 1.5–2 months or before the end of the experiment.
Diapause intensity was evaluated by measuring the duration of pre-oviposition period, after transfering diapausing
females to 18L:6D at the age of 1.5–2.0 months, i.e. when diapause intensity was greatest (Hodek 1978). One day before
the transfer to 18L:6D, females were weighed using an analytical balance (Sartorius) and their oxygen consumption
measured.
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Oxygen consumption
The metabolic rate was measured manometrically as oxygen consumption using a Warburg respirometer (Slama 1964).
Respiratory vessels of about 10 ml volume containing 5% potassium hydroxide to absorb carbon dioxide and a small
piece of wet cotton to maintain a constant water vapour pressure were used. The oxygen consumption recorded for each
individual at rest at a temperature of 26 °C is the average of three 0.5 h readings.
Statistics
Differences between parameters were analyzed using a one way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison tests (development time, weight, pre-oviposition, oxygen consumption). Linear regression (weight, oxygen
consumption) was computed using GraphPad Prism 5 software. Statistics are given in the legends of the Figures.

Results

Effect of photoperiod on diapause incidence, development rate and adult weight
At 12L:12D, 14L:10D, 15L:9D all females entered diapause and at 16L:8D diapause incidence
was only slightly lower. At 18L:6D diapause incidence was 0% and at 17L:7D it was nearly 0%. At
16.5L:7.5D (critical photoperiod) 54% of females entered diapause. The incidence of diapause can
be modified by temperature at the critical photoperiod of 16.5L:7.5D as an increase in temperature
of 2–3 °C greatly lowered the percentage of diapause females from 54% to 7% (Figs. 1, 2).
The pre-adult development was longer at photoperiods near the value critical for diapause induction (Fig. 1). It was longest at 16L:8D, when it lasted 44.1 days and thus 10 days longer than in
the typical short day of 12L:12D (34.7 days) or in the diapause preventing 18L:6D (34.3 days).
The comparison of diapausing and reproducing females from photoperiodic conditions around
the critical photoperiod revealed a tendency for those females that entered diapause to take longer
to complete their development: at 16.5L:7.5D the development of females that entered diapause
lasted 43.2 days, while that of the non-diapausing females was 37.8 days (Fig. 2). The tendency of
non-diapausing females at 16L:8D and 16.5L:7.5D to develop more quickly is also seen if the relation between length of development and diapause is expressed for individual females (Fig. 2).
Adult diapause in P. apterus is deepest 1.5–2 months after induction (Fig. 4 in Hodek 1983).
The weight of diapause females of this age from 16L:8D (74.4 mg, n=53) was significantly greater
(P<0.005) than that of diapause females from 12L:12D (68.3 mg, n=71). However, the relation

Fig. 1. Effect of photoperiod on development time. Values are means±SEM. Significantly different values (One-way
ANOVA, Tukey’s Multiple Comparison Test) are marked by different letters. Full line indicates diapause incidence.
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between the weight and duration of larval development of individuals within the groups kept under
different photoperiods showed an opposite tendency, i.e. lowering of weight with prolongation
of development (Fig. 3).

Fig. 2. Relationship between development time and diapause for individual females. Left – 25±1 °C, right – 27–28 °C,
solid columns – diapause females, open columns – non-diapause females. For mean values see Fig. 1.

Effect of diapause promoting photoperiod on reproduction after diapause
The duration of the pre-oviposition period of adults aged 1.5–2 months, recorded after transfer to
long days, was longest for females reared as larvae and young females at 12L:12D (32.6 days),
slightly shorter at 14L:10D (29.4 days) and shortest for females reared at photoperiods at or near
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the critical day-length (22.5 days at 15L:9D, 21.6 days at 16L:8D, 22.2 days at 16.5L:7.5D)
(Fig. 4).
If the duration of the pre-oviposition period is accepted as a criterion of diapause intensity,
then the least intense diapause was induced at intermediate photoperiods.
Effect of three diapause promoting photoperiods on oxygen consumption during (deep)
diapause
The mean consumption of oxygen by females that had been in diapause for 1.5–2 months, i.e.
before their transfer to a different photoperiod, was very similar in three experimental photoperiods: 0.326 ml/g/h at 12L:12D, 0.348 ml/g/h at 15L:9D and 0.331 ml/g/h at 16L:8D (Fig. 5). The
intensity of diapause, when measured as duration of pre-oviposition period, was, however, about
10 days shorter at 16L:8D than at 12L:12D or 14L:10D (chapter 3.2., Fig. 4). At the critical day
length of 16.5L: 7.5D, oxygen consumption was significantly higher (0.471 ml/g/h) than at the
former photoperiods, although diapause intensity measured as pre-oviposition period was similar
to that at photoperiods 15L:9D and 16L:8D (Fig. 4). The absence of a correlation between the
length of pre-oviposition period and oxygen consumption of individual females (Fig. 6) indicates
that these two parameters are probably independent.
Metabolic rate of diapausing females exposed to photoperiodic activation
There is a decrease in diapause intensity during the course of diapause development when exposed
to long days that induce reproduction, i.e. photoperiodic activation of diapause. Oxygen consumption of 16 diapausing females aged between 12–16 days was measured for 10 days at 12L:12D.
After a further 5 days these females were transferred to 18L:6D and their oxygen consumption
measured up until they started laying eggs. Although the intensity of diapause decreased, oxygen
consumption was low and stable until about 7–8 days before oviposition when it started to increase

Fig. 3. Relationship between weight and development time. Solid circles – 12L:12D, linear regression: r=–0.38, P<0.05.
Open circles – 16L:8D, linear regression: r=–0.68, P<0.0001. Only diapause females are included.
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Fig. 4. Effect of inducing photoperiod on pre-oviposition period. Values are means±SEM. Significantly different values
(One-way ANOVA, Tukey’s Multiple Comparison Test) are marked by different letters. Diapause females from photoperiods
between 12L:12D and 16.5:7.5D are indicated by hatched columns. Non-diapause females from 18L:6D are indicated by
the open column. Full line indicates diapause incidence.

sharply. A period of 7–8 days at long days and 25 °C is required for maturation of oocytes. Similar
trends were recorded for all 16 females, with the pre-oviposition period at 18L:6D ranging from
15 to 28 days. The results for the three females with the shortest, intermediate and longest pre-oviposition periods, respectively, are depicted in Fig. 7. In all cases, the increase in metabolic rate
is associated with the maturation of oocytes and not with the decrease in diapause intensity.

Fig. 5. Effect of inducing photoperiod on the oxygen consumption of adults. Values are means±SEM. Significantly different values (One-way ANOVA, Tukey’s Multiple Comparison Test) are marked by different letters. Diapause females
from 12L:12D to 16.5:7.5D are indicated by hatched columns. Females from 18L:6D are indicated by the open column
and are all non-diapausing individuals. Full line indicates diapause incidence.
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Discussion

Photoperiod critical for diapause induction
The critical photoperiod recorded for the population of P. apterus from southern Bohemia (49° N)
(54% diapause at 16.5L:7.5D) is similar to that reported for a population from northern Bohemia
(Hodek 1968). Saunders (1983) reports a value 15.75L for Czech insects from a culture at the
Institute of Entomology CAS, which were, however, reared for several generations at 16L:8D.
A Russian population from Belgorod, which is at a similar latitude (50° N), has an identical critical
photoperiod, close to 16.5L:7.5D at 25 °C (Goryshin & Volkovich 1984). A very similar critical
photoperiod of 17L:7D at 24.5 °C is reported by Numata et al. (1993) for a Russian population
(50° N).
The well-known effect of an increase in temperature shortening the critical day-length (Saunders 2002) is corroborated by the results of the present study in which the incidence of diapause
at 16.5L:7.5D decreased from 54% to 7% when the temperature was increased by 2–3 °C (Fig.
2). Similarly, the critical photoperiod of the Belgorod population decreases with an increase in
temperature from 17L:7D to 15.5L:8.5D when temperature is increased by 2.5 °C (Numata et
al. 1993).
Relation between the larval developmental rate and diapause
We confirmed the earlier findings (Saunders 1983, Numata et al. 1993) of a long larval development at intermediate photoperiods (at or near the critical level) and a short larval development at
both short and long day-lengths. This can be accounted for in two ways.
(1) Homogenization of life cycles
Larvae that emerge from the eggs in early spring are exposed to several weeks of photoperiods
near the critical level (14.5L:9.5D – 16.5L:7.5D) and consequently develop slowly, whereas

Fig. 6. Relationship between oxygen consumption and pre-oviposition period. Solid circles – 12L:12D, open circles
– 15L:9D+16L:8D, open triangles – 16.5:7.5D. Only females in diapause are included. There was no correlation between
oxygen consumption and duration of the pre-oviposition period (diapause intensity).
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those that hatch later in the season are exposed to long days and develop more rapidly (Saunders
1983). This might help to keep the population more homogeneous phenologically and result in
a more uniform photoperiodic induction of diapause and univoltinism (Saunders 1983). The
population in the Czech Republic, however, is not uniformly univoltine (Hodek 1971b: Table 1,
Honek & Sramkova 1976, Socha & Sula 1992). Short day-lengths (13.5L:10.5D) at the beginning
of September and further decreasing would induce faster development in late summer and early
autumn, so that the larvae are able to complete their development before the onset of winter,
even those individuals that have tendency to bivoltinism. Lopatina et al. (2007) also suggest that
the response of P. apterus to short day-lengths and low temperatures (below 24–25 °C) at the
end of summer is to develop faster. That P. apterus takes longer to complete its development at
intermediate day-lengths at 25 °C and a wider range of temperatures of 20–27 °C is confirmed,

Fig. 7. Examples of oxygen consumption recorded during photoperiodic activation of diapausing individuals. Solid circles
– oxygen consumption at 12L:12D, open circles – oxygen consumption at 18L:6D. Females were transferred from 12L:12D
to 18L:6D on day 0 and their oxygen consumption measured until they started laying eggs (the end of the curve).
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respectively, by Saunders (1983) and Numata et al. (1993). This explanation is in accordance
with the results of Kidokoro & Masaki (1978), who report a similar decrease in developmental
rate near the critical photoperiod for induction of embryonic diapause in both uni- and bivoltine
populations of Dianemobius nigrofasciatus, and assume that this enables this species to enter
diapause at the right time. Similarly a low growth rate at photoperiods near the critical daylength
is also reported for the pentatomid bug Dolycoris baccarum (Nakamura 2003).
(2) Chronobiological phenomenon
The photoperiodic counters in each species of insect need a specific number of diapause promoting
days for the induction of diapause (Saunders 2002). Slow development of P. apterus at the critical
photoperiod may enable it to accumulate a sufficient number of photoperiodic cycles for induction.
This explanation is supported by the greater tendency of the individuals that develop slowly at the
critical day length to enter diapause (Fig. 2). The possibility cannot be excluded, however, that
the slow developing individuals have a greater genetic tendency to enter diapause.
Relation between oxygen consumption and diapause intensity
In species like P. apterus short daylengths induce a deeper diapause than those around the critical
level (Fig. 4). There is as yet little information on the physiological pathways leading to various
levels of diapause intensity. It appears that the difference in the intensity of diapause recorded at
12L:12D and 16L:8D is not connected with metabolic rate, measured in terms of oxygen consumption (Fig. 5).
Previously we found that oxygen consumption measured at 25 °C of P. apterus in deep diapause
that was induced in a 25/15 °C thermoperiod was greater than those in diapause induced at a constant 25 °C (Kalushkov et al. 2001). In addition, individuals that develop under a thermoperiod
are also bigger than those that develop at a constant temperature (Novakova & Nedved 1999). To
eliminate a possible effect of the change in temperature, we used a constant temperature of 25 °C
for both rearing the insects and measuring their oxygen consumption. The present results are not
consistent with reports for two lepidopteran species, for which oxygen consumption is considered
to be a good indicator of diapause intensity (Varjas & Saringer 1998).
During the course of diapause development at 15 °C and a 18L:6D photoperiod in both P.
apterus and Aelia acuminata there is a slight increase in oxygen consumption from November to
April and decrease in diapause intensity, indicated by a shortening of the pre-oviposition period
(Hodek & Hodkova 1981). In the present experiments, however, the oxygen consumption of
females transferred from 12L:12D to an activation photoperiod of 18L:6D did not increase until
the ovaries started to develop (Fig. 7).
Although a temperature around 15 °C is not suitable for photoperiodic activation, it does result
in slow diapause development (Hodkova & Hodek 1987). Therefore, it is plausible that the start
of morphogenesis occurred after a long period between November and April at 15 °C and this is
responsible for the slight increase in oxygen consumption. In Osmia lignaria, oxygen consumption at 22 °C after spending approximately the first 100 days of their diapause development at
either 0, 4 or 7 °C (i.e. lower than 15 °C), started to diverge only after termination of diapause
(Sgolastra et al. 2010) .
Overall, neither diapause induction by different daylengths (Fig. 5) or diapause activation
by long days (Fig. 7) are associated with the level of oxygen consumption. Diapause intensity
is apparently due to a qualitative difference in gene expression (Denlinger 2002) that does not
affect their metabolic rate. We did, however, record big differences in the oxygen consumption of
diapause and non-diapause (reproducing) females (Fig. 5), as previously recorded in P. apterus
(Slama 1964, Kalushkov et al. 2001).
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Conclusions

(1) Duration of the pre-oviposition period of 1.5–2 month old females activated by different
inductive photoperiods, when diapause is deepest, differed.
(2) Larval development is longest at intermediate photoperiods with a tendency for that of non-diapause individuals to be shorter. This may be related to either the synchronization of development or chronobiological mechanisms.
(3) If we accept that the duration of the pre-oviposition period of activated females is a criterion
of diapause intensity, then oxygen consumption and diapause intensity are mutually independent. Oxygen consumption is low and similar in females aged 1.5-2 months irrespective of
the inductive photoperiod. In addition, repeated measurements of the oxygen consumption of
females during activation, indicates that the start of the increase in consumption is associated
with the maturation of oocytes and not a decrease in diapause intensity.
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Abstract. Observations on the blowfly Calliphora vicina Robineau-Desvoidy, 1830 under quasi-natural conditions
in the environs of St. Petersburg (Russia) where the average temperatures ranged from 10 to 25 °C revealed that
the correlation between the rate of its larval development and the mean daily temperature could be approximated
by a linear regression (R=0.89). Laboratory experiments conducted under constant temperatures of from 12 to
23 °C also yielded a strong (R=0.93) linear correlation. The parameters for the development from egg to puparium
calculated based on the data recorded in the field and laboratory (low temperature thresholds of 1.1±0.7 and
2.4±1.5 °C, regression coefficients 0.55±0.02 and 0.61±0.05, respectively) were not significantly different. The
sums of effective temperatures were also practically the same: 193 and 188 degree-days for field and laboratory
conditions, respectively. Further increase in the constant temperature up to 25–28 °C did not result in an increase
in the rate of larval development in the laboratory and was similar to the developmental rate recorded under natural
conditions at mean temperatures of 24–25 °C, but were slightly lower than the regression line. The rate of larval
development when subjected to an artificial thermorhythm (temperatures alternating between 22 and 28 °C every
12 hours) was not significantly different from that recorded at a constant temperature of 25 °C. We conclude that the
rate of larval development of C. vicina under natural thermorhythms can be reliably predicted based on parameters
determined in the laboratory at constant temperatures.
Key words. Temperature, thermorhythm, rate of development, larvae, blow fly, Calliphora vicina.

INTRODUCTION

It is well known that the rate of growth and development of insects is markedly dependent on
temperature and that within the tolerance range of a species this dependence is usually close to
linear. Although numerous nonlinear equations have been proposed to describe the relationships
between insect development and temperature, in practice it is possible to predict the duration of
insect development over a wide range of temperatures using the linear model (Honěk & Kocourek 1990, Honěk 1996, 1999, Briere et al. 1999, Jarošík et al. 2002, 2004, Trudgill et al. 2005,
Bergant & Trdan 2006, Jarošík et al. 2011, Damos & Savopoulou-Soultani 2012). In addition,
although certain species of insects either accelerate or retard their rate of development under
varying temperature conditions, in most insects the rate of development recorded when kept in
a normal thermoperiod is close to that at its mean effective temperature and, hence, the duration
of their development under natural thermorhythms can be quite accurately predicted based on
data obtained in the laboratory at constant temperatures (Hagstrum & Hagstrum 1970, Beck 1983,
Hagstrum & Milliken 1991, Greenberg 1991, Davies & Ratcliffe 1994, Siegel et al. 2010, Warren
& Anderson 2013, Wilstermann & Vidal 2013, Tu et al. 2014). The reliability of this prediction is
extremely important for agriculture, forestry and many other human activities.
For the object of this study, the blowfly Calliphora vicina Robineau-Desvoidy, 1830, it is important to know its rate of development under constant and changing temperatures because this
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insect is not only a convenient model for various laboratory studies (Vinogradova 1984, 1991)
but is also widely used in forensic entomology for estimating how long a person has been dead
(Vinogradova & Marchenko 1984, Greenberg 1991, Richards & Villet 2008). Thus, it is important
that the determination of the duration of its development is accurate. Although, as noted above,
the blowfly has long been used in various eco-physiological studies, most of these experiments
were conducted under constant laboratory conditions. Recently we compared the parameters of
preimaginal development of C. vicina recorded under natural and laboratory conditions (Vinogradova & Reznik 2013a). The results of that study indicate that the rate of development under
natural thermorhythms is rather close to that recorded under corresponding constant temperatures but the data was insufficient for a reliable statistical comparison. The present paper contains
the results of more detailed studies including the results of 4 seasons of field observations and
numerous laboratory experiments.
MATERIALS AND METHODS
For both field and laboratory studies, the same laboratory strain of Calliphora vicina, which originated from flies collected
in the environs of St. Petersburg, was used. Field observations were made under quasi-natural conditions during the warm
seasons (May–September) of 2010–2013 in the environs of St. Petersburg, Russia. The flies were kept in gauze cages on
a shaded veranda and regularly given water, sugar and protein food (pig kidneys). The batches of eggs laid during 24 h
were periodically placed in 0.5-liter jars with wet sawdust and kept in a shaded place in the open air. The larvae were fed
on pig kidneys. In 2010–2011 the temperature under the canopy where the jars with the larvae were kept was recorded
with a mechanical temperature recorder and mean, minimum and maximum daily temperatures were calculated based on
seven measurements each day at intervals of 3 h 25 min. In 2012–2013 the temperature under the canopy was recorded
using a portable USB data logger every 30 minutes and the daily means, minimums and maximums were each based
on 48 measurements per day. To measure the duration of larval development (from egg to puparium), the pupae were
counted daily or every 2–3 days, depending on the temperature. It is well known that at temperatures lower than 16 °C
some larvae of C. vicina enter diapause and the percentage diapausing markedly increases with decreasing temperature
and is almost 100% at 8–10 °C (Vinogradova 1984, Vaz Nunes & Saunders 1989). Thus, at temperatures of 11–15 °C
the temporal distribution of pupariation is strongly right-skewed or even bimodal (Vinogradova & Reznik 2013b). In the
present study, only data for the “active fraction” (i.e. the larvae that pupated within 20–30 days after eclosion, depending
on temperature) were used to estimate the mean duration of larval development.
Laboratory experiments were carried out during the winters of 2011–2014 in thermostatic chambers at the Laboratory
of Experimental Entomology of the Zoological Institute, Russian Academy of Sciences (St. Petersburg). In the laboratory,
C. vicina eggs were obtained from flies kept at 20 °C and an L:D=16:8h. The egg batches were divided between several
jars placed in different thermostatic chambers and monitored in the same way as those reared in the field. The rate of larval
development was recorded at constant temperatures of 12 and 16 °C (in the dark), 20, 23, 25, 28 °C (under a photoperiod
of L:D=15:9h) and also under a thermorhythm with a mean temperature of 25 °C (12 h of 22 °C and 12 h of 28 °C) under
the same photoperiod (L:D=15:9), the thermophase coincided with the middle of the photophase.
To avoid pseudoreplication, cohorts (groups of larvae that hatched from the same egg batch) were considered as statistical units both in the field and laboratory experiments (the mean duration of larval development calculated for a cohort
was used). Each cohort included at least 50 larvae. In total, the development of 195 cohorts was recorded under natural
conditions and 45 cohorts in the laboratory. For the field observations, the mean temperature was calculated based on the
temperature records for the period of time from the day of larval eclosion to the day of mass (modal) pupation of each
cohort. The statistical treatment of the data included a GLM, correlation, and regression analyses, and the regression
coefficients and thresholds were compared using a Student’s t-test.

Results

The dependence of the rate of larval development of C. vicina on mean daily temperature under
natural conditions was closely (R=0.89, n=195, P<0.001) approximated by the linear regression
Y=0.55×X–0.62. For the graphical presentation 195 cohorts of larvae were separated into 15 classes that experienced different average temperatures during the period of larval development: the
first included cohorts that experience average temperatures of from 10 to 11 °C, the second, from
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11.1 to 12 °C, etc. Most of the classes included more than 10 cohorts, while the two “extreme”
classes with mean temperatures of less than 11 and more than 24 °C each included only two cohorts. The daily mean, minimum and maximum temperatures averaged for cohorts of each class
are shown in Fig. 1. Although, as seen in Fig. 2, the data recorded at the highest of the average
daily temperatures (24–25 °C) were somewhat lower than the regression line, this difference was
not significant because of high variability and small sample size.
Laboratory experiments conducted under constant conditions also revealed that an increase in
temperature from 23 to 25–28 °C caused only a slight and statistically insignificant (R=0.32, n=24,
P=0.123) increase in the rate of larval development (Fig. 2b). Thus, only data for temperatures
of less than 25 °C were used in the linear regression analysis. The correlation (R=0.93, n=26,
P<0.001) was somewhat stronger than that recorded under natural conditions, but the parameters
of the regression were similar: Y=0.61×X–1.48. As seen in Fig. 2, the two regression lines are
very close to one another. The parameters calculated based on these regressions (means and SE):
low temperature thresholds of 1.1±0.7 and 2.4±1.5 °C, regression coefficients of 0.55±0.02 and
0.61±0.05 for larval development under field and laboratory conditions, respectively, were not
significantly different (Student’s t-test; P>0.05). The sums of effective temperatures (SET) were
also practically the same: 193 degree-days in the field and 188 degree-days in the laboratory.
A two-factorial GLM analysis of the pooled data (n=235, temperature and laboratory vs. natural
conditions were the two factors) also revealed that the rate of larval development significantly
(P<0.001) depended on temperature, but not on laboratory vs. natural conditions (P=0.511). When
only the data for temperatures less than 22 °C were analyzed (n=183), the results were the same:
P<0.001 and P=0.220, but if mean temperature during larval development was higher than 22 °C
(n=52), neither factor had a significant effect (P=0.207 and P=0.278 for temperature and laboratory

Fig 1. Average daily minimum, mean and maximum temperatures recorded in 2010–2013 under the canopy of the veranda
where the jars with Calliphora vicina larvae were kept. Each symbol represents the data for a group of 2–28 cohorts (total
n=195, the groups were separated based on the mean temperature during larval development), error bars indicate daily
minimums and maximums for the same period averaged for all cohorts of a group.
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Fig. 2. The rate of larval development of Calliphora vicina in relation to temperature: a – under natural conditions, b – in
the laboratory under constant temperatures, c – in laboratory under a thermorhythm of 22–28 °C with a mean temperature
of 25 °C. Means and SD are indicated, data on development under natural conditions are grouped as in Fig. 1.

vs. natural conditions, respectively). Finally, the rate of larval development of C. vicina in the
laboratory reared at an artificial thermorhythm (alternating temperatures of 22 and 28 °C, each
lasting for 12 h at a photoperiod of L:D=15:9h, with the thermophase coinciding with the middle
of the photophase) did not differ significantly (P=0.593, Student’s t-test) from that recorded at
a constant temperature of 25 °C (Fig. 2c).
Discussion

Our results are similar to those of earlier studies on the blowfly by various authors (see Vinogradova 1984, 1991 for the references). For example, according to Donovan et al. (2006) SET for
C. vicina development from egg to pupation is 195 degree-days with a threshold of 1 °C. Note,
however, that our recent study (Vinogradova & Reznik 2013a) yielded somewhat different results:
the SET was about 140 degree-days with a threshold of 5.8 °C. The reason for this difference is
that we also included data recorded under natural conditions at mean temperatures of 5–10 °C
in the analysis in our earlier study, which is lower than the upper temperature threshold for the
induction of larval diapause (Vinogradova 1984, 1991, Vaz Nunes & Saunders 1989, Vinogradova & Reznik 2013a). As seen in Fig. 1a of Vinogradova & Reznik (2013a), all symbols for
these results are below the regression line, which is most probably due to the induction of a short
period of diapause in some individuals. Another possible reason for the very high variability of
the results recorded both under natural and laboratory conditions is an uncontrolled and, most
probably, density-dependent self-heating of larvae, although, for example, Davies and Ratcliffe
(1994) show that larvae reared individually in small tubes grew on average at the same rate as
those reared communally. On the other hand, these authors note that the variation in the rates of
growth and development of C. vicina is generally greater than that recorded in other Diptera.
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We conclude that both field observations and laboratory experiments indicate that at temperatures between 10–12 °C (which is the upper threshold for larval diapause induction) and 22–23 °C
the thermal dependence can be accurately approximated by a linear regression, whereas a further
increase in temperature does not cause a significant increase in the rate of larval development.
This low upper limit of the optimal zone is most probably connected with the fact that C. vicina
is a relatively cryophilous insect. In natural conditions in the environs of St. Petersburg, adults
become active in April–May when mean daily temperature is 2–4 °C and terminate in summer when
it reaches about 14 °C and become active again in August–September (Vinogradova 1984).
Returning to the aim of this study, we conclude that the main parameters of the thermal dependence of the rate of larval development of C. vicina under natural thermorhythms were not
significantly different from those under constant temperatures in a laboratory. In addition, the rate
of development of those exposed to the artificial thermoperiod of 22–28 °C (which is close to the
average daily variation in temperature under natural conditions) was practically the same as that
at the corresponding constant temperature of 25 °C. Thus, the results of our study agree with the
numerous earlier investigations done using different insects, which demonstrate that the rate of
development under natural thermorhythms can be quite reliably predicted based on parameters
determined in the laboratory at constant temperatures. As for other Diptera, the effect of variable
temperatures on the duration of development seems to depend both on the species studied and on
the methods used. For example, according to the data published by various authors the rates of
development of Calliphora vomitoria, Protophormia terraenovae and Lucilia sericata recorded
at a particular thermorhythm is somewhat higher than that recorded at the corresponding constant
temperature and changing the temperatures delays preimaginal development in C. vicina, Chrysomya macellaria, C. rufifacies, Phormia regina, and Phaenicia sericata (Hagstrum & Hagstrum
1970, Greenberg 1991, Davies & Ratcliffe 1994, Warren & Anderson 2013).
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