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1. INTRODUCTION

Usually pollination ecology is narrative and in many cases even anecdotical,
presenting case histories rather than generalizations. There are exceptions
however, which are mainly presented in the form of text books, including syn-
theses of the relations of pollinators and flowers, as Miiller (1873 and 1881),
Loew (1895), Knuth (1898), Kirchner (1911), Knoll (1921 and 1956), Cam-
merloher (1931), Meeuse (1961), Kugler (1970), Proctor & Yeo (1973), and
Faegri & Van der Pijl (1980). The syntheses in these books, however, are not
connected with either the phylogeny of the pollinators or that of the
angiosperms.

Evolutionary studies on pollinator-flower relationships are mainly restricted
to taxa of lower rank, morphological features, phenology of plant com-
munities, processes (isolating mechanisms; ethology of, mainly, higher bees;
and other restricted items). Examples are: Daumann, 1935 (nectaries in the
taxonomy of Iris), 1966 (‘‘Pollenkitt’’, pollination mechanisms and
phylogeny); Doyle, 1945 (developmental lines in pollination mechanisms in
the Coniferales); Mayr, 1947 (ecological factors in evolution); Pennell, 1948
(relation between taxonomy and floral biology); Grant, 1949, 1963 (processes:
pollination systems as isolating mechanisms; adaptations); Whitehouse, 1950
(incompatibility and angiosperm evolution); Heslop-Harrison, 1958
(ecological variation and angiosperm evolution); Faegri, 1965 (Proteaceae);
Baker, 1966 (evolution of incompatibility systems in Plumbaginaceae); Grant,
1966 (floral colours and hummingbird flowers); Gottsberger, 1967, 1972
(Malvaceae), 1970 (Annonaceae), 1974 (‘‘primitive’’ angiosperms); Grant &
Grant, 1965 (description of several evolutionary lines in the pollination of
North American Polemoniaceae, regarding also the taxonomical relationships
within the family), 1968 (hummingbirds and flowers); Van der Pijl, 1969
(evolutionary action of tropical animals on plant ‘reproduction); Levin &
Anderson, 1970 (processes: competition for pollinators beween simultaneously
flowering species); Kevan, 1972, 1972a (entomophilous pollination in the high
arctic); Bell, 1971 (fine example of developmental processes in micro-evolution
of some Apiaceae); Grinfeld, 1973 (anthophilous evolution of the Apoidea);
Heywood (Ed.), 1973 (various examples of taxonomy and ecology); Gilbert &
Raven (Eds), 1975 (various examples of co-evolution of animals and plants);
Frankie, 1975 (tropical phenology and pollinator-plant evolution); Dodson,
1975 (co-evolution of orchids and bees); Chase & Raven, 1975 (evolutionary
and ecological relationships in two Aquilegia species); Vogel, 1969, 1971, 1974,
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1984, 1986 (co-evolution of oil-producing flowers and oil-collecting bees); and
many others. Interesting surveys can be expected from e.g. the extensive
research on bumblebees and Pedicularis (e.g. Macior, 1968, etc.; and Kwak,
1979, etc, see references) and of Agaonidae and Ficus (see e.g. Wiebes, 1979,
1982 and his referring to e.g. Corner and Galil).

The main synopses have been given by Van der Pijl (1960, 1961) and Proc-
tor (1978), based on a comparison of Recent ecosystemic conditions.

Some authors have included angiosperm phylogeny and fossil record in
pollination ecological research, as Leppik (1957, 1957a, 1971 and 1974) for
Rhododendron and Crepet et al. (1974) and Crepet (1979 and 1979a).

In case of an approach from plant systematics, the tracing of evolutionary
lines (transformation series) is difficult, because the study of the phylogeny of
the Angiospermae in the sense of Hennig (1966) is only at its very beginning,
despite the several existing classification systems (Takhtajan, 1980; Cronquist,
1981; Dahlgren et al., 1981; Rouleau, 1981; Thorne, 1981). In actual
systematics, first the phylogeny is described and it functions as a basis for the
classification. Systematic zoology in this respect is ahead of taxonomical
botany. This certainly will be due to the fact that morphological variation
within angiosperm species is much more extensive than in animal species. But
to my opinion it may also be a result of the fact that zoological systematists
much earlier started to produce taxonomical monographs (subject of study a
whole taxon) than did plant taxonomists. The latter mainly produced
geographically restricted floras, which for practical reasons initially were more
required than monographs of single taxa, because of the extensive economical
importance of angiosperms, but in which in most cases only parts of taxa
occur. And, last but not least, the inventarisation of seed plants of a region is
much easier than that of insects.

Although the insect phylogeny in the sense of Hennig (1966) is much in
development in recent times (see e.g. the many foot notes in the second edition
of Hennig (1981)) the link with entomophilous pollination ecology has not yet
been made on a more large scale. This may be due to the fact that up to now
too few entomologists have shown interest in pollination ecology from a
phylogenetic point of view. One of the few examples concerns the Agaonidae
(see Wiebes, 1982)

It is, however, hopeful to notice that in the most recent surveys of the
Angiospermae (as e.g. Cronquist, 1981) not only morphological character
states, but also pollen ecological aspects are, at least, taken into account.

As has been stated above, the insufficient descriptions of evolutionary trends
in pollination are mainly due to the imperfectly studied phylogeny of the
Angiospermae, but also other facts may have hindered these descriptions. The
main interest of pollination ecologists was in first instance drawn to the
highlights of insect-flower relationships. In most cases these are highly
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developed temporary terminal points of evolutionary lines, and in many cases
possibly the definite terminal points. It mainly will be the beauty of these cases
which gave them such an important place in pollination ecology as a whole.
These and other pollination systems are classified in the, each other excluding,
pollination syndromes. These syndromes, however, refer to artificial group-
ings of taxonomically often unrelated angiosperms. Only when applied within
the phylogeny of angiosperm taxa of lower rank, they will throw some light on
the evolutionary developments of pollination. Besides, pollination syndromes
only cover a part of the angiosperm flowers. Many non-specialized
entomophilous flowers do not fit the syndromes, and consequently they were
largely overlooked. In analysing the present state of pollination ecology it can
be concluded that most evolutionary studies are limited to the pollination syn-
dromes.

The absence of general descriptions of evolutionary trends in pollination
ecology, based on the phylogenies of pollinators and angiosperms, has
fascinated and challenged me to try and find out whether these transformation
series can be described. To achieve this, the comparatively well-known
phylogeny of insects and their extensive fossil record are taken as a starting
point and are correlated with the Recent insect feeding-habits and insect-
flower relationships. This correlation results in flower-morphological transfor-
mation series, which can be dated by the fossil history of insects and com-
parison with the fossil history of angiosperms in its turn indicates floral
developments and consequent developments in pollination ecology.



2. METHODOLOGY AND TERMS

For the description of an evolutionary basis for pollination ecology the
following tools are available:

a) insect phylogeny based on Recent comparative morphology and fossil
history;

b) Recent feeding-habits of insects and their relationships with flowers
(inclusive some aspects of insect ethology);

c) angiosperm phylogeny based on Recent comparative morphology and fossil
history.

One of the main aids to indicate the sequence of developments is the fossil
record. According to De Jong (1980) the stratigraphical appearance is a valid
argument to decide whether a character state is plesio- or apomorphous. It,
however, will be subject to constant change. The fossil record of angiosperm
flowers is very poor; flowers are temporary parts of the plants and after
blossom they drop off in whithered parts, which means that even in a habitat
favourable for fossilization entire fossil flowers are extremely rare. The main
exception is the amazingly rich middle Eocene Claiborne Formation of the
U.S.A. (see Crepet, 1979), which provides a good flower-ecological picture of
that period. Also in the middle Senonian fluviatile sands and clays from
Scania, southern Sweden, several flower fossils are found which demonstrate
the definite presence of some flower-ecologically important character states in
the Upper Cretaceous (see Friis, 1983 and Friis & Skarby, 1982). In contrast
to the floral fossil history that of the adult insects (with their resistent chitinous
exoskeleton) is very rich. The description of the evolutionary basis for flower
ecology is mainly based on the fossil record of the insects. There are strong
arguments for this approach, but it requires some explanation.

The nature of the co-evolution of anthophilous insects and entomophilous flowers

The evolutionary developments of pollination are essentially the result of co-
evolution of (anthophilous) insects and entomophilous flowers (except for
developments towards anemogamy, hydrogamy and autogamy). The term co-
evolution denotes the complex of reciprocal adaptive developments favoured
by the complex of reciprocal selective pressures, or reciprocal restrictions to
variations. Starting from dystropic pollinators (compare e.g. the interesting
publication of Vogel et al. (1984) on ornithophilous flowers pollinated by non-
specialized birds on the Canary Islands) the developments to allophilic,
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hemiphilic and euphilic flowers and allotropic, hemitropic (hemilectic) and
eutropic (eulectic) pollinators respectively occur. In many cases it will be dif-
ficult to indicate whether the evolution of anthophilous insects is guided by the
evolution of the angiosperm flowers, or vice versa. Both guidances will occur,
but in general it can be stated that initially adult insects are less dependent on
flowers or certain forms of flowers, than are entomophilous flowers on insects
for (cross-)pollination. Many nectarivorous insects can e.g. also feed on non-
floral honey-dew; within anthophily long-tongued insects in many cases also
can feed on short-tubed flowers. This difference in absoluteness of dependence
is caused by the fact that insects are free-living organisms and plants in adult
state are sessile, and means that the insects form an essential part of the
environment of entomophilous flowers.

In the evolution of pollination this indicates that the developments of floral
structures run (somewhat) after the developments in insect morphology; every
new floral character state is dependent on the presence, i.e. established
development, of corresponding elements of insect morphology. Within the
variation of floral character states one of the extremes will succeed if corres-
ponding extremes are present in the ‘‘environmental’’ insect morphology (e.g.
lengths of corolla tubes and tongue-lenghts of anthophilous insects). Once suc-
ceeded, on the other hand selection in one of the extremes of the variation in
insect morphology can occur (e.g. anthophilous insects with the longest
tongues will meet less feeding-competition on the flowers with the longest cor-
olla tubes than on those with shorter ones). Because initially floral evolution
is more dependent on the morphological evolution of anthophilous insects than
is the reverse, the stratigraphical presence of these insects may indicate the
presence of corresponding floral structures, or the potential presence of them.
The stratigraphical presence of floral structures more certainly indicate the
presence of insect morphology, but as mentioned before, the fossil record of
floral structures is very poor.

Using the phylogeny of anthophilous insects, based on the classification of
taxa in which anthophily developed and their fossil record, requires the
presupposition that these insects did not behave otherwise in earlier times in
unchanged morphological conditions (e.g. Coleoptera in the Cretaceous had
no wider visual sensitivity in the spectrum than they have now). This presup-
position is the same as the doctrine of uniformitarianism as used in historical
geology. In this study it will be regarded as ‘‘vertical’’ uniformitarianism (in
the geological time scale); because the sample taken for the analysis of insect-
flower relationships is geographically limited to the central European area, the
term ’’horizontal’’ uniformitarianism will be also used (see next paragraph).



Correlation of the Recent insect-flower relationships with the phylogeny of insect taxa in
which anthophily developed

The least anecdotically compiled survey of flower visits of insects is that of
Knuth (1898a, 1899) as far as it concerns the central European area.

A statistical analysis was carried out, correlating these insect visits to flowers
with the floral morphology of central Europe, as described by Hegi (1906-
1931, 1936 etc. and 1966 etc.) and listed by Ehrendorfer (1973). To correlate
the results of this analysis with the fossil record of the insects, the results have
to be considered world-wide (e.g. if the bees in central Europe appear to visit
significantly more blue coloured flowers than do beetles, they are considered
to do so also in other parts of the world), and this requires the presupposition
of ‘‘horizontal’’ uniformitarianism (geographically over the world). The
geographical restriction of the analysis means that not all insect-flower rela-
tionships are covered, which will appear in many examples. The statement of
Faegri & Van der Pijl (1980) that pollination ecology is too much based on the
observations of the central European area (with, however, still the most
detailedly known flora and insect fauna of the world) is avoided as much as
possible: only the statistically significant results are taken into account.

The correlation of the results of the analysis of Recent insect-flower relation-
ships requires a behavioural ‘‘vertical’’ uniformitarianism (in unchanged
morphological conditions).

The phylogeny of the insects is largely based on the principles of
phylogenetic systematics as introduced by Hennig (1966). This definition of
classification in complexes of sister groups, applied on insect phylogeny (Hen-
nig, 1969 and 1981) has the advantage of the predictive value of stratigraphical
presence of insect taxa (the presence of a predictive theory can be considered
one of the most important elements of good research programmes, see e.g.
Lakatos, 1978): if a representative of a taxon is present in a stratum,
demonstrating the presence of one or more synapomorphies, also represen-
tatives of the sister-group must have been present in the time corresponding
with that stratum.

The results of this correlation are functionally directed developmental lines
in floral morphology, or in other words a series of transformation series. E.g.,
the floral colours yellow and white were much earlier functional in attracting
insects than were purple and blue, and therefore probably they were earlier
present than the other ones, i.e. yellow and white can be considered plesiomor-
phous (primitive) floral colours and purple and blue apomorphous (advanced)
ones in the evolution of angiosperm floral colours. Regarding the presupposi-
tions stages in the transformation series can be dated by the stratigraphical
appearance of the insect taxa in which anthophily developed.



Correlation of the transformation series with the phylogeny of the Angiospermae

The phylogeny of the Angiospermae in the sense of Hennig (1966) ought to
be based on the Recent morphology correlated with the fossil record. The first
has not yet been worked out as detailed as that of the insects, or at least is less
readily available, and thus the main component of correlation is that of the
fossil record. It is possible that the dating of the transformation series on the
basis of the stratigraphical appearance of the insect taxa in which anthophily
developed, has to be changed by the stratigraphical appearance of angiosperm
fossils (hypothetically) or flowers (definitely). This method of reasoning is
called spiral reasoning (Hull, 1967, 1979) and is the result of reciprocal
illumination (Hennig, 1966; see also e.g. Walker, 1974a).

A survey of the structure of this study is given in fig. 2-1, indicating the
sources (with indications of secondary, i.e. derived from literature, and
original, i.e. personal observations, statistical analyses and new combinations)
and the way of reasoning. It is indicated that application of the results of this
study on the phylogeny of the Angiospermae may provide a synergy effect (at
any rate at the present state of knowledge of angiosperm phylogeny), i.e. com-
parison of the description of the evolution of pollination (transformation series,
mainly based on insect phylogeny and fossil record) with the phylogeny and
fossil record of the Angiospermae will give a result that reaches further than
separate descriptions (continuing process of reciprocal illumination).

This study consists of a number of compilations, which are compared with
each other. None of these compilations is complete, they merely give a survey
of the present state of comparatively easily accessable knowledge, i.e. found in
more general surveying articles. Together, however, they throw some light on
the evolutionary developments in pollination ecology at a fairly high abstrac-
tion level. The general transformation series should be checked on their
validity in angiosperm taxa of lower rank, also with regard to falsification. The
latter may indicate interesting evolutionary potentials.

This study has to be considered no more than a first interim report towards
the foundation of a more sound evolutionary basis for pollination ecology,
throwing light on both the phylogeny of entomogamous angiosperms and on
that of anthophilous insects.

Some remarks on the terminology used in this study

The flower is considered the reproductive structure of the Angiospermae
and the term flower is not used for Gymnospermae.

In naming the pollination systems a distinction is made between the flower
and the specimen or taxon. A flower can be entomophilous (in case of
entomochory, there is no question of a flower anymore). Entomophily in a
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specimen or a taxon is possible, but may mean more insect-plant relationships.
As example I will use here the relations of ants with plants: there may be ques-
tion of myrmecochory, myrmecophylaxis, often combined with myrmecodomy
and myrmecogamy (pollination by ants). In this study for the flower the ter-
mination -philous (not regarding possible cases of floral entomodomy, they are
considered to be connected with the entomophily) and for specimens or taxa
the termination -gamous is used in indicating the pollination system.



3. MATERIAL AND TECHNIQUES
(co-authored by M. ZANDEE)

As indicated in the previous chapter, the basic material for this study is the
compilation of insect visits to flowers (whether or not leading to pollination)
of Knuth (1898a and 1899), as far as it concerns the central European area.
Although already very old, it still is the least anecdotically compiled survey
readily available.

A data base was compiled as follows. Following Hegi (1906-1931; 1936, etc.;
1966, etc.) the central European angiosperm species were coded, and for each
species flower-ecologically important character states (see chapter 6) were
entered in the data base together with its insect visitors mentioned in Knuth
(1898a and 1899). In order to obtain frequencies for visiting insect taxa
suitable for statistic evaluation the presence of these taxa was scored at
(sub)family level. Scoring for lower category levels resulted in data matrices
with too many zero entries. However, in this study (except in section 6.8.2)
only the main orders of flower-visiting insects are treated: Coleoptera,
Diptera, Lepidoptera and Hymenoptera. The latter order was functionally
divided, on the basis of degree of differences in anthophily, morphology and
ethology, into Apoidea (bee families) and non-apoid Hymenoptera (wasps).
The significance of these groups, with regard to the more detailed survey of
the phylogeny and fossil record of the insect taxa in which anthophily
developed is explained in section 6.1.

From the data base frequencies relating to the presence of flower-ecologically
important characters, as mentioned in chapter 6, were extracted within the
following categories:

—species of which the flowers are suitable for pollination by the various insect
groups (facultative and obligatory pollination types, see section 6.2.1);
—species of which the flowers can be classified in the pollination syndromes
(obligatory pollination types, see section 6.2.2);

—species visited by the various insect groups (visited by Coleoptera, Diptera,
etc., or not: Qualitative analysis);

—visits of different insect species within the group/taxon to the flowers,
indicated as disposition of flower visits of the various insect groups/taxa referr-
ing to the character states (Quantitative analysis).

In the first three categories the units are the angiosperm species. In the latter
the units are visits of different insect species, thus, including the range within
the insect groups of preferences for, or interdependence with the character
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states. In the qualitative analysis the insect group whether ot not is interdepen-
dent with the character states; in the quantitative analysis also the taxa of lower
rank within the insect groups have their impact in the interdependence of the
insect group with the character states. The differences of the frequencies within
the categories were pairwise evaluated by chi-square tests.

The a priori pairwise decomposition of large data matrices comprising fre-
quency data destroys the statistical interdependency among samples necessary
to perform a proper chi-square analysis. Therefore probability levels given for
all null-hypotheses in the separate analyses are not interpreted as indicating
strict statistical significance. They only serve as putative boundaries beyond
which a meaningful biological interpretation of the observed differences is con-
sidered irrelevant or impossible. Considering the general question of linking
biological with statistical significance this approach was mainly chosen for its
ease of computation, while obtaining quick first glances of general tendencies.

In one instance, viz. the analysis of interdependency between floral colours
and insect visits (sections 6.2 and 3), another approach was explored as well.
Here the technique of reciprocal averaging (or correspondence analysis) was
used to decompose the data matrix into independent aspects of variation
among frequencies of insect visits to floral colours. In applying this technique
the problem of statistical independency among samples does not occur because
all samples are analyzed simultaneously. Ease of interpretation is
accomplished by displaying the significant aspects of variation in a graphical
manner by means of scattergrams. In these scattergrams both insect
groups/taxa and plant character states (floral colours) are presented as dots in
a two-dimensional space. Their associations can be conjectured by inspection
of their mutual distances. One of the assumptions we make in applying this
technique is that biological relevance coincides with statistical significance.

This study forms a general framework for future analyses of taxa of lower
rank within the separate insect groups. One of these analyses will be that of
the associations of various coleopteran taxa with the flower-ecologically impor-
tant character states, and those will form the basis for the interpretation of
extensive pollen analyses on the loads of the integuments (outside of the body)
and contents of the digestive tracts of central European beetle specimens of the
Cetoniinae (Scarabaeidae) and Lepturinae and Cerambycinae (both Ceram-
bycidae). The results of the pollen analyses are compiled together with exten-
sive records from literature and inquiry among coleopterologists in Willem-
stein (1978), and in this study they are used to illustrate the activities of these,
mainly pollen-feeding beetles on flowers with various positions of the nectar
and pollen flowers (see section 6.13) and a survey is given in the appendix.
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4. SHORT DESCRIPTIONS OF THE FEEDING-HABITS
OF THE ADULT INSECTS INCLUDED IN THIS STUDY
AND OF THEIR RELATIVES

The descriptions of the feeding-habits of the flower-visiting insects
(imagines) recorded in Knuth (1898a, 1899) and of their relatives (as far as
necessary for understanding the development of insect anthophily) are com-
piled from the main entomological handbooks (Richards & Davies, 1977, and
the various authors of the insect orders in C.S.I.R.O., 1970). For the central
European region a very good survey of insect biology is found in Jacobs & Ren-
ner (1974). In many cases, however, more specialized literature was studied.

The insect orders included in this study are Coleoptera, Diptera,
Hymenoptera and Lepidoptera. The feeding-habits are described down to the
family level. For families in which the feeding-habits vary, the feeding-habits
are as far as possible described for the taxa of the highest rank in which no
variation in feeding-habits was found. Finally the other insect orders in which
flower-visiting occurs are shortly discussed.

To increase accessibility, the C.S.I.R.O. classification (1970) is followed
here. It does not differ very much from that followed in Richards & Davies
(1977), but it is different from the classifications of the various groups in the
next chapter. The phylogenetic classifications (as far as possible in the form of
cladograms) are far from stable and with an increased, directed search for
synapomorphies are continually subject to change. In the next chapter the
phylogenetic classifications are necessary for better understanding the
phylogeny of the anthophilous insects. In the present chapter a more practical
classification seems more useful for pollination-ecologists.

In the search for the feeding-habits of insects included in this chapter, many
times the qualification ‘‘not known’’ was encountered, particularly in the
more general literature. This expression can only be used if the author is com-
pletely informed about the insects, literature and the activities of his/her col-
leages. This is usually not the case, particularly the latter; in my experience
conducting an inquiry among colleages added very many new unpublished
observations (see Willemstein, 1978). I will use the qualification ‘‘not found’’:
in literature, in personal communication and, in case of really unknown, in
nature.

4.1. Coleoptera

The feeding-habits of Coleoptera are very diverse, as appears from the
general literature on beetles (Reitter, 1908, 1909, 1911, 1912 and 1916;
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Paulian, 1943; Auber, 1965, 1966; Freude et al., 1965, etc.; Britton, 1970;
Burmeister, 1970; Evans, 1975). The classification followed here is in accord-
ance with Britton (1970).

The records of flower visits refer to representatives of all series of the
Polyphaga (see below). In the course of this chapter ‘‘included’’ means
included in this study (i.e. in the records of Knuth, 1898a, 1899). The
suborders Archostemata, Myxophaga and Adephaga are not included. In
order, however, to complete the information on the feeding-habits of the
Coleoptera and their possible implications in the development of coleopteran
anthophily, they are shortly discussed at the end of this section.

STAPHYLINIFORMIA

All three superfamilies are included.

Hydrophiloidea

The only family included is that of the Hydrophilidae (see Lohse, 1971),
represented by two terrestrial species. These are small to large beetles which
live in decaying vegetable material, fungi and dung. In the Hydrophilidae no
anthophilous species are found, as can also be stated for the other
hydrophiloid families (Hydraenidae, Hydrochidae, Spercheidae and
Georyssidae) which are all phytophagous. Sometimes Hydrophilidae (as e.g.
Arcyon and Cryptopleurum) are attracted to the carrion-scenting spadices of Arum
(Knoll, 1926).

Histeroidea

The only family included is that of the Histeridae (see Witzgall, 1971),
represented by three species in this study. These are medium-sized beetles
which mainly live on decaying vegetable material and on dead animals. Some
species feed on saps exuded by trees. There are no genuine anthophilous
species, as can also be stated for the other histeroid families, viz. Sphaeritidae
(associated with fungi) and Syntellidae (feeding on the exudates of wounded
trees) (Sharp, 1899).

It will be clear that Histeridae are attracted to carrion-scenting flowers. The
records of Knuth (1899) are of visits to sapromyiogamous and/or copro-
cantharogamous Amorphophallus and Dracunculus.

Staphylinoidea

The families included are the Anisotomidae (with one species), Silphidae
(with one species) and Staphylinidae (with 24 species).
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Anisotomidae or Liodidae (see Von Peez, 1971) are small to medium-sized
beetles which feed on the mycelia of subterranean Ascomycetes. _

Silphidae (see Freude, 1971) are represented by the large Necrophorus which
feed on the dead bodies of small vertebrates and on fungi. Other silphid beetles
are usually found on carrion and some are phytophagous. Silphidae sometimes
are attracted to carrion-scenting flowers (Knoll, 1926).

Staphylinidae (see Lohse, 1964) are (very) small to (fairly) large beetles,
mostly with short elytra. They mainly feed on decaying organic material,
including dung, and many are predacious. In central Europe only the small
representatives of the montane genera Eusphalerum (Anthobium auct. nec.
Leach) (8 species included) and Anthophagus (one species included) are
anthophilous and mainly feed on pollen. Other species sometimes visit flowers
(some of Omalium). Eusphalerum has been reported feeding on pollen of the
anemogamous Luzula nivea (Porsch, 1956). In some cases Staphylinidae are
attracted to carrion-scenting flowers (Oxytelus, Platystethus, Atetha, Aleochara)
(Knoll, 1926).

The other staphylinoid families are Limulodidae (myrmecophilous),
Ptiliidae (feeding on decaying vegetable material and on fungi under bark;
they are also found in carrion flowers as Araceae; Van der Pijl (1953) found
them in Typhonium trilobatum), Dasyceridae, Leptinidae (both parasitic in
nests), Scydmaenidae (predacious), Scaphidiidae (fungivorous) and
Pselaphidae (myrmecophilous and predacious).

Conclusion: genuine anthophily is rare among the Staphyliniformia. It only
occurs in the staphylinid subfamily Omaliinae (Eusphalerum, Philorinum and
Anthophagus; the other genera are found under bark, on mosses and in
vegetable litter). Sometimes Silphidae, Hydrophilidae and Staphylinidae are
attracted to carrion-scenting flowers.

SCARABAEIFORMIA

The observations are based on medium-sized to large Scarabaeidae
(Scarabaeoidea). It concerns the subfamilies Cetoniinae (9 species), Trichiinae
(3 species), Hopliinae (two species), Rutelinae (one species) and Melolon-
thinae (two species).

Cetoniinae (Willemstein, 1978) and Trichiinae are to a large extent
anthophilous, while Hopliinae, Rutelinae and Melolonthinae to a variable
degree also feed on leaves and other extrafloral parts of the plants (see also
Janssens, 1960 and Machatschke, 1969). Fuchs (1974) found increasing adap-
tation to pollen- and nectar-feeding in the series Melolontha, Phyllopertha, Hoplia,
Tropinota, Potosia, Cetonia, Trichius, Valgus. From the bare maxillae in Melolontha
(mainly feeding on leaves), the maxillae become more setose via the leaf- and
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nectar-/pollen-feeding Phyllopertha and Hoplia to Tropinota, until the maximum
number of setae is reached in Potosia and Cetonia. In Trichius and Valgus the
numbers of maxillar setae are lower, but the setae are spatulate. In the
Dynastinae, Valginae and Glaphyrinae anthophily is also found. Beetles of the
other scarabaeid subfamilies mostly feed on dung.

The other scarabaeoid families are non-anthophilous. Lucanidae feed on
exudates of wounded trees, Passalidae on decaying wood, Trogidae on carrion
and dung, Acanthoceridae are associated with rotting wood and are possibly
partly myrmecophilous, and Geotrupidae mostly feed on dung.

Within the other scarabaeiform superfamily Dascilloidea anthophily is
found in the Dascillidae. Of the other dascilloid families the feeding-habits
could not be ascertained. Clambidae, at least, are partly myrmecophilous,
Eucinetidae are associated with decaying wood and Helodidae are associated
with vegetation near water and litter (Lohse, 1979,f).

Conclusion: in the Scarabaeiformia genuine anthophily is definitely present.
In the Scarabaeidae different degrees of anthophily are present and the
Dascillidae are entirely anthophilous (see also Lohse, 1979d). The latter are
adapted to pollen- and nectar-feeding, as is shown by the presence of setae at
the tips of the labium. Some non-anthophilous Scarabaeidae are attracted to
carrion-scenting flowers: Aphodius, Onthophagus, Caccobius (Knoll, 1926);
Phacochrous to Hydnora (Krikken, pers. comm. in Kuyten, 1978). Some cases
of pollination by Cyclocephala are known for Nymphaea and Victoria (Prance &
Arias, 1975; Prance et al., 1975; Prance & Anderson, 1976; Cramer et al.,
1975). The pollen analytical research on the integument of Cetoniinae by
Willemstein (1978) suggests a distinct role of the Cetoniinae in the pollination
of many non-specialized, entomophilous flowers.

ELATERIFORMIA

The observations are based on the superfamilies Byrrhoidea, Buprestoidea,
Elateroidea and Cantharoidea.

Byrrhoidea

The only family included is that of the Byrrhidae (three species) (see Paulus,
1979a). These are small to medium-sized beetles which live and feed on
mosses. The other byrrhoid family Nosodendridae feed on exudates of
wounded trees (Sharp, 1899; Paulus, 1979).

Buprestoidea

The only family is that of the Buprestidae (6 species included). These are
small to large beetles which mainly feed on leaves, but also many species feed
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on pollen. There are many anthophilous species and they are said to prefer
yellow flowers (Harde, 1979).

Elateroidea

The families included are the Elateridae (30 species), Eucnemidae (one
species) and Trixagidae (one species).

Elateridae (see Lohse, 1979b) are medium-sized beetles which mostly are
phytophagous. They are regular flower visitors and are frequently seen feeding
on pollen. :

Eucnemidae (see Lohse, 1979c) are small elaterid-like beetles which are
mainly found on rotting wood.

Trixagidae (see Lohse, 1979h: Throscidae) much resemble the Eucnemidae
and are often found on flowers.

The feeding-habits of the other (small) elateroid families Cerophytidae and
Perothopidae were not found.

Cantharoidea

The families included are the Cantharidae (28 species) and Melyridae or
Malachiidae (21 species). Knuth (1899) mentioned both families under
Telephoridae.

Cantharidae are medium-sized beetles which often feed on flowers; many
species prey on other insects on flowers (Evers, 1979; Lohse, 1979).

Melyridae (inclusive the former Dasytidae) are small to medium-sized
beetles of which the pollen-feeding is described by Schicha (1967).

No records of feeding-habits were found for the other cantharoid families:
Brachyspectridae, Telegeustidae, Karumiidae and Phengodidae. The winged
males of the Drilidae are regular flower visitors (Geisthardt, 1979a). The same
can be stated for the Homalisidae and Lycidae. Of the adult Lampyridae it is
said that they do not feed. This is confirmed for the central European species
by Geisthardt (1979).

The other elateriform superfamilies are the Dryopoidea and Rhipiceroidea.
The former consists of mostly small, phytophagous beetles, of which many
Dryopidae and Helminthidae (Elmidae) feed on algae (Steffan, 1979). For the

Rhipiceroidea no feeding-habits were found.

Conclusion: many Elateriformia are anthophilous and they certainly do play
a role in the pollination of non-specialized, entomophilous flowers.
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BOSTRICHIFORMIA

The observations are based on the superfamilies Dermestoidea and
Bostrychoidea.

Dermestoidea

The only family included is that of the Dermestidae (12 species) (see Reitter,
1911; Lohse, 1979g). These are small to medium-sized beetles. The species
included belong to the subfamily Anthreninae. They feed on pollen and nec-
tar. The other dermestid species mainly feed on pollen and some (Dermestes)
feed on dead animals and vegetable material. Dermestes also visits carrion-
scenting flowers such as Dracunculus (dystropic visitor).

The other dermestoid families are the Derodontidae (some species feeding
on pollen), Thorictidae (myrmecophilous, associated with stored food) (Auber,
1966) and Sarothriidae (feeding-habits not found).

Bostrychoidea

The families included are the Anobiidae (two species) and Ptinidae (one
species). In Knuth (1899) both families are included in Anthicidae.

Anobiidae (see Lohse, 1969) are small beetles which feed on dead wood
(possibly on the fungi growing there) and pollen.

Ptinidae (see Lohse, 1969) are small beetles which are associated with stored
food, dead insects, excrements, dry vegetable material, and many species are
myrmecophilous. Some species also feed on pollen (Porsch, 1956). The species
included, Ptinus dubius, lives on Pinus.

The other bostrychoid families are the Bostrychidae and Lyctidae. Both are
associated with wood and starch-containing plant tissue (Cymorek, 1969 and
1969a).

Conclusion: anthophily in Bostrychiformia is mainly found in the
Dermestidae (particularly Anthreninae) and to some degree also in Anobiidae
and Ptinidae. Many dermestid and ptinid species also are attracted to carrion-
scenting flowers.

CUCUJIFORMIA

The superfamilies included are the Cleroidea, Cucujoidea, Chrysomeloidea
and Curculionoidea. Only the Lymexyloidea are not included (the only family
Lymexylidae is fungivorous).
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Cleroidea

The only family included is that of the Cleridae (two species). These mostly
medium-sized beetles live under bark, preying on other insects, but they also
frequently visit flowers (Lohse, 1979a).

The other cleroid families are the Trogossitidae (living on fungi and insects,
under bark), Chaetosomatidae (no feeding-habits found) and Phloeophilidae
(live under bark). Crowson (1954) includes the Melyridae (see Cantharoidea)
in this superfamily.

Cucujoidea

The families included are the Nitidulidae (22 species), Cryptophagidae (four
species), Phalacridae (three species), Coccinellidae (13 species), Lathridiidae
(the two species in Knuth (1899) are included in Colydiidae), Tenebrionidae
(one species), Lagriidae (one species), Alleculidae (5 species), Mordellidae (12
species), Oedemeridae (15 species), Meloidae (two species) and Anthicidae
(two species).

Nitidulidae (see Spornkraft, 1967) are small beetles. They mostly are
anthophilous and feed on nectar and pollen. Few species are resticted to par-
ticular plant species. Some species are found in fungi or in decaying animal
material.

Cryptophagidae (see Lohse, 1967) are small, mainly fungivorous beetles.
Many species, however, are anthophilous (as the species included).

Phalacridae (see Vogt, 1967) are small, partly anthophilous beetles.

Coccinellidae (see Firsch, 1967; De Gunst, 1978; Hodek, 1973) are small
to medium-sized beetles. Most species are entomophagous and only a minority
is phytophagous. Anthophily is not found, and it may be very well possible that
the beetles visit the flowers to prey on other small insects or their larvae.

Lathridiidae (see Von Peez, 1967) are very small, fungivorous beetles.

Tenebrionidae (see Kaszab, 1969) are small to large beetles. They mostly
are omnivorous and sometimes feed on pollen (Kugler, 1970).

Lagriidae (see Kaszab, 1969a) are medium-sized, phytophagous beetles.
Some species visit flowers.

Alleculidae (see Kaszab, 1969b), Mordellidae (see Ermisch, 1969) and
Oedemeridae (see Kaszab, 1969c) are small to medium-sized, mainly
anthophilous beetles. The mordellid Varitmorda fasciata and Mordellistena pentas
have spatulate maxillar setae (Fuchs, 1974). Species of the mordellid Anaspis
have also been found in spadices of Arum (Knoll, 1926).

Meloidae (see Kaszab, 1969d) are medium-sized, phytophagous beetles.
Only some species are anthophilous. In this family the most specialized nectar-
feeding beetles are found. These are species of Nemognatha, with elongated
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maxillae that form a sucking-tube. The maxillae have spatulate setae (Fuchs,
1974). See Kugler (1979) for activities of this genus on Echinops ritro.

Anthicidae (see Kaszab, 1969¢) are small beetles of which many species are
anthophilous.

Other anthophilous cucujoid families are the Byturidae and Rhipiphoridae.
The Languriidae (in comparison with their closest relatives, the Erotylidae,
more elongated beetles which also feed on stems of herbaceous plants),
Mycteridae (also associated with bark), Pyrochroidae (also associated with
bark and also feeding on leaves), Melandryidae (frequenting dry and decaying
wood and also feeding on fungi) and Scraptiidae (also feeding on decaying
wood and fungi) are partly anthophilous.

Non-anthophilous Cucujoidea are the Rhizophagidae (associated with bark;
particularly the larvae are rhizophagous), Sphindidae (feeding on fungi grow-
ing in wood), Passandridae (live in the tunnels of wood-boring insects, in
which the larvae are predacious on insects or insect larvae), Cucujidae (most
live under bark or in the tunnels of other insects; they are probably carnivorous
although some species also feed on cereals), Silvanidae (partly phytophagous,
often found under bark in association with Scolytidae; Coccidotrophus socialis and
Eunausibius wheeleri live, along with their early stages, in the hollow leaf petioles
of Tachigalia paniculata (Caesalpiniaceae) together with the mealy bug
Pseudococcus bromeliae, whose honey-dew is sollicited by the beetles and their lar-
vae (Wheeler, 1921)), Helotidae (phytophagous; according to Lewis in Sharp
(1899) they are found feeding on the sap streaming from trees), Phycosecidae
(coprophagous, predacious), Biphyllidae (associated with bark and feeding on
fungi), Erotylidae (associated with decaying vegetable material and feeding on
fungi), Cerylonidae (associated with bark and vegetable detritus), Corylophi-
dae (living on rotting vegetation and decaying wood; some species are
associated with Coccidae), Endomychidae (feeding on fungi growing on wood;
some species are found in dung and vegetable refuse), Discolomidae (asso-
ciated with bark), Merophysiidae (feeding on fungi), Aculagnathidae
(myrmecophilous), Ciidae (feeding on fungi growing on bark or on rotting
wood), Mycetophagidae (feeding on fungi and mouldy material, especially in
connection with wood; species of the genus Berginus develop in flowers), Coly-
diidae (most species live under bark and feed on fungi, some species are
myrmecophilous and some prey on the larvae of wood-boring insects), Zophe-
ridae (associated with bark), Monommidae (associated with decaying wood),
Tetratomidae (live on rotting wood, feeding on fungi), Elacatidae (live on
decaying vegetable material), Inopeplidae (associated with bark), Salpingidae
(associated with bark and mosses), Hemipeplidae (live together with their lar-
vae under the leaf bases of palms; they feed on the leaves), Phytidae (associated
with bark), Cephaloidae (phytophagous), Aderidae (associated with decaying
wood and vegetable refuse). No feeding-habits were found for the (small)
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families Smicripidae, Protocucujidae, Hydrocopridae, Propalticidae (are said
to occur under bark), Merycidae, Pterogeniidae, Perimylopidae, Cononotidae
and Trictenotomidae (live in forests).

Chrysomeloidea

All three families are incuded.

Cerambycidae (48 species included) (see Caillol, 1914; Butovitsch, 1939;
Harde, 1966; Von Demelt, 1966; Allenspach, 1973) are medium-sized to very
large, slender beetles. Flower feeders are found in the Lepturinae, part of the
Cerambycinae and in some of the Lamiinae. Within the Cerambycidae the
modifications towards obligatory anthophily consist of an upwards-tilting of
the head, which brings the mouth parts foreward, the development of the head
behind the eyes to form an additional, neck-like region, transformation of the
usually broad first segment of the thorax into a long and narrow segment, and
a lengthening of the setae on the maxillae (Proctor & Yeo, 1973). In Rhagium,
Strangalia and Pachytodes spatulate setae occur on the maxillae (Fuchs, 1974).
Most of the Lamiinae and some Cerambycinae are associated with bark (some-
times feeding on the soft bark of young shoots). Other cerambycid beetles also
feed on leaves, young needles, exuding saps, fruits, roots and/or fungi. Many
of the anthophilous species certainly play a role in the pollination of non-
specialized entomophilous flowers (see Willemstein, 1978).

Bruchidae (6 species included) (see Reitter, 1912) are small, phytophagous
beetles. Most species also visit flowers.

Chrysomelidae (48 species included) (see Mohr, 1966) are small to medium-
sized beetles which mainly feed on leaves. Many species also visit flowers and
from the records of Knuth (1898b, 1899) and Harper (1957) some regularity
in flower-visiting might appear in certain Cryptocephalinae and Donaciinae.
Anthophily has also developed in the Galerucinae (Diabrotica) (Knuth, 1905).

Curculionoidea

The families included are the Anthribidae (two species) and the Cur-
culionidae (44 species).

Anthribidae (see Reitter, 1916) are small to medium-sized beetles with
various feeding-habits. Many species live under bark, on wood and on fungi.
They are frequently seen on flowers.

Curculionidae (see Reitter, 1916) are small to medium-sized beetles which
are phytophagous. They feed on leaves, roots, fruits, flowers and other plant
tissues. Only very few species feed on pollen. The other families of the Cur-
culionoidea are the Nemonychidae (partly associated with Gymnospermae:
females of Cimberis and Diodyrrhynchus deposit eggs on the male cones of Pinus),
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Belidae (phytophagous), Oxycorynidae (partly associated with flowers (Oxyco-
rynus), partly associated with palm fruits (Metroxena), Proterhinidae (Aglycyde-
ridae) (associated with bark, dead wood; a species in New Zealand has been
found associated with the tree fern Cyathea dealbata), Attelabidae (feeding on
leaves; Allocorynus breed in the male cones of Cycas), Brenthidae (associated
with wood), Apionidae (phytophagous and destructive on flowers).

Conclusion: anthophily in the Cucujiformia is wide-spread. In most families
only a part is anthophilous. The anthophilous Cucujiformia certainly play a
role in the pollination of non-specialized entomophilous flowers.

As mentioned above the suborders Archostemata, Myxophaga and Ade-
phaga are not included. The Archostemata consist of the families Cupedidae
and Micromalthidae. Both are associated with wood. The adults in many cases
feed on pollen. Myxophaga are correlated with wet places, feeding on algae
and mosses. The Adephaga mostly are carnivorous. Phytophagy is only known
in few groups of the Carabidae. As far as I could find, it only occurs in the
Omophrominae, Harpalinae (possibly nearly all species which feed on plants
are omnivorous; Diachromus germanus feeds on pollen and seeds) and Zabrinae
(mainly feeding on seeds) (Freude, 1976). The most pleisiomorphous
Adephaga are the Rhysodidae, which are cupedid-like beetles that are
associated with bark and decaying wood (Freude, 1971a).

4.2. Hymenoptera

Hymenoptera can be found in all kinds of situations. About 25,000 species,
however, depend exclusively on angiosperm pollen and nectar as food source
(Baker & Hurd, 1968). Many sawflies feed on pollen and nectar and some are
carnivorous. Many Hymenoptera are involved in pollination. A good survey
of the feeding-habits of the Hymenoptera is found in Malyshev (1968) and
Bischoff (1927) and some data can be found in Schmiedeknecht (1930) and
Steinbach (1970). A good survey of the biology of the wasps is given by Evans
& Eberhard (1970). The classification used here is in accordance with that of
Riek (1970).

SYMPHYTA

Apart from the Siricoidea (see at the end of the Symphyta) all superfamilies
are included.

Megalodontoidea

The only family is that of the Megalodontidae (two species included). In
Knuth (1899) they are included in Tenthredinidae. These are robustly built
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wasps with short mouth parts. They frequently visit flowers and feed on nectar
and pollen. Megalodontes species have somewhat projected mouth parts.

Tenthredinoidea

The families included are the Tenthredinidae (89 species), Cimbicidae (two
species) and Argidae (5 species). In Knuth (1899) these families are included
in Tenthredinidae. '

Tenthredinidae are medium-sized wasps. Many species frequent flowers
and some are predacious on other insects. The flower-visiting species feed on
nectar and pollen.

Cimbicidae are stout, often large, wasps which sometimes are encountered
on flowers. They are associated with the plants on which their larvae live and
it is remarkable that the genera, of which the larvae are associated with Gym-
nospermae, are characterized by more plesiomorphous morphological features
than those, of which the larvae are associated with Angiospermae (see
Malyshev, 1968).

‘Argidae are small to medium-sized wasps of which no feeding-habits were
found. As regards their morphological features and the plants on which their
larvae live, the same remark can be made as for the Cimbicidae (see Malyshev,
1968). The records of Knuth (1899) suggest at least some regular flower-
visiting.

The other tenthredinoid families are the Blasticotomidae (in central Europe
associated with ferns; feeding-habits not found), Diprionidae (Diprion is
associated with Pinus; feeding-habits not found) and Pergidae (particularly the
Euryinae are flower visitors).

Xyeloidea

The only family included is that of the Pamphiliidae (two species). In Knuth
(1899) they are included in Tenthredinidae. They are stout, robustly built
wasps with slightly elongated mouth parts. As regards their morphological
features and the plants on which their larvae live, the same remark can be
made as for the Cimbicidae and Argidae (see Malyshev, 1968). Most species
are regular flower visitors.

The other xyeloid family is that of the Xyelidae. The Xyelinae are associated
with the male cones of Pinus. They feed on pollen. Xyela julii 1arvae live on the
male cones of Pinus, while the adults feed on pollen of the male catkins of
Betula.

Cephoidea

The only family is Cephidae (8 species included). They are medium-sized,
narrow-bodied wasps, which regularly visit flowers.
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The superfamily not included, the Siricoidea, consists of four families:
Orussidae (associated with dry wood; feeding-habits not found), Xiphydriidae,
Siricidae (both feed on the exuded sap of trees), and Syntexidae (no feeding-
habits found).

Conclusion: among the Symphyta anthophily is common. The food sources
on flowers are nectar and pollen. Xiphydriidae and Siricidae might also be
attracted to nectar.

APOCRITA

Apart from the Megalyroidea, Trigonaloidea, Proctotrupoidea and
Bethyloidea (see at the end of Apocrita) all superfamilies are included.

Ichneumonoidea

The families included are the Ichneumonidae (106 species) and Braconidae
(12 species).

Ichneumonidae are small to large, slender wasps. They frequent flowers,
particularly those of Apiaceae.

Braconidae are small to medium-sized, mostly glabrous wasps. They live on
sweet liquids, including nectar.

The other ichneumonoid family is that of the Agriotypidae for which no
feeding-habits were found.

Evanioidea

The only family included is that of the Gasteruptiidae (12 species). In Knuth
(1899) they are included in Evaniidae. These are medium-sized wasps that
feed on nectar.

The other evanioid families are the Evaniidae and Aulacidae. Both are
associated with wood, but no proper feeding-habits were found.

Cynipoidea

The only family included is that of the Cynipidae (four species). They
mostly are small wasps. A survey of flower-visits is given by Proctor & Yeo
(1973).

The other cynipoid families are the Liopteridae, Ibaliidae and Figitidae. For
none feeding-habits were found.
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Chalcidoidea

The families included are the Eulophidae (two species), Chalcididae (5
species), Torymidae (one species) and Pteromalidae (two species). In Knuth
(1899) these families are included in Chalcididae. They all are minute wasps.
In many species the adults do not feed and only some species feed on nectar
(see list of flower visits in Proctor & Yeo (1973)) and other plant fluids. Some
species feed on liquids of the host of the larvae.

The same variety of feeding-habits exists in the other chalcidoid families:
Trichogrammatidae, Mymaridae, Eurytomidae and Encyrtidae. Particularly
the chalcid Leucospinae are attracted to flowers. The Agaonidae are the
pollinators of Ficus.

Chrysidoidea

The only family is that of the Chrysididae (45 species included). They are
small to medium-sized, sparsely bristled wasps. Most species feed on nectar;
some species have an elongated proboscis.

Pompiloidea

The only family included is that of the Pompilidae (44 species). Most are
medium-sized wasps with very short mouth parts. They feed on exudates,
including nectar.

For the other pompiloid family, Rhopalosomatidae, no feeding-habits were
found.

Scolioidea

Except for the Plumariidae all families are included. In Knuth (1899) the
Tiphiidae are taken together with the Scoliidae.

Scoliidae (6 species included) are mostly medium-sized, hairy wasps, which
often feed on nectar.

Mutillidae (5 species included) are small to medium-sized wasps, often
feeding on nectar.

Tiphiidae (5 species included) are medium-sized wasps which feed on nec-
tar. Nectar or honey-dew appear to be necessary for the development of the
eggs.

Sapygidae (two species included) are small to medium-sized wasps for which
no feeding-habits were found.

For the Plumariidae no feeding-habits were found.
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Vespoidea

All families are included. In Knuth (1899) all families are taken together in
the Vespidae.

Masaridae (one species included) are medium-sized, anthophilous, nectar-
and pollen-feeding wasps. They have a comparatively long proboscis. The
pollen is collected between the setae of the frons and transported into the crop
by the fore-legs.

Vespidae (14 species included) are medium-sized, omnivorous wasps. Some
species have an elongated proboscis. The main vegetable food sources are ripe
fruits and nectar.

Eumenidae (36 species included) are medium-sized, predacious wasps,
which also visit flowers. The records of Knuth (1898a, 1899) suggest some
nectar-feeding.

Sphecoidea

The only family included is that of the Sphecidae (143 species). They are
small to large wasps. Many species frequent flowers, feeding on nectar. Some-
times the proboscis is somewhat elongated. Proctor & Yeo (1973) conclude that
these wasps probably are insignificant pollinators.

The other sphecoid family is that of the Ampulicidae. They are common on
tree trunks; no proper feeding-habits were found.

Apoidea

Except the Fideliidae all families are included: Colletidae (37 species),
Halictidae (119 species), Andrenidae (149 species), Melittidae (12 species),
Megachilidae (125 species), Anthophoridae (54 species), and Apidae (46
species). They are all anthophilous bees and very important pollinators. In the
above mentioned enumeration, very generally spoken, an increase of tongue
length from Colletidae to Apidae is traceable. The longest tongues are found
in the apid Bombinae. Kugler (1970) lists many tongue lengths of this super-
family.

The Fideliidae are megachilid-like bees.

Formicoidea

The only family is that of the Formicidae (17 species included). They are
in many cases nectar thieves and only in some cases they are ‘‘legitimate’’
pollinators.

The other superfamilies of the Apocrita are the Megalyroidea (associated
with dead wood), Trigonaloidea (associated with dead leaves, probably feeding
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on liquids of caterpillars, caught as food for their larvae), Proctotrupoidea and
Bethyloidea (associated with herb foliage, bark and litter). No proper feeding-
habits for these superfamilies were found.

Conclusion: in the Apocrita anthophily is common and wide-spread. It
culminates in the winged, socially living taxa, that collect pollen and nectar as
food for their offspring.

4.3. Lepidoptera

The evolution of the Lepidoptera was probably substantially directed by the
development of the haustellum. It must have been associated directly with the
development of the angiosperm flowers.

Except the Dacnonypha (see at the end of this section) all suborders are
included (see below). The classification is in accordance with that of Common
(1970).

ZEUGLOPTERA

The only family is that of the Micropterigidae (one species included). In
Knuth (1899) they are included in Tineidae. These are small diurnal moths
with dentate, functional mandibles. They frequent flowers and feed on pollen.

MONOTRYSIA

The only superfamily included is that of the Incurvarioidea.

Incurvarioidea

The only family included is that of the Incurvariidae (11 species). In Knuth
(1899) they are included in Tineidae. These are small, diurnal moths with a
short haustellum. The moths are often seen resting on flowers. The records of
Knuth (1898a, 1899) suggest some nectar-feeding.

For the other incurvarioid families Prodoxidae (haustellum accompanied by
maxillary tentacles), Heliozelidae (the central European Heliozela is found on
Cornus), and Tischeriidae no proper feeding-habits were found. The famous
Yucca moths belong to the Prodoxidae.

The other superfamilies of the Monotrysia are the Hepialoidea (Pro-
totheoridae with a short haustellum; Palaeosetidae, without haustellum;
Hepialidae, mainly crepuscular, haustellum very short or absent) and the
minute Nepticuloidea (= Stigmelloidea) (Nepticulidae ( = Stigmellidae) with
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a very short or rudimentary haustellum and Opostegidae with a very short
haustellum). For both superfamilies no feeding-habits were found.

DITRYSIA

The superfamilies included are the following.

Tortricoidea

The only family included is that of the Tortricidae (21 species). These are
small to medium-sized, crepuscular to nocturnal moths with a short
haustellum. No feeding-habits were found for this family. The records of
Knuth (1898a, 1899) suggest some nectar-feeding.

For the other tortricoid family Phaloniidae (= Cochylidae) (haustellum
short or absent) the same must be stated.

Tineoidea

The families included are the Psychidae (one species) and Tineidae (6
species). In Knuth (1899) both are included in Tineidae.

Psychidae are small to medium-sized, diurnal to crepuscular moths with a
rudimentary haustellum. Possibly no food is taken during adult life.

Tineidae are small moths with a more or less reduced haustellum. No
feeding-habits were found for this family.

The other tineoid families are Pseudarbelidae, Arrhenophanidae,
Lyonetiidae, Phyllocnistidae (all with a short haustellum) and Gracillariidae
(crepuscular moths; some species with a long haustellum). No feeding-habits
were found for these families.

Yponomeutoidea

The families included are the Aegeriidae (three species), Glyphipterigidae
(three species), Douglasiidae (one species) and Yponomeutidae (three species).
In Knuth (1899) these families are included in Tineidae.

Aegeriidae are small to medium-sized, diurnal, wasp-like moths with a
naked haustellum. They visit flowers and can feed on nectar hovering before
the flower.

Glyphipterigidae, Douglasiidae and the not included Heliodinidae are
small, diurnal (only rarely crepuscular) moths with a short, naked haustellum.
Some species visit flowers.

Yponomeutidae and the not included Epermeniidae are minute to medium-
sized moths with a naked haustellum. Yponomeutidae have been observed
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feeding on the flowers of Senecio and Rhamnus (P. Kuyten, pers. comm.). For
the Epermeniidae no feeding-habits were found.

Gelechioidea

The families included are the Coleophoridae (one species), Elachistidae (one
species), Oecophoridae (one species) and Gelechiidae (two species). In Knuth
(1899) these families are mentioned under Tineidae.

Coleophoridae, Elachistidae (crepuscular), Oecophoridae (crepuscular to
nocturnal) and Gelechiidae are small to medium-sized moths with a short
haustellum. No feeding-habits were found for these families.

The same must be stated for the other gelechioid families: Agonoxenidae,
Scythridae, Ethmiidae (probably the same feeding-habits as Yponomeutidae),
Timyridae, Cosmopterigidae, Metachandidae, Anomologidae, Pterolon-
chidae, Blastobasidae, Xyloryctidae, Stenomidae, Physoptilidae and Strep-
simanidae. Only the diurnal Stathmopodidae feed on flowers.

Zygaenoidea

The only family included is that of the Zygaenidae (10 species). They are
small to medium-sized, diurnal Lepidoptera with a well-developed haustellum.
They frequent flowers to feed on nectar.

For the other zygaenoid families, Heterogynidae, Chrysopolomidae,
Megalopygidae, Cyclotornidae, Epipyropidae, Limacodidae (haustellum
absent) no feeding-habits were found.

Pyraloidea

The only family included is that of the Pyralidae (18 species). They mostly
are medium-sized, crepuscular to nocturnal moths, some with a reduced
haustellum. Some species visit flowers to feed on nectar.

For the pyraloid families Hyblaeidae (strong haustellum), Tineodidae
(naked haustellum), Oxychirotidae (haustellum present) no feeding-habits
were found. In the Thyrididae (well-developed haustellum) the central Euro-
pean Thyris fenestrella frequents the inflorescences of Sambucus and Apiaceae.

Hesperioidea

The only family included is that of the Hesperiidae (7 species). In Knuth
(1899) they are included in Rhopalocera. They are medium-sized, diurnal but-
terflies (only some species are crepuscular) with a long haustellum. They fre-
quently visit flowers.

The same can be stated for the other hesperioid family Megathymidae.
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Papilionoidea

The families included are the Papilionidae (8 species), Pieridae (16 species),
Nymphalidae (22 species), Lycaenidae (16 species) and Erycinidae (one
species). In Knuth (1899) these families are included in Rhopalocera.

All families mentioned are composed of sometimes small, but mostly
medium-sized to large butterflies with a long, naked haustellum. The majority
frequents flowers to feed on nectar. Many species, particularly in the
Papilionidae, are also attracted to excrement. Heliconius (Nymphalidae:
Heliconiinae) eats pollen and can digest it to support prolonged oviposition.

The other papilionoid family Libytheidae is closely related to the Nym-
phalidae.

Geometroidea

The only family included is that of the Geometridae (13 species). They are
medium-sized to large, mostly crepuscular to nocturnal Lepidoptera with a
naked, in some species reduced, haustellum. There are flower-visiting species.

Of the other geometroid families no feeding-habits were found for the
Drepanidae (haustellum vestigial or absent), Thyatiridae (haustellum well-
developed; Diloba caeruleocephala does not feed in adult state), Epiplemidae
(haustellum present), Axiidae (haustellum present), Sematuridae (haustellum
present). In Uraniidae (haustellum present) flower-visiting occurs.

Sphingoidea

The only family is that of the Sphingidae (21 species included). They are
medium-sized to large, diurnal to nocturnal Lepidoptera with a strong, often
very long haustellum. They frequent flowers to feed on nectar and many cases
of pollination are known. They can also feed on nectar hovering before the
flower.

Noctuoidea

The families included are the Lymantriidae (two species), Arctiidae (5
species) and Noctuidae (47 species). In Knuth (1899) Lymantriidae and Arc-
tiiddae are mentioned under Bombycidae.

Lymantriidae are small to large (mostly medium-sized), crepuscular to noc-
turnal Lepidoptera with the haustellum reduced or absent. No feeding-habits
were found for this family.

Arctiidae are small to large (mostly medium-sized) Lepidoptera with a
usually reduced haustellum. Most species are crepuscular to nocturnal, some
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species are diurnal. In central Europe Tyria jacobacae visits flowers and some
Litthosiinae feed on nectar.

Noctuidae are medium-sized to large Lepidoptera with a usually strong and
long haustellum. Many species feed on nectar and cases of pollination are
known. Some species are attracted to fermenting fruits.

For the other noctuoid families, the Amatidae (diurnal, haustellum present),
Hypsidae (mostly nocturnal, haustellum present), Nolidae (mainly
crepuscular, haustellum mostly well-developed) and Agaristidae (mainly diur-
nal, haustellum strong) no feeding-habits were found.

The other superfamilies of the Ditrysia are Cossoidea (the nocturnal
Cossidae and Metarbelidae have a reduced haustellum; possibly the adults do
not feed), Copromorphoidea (for Copromorphidae, Alucitidae and Car-
posinidae no feeding-habits were found; all three families have a naked
haustellum), Castnioidea (the only family Castniidae consists of diurnal
species with the haustellum reduced or present; some species frequent (tree)
flowers to feed on nectar (Hannemann, 1968)), Calliduloidea (Callidulidae
and Pterothysanidae are diurnal moths with a haustellum; no feeding-habits
have been found), Bombycoidea (haustellum absent or more or less strongly
reduced in Endromidae, Lasiocampidae, Anthelidae, Eupterotidae,
Lacosomidae, Bombycidae, Lemoniidae, Saturniidae and Ratardidae;
haustellum present in Brahmaeidae, Oxytenidae and Cercophanidae;
haustellum strong in Carthaeidae; for these families no feeding-habits were
found).

The suborder Dacnonypha has only one superfamily, the Eriocranioidea.
This consists of five families (Richards & Davies, 1977): Eriocraniidae (non-
functional mandibulae, with a short haustellum), Mnesarchaeidae (rudimen-
tary haustellum used as a sucking-organ), Neopseustidae (short haustellum),
Agathiphagidae (with zeuglopteran mandibulae and a short haustellum) an
Lophocoronidae. For these families no feeding-habits were found.

Conclusion: anthophily in the Lepidoptera is very common. The main food
source on flowers is nectar for the species with a haustellum and pollen for the
mandibulate species. Too little is known about the adults of the crepuscular
and nocturnal species. It may be expected that many moths with a well-
developed haustellum are flower visitors and play a role in pollination.

4.4. Diptera

Diptera mainly feed on liquid food: free water, products of decomposition
of organic material, soluble solids, tissue fluids of other animals and nectar.
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Many Diptera are anthophilous. They mainly feed on nectar, but pollen-
feeding also occurs. The method of pollen-feeding by flies is described by
Miiller (1881) (see also Proctor and Yeo, 1973). A good survey of dipteran
biology is given by Oldroyd (1964). The classification followed here is in
accordance with that of Colles & McAlpine (1970).

NEMATOCERA

All series are included, see below.

Tipulomorpha

The only family included is that of the Tipulidae (8 species). These are
medium-sized to large crane flies which feed on fluids, inclusive of nectar
(Schlee, 1977). Tipulidae regularly visit flowers as is also mentioned by
Parmenter (1952) and Proctor & Yeo (1973). The latter describe and illustrate
the mouth parts of Tipula and conclude that they are suited for mopping up
exposed fluids.

The other tipulomorph families are the Trichoceridae and Ptychopteridae.
The feeding-habits of the former were not found, the latter are flower visitors.

Psychodomorpha

Two species of the only western Palaearctic family Psychodidae are
included. These are minute moth flies that feed on plant fluids, including nec-
tar. The females of some genera of the subfamily Phlebotominae, however,
feed by sucking blood from vertebrates. Not only mammals, but also birds and
reptiles are used as hosts. Females of the species Phlebotomus minutus mainly feed
on the blood of lizards and geckos. The males of the Phlebotominae often feed
on nectar. The species mentioned in Knuth (1899) belong to the subfamily
Psychodinae in which blood-feeding is extremely rare. Schlee (1977) observed
Psychodidae feeding on nectar.

The feeding-habits of the other psychodomorph family Tanyderidae were
not found. Because of their usually elongated mouth parts it is suggested that
they have a tipulid-like biology. The imagines are mostly found together with
Tipulidae in moist forest habitats.

Culicomorpha

The families included are the Culicidae (two species), Ceratopogonidae (7
species), Chironomidae (7 species) and Simuliidae (one species).
Culicidae are medium-sized, slender mosquitos, generally with an
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elongated, piercing proboscis. As far as adult feeding takes place, the males
feed on fluids, including nectar (Schlee, 1977) (the females feed on blood). In
several cases male Culicidae are regular flower visitors and can play a role in
pollination. This has been demonstrated by Dexter (1913) for the orchid
Habenaria obtusata, by Hocking (1960) and Kevan (1972) for several arctic
flowers and by Brantjes & Leemans (1976) for Silene otites. Corbet (1970) gave
records of visits to Heracleum sphondylium.

Ceratopogonidae (in Knuth (1899) included in Chironomidae) are small,
biting midges with mouth parts adapted for piercing. Most of the males and
some females feed on plant fluids, including nectar. Females of Culicoides are
often found in large numbers in Arum spadices. Daumann (1971) reported
Atrichopogon, Dashyela and Forcipomyia as pollinators of Aristolochia clematitis.

Chironomidae are small to medium-sized, delicate midges. The adult insects
have reduced mouth parts and, at any rate in some species of Chironomus, no
food is taken by the imagines. Flower visits with nectar-feeding are recorded
by Schlee (1977). Simuliidae are small, stoutly built black-flies with an
elongated proboscis. Mainly the males feed on nectar (and other plant fluids)
and might be regular flower visitors; the females mainly feed on the blood of
vertebrates.

The other culicomorph families are the Dixidae (non-blood-feeding midges
with short mouth parts) and Thaumaleidae (no feeding-habits found).

Bibionomorpha

The families included are the Anisopodidae (two species) (in Knuth (1899)
included in Rhyphidae), Bibionidae (15 species), Cecidomyiidae (two species)
and Mycetophilidae (12 species).

Anisopodidae are medium-sized, gnat-like flies. They have somewhat
elongated mouth parts. Most species are crepuscular and nocturnal, only some
are diurnal. They have been observed sitting on plants. Grensted (1946) gives
a record of a visit to Heracleum sphondylium; Proctor & Yeo (1973) suggest
nectar-feeding.

Bibionidae are medium-sized, robust flies. They feed on plant fluids, honey-
dew and nectar. As demonstrated in Proctor & Yeo (1973) they are regular
flower visitors. The main food source is nectar, but Bibio pomonae is suggested
to feed on pollen as well. Willis & Burkil (1895-1908) recorded pollen-feeding
by Bibionidae.

Cecidomyiidae are minute, delicate flies with short mouth parts. They feed
on nectar and possibly are regular flower visitors.

Mycetophilidae are small to medium-sized fungus gnats. Many species visit
flowers to feed on nectar and pollen. They are attracted by fungus-mimicking
flowers (Vogel, 1973, 1978, 1978a).
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The other (mainly small) families of the Bibionomorpha may all have con-
nections with flowers in some way. The males of the Blephariceridae (former
Blepharoceridae) feed on nectar (the females are predacious, preying upon
small Diptera) (Richards & Davies, 1977). The feeding-habits of the
Deuterophlebiidae (very closely related to the Blephariceridae) were not found.
The same must be stated for the Pachyneuridae, Axymyiidae and Perissom-
matidae. Many species of the Scatopsidae visit umbelliform inflorescences to
feed on nectar, while pollen-feeding may take place as well. About the feeding-
habits of the Nymphomyiidae no records were found. The Sciaridae feed on
fungi, but also visit flowers to feed on nectar.

Conclusion: within the Nematocera flower-visiting is common. Many
families have regular flower visitors with consequent pollination possibilities.
Possibly, in the Nematocera part of the pollinators of the many very small,
nectar-containing, entomophilous flowers (micro-entomophily) are found. The
knowledge of the feeding-habits may increase considerably when more obser-
vations are made on the many crepuscular and nocturnal species. The main
food source of Nematocera on flowers is nectar, but some species also feed on
pollen.

BRACHYCERA

The suborder Brachycera is divided into two divisions: Orthorrhapha and
Cyclorrhapha. The first has the more plesiomorphous features.

ORTHORRHAPHA

All three superfamilies are included, see below.

Tabanoidea

The families included are the Rhagionidae (5 species) (in Knuth (1899)
included in Leptidae), Tabanidae (13 species) and Stratiomyidae (20 species).

Rhagionidae are medium-sized flies. Many males and only some females
feed on honey dew and plant fluids, including nectar (most females are
predacious upon other insects, some are blood suckers).

Tabanidae are medium-sized to large flies with a strong proboscis. The
males feed on nectar and honey dew. The females feed on blood, but in the
absence of blood also on the liquids the males feed on. Stratiomyidae are
medium-sized, anthophilous flies with a short fleshy proboscis. They feed on
nectar and pollen.

Other anthophilous tabanoid families are the Pelecorhynchidae (the only
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plesiomorphous genus is Pelecorhynchus of which both the males and females are
anthophilous on Leptospermum), Xylomyidae, Nemestrinidae (often with a long
to very long proboscis) and Acroceridae (long-tongued, nectar-feeding flies;
some short-tongued species probably do not feed in adult life). The other
tabanoid families are the Coenomyiidae (feed on exudates of trees), Pan-
tophthalmidae (probably as Coenomyiidae) and Xylophagidae (feed on
exudates of trees).

Asiloidea

The families included are the Therevidae (5 species), Asilidae (8 species) and
Bombyliidae (21 species).

Therevidae are medium-sized, bristly flies with a rather prominent pro-
boscis. They are said to be predacious, but Jacobs & Renner (1974) state that
they also feed on flowers (see also Progctor & Yeo, 1973), and dung.

Asilidae are medium-sized to very large, always bristly, flies with a firm pro-
boscis. They are predacious on other insects, inclusive of honey bees and other
anthophilous insects, which explains their presence on flowers.

Bombyliidae are medium-sized, bumblebee-like flies, usually with a very
long proboscis. They are anthophilous, feed on nectar and are excellent
pollinators.

The other asiloid families are the Scenopinidae (feeding on exposed liquids
with their short proboscis), Apioceridae (anthophilous) and Mydaidae (mostly
anthophilous; it is thought that at least some species are predacious).

Empidoidea

Both families are included, see below.

Empididae (36 species included) are minute to medium-sized, bristly flies
with a horny proboscis adapted for piercing. Most species are predacious and
feed on smaller arthropods. Particularly the Empidinae are anthophilous and
feed on nectar. :

Dolichopodidae (8 species included) are small, bristly flies with a short,
fleshy proboscis. Most species are predacious, some feed on nectar.

Conclusion: anthophily is very common in the Orthorrhapha. Sometimes
within a family it is combined with predacious feeding-habits. The main floral
food source is nectar, although pollen-feeding is known in the Stratiomyidae
and possibly also in the Xylomyidae. Except for the Asilidae, all families
included to a greater or lesser extent visit flowers to feed on nectar and/or
pollen. Coenomyiidae, Pantophthalmidae and Xylophagidae might also be
attracted to nectar.
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CYCLORRHAPHA

This division has two series, Aschiza and Schizophora, which will be treated
separately.

ASCHIZA

The observations in Knuth (1898a, 1899) are based on all three super-
families, see below.

Lonchopteroidea

The only family is that of the Lonchopteridae (two species included). They
are small, slender, bristly flies. All species are anthophilous.

Phoroidea

The only family included is that of the Phoridae (5 species). These are
minute flies, feeding on sap of decaying plant and animal material and nectar
(for a survey, see Baumann, 1978). The other phoroid families are the
Platypezidae and Sciadoceridae for which no feeding-habits were found.

Syrphoidea

Both families are included, see below.

Pipunculidae (two species included) are tiny, plumose to almost bare flies
with an elongated proboscis. They are anthophilous and feed on nectar and
honey-dew.

Syrphidae (198 species included) are medium-sized to fairly large flies with
an elongated to long proboscis. They are anthophilous and feed on nectar and
pollen. According to Van der Goot & Grabandt (1970) possibly mainly the
females feed on pollen. The proboscis of the Syrphidae varies in size, but can
reach considerable lengths (up to 19 mm in Volucella zonaria (Kugler, 1970)).
Syrphidae often feed on pollen flowers.

It can be stated that all Aschiza are anthophilous, possibly Platypezidae and
Sciadoceridae excluded.

SCHIZOPHORA

Except for the Asteioidea (see at the end of the Schizophora) all super-
families are included (see below). All families, except for the Conopldae are
treated as Muscidae by Knuth (1899).
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Conopoidea

The only family is that of the Conopidae (22 species included). These are
more or less elongated, medium-sized, thinly plumose to almost glabrous flies.
Most species are anthophilous and have a long proboscis.

Tephritoidea

The families included are the Otitidae (three species), Platystomatidae (two
species) and Tephritidae (22 species).

Otitidae are small to medium-sized, predacious flies. The flower visits
reported in Knuth (1898b, 1899) may be accidentally, or they prey in flowers
on other insects.

Platystomatidae are small to medium-sized flies. Some species (as those of
Rivellia) milk aphids for honey-dew. Sometimes they also feed on nectar.

Tephritidae are medium-sized flies of which some are anthophilous, feeding
on nectar (Christenson & Foote, 1960); other liquids are also used as food.

The other tephritoid families are the Richardiidae, Pyrgotidae (for both no
feeding-habits were found) and Tachiniscidae (bumblebee-like flies which
possibly are flower visitors).

Micropezoidea

The only family included is that of the Micropezidae (one species). They are
small to medium-sized flies, which mostly are predacious.

For the other (small) micropezoid families Pseudomyzidae,
Cypselosomatidae, Neriiddae and Megamerinidae no feeding-habits were
found.

Tanypezoidea

The families included are the Tanypezidae (one species) and Psilidae (three
species). Both families consist of small to medium-sized, almost bare flies for
which no feeding-habits were found. The same must be stated for the other
tanypezoid families Nothybidae and Diopsidae. The latter probably feed on
plant fluids, honey dew and nectar (see Oldroyd, 1964).

Sciomyzoidea

The families included are the Sepsidae (10 species), Dryomyzidae (four
species), Sciomyzidae (5 species) and Lauxaniidae (5 species).
Sepsidae are small, somewhat ant-like flies. They are saprophagous and also
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frequent flowers. The mouth parts of Sepsis are illustrated in Proctor & Yeo
(1973). Sepsidae are frequently seen on the umbels of Apiaceae.

Dryomyzidae are rather large flies, which are saprophagous and also feed
on nectar.

Sciomyzidae are medium-sized, predacious flies. The records in Knuth
(1898b, 1899) suggest some nectar-feeding; however they may be preying on
other insects on flowers.

Lauxaniidae are small to medium-sized anthophilous flies.

The other sciomyzoid families are the Helcomyzidae (living on sea shores),
Ropalomeridae (associated with exudates of trees), Chamaemyiidae (feeding
on honey-dew) and Celyphidae (no feeding-habits found)

Heleomyzoidea

The families included are the Coelopidae (three species), Heleomyzidae
(two species) and Sphaeroceridae (7 species).

Coelopidae are small to medium-sized flies. They mainly live along the sea
shore, but are also found inland where they frequently visit flowers.

Heleomyzidae are small to medium-sized flies with coprophagous feeding-
habits. They also feed on exuded plant sap and on nectar.

Sphaeroceridae are small flies. They are mainly found on dung and are
attracted to carrion-scenting flowers (Arum, Dracunculus) in which they may
play a role in pollination.

The other heleomyzoid families are the Chyromyidae (mainly anthophilous)
and Somatiidae (no feeding-habits found).

Opomyzoidea

The families included are the Lonchaeidae (one species), Piophilidae (one
species), Opomyzidae (one species) and Agromyzidae (5 species).

Lonchaeidae are small flies, which are found on leaves, flowers and decaying
vegetable material.

Piophilidae are small flies for which no feeding-habits were found.

Opomyzidae are small flies, which are found on grasses, but no proper
feeding-habits were found.

Agromyzidae are small flies, which feed on plant saps, honey-dew and
possibly also on nectar.

The other opomyzoid families are the Pallopteridae (associated with the
heads of Asteraceae, but no proper feeding-habits were found), Neot-
tiophilidae (anthophilous), Clusiidae (feed on fungi and carrion), Odiniidae
(feed on exudates of trees), Fergusoninidae (associated with Eucalyptus, but no
proper feeding-habits were found), Carnidae (some species feed on the blood
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of birds; most species, however, frequently visit flowers) and Acar-
tophthalmidae (associated with carrion and decaying fungi). '

Drosophiloidea

The families included are the Ephydridae (7 species), Drosophilidae (two
species) and Chloropidae (13 species).

Ephydridae are minute flies which feed on carrion and decaying vegetable
material. The records in Knuth (1898b, 1899) suggest some regularity in
flower-visiting of Hydrellia. Schlee (1977) observed nectar-feeding.

Drosophilidae are small to medium-sized flies. They feed on plant juices,
rotting wood and sometimes also on nectar. Some species are attracted to Arum
spadices.

Chloropidae are minute to medium-sized flies. They feed on sweet liquids
like honey-dew and nectar. They are important flower-visiting and pollinating
flies (Proctor & Yeo, 1973).

The other drosophiloid families are the Camellidae, Diastatidae, Cur-
tonotidae (feeding-habits were found for none), Milichiidae (saprophagous
and predacious; Vogel (1961) observed them in flowers of Ceropegia (deceit
attraction) in which they deposit their eggs and afterwards feed on nectar, and
Van der Pijl (1953) recorded them from Abroma), Cryptochaetidae (no feeding-
habits found), Tethinidae (mainly found in the intertidal zone at sea shores),
Canaceidae (as preceeding), Braulidae (associated with bee nests, no proper
feeding-habits found).

Muscoidea

The families included are the Scatophagidae (8 species), Anthomyiidae (52
species), Muscidae (48 species), Calliphoridae (42 species), Sarcophagidae (7
species) and Tachinidae (41 species).

Scatophagidae are small to medium-sized, bristly flies. Most species are
predacious. Possibly they mainly visit flowers to prey on other insects. Schlee
(1977) observed nectar-feeding.

Anthomyiidae are small to medium-sized, bristly flies, which feed on pollen
and nectar. They also feed on plant and animal fluids, and some species are
predacious.

Muscidae are small to rather large, more or less bristly flies. Their feeding-
habits are diverse and vary from predacious and blood-sucking, carrion- and
dung-feeding to nectar- and pollen-feeding. Many species are regular flower
visitors.

Calliphoridae and Sarcophagidae are medium-sized to large, bristly flies.
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They feed on carrion and dung, but also on sweet liquids such as honey-dew
and nectar. On flowers they can also feed on pollen (Porsch, 1956).

Tachinidae are medium-sized to large, strongly bristled flies with an
elongated proboscis. The proboscis of Siphona is illustrated in Proctor & Yeo
(1973). Although many species are found on carrion, dung and decaying
vegetable material, most are regular flower visitors which feed on nectar.

The other muscoid families are the Mormotomyiidae (live on excrements),
Gasterophilidae (no feeding in the adult stage) and Oestridae (no feeding in
the adult stage, however, Sharp (1899) suggested feeding on animal secre-
tions). The remaining families are ectoparasitic (Hippoboscidae, Streblidae
and Nycteribiidae).

The superfamily not included is that of the Asteioidea. The Anthomyzidae
are frequently associated with Araceae. The Periscelididae feed on the sap
stream in plants and the same may be the case in the Asteiidae. For the
Teratomyzidae and Aulacigastridae no feeding-habits were found.

Conclusion: anthophily in the Schizophora is common. It mostly concerns
anthophily together with other feeding-habits. The main flower visitors are the
Lauxaniidae, Chloropidae and some of the muscoid families. The main food
source in flowers is nectar, but in many cases pollen is also eaten. Particularly
the feeding-habits of the many minute to small flies should be studied in rela-
tion to their possible role in pollinating the many very small, entomophilous
flowers. Ropalomeridae and Odiniidae might also be attracted to pollen. Sep-
sidae, Dryomyzidae, Clusiidae and Acartophthalmidae, like Sphaeroceridae
and Anthomyzidae, might be attracted to carrion-scenting flowers.

4.5. Other insect orders in which flower-visiting occurs

Collembola are saprophagous or phytophagous insects which in many cases
feed on pollen and fungal spores. Only very few cases of pollination by Collem-
bola are known. The latter may be the case in Chrysosplenium oppositifolium
(Burkill, 1897, see Proctor & Yeo, 1973).

Adults of many species of the Plecoptera feed on lichens and unicellular
algae, sometimes also on pollen and nectar. They have been seen on Caltha,
Hclianthemum, Achillea, Apiaceae and probably might play a role in the pollina-
tion of Listera ovata (Proctor & Yeo, 1973).

The Dictyoptera mostly are occasional flower visitors, although in Brazil a
species is known which exclusively feeds on nectar. Saltatorial Orthoptera may
visit flowers (Schuster, 1974).

In the Hemiptera the Phymatidae are predacious and some species hide
themselves in flowers in order to catch their prey, which come within reach.
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The Anthocoridae behave in the same way, but sometimes feed on nectar. The
many phytophagous Hemiptera are injurious when visiting flowers. Apart
from the Anthocoridae, flower-visiting also regularly occurs in Miridae. Both
families may play some role in the pollination of flowers such as Asteraceae and
Apiaceae.

The Thysanoptera mostly are injurious on flowers. However, some cases of
pollination have been described. Taeniothrips ericae plays a role in the pollination
of Calluna vulgaris, Erica tetralix and Hypochoeris radicata on the Faroes (Hagerup,
1950). Richards & Davies (1977) mentioned that Thrips fuscipennis. T. major, T.
flavus, Taeniothrips atratus and T. vulgatissimus congregate in large numbers on
many different flowers, though their larvae feed on other plants. In this way
they play a role in the pollination of e.g. Beta (Imms, 1957) and Dipterocar-
paceae.

The Neuroptera often feed on nectar. Particularly the Raphidiidae are often
found on flowers.

The Mecoptera are attracted to nectar (Panorpa) and like the Trichoptera are
regularly seen feeding on it (particularly some species of the Leptoceridae).

Genuine anthophily, however, is very rare among these insect orders and
pollination only occurs in some cases. Flower visits of insects belonging to
other orders than those mentioned here, have to be considered as purely
accidental events.
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5. CORRELATION OF THE FEEDING-HABITS
OF THE INSECTS WITH THEIR PHYLOGENY AND
FOSSIL RECORD

The correlation of the feeding-habits as compiled in chapter 4 with the
phylogeny and fossil record of the insect taxa in which entomophily developed
is carried out here. The approach is the most optimistic one: comparison of
the Recent feeding-habits with the phylogeny and fossil record. With the pres-
ent knowledge it is not possible to trace developments in the feeding-habits
within the separate taxa. Only some pollen analyses on fossil insects are carried
out up to now (Willemstein, 1978a and 1980), indicating that the insects in
question must have been anthophilous to some degree. Because of the absence
of more of these observations the correlation is speculative: the feeding-habits
could only be compared with the presence of the taxa and in only some cases
can they be based on studying the morphology of e.g. the mouth parts, as is
the case in some fossils enclosed in amber. In the next sections only the general
tendencies shown by the many specific theoretical correlations will be des-
cribed.

With only few exceptions, the extant flower-visiting insects are classified in
the Holometabola (Coleoptera, Hymenoptera, Diptera and Lepdidoptera).
The monophyly of the Holometabola is accepted by Hennig (1981) and with
him probably by the majority of the present-day entomologists. Kristensen
(1975) noted that there is indeed little evidence for alternative views. The main
synapomorphy, on which the monophyly of the Holometabola is based, is the
type of metamorphosis (complete metamorphosis: the life-cycle incorporates
the egg, a number of larval instars, differing considerably from the adult,
pupal instars, and the imago). It has to be mentioned that the larval mouth
parts and feeding-habits are often quite unlike those of the adults. Being aware
of these differences is important for understanding the phylogeny of the
Holometabola and thus for the development of insect-flower relationships
within the Holometabola.
~ Within the Holometabola Kristensen (1975) recognized four monophyletic
groups, viz., Coleoptera + Strepsiptera, Neuropteroidea (Megaloptera +
Raphidioptera + Neuroptera), Hymenoptera and Mecopteroidea (Trichoptera
+ Lepidoptera + Mecoptera + Siphonaptera + Diptera), see fig. 5-1. This clas-
sification has been largely accepted by Konigsmann (1976) and Hennig (1981).
Of these insect groups, the Strepsiptera and Siphonaptera are of no importance
for this study. The second larval instar and the apterous females of the Strep-
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Fig. 5-1. Outline of the probable relationships within the Holometabola, after Kristensen

(1975), Konigsmann (1976) and Hennig (1969, 1981). 1. Tshekardocoleus; 2. Permosialis; 3.

Palaeohemerobiidae; 4. Archexyela; 5. Microptysma; 6. Microptysmodes, Cladochorista; 7. Mecoptera
from the Upper Permian of Australia; 8 and 9 Paratrichoptera.
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siptera are endoparasitic in other insects. The Strepsiptera are considered the
sister-group of the Coleoptera (Kinzelbach, 1971) and therefore should form
a relatively early development in the Holometabola. However, Crowson
(1981) placed the origin of the Strepsiptera, as a sister-group of the Lymexy-
lidae, in the Lower Cretaceous. The extant Siphonaptera are apterous
ectoparasites on warm-blooded animals. If the earliest Siphonaptera had the
same habits, they could not have evolved earlier than in the Triassic (presumed
origin of the Mammalia and the Aves, see Romer (1966)) and not in the upper
Permian at the latest as Hennig (1981) suggested. This means that a sister-
group relationship with the Mecoptera as a whole (Kristensen, 1975), as
illustrated in fig. 5-1, is not probable, because this would indicate too an early
origin of the Siphonaptera. Both the Strepsiptera and Siphonaptera are
specialized insects which do not form any link with the development of
anthophily in insects.

To understand the development of the feeding-habits of the Holometabola
(larvae and adults), a hypothesis as to the feeding-habits of the earliest
representatives has to be formulated. In the upper Permian rather great dif-
ferences may already have existed between the feeding-habits of the four major
holometabolan groups.

The earliest representatives of the Coleoptera most probably were
fungivorous (and phytophagy may have evolved very early), those of the
Neuropteroidea zoophagous, those of the Hymenoptera phytophagous and
those of the Mecopteroidea phytophagous (with an early development towards
zoophagy). It is difficult to accept either phytophagy or zoophagy as the
original feeding-habit of the earliest Holometabola. More probable may be
fungivory, saprophagy or a combination of both, as this is the most acceptable
basis for the development of phytophagy as well as zoophagy. This hypothesis
finds support in the probable development of the feeding-habits in the sister-
group of the Holometabola, i.e., the Paraneoptera. The relationships within
the Paraneoptera are illustrated in fig. 5-2.

The extant Zoraptera are small insects that live under bark, in decaying
wood, humus, etc. Both nymphs and adults feed on fungal spores and some-
times fragments of mites are found in their intestines. The extant Psocoptera
(together with the Phthiraptera forming the Psocodea) live on foliage, on tree
trunks, under bark, on weathered fences and palings on fungi and among the
growths of algae and lichens. Adults and nymphs feed on unicellular algae,
lichens, fungal hyphae, spores, fragments of plant tissue and fragments of
insect tissue (saprophagy). The specialized feeding-habits of the Phthiraptera
(feeding on skin surface debris and blood) are of later origin. The extant
Thysanoptera are mainly phytophagous and fungivorous. The few species with
predatory habits are found in the apomorphous Aeolothripidae (Mound et al.,
1980). The same authors stated that in the Thysanoptera, fungus-feeding in
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litter is the plesiomorphous character state, while the apomorphous character
states (in this sequence from plesio- to apomorphous) are: fungus-feeding
under bark, phytophagous on leaves, phytophagous on flowers, and predatory.
The last-mentioned feeding-habit may have originated from the fungus-
feeding state already, since a direct change from phytophagy to predatory does
not seem very probable, although phytophagy on flowers may form some basis
for predatory habits on flower-visiting insects and other animals. Among the
extant Hemiptera, the Sternorrhyncha and Auchenorrhyncha (= Homoptera
minus Coleorrhyncha) are phytophagous. Blood-sucking occurs besides
phytophagy only in the Heteropteroidea.

All this makes it quite probable that saprophagy, fungivory or a combina-
tion of both in litter is the most plesiomorphous feeding-habit in the
Paraneoptera. This in turn means that this way of feeding may also have
occurred in the stem-group of the Paraneoptera and the Holometabola.

With the above-mentioned in mind, the idea of Tillyard (1926) (see also
Hennig, 1981) that the larvae of the Holometabola originally lived in vegetable
debris and similar substances, as do the modern Choristidae (Mecoptera),
becomes highly probable. Because of the generally arid conditions in the Per-
mian (and the late Carboniferous) (Schwarzbach, 1950) the (moist) environ-
ment of decaying organic material must have been a most suitable habitat for
the larvae of the early Holometabola.

At this point it is possible to formulate a hypothesis on the habitat and
feeding-habits of the larvae of the earliest Holometabola: they most probably
lived in moist vegetable debris and other decaying substances, and their
feeding-habits were saprophagous and/or fungivorous. The presence of lower
fungi is already known from the Devonian and their presence in Carboniferous
and Permian petrified woods has been demonstrated by Pirozynski (1976).

If the Holometabola, again, are compared with the Paraneoptera, there are
also indications that the adults of the earliest Holometabola had the same
feeding-habits as their larvae.

In this chapter it has repeatedly been suggested that insect taxa may have
been anthophilous at the time of appearance of the Angiospermae. It is not possi-
ble to talk about the origin of the Angiospermae, because this may be (much)
older than hitherto thought (see section 7.4). With the appearance is ment the
stratigraphical appearance of angiosperm fossils in the Barremian-Aptian.

5.1 Coleoptera

The oldest fossils of coleopteran stock date from the uppermost division
(Leonardien) of the lower Permian. These fossils show similarities to the
Recent archostematan Ommadidae (Cupedidae-Ommadinae auct.), but they
also have features foreign to modern Coleoptera e.g., some of the lower Per-
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mian fossils (as Tshekardocoleus) show a Megaloptera-like venation of the elytra.
These are reasons for Crowson (1981) to use the name Protocoleoptera for the
Coleoptera-like fossils of the lower Permian and he concluded that the
Coleoptera arose in the Permian from the Megaloptera or Megaloptera-like
ancestors. If the Coleoptera are from megalopteran ancestry, they would not
be the sister-group of the Neuropteroidea. If they are from Megaloptera-like
ancestry they can be, because Megaloptera-like characters or character states
may well have been present in the stem-group of the Coleoptera and the
Neuropteroidea. As long as the relationships within the Neuropteroidea are
not clear, this problem remains unsolved.

The fossils of the Protocoleoptera are only adults and they provide no direct
evidence about their habits. These have to be deduced by comparison with
modern forms showing similar features. Most of the Protocoleoptera have a
somewhat flattened habitus (e.g. Sylvacoleus), relatively short legs, non-
projecting coxae and short antennae inserted low down the sides of the head.
In the Recent Coleoptera these features are common to the species which live
under bark of (dead) trees. This makes it likely that this habitat was ancestral
in the Coleoptera and the development of the elytra from the forewing may
have been an adaptive feature for this habitat. In the period in which the Pro-
tocoleoptera occurred trees were present: tree ferns and the rise of Coniferae,
e.g. Walchia species in the Rotliegendes, see Gothan & Weyland (1973) and
Maegdefrau (1968). There are no indications that the larvae of the Pro-
tocoleoptera lived in other habitats,

Because the mouth parts cannot be properly studied in the fossils of the Pro-
tocoleoptera, there is no direct evidence about their feeding-habits. In the
Recent Coleoptera, the most plesiomorphous mouth parts (adult as well as lar-
val) are found in some of the forms feeding on lower fungi, particularly those
of the mould type. These fungi constitute a readily available food source (in
the form of spores), they are associated with dead trees and they also occur in
the crevices in the bark of living trees. Thus, a reasonable hypothesis is that
fungi-feeding by adults and larvae is the ancestral type in the Coleoptera.

More Coleoptera-like fossils are known from the upper Permian, some of
which show features more like modern Coleoptera. This is why Crowson
(1981) used the name Archecoleoptera for the more Coleoptera-like insects
from the upper Permian (the ancestral form of the Archecoleoptera still has to
be found). In the sense of Hennig (1981) the Archecoleoptera could be
regarded as predecessors of the Coleoptera. This means that the left part of fig.
5-1 (Coleoptera + Strepsiptera) can be refined to the outlines presented in fig.
5-3.

In the upper Permian the fossils of the Archecoleoptera show a considerable
adaptive radiation (relatively large diversity of forms), but it is difficult to
deduce the habits of the Archecoleoptera by comparison with the modern
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Coleoptera. The habitats and feeding-habits were more diverse than in the
Protocoleoptera. It is of interest for this study that one of the types of feeding-
habits may well have been pollen-feeding, because the transformation of the
mouth parts from fungi- to pollen- or spore-feeding is morphologically
relatively simple.

During the Triassic, characters and character states suggestive to modern
suborders begin to occur. In the middle and upper Triassic pieces of fossil
wood have been found with unmistakable insect borings (Walker (1938):
Arizona; Linck (1949): Keuper of Germany). These insect borings are
associated with archostematan larvae and because the borings are of different
types it can be suggested that the Archostemata had already diversified by
then. If the association of wood-boring and archostematan larvae is correct,
some suggestion as to the adult feeding-habits may be made by comparison
with the modern Archostemata. In the adult stage most are flower visitors
which feed on pollen, and it is possible that the adults of the Triassic
Archostemata did the same. Pollen- or spore-feeding in Coleoptera, then, may
have been established in the first half of the Triassic.

From the other coleopteran suborders (see fig. 5-4) the mainly predacious
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Adephaga and the aquatic, algae-feeding Myxophaga are not important in this
study, because they did not develop anthophily, and are left out of the discus-
sion. There are clear indications that these suborders originated in the early
Triassic. Next to what was said on the Archostemata, we have to follow the
line of the Polyphaga. In the Triassic some features suggestive to the
Polyphaga are to be seen, e.g. the Ademosynidae described by Ponomarenko
(1969) from lower or middle Triassic deposits.

From the Jurassic deposits extensive fossil insect faunas are known and in
all of them the Coleoptera are richly represented. During the Jurassic there
were many changes in the biotic environment, e.g. the development of the
Bennettitales towards their largest extension, which may have had a con-
siderable impact on the development of pollen-feeding among the fungivorous
or phytophagous Coleoptera.

Of the many fossils of Coleoptera from the lower Jurassic only a few have
been studied in detail. Arnoldi and Zherichin (in Ponomarenko, 1977) des-
cribed representatives of the archostematan Ommadidae, Tetraphaleridae,
and certain adephagan types; there are indications that Hydraenidae and
Elateridae-like forms occurred. Moreover it is possible that Scarabaeidae
(Aphodiites and Opiselleipon) and Eucinetidae (Ooperiglyptus) did occur as well. It
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is, then, probable that the series of the Polyphaga were already established and
their origin may date from the upper Triassic (fig. 5-5).

From the middle Jurassic, fossils of the Coleoptera are not known in large
quantities, but from the upper Jurassic numerous fossils have been recovered.
It appears that during the Jurassic most superfamilies of the Coleoptera were
established and that many of the extant families may already be recognized by
the end of the Jurassic. A survey of the presumably established superfamilies

49



and families in which anthophily developed is given in table 5-1 at the end of
this section.

If we compare the families in this table with the descriptions of the feeding-
habits in section 4.1 the following can be concluded. The adults of the Recent
Cupedidae, Ommadidae and Tetraphaleridae (in contrast to Crowson (1981),
Britton (1970) considered the Ommadidae as a subfamily of the Cupedidae)
feed on pollen, so there may be indications that they also did so at the end of
the Jurassic. Within the Staphyliniformia there are no reasons to believe that
the Hydraenidae and Hydrophilidae had other feeding-habits than they have
now (decaying vegetable material, fungi and excrements). The modern
representatives of these families sometimes are found in carrion-scenting
inflorescences of the Araceae. Whether the reproductive structures of the Ben-
nettitales (and possibly other gymnosperm groups with hermaphroditic
reproductive structures as well, see section 7.2) produced carrion scent or not,
will never be known, but if they did, they could have attracted these beetles
and many others. Crepet (1972) reported remains of possible insect injury to
the microsporophylls of Cycadeoidea. Although scents may have played a role in
attracting insects in the Jurassic, in the analyses in chapter 6 they are not
included. The Histeridae may have fed in this time on decaying vegetable
material and dead animals. In the Staphylinoidea the Scydmaenidae most
probably were predacious or developing predacious feeding-habits and the
Silphidae probably were coprophagous and may have been in some cases
phytophagous. The Staphylinidae, for which Crowson (1981) indicated the
middle Jurassic as the time of origin, probably were feeding on decaying
vegetable material and predacious habits already may have been developed.
Pollen-feeding in the Recent Staphylinidae mainly occurs in the Omaliinae.
This subfamily shows some plesiomorphous features within the Staphylinidae
(e.g. entire elytra in the Recent exotic genera Tanygnathus and Cameolium
(Crowson, 1954) and in the females of the subgenus Abinothum of Eusphalerum
(Lohse, 1964)). Association of pollen-feeding with these plesiomorphous
features makes it probable that this way of feeding in the Staphylinidae occur-
red already at the end of the Jurassic. The Eucinetiformia (Crowson (1981)
include the families Clambidae, Eucinetidae and Helodidae; Britton (1970)
considered these families as belonging to the scarabaeiform Dascilloidea) are
represented by the Helodidae which probably were associated with vegetation
near water as are the Recent forms. In the Scarabaeiformia the Dascillidae
may have fed on pollen, the Lucanidae probably were phytophagous and the
Geotrupidae and Scarabaeidae may have been coprophagous. In the
Elateriformia moss-feeding may have occurred in the Byrrhidae, algae-feeding
and phytophagy in the Ptilodactylidae, phytophagy and pollen-feeding in the
Buprestidae, probably phytophagous feeding-habits in the Artematopidae, and
in addition to phytophagy also pollen-feeding in the Elateridae. In the
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Bostrychiformia association with wood and seeds may have occurred in the
Bostrychidae and fungivory and pollen-feeding in the Anobiidae. In the Cucu-
jiformia fungivory may have occurred in the Peltidae and Lymexyloidea, car-
nivory in the Cucujidae, fungivory in the Cavognathidae, pollen-feeding in the
Mordellidae and omnivory with possible pollen-feeding in the Tenebrionidae.
In the Chrysomeloidea both in the Cerambycidae and Bruchidae besides
phytophagy also pollen-feeding may have occurred; the Chrysomelidae prob-
ably were phytophagous on stems and leaves. Chrysomelid pollen-feeding is
not likely, because the subfamilies in which it in present times occurs with
some regularity (Cryptocephalinae and Donaciinae) are comparatively
advanced. There may be a chance that the more plesiomorphous Galerucinae
had anthophilous habits in the Lower Cretaceous. In the Curculionoidea
pollen-feeding may have occurred in the Nemonychidae (associated with Gym-
nospermae), Anthribidae (besides fungivory) and Oxycorinidae. There is only
a minor chance that pollen-feeding occurred in the mainly phytophagous Cur-
culionidae and Belidae.

From the Cretaceous fewer fossil Coleoptera are known than from the
Jurassic, but they include for the first time fossils enclosed in fossil resins
(amber), which permits more detailed morphological studies (mainly of the
Coleoptera that live in the vicinity of stems and branches of the resin-
producing trees). From the Lower Cretaceous, besides Coleoptera already
known from the Jurassic Kara Tau-deposits, Scarabaeoidea of the more
plesiomorphous types like Hybosoridae and Geotrupidae are known (Geotrupes,
Proteroscarabaeus and  Holcorobus), an apparent representative of the
Helophorinae (Mesohelophorus) and a very probable representative of the
Apionidae (Cretonanophyes). None of these families can be associated with
flowers, except for the Apionidae, Recent forms of which are phytophagous
and destructive to flowers. The Helophorinae are phytophagous and the
Hybosoridae and Geotrupidae live on dung and carrion. The latter two within
the Scarabaeoidea may form stepping-stones towards the development of
anthophilous Scarabaeidae (see below).

In fossil, probably coniferous, wood of the Wealden, Blair (1943) found sub-
cortical insect borings very similar to those made by the Recent Scolytidae, but
Crowson (1981) suggested that they also could have been made by the larvae
of the older Anthribidae- and Belidae-like forms, or may be even from non-
curculionoid Coleoptera. Only the presence of the Anthribidae (see also the
late Jurassic) would indicate probable flower-visiting.

In the Libanon amber (Schlee & Dietrich, 1970) of the Aptian (Lower
Cretaceous), Crowson (1981) identified a larva, resembling those of
Micromalthus, a typical representative of the Scydmaenidae, a scarabaeoid type,
two Elateridae, a representative of the Dermestidae, a clavicorn, possibly of
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the Pharaxonothini (Cryptophagidae) and two small Heteromera. The Recent
Micromalthus feed on decaying wood, the extant Scydmaenidae are predacious,
the scarabaeoid type shows features suggestive of termitophilous habits, the
modern Elateridae are frequently visiting flowers, as do the Dermestidae and
possibly the Pharaxonothini. Thus, besides the probable pollen-feeding
families of the late Jurassic (table 5-1), there are indications that in the Lower
Cretaceous anthophily was also present in the Cryptophagidae and
Dermestidae.

From the late Cretaceous amber of the Taimyr Penninsula in Siberia
Zherichin (in Arnoldi and Zherichin in Ponomarenko, 1977) described fossils
of the Cerophytidae, Cleroidea, Lathridiidae and (probable) Atomariinae.
Only the presence of the Cleroidea may indicate anthophily if this indeed refers
to Cleridae. Recent Cerophytidae in all stages are associated with decaying
wood and modern Lathridiidae and Atomariinae feed on fungi.

Most families of the Coleoptera became recognizable in the Tertiary. We
will only consider the evolutionary history of the superfamilies in which
anthophily developed. The Quaternary is not taken into account because
during that period no important new developments have taken place in the
Coleoptera. No further developments towards anthophily occurred after the
Jurassic in the Archostemata, so we only have to deal with the polyphagan
superfamilies. The probable relationships of the series and superfamilies
within the Polyphaga are illustrated in fig. 5-6, only the superfamilies marked
with an asterisk are treated here.

STAPHYLINIFORMIA

As described in section 4.1 anthophily in the Staphyliniformia has developed
only in the Staphylinoidea, and there it is limited to the staphylinid Omaliinae.
The relationships within the Staphylinoidea are not clear, thus in order to
avoid too much speculation, only the Staphylinidae are considered.

As mentioned above, the pollen-feeding habits of the Omaliinae may have
existed at the end of the Jurassic, derived from plesiomorphous staphylinid
saprophagy and fungivory. These plesiomorphous feeding-habits can fit a
sister-group relationship with the Eucinetiformia (Eucinetoidea). The latter
are also in Recent times still saprophagous (only in the Clambidae this was
specialized into myrmecophilous habits).

SCARABAEIFORMIA

Within the Scarabaeiformia anthophily has developed in both superfamilies
Dascilloidea and Scarabaeoidea. The most favourable hypothesis of the origin
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Fig. 5-6. Outline of the probable relationships of the superfamilies within the Polyphaga, after
treated in the text.

Crowson (1981). The superfamilies marked with an asterisk developed anthophily and are



of the Scarabaeoidea is that they are derived from ancestors much alike the
plesiomorphous sister-group, i.e., the Dascilloidea. The oldest fossils that can
be attributed to the Dascilloidea are of the genus Mesodascilla from the late
Jurassic Kara Tau deposits. The most plesiomorphous Scarabaeoidea prob-
ably had burrowing-habits and fed on fungi. This feeding-habit might well
have been plesiomorphous in the early Dascilloidea as well, and formed the
basis for the development of anthophily in many of the adults of the Recent
Dascillidae. Here we see that a sister-group relationship of the Scarabaeiformia
and the Eucinetiformia based on the type of feeding-habits is possible (see also
in the Staphylinoidea).

The scarabaeoid fossils younger than the Cretaceous contribute little to the
understanding of the phylogeny in the group. The scarce fossils found in the
lower Oligocene of Chile (dung ball associated with the modern Scarabaeinae),
the lower Eocene London Clay (Saprosites-like fossil belonging to the Apho-
diinae; Balthasar (1963) mentioned that the Recent representatives of this
genus are saprophagous), the Eocene brown coal deposits of Germany
(Eophyllocerus, oldest pleurostict fossil attributed to the Melolonthinae) and the
Baltic amber (Paleognathus belonging to the Lucanidae and species attributed
to Aphodius) indicate that most of the modern types were already present in the
first half of the Tertiary.

As has been mentioned in chapter 4.1 anthophily in the Scarabaeoidea only
developed in the Scarabaeidae. The most plesiomorphous types of this family
show affinities to the geotrupid types. The Geotrupidae feed on the dung of
herbivores, thus on half-digested plant remains. This feeding-habit does not
differ very much from feeding on decaying plant material (saprophagy) and
probably was derived from it (Balthasar, 1963). The plesiomorphous
saprophagy may have given rise to coprophagy (most Laprosticti) and on the
other hand, via fungivory (among others the laprostict Ochodaeinae) to
anthophily (in the Pleurosticti). The Pleurosticti are the most apomorphous
Scarabaeidae. The Glaphyrinae have a pleurostict, Melolonthinae-like
habitus, but the abdominal spiracles of the adults and the maxillary lobes of
the larvae are of the laprostict type. Although there may be parallel adaptive
development (the Glaphyrinae mainly have the same habits as most
Pleurosticti), Crowson (1954) suggested that the Glaphyrinae might occupy
the same sort of position in relation of the Laprosticti and the Pleurosticti as
dipnoan fish have in relation to the bony fish and the amphibians.

The anthophily in the Pleurosticti may date from the origin of their most
plesiomorphous representatives, i.e., the Melolonthinae. As we have seen
above this subfamily is known from the Eocene (Eophyllocerus). The extensive
anthophily in most of the other pleurostict subfamilies (Rutelinae, Cetoniinae,
Dynastinae, Hopliinae, Valginae, Trichiinae) may have developed later in the
Tertiary. Balthasar (1963) concluded that the Scarabaeidae must have had a
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stormy evolution during the Paleocene and the Eocene. Older anthophily
within the Scarabaeidae may be found in the Glaphyrinae, but whether it was
present at the time of appearance of the Angiospermae is questionable. It is
known that Cetonia aurata feeds on the pollen of Pinus mugo (Willemstein, 1978)
but indications that this feeding indeed may be considered plesiomorphous,
require more research.

ELATERIFORMIA

Within the Elateriformia anthophily has developed in the superfamilies
Buprestoidea, Elateroidea and to some degree in the Cantharoidea. In the
Buprestoidea (only family Buprestidae) pollen-feeding may date from the mid-
dle or late Jurassic, derived from fungivory or algae-feeding (the latter being
the feeding-habit of the more plesiomorphous representatives of the sister-
group, i.e. the Dryopoidea) and kept unchanged (besides some guiding by the
evolutionary development of angiosperm flowers) up to Recent. Harde (1979)
noted that the Buprestidae in Recent times mainly visit yellow flowers.

Within the Elateroidea pollen-feeding is mainly found in the Elateridae and
Trixagidae. The relationships within the Elateroidea are not clear, so we only
may state that the Elateridae may have had pollen-feeding habits from the mid-
dle or late Jurassic onwards. Fossils of the late Jurassic Kara Tau deposits have
been attributed to the subfamilies Negastriinae and Cardiophorinae. The
Recent representatives of the Negastriinae feed on decaying plant material
near water and some visit flowers, e.g. species of Quasimus. The Car-
diophorinae mainly feed on flowers.

The Cantharoidea are known from fossils in the Baltic amber (upper Eocene
to lower/middle Oligocene) in many species of several families (Cantharidae,
Lampyridae, Lycidae). This means that the main divisions within the Can-
tharoidea were already established at that time. The origin of the Can-
tharoidea is not clear from the fossil record, but since they form the sister-
group of the Elateroidea, they must have been present in the second half of the
Jurassic. Because the more plesiomorphous Cantharoidea mainly visit flowers
(Brachyspectridae, Homalisidae, Drilidae) pollen-feeding habits may have
been present at the time of appearance of the Angiospermae. The Cantharidae
and the Lycidae are apomorphous within the Cantharoidea and are of later
origin, as are the predatory feeding-habits of the first. Cantharis tristis also feeds
on the pollen of Picea excelsa (Knuth, 1899).

BOSTRYCHIFORMIA

Within the Bostrychiformia anthophily is mainly found in the Dermestoidea
and only in some species of the Bostrychoidea pollen-feeding occurs. Of the

55



Dermestoidea many fossils are found in the Baltic amber and they represent
several subfamilies of the Dermestidae. Larsson (1978) recorded represen-
tatives of the Dermestinae (Dermestes), Anthreninae (Anthrenus), Attageninae
(Attagenus), Megatominae (Globicornis) and Trinodinae (Trinodes). This means
that the divisions within the Dermestidae were well-established in the first half
of the Tertiary. The same can be said for the Bostrychoidea. The first
bostrychoid fossil is known from the lower Eocene London Clay (anobiid
Veneblesia collurium) and from the Baltic amber Larsson (1978) mentioned many
species of the Anobiidae (representing both Recent central European sub-
families), some Bostrychidae, some Ptinidae and of the Lyctidae the genus
Lyctus. The origin of the Bostrychiformia is much older than the Tertiary.
Since they form the sister-group of the Cucujiformia, their origin has to be
placed in the second half of the Triassic. Crowson et al. (1967) noted that the
Dermestoidea will not be readily recognisable in Mesozoic fossils and it will be
difficult to attribute fossil forms to the Bostrychoidea. Since the relationships
of the families in both superfamilies are not very clear, it is difficult to date the
separation of the Bostrychoidea and the Dermestoidea in the Jurassic, but it
must have been completed before the Lower Cretaceous Aptian. A possible
plesiomorphous type of pollen-feeding in the Ptinidae is that of Ptinus dubius
on Picea excelsa (Knuth, 1899).

CUCUJIFORMIA

Within the Cucujiformia anthophily has developed in the Cleroidea, Cucu-
joidea, Chrysomeloidea and Curculionoidea.

Within the Cleroidea (Crowson (1954) included the Melyridae) the
Trogossitidae are considered the most plesiomorphous. Part of their diet (in
addition to other insects) consists of fungi. This fungivory may have given rise
to the pollen- and nectar-feeding habits of the Cleridae (they also prey on other
insects). The first cleroid fossil dates from the late Cretaceous and later fossils
are known from the Baltic amber and include several species of the
Trogossitidae, Cleridae and Melyridae. If the Melyridae are classified cor-
rectly here, then the anthophilous habits of the Cleroidea were well-established
in the first half of the Tertiary. The origin of the cleroid anthophily will be very
difficult to trace: here again, as Crowson et al. (1967) noted, the Cleroidea are
not likely to be readily recognized in Mesozoic fossils. Because both Cleridae
and Melyridae are considered to be more apomorphous Cleroidea, their origin
may date from later than the upper Jurassic and there is only a minor chance
that cleroid anthophily existed at the time of appearance of the Angiospermae.
From Recent Melyridae it is known that Dasytes obscurus (in Britton (1970)
Dasytidae), Haplocnemus pini and H. tarsalis feed on the pollen of Pinus sylvestris
(Knuth, 1899).
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The Cucujoidea are pre-eminently beetles of the loose bark and dead trees
and it is likely that some such habitat for them was ancestral. The plesiomor-
phous fungivory in the Cucujoidea is connected with these habitats and it may
easily have given rise to pollen-feeding. Because of the large number of families
in the Cucujoidea and their very imperfectly understood interrelationships we
will only deal with the families in which anthophily developed.

The Cucujoidea evidently fall into two series, corresponding roughly to the
old Clavicornia and Heteromera. The Clavicornia include the more
plesiomorphous types of the Cucujoidea and it is possible that the Heteromera
arose from fairly plesiomorphous clavicorn, e.g. Byturidae-like, types. The
clavicorn families in which anthophily developed are the Nitidulidae, Cryp-
tophagidae, Byturidae, Languriidae and Phalacridae.

The Nitidulidae are plesiomorphous Clavicornia, of which the first fossil is
found in the upper Jurassic Kara Tau deposits. Nitidulid fossils in the Tertiary
are mainly found in the Baltic amber, however, in relatively small numbers.
It can be concluded that the early developed pollen-feeding of the Nitidulidae
continued and differentiated (many of the Recent species are limited to par-
ticular plant species) during the Cretaceous and the Neozoic. The Nitidulidae
may be connected with the Phalacridae by intermediate Smicripidae-like
forms.

The Cryptophagidae are poorly represented in the Baltic amber (mainly by
the small Atomaria). They have affinities to the Protocucujidae and Sphindidae
on the one side and on the other towards the Languriidae and Erotylidae and
possibly also to the Silvanidae. Only the Silvanidae are known from the Baltic
amber (Silvanus and related forms). The cryptophagid anthophily (besides
fungivory) may have existed during the Cretaceous from the Aptian Pharax-
onotini onwards.

The Byturidae are not known from the Baltic amber. If they are connected
with a basis for the Heteromera they must have been present before the end
of the Jurassic, since the Heteromera were already well-established at that
time. This would mean that byturid pollen-feeding habits probably were pres-
ent at the time of appearance of the Angiospermae. The Languriidae are
related to the Erotylidae and the Cryptophagidae. Although there are no fossils
known from the Tertiary, the relationships indicate that languriid anthophily
(besides phytophagy on leaves and the stems of herbaceous plants) did exist in
the first half of the Tertiary.

The Phalacridae may be related with the Nitidulidae and include plesiomor-
phous cucujoid types. There are no fossils known, so the time of origin cannot
be indicated, but in view of their relationship with the Nitidulidae they may
have arisen early. This does not mean that their anthophilous and
anthophagous feeding-habits did arise at the same time. Because the Recent
Olibrus species develop in the heads of Asteraceae this may be of relatively late
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origin and the pollen- and nectar-feeding habits may have developed from the
plesiomorphous fungivorous feeding-habits like those of Phalacrus.

Within the Heteromera more families have developed anthophily than in the
Clavicornia. The Heteromera include the more apomorphous Cucujoidea.
The families in which anthophily developed are the Tenebrionidae, Lagriidae,
Alleculidae, Mycteridae, Pyrochroidae, Melandryidae, Scraptiidae,
Mordellidae, Rhipiphoridae, Meloidae, Oedemeridae and Anthicidae.

The Tenebrionidae are of relatively early origin (upper Jurassic) and it will
be no surprise that in the Baltic amber most of the central European tribes
were well established: Boletophagini (Boletophagus), Diaperini, Helopini
(Helopus), Opatrini, Adeliini (Laena), Triboliini (Palorus, Tribolium), Ulomini
(Uloma). Besides omnivory the tenebrionid pollen-feeding may have existed
throughout the Cretaceous and the Neozoic, although these beetles never
became obligatory specialists in this field.

The Lagriidae are related to the Tenebrionidae. This means that they may
be of early origin. The few fossils in the Baltic amber indicate the establish-
ment of the subfamilies Lagriinae (Lagria) and Statirinae (Statira) in the first
half of the Tertiary. The origin of their anthophily (besides phytophagy on her-
baceous plants), derived from fungivory under bark, may date from sometime
in the Cretaceous.

The Alleculidae are closely related to the Tenebrionidae and therefore prob-
ably of early origin. From the Baltic amber it appears that the subfamilies
Alleculinae (Mpycetochara, Mycetocharoides, Isomira, Allecula, Gonodera and
Hymenalia) and Omophlinae (Cteniopus) were well established in the middle
Tertiary. This means that the origin of the Alleculidae and their anthophily
may be much earlier. Recent species Omophlus americanae is known to visit the
male cones of Pinus sylvestris (Knuth, 1899).

The Mycteridae (with poorly developed anthophily) are probably related to
the Oedemeridae, but no fossils are known. There are no indications about
their evolution.

The Pyrochroidae are related with the Oedemeridae and perhaps with the
Anthicidae and Phytidae. There is one fossil known from the Baltic amber
(Palacopyrochroa crowsoni). Because the Oedemeridae and Anthicidae are also
definitely present in the Baltic amber it, can be concluded that pyrochroid
anthophily may have occurred in the middle Tertiary.

The Melandryidae (or Serropalpidae) have affinities to the Tetratomidae
and more or less to the Scraptiidae, Mordellidae and Rhipiphoridae. Many
fossils are known from the Baltic amber. They demonstrate that the family was
well-established in the middle Tertiary: Serropalpus, Anisoxya, Abdera, Abderina,
Dircaea, Phloetrya. The Tetratomidae are also represented in the Baltic amber
(Hallomenus). If the Melandryidae indeed are related to the Mordellidae they
may be of relatively early origin. The fairly plesiomorphous Tetratomidae may
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also indicate a rather early origin. They may have been present in the
Cretaceous, but whether or not their anthophily (as it occurs only in the
Recent melandryid genus Osphya), derived from the fungivory (as it occurs in
the majority of the family), was already present in the Cretaceous or early Ter-
tiary cannot be established.

The Scraptiidae approach the anthicid group, but are still allied to the
Melandryidae and Mordellidae. Their fossils are known from the Baltic amber
in large series. Willemstein (1978a and 1980) demonstrated that an individual
of the extinct species Scraptia pseudofusculosa (fossil in Baltic amber) visited
Quercus flowers before it got stuck in the resin of Pinus. If the relationship with
the Mordellidae is correct, scraptiid anthophily may already have existed in
the Cretaceous. Whether it dates as far back as the appearance of the
Angiospermae remains questionable.

The Mordellidae are more or less closely related to the Melandryidae,
Scraptiidae and perhaps to the Rhipiphoridae. Their fossils are known from
the Baltic amber (Mordella, Mordellistena). On or in a fossil of the Mordellidae
in Baltic amber (because of the poor quality of the amber the identification
below family level was not possible) Willemstein (1980) demonstrated rather
coarsely reticulate tricolporate pollen that, in view of the pollen structure and
sculpture, must have been produced by entomophilous flowers. As has been
mentioned, the pollen-feeding habits of the Mordellidae may date from before
the end of the Jurassic.

The Rhipiphoridae probably arose from Scraptiidae- or Mordellidae-like
ancestors. Their fossils are known from the Baltic amber (Pelecotoma,
Rhipiphorus, Rhipidius). Because of the relationship with the two families, they
may originate from Cretaceous times. Whether their anthophily existed at the
time of appearance of the Angiospermae remains questionable.

The Meloidae may be related to the Anthicidae. Only a few fossils are
known from the Baltic amber, e.g. Lytta. Thus it is possible that the meloid
anthophily existed in the middle Tertiary. Because of the imperfectly
understood relationships of the Meloidae their time of origin remains
unknown.

The precise affinities of the Oedemeridae are not clear. There may be rela-
tions to the Cononotidae and the Anthribidae. Crowson (1954) based the
Cononotidae on the North American genus Cononotus and included the central
European Agnathus that formerly was classified in the Lagriidae. The possible
relationships of the Oedemeridae indicate a Tertiary or somewhat earlier
origin. Fossils of Oedemera are known from the Baltic amber. In conclusion it
can be said that oedemerid anthophily possibly existed in the first half of the
Tertiary and may be of late Cretaceous origin.

The relationships of the Anthicidae within the Heteromera are not clear.
Their fossils are known from the Baltic amber and it appears that the main
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tribes Notoxini and Anthicini were definitely present in the middle of the Ter-
tiary. This means that the anthicid (facultative) anthophily was present at that
time and possibly may be of late Cretaceous origin.

‘“The phylogeny of the chrysomeloid larvae presents an almost literal pic-
ture of climbing a tree. Beginning with the larvae living down in the fungus-
decayed dead wood we can trace lines going up into scund dead wood, into
the living timber, out into the twigs and ultimately the larvae appear living an
exposed life on the topmost leaves; a side branche leads into the carpels and
seeds and others into the roots’’ (Crowson, 1954). The most plesiomorphous
habitat of the chrysomeloid larvae is also inhabited by those of the plesiomor-
phous Cerambycidae (mainly Prioninae and Aseminae). The ‘trunk’ part is
found in the intermediately advanced Cerambycidae (mainly Lepturinae,
Cerambycinae and some of the Lamiinae). The twigs (and the stems of her-
baceous plants) are inhabited by the larvae of the most apomorphous Ceram-
bycidae (part of the Lamiinae) and some Chrysomelidae. Free-living of larvae
occurs in the majority of the Chrysomelidae. The branch into the carpels and
seeds is found in the Bruchidae and the branch into the roots is found in some
Cerambycidae (not distinguishable as plesio- or apomorphous because it
occurs in the subfamilies Prioninae, Lepturinae, Cerambycinae and
Lamiinae) and some Chrysomelidae. Mostly the larvae feed on the material
of the substrate they live on. As will appear below the feeding-habits of the
adults mostly differ from those of the larvae, but they have devloped in about
the same way: from saprophagy and fungivory lines are traceable to pollen-
and nectar-feeding, feeding on leaves, soft twigs and roots. 7he above mentioned
survey wilustrates that if the relationships within a taxon are correctly understood, evolu-
tionary lines can also be traced in the feeding-habits, which in their turn complete the picture
of its phylogeny.

The basic division of the cerambycid and chrysomelid lines probably took
place before the end of the Jurassic and probably coincided with a division
between their basic food plants into Coniferales and Cycadales. The ceram-
bycid line was directed towards the Coniferales and the chrysomelid line
towards the Cycadales.

The most plesiomorphous Cerambycidae are considered to be the Philinae
and very near the basis are the Prioninae and Aseminae. This suggestion is
supported by the Parandra-like fossil Parandrexis from the Jurassic (Malm)
deposits of Turkestan. There is evidence that the Recent, mostly crepuscular
adults of the Prioninae and Aseminae do not feed (Mjiberg, 1905; Craighead,
1923; Poloschenzeff, 1929 and 1931; Eckstein & Butovitsch, 1931), so there are
no indications about the feeding-habits of the early plesiomorphous Ceram-
bycidae. The most plesiomorphous feeding-habit following saprophagy and
fungivory may have been pollen-feeding on Coniferales. It is known that
Rhagium bifasciatum (Lepturinae) visits the male strobili of Pinus cembra (Tepp-
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ner, pers. comm.; see Willemstein, 1978). The Prioninae may be related with
the Anoploderminae (via Parandra-like forms) and thus the Anoploderminae
may be rather plesiomorphous. It is not known whether and to what extent the
Recent Anoploderminae are anthophilous. Of the exotic Disteniinae the rela-
tionships within the Cerambycidae are not clear; their Lepturinae-like mouth
parts may indicate anthophilous feeding-habits. The Lepturinae can be con-
sidered a stepping-stone towards the Cerambycinae with connections to the
Philinae, Prioninae, Disteniinae and Aseminae (and possibly with plesiomor-
phous Chrysomelidae). Crowson (1954) stated that ‘‘the mouth parts of typical
Lepturinae seem to be adapted to the flower-feeding habits of most of them,
a circumstance that might cast some doubt on the hypothesis (often advocated)
that the Lepturinae are the ancestral group of the Cerambycidae, for flowering
plants are a relatively young group geologically, not surely known from the
beginning of the Cretaceous and the Cerambycinae are likely older than
them’’. This is not a valid argument, because these mouth parts are adapted
to feeding on pollen as well as on nectar, and before the origin of the
Angiospermae there were many polliniferous plants. As suggested above,
plesiomorphous pollen-feeding, also within the Lepturinae, must have been
pollen-feeding on Gymnospermae. The mouth parts of the Lepturinae may
indicate a series of feeding-habits: from plesiomorphous fungus-feeding (as we
have seen above, mouth parts adapted to fungus-feeding may be considered
preadapted to pollen-feeding) in some Lepturinae-like groups (extended in the
asemine Liopini), via pollen- (and nectar-) feeding in the Lepturinae (extended
in part of the Cerambycinae), towards fruit- and leaf-feeding in many Ceram-
bycinae. In the Lepturinae a probably later development may be nectar-
feeding. This may be illustrated by the observations that both Clytus arietis
(Picard, 1929) and Strangalia quadrifasciata (Schoijen, 1916) feed on honey-dew.
The relationships of the Aseminae are not clear; they may have affinities to the
Prioninae and the Lepturinae. The Aseminae are exclusively associated with
Coniferales. The Cerambycinae have connections with the Lepturinae:
through Necydalis-like forms a transformationseries is tracable. Crowson (1954)
did not give a direction to this series. As argued above it may well be directed
from the Lepturinae towards the Cerambycinae. The Lamiinae are the most
apomorphous Cerambycidae. Many adults are known to chew actively on soft
bark, leaves and roots (Dorcadion). Some species frequent flowers.

Following this survey of the Cerambycidae, there are indications that both
in the Lepturinae and in the Cerambycinae pollen-feeding was present at the
time of appearance of the Angiospermae. From the Baltic amber many
Aseminae, Lepturinae, Cerambycinae and Lamiinae are known.

The Bruchidae are more closely related to the Chrysomelidae than to the
Cerambycidae (Crowson, 1954; Brandl, 1981). As we have seen, the division
between the Bruchidae and the Chrysomelidae may have taken place before
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Fig. 5-7. Outline of the probable relationships within the Chrysomeloidea, after Crowson
(1954).

the end of the Jurassic. The probable relationships within the Chrysomeloidea
now can be illustrated (see fig. 5-7). All the Recent bruchid larvae feed on the
seeds of Angiospermae, many species preferring Fabaceae. The adults take
food from all kinds of non-specialized entomophilous flowers. In the Tertiary
Bruchidae are known from the Baltic amber.

Within the Chrysomelidae some regular anthophily has developed in the
subfamilies Donaciinae, Galerucinae and Cryptocephalinae. The
Chrysomelidae are represented among the upper Jurassic Kara Tau fossils by
the Proscelinae. They ressemble the Recent Aulacoscelinae (Aulacoscelis) and
Sagrinae (Carpophagus) which are associated with the Cycadaceae. So there are
indications that the earliest Chrysomelidae were associated with Cycadales.
The feeding on Cycadales, then, is plesiomorphous in the Chrysomelidae.
From the Eocene brown coal deposits of Germany, Haupt (1950) described
Sagrinae, probable Donaciinae, Clytrinae, Cassidinae, Eumolpinae and
Chrysomelinae. From the Baltic amber Hispinae and Halticinae were des-
cribed (see Larsson, 1978). The Galerucinae may have occurred in Eocene
deposits (Crowson, 1981). Among the fossils of the North American Paleocene
very probable Donaciinae were found (occurring in conjunction with fossils of
the Nymphaeaceae). Crowson (1954) considered it possible that the
Galerucinae arose from Aulacoscelinae-like forms and that the Cryp-
tocephalinae in all aspects are apomorphous Chrysomelidae. There are indica-
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tions that the flower-visiting of the Donaciinae is of comparatively late (about
late Cretaceous) origin. Anthophily of the Galerucinae may have been present
at the time of appearance of the Angiospermae and the pollen- and nectar-
feeding habits of the Cryptocephalinae may be of early Tertiary origin.

Within the Curculionoidea anthophily has developed in the Anthribidae,
scattered Nemonychidae, Oxycorinidae and Curculionidae, but mostly
anthophily is accompanied by anthophagy.

The Nemonychidae are partly associated with Coniferales. The larvae of
Cimberis and Diodyrrhynchus develop in the male cones of Pinus; the other genera
develop in Angiospermae. The Nemonychidae are of pre-Cretaceous origin
and the pollen-feeding habits of the adults may have existed during the
Cretaceous and the Neozoic.

The Anthribidae probably are related to the Nemonychidae and of the same
time of origin. Among the anthribid larvae a similar picture of climbing trees
is found as in the Chrysomeloidea: borers in rotting wood (majority of the
genera), fungus eaters (Holostilpna), borers in living stems (e.g. Sintor), seed
eaters (Bruchela, Araecerus); from the saprophagous wood borers the predatory
habits of Brachytarsus on Coccidae may have been derived. The adult
Anthribidae have remained phytophagous, their plesiomorphous saprophagy
and fungivory may have given rise to the combination of anthophily and
anthophagy. As mentioned above, their anthophily may have been present at
the time of origin of the Angiospermae and continued in the Cretaceous and
the Neozoic. From the Baltic amber only a few fossils are known (7ropideres).

The Belidae are related with the Oxycorynidae and probably also with the
Nemonychidae. They are partly associated with the Coniferales and partly
with the Angiospermae. They may be of pre-Cretaceous origin and Belidae-
like forms may have given rise to the Oxycorynidae. The Oxycorynidae are
of upper Jurassic origin. The three Recent genera are associated with par-
ticular plant groups: Oxycorynus develops in the fleshy flowers of Prosopanche
(Hydnoraceae); Metroxena has been recorded from palm fruits; the larvae of
Allocorynus live in the male cones of the cycad Zamia. The pollen-feeding habits
of the adults may date from the late Jurassic. The Oxycorynidae may have
given rise to the Attelabidae by Allocorynus-like forms. The Atellabidae are
phytophagous and probably of Cretaceous origin. The genus Car found in the
Baltic amber may be linked with the oxycorynid Allocorynus.

The Brenthidae are connected with the more plesiomorphous forms of the
Apionidae and thereby may be of relatively late origin (Cretaceous). The
Apionidae may be regarded as forms intermediate between the Attelabidae
and the Curculionidae. Fossils are known from the Baltic amber, thus their
anthophagy may have been present in the middle Tertiary. The origin of the
Apionidae may be Cretaceous.

The Curculionidae are of pre-Cretaceous origin and probably they form the
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sister-group of the Apionidae + Brenthidae (+ Attelabidae). Many Tertiary
fossils are known and they demonstrate that almost all subfamilies were well-
established in the early Tertiary. Recent Curculionidae are phytophagous:
leaves, twigs, buds, flowers, seeds, stems, bark, dead and living wood, and
roots are attacked. Some species partly feed on fungi and in only some scat-
tered instances pollen-feeding occurs. Pollen-feeding may have derived from
fungus-feeding on decaying wood and it may be relatively plesiomorphous.
This means that pollen-feeding may be of relatively early origin in the Cur-
culionidae and the presence of this feeding-habit at the time of the appearance
of the Angiospermae may not be excluded.

A survey of the stratigraphical appearance of the (sub)families of the
Coleoptera in which anthophily developed is given in table 5-1.

5.2 Hymenoptera

The Hymenoptera + Mecopteroidea form the sister-group of the complex
Coleoptera (+ Strepsiptera) + Neuropteroidea. The characteristic fossil
T'shekardocoleus (Protocoleoptera) of this complex is known from the lower
Permian (Leonardien). This means that the stem-group of the
Hymenoptera + Mecopteroidea dates at least from the lower Permian. It
appears that in the upper Permian the main mecopteroid orders are present:
the stem-group of the Trichoptera + Lepidoptera is represented by Microp-
tysma, Microptysmodes and Cladochorista; Mecoptera are found in the upper Per-
mian layers of Australia and some paratrichopteran types indicate the presence
of plesiomorphous Diptera or their predecessors. Hymenopteran fossils are not
known from the Permian, but since the Hymenoptera form the sister-group of
the Mecopteroidea their origin must be at least in the middle or upper Per-
mian. The classification of the Hymenoptera followed here, is that of
Kénigsmann (1976, 1977, 1978 and 1978a). The cladograms are dated largely
after Rasnicyn (1971, 1975 and 1980) (for a short survey, see Wootton, in
press), regarding the critical notes in Kénigsmann (loc. cit.).

The oldest fossil of the Hymenoptera is found in the Triassic deposits of
Queensland: Archexyela crosbyi (Riek, 1955) and it is attributed to the Xyelidae.
This family is extant and the Recent representatives of the Xyelinae are
associated with the male strobili of the Coniferales. The females deposit their
eggs in the strobili and the hatched larvae develop feeding on pollen. The
adults also feed on pollen (Xyela julii does so on the male catkins of Betula).

Malyshev (1968) did not consider the pollen-feeding of the larvae and the
adults the most plesiomorphous feeding-habit in the Hymenoptera. He sug-
gested that it was derived from saprophagy in the following way: ‘“The soil of
the warm, wet forests of the end of the Carboniferous and the beginning of the
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Permian was covered not only with decaying remnants of various fern-like and
gymnospermous plants, but also with a mass of fresh pollen and spores, falling
from them in abundance to the ground, and in some cases formed a complete
layer (Komarov, 1949, 1961). This mass of pollen, of higher food-value than
the plant tissues producing it and more readily assimilated even by the
primitive mouth apparatus, could easily become the principal item in the diet
of larvae living in the forest bedding, not only in a state of decomposition but
also in a fresh condition soon after falling from the plants’’. I do prefer to con-
sider fungivory, as in the Coleoptera, as an intermediate stage in the develop-
ment of feeding-habits between saprophagy and pollen-feeding. As in the
Coleoptera mouth parts adapted to feeding on fungi and their spores can be
considered preadapted to feeding on pollen. The forming of complete layers
of pollen and spores falling from the vegetation must have been restricted and
locally and therefore can hardly be a basis for future pollen-feeding. The fungi
growing on the forest litter continually produce spores in quantities large
enough to feed insect larvae in that habitat. Once specialized in fungivory the
road to pollen-feeding was open. It is very well possible that the adult
Hymenoptera already fed on pollen, while the larvae were still saprophagous
and fungivorous.

The development of anthophily in the Hymenoptera is guided by the habits
of the larvae and the maternal care for these. The most plesiomorphous
hymenopteran larvae were free-living and actively feeding on decaying plant
remains and fungi, whereas in the most apomorphous Hymenoptera the larvae
are immobile and totally depending on the food collected (and processed) and
brought to them by the adult females, or in case of many eusocial forms, by
the workers. In the Apidae the larval food consists of honey and pollen and this
forces the adults or workers to visit many flowers to collect nectar and pollen.
This development culminated in the state-building Apis species that not only
have to feed the larvae but, particularly in temperate regions, also have to
build stocks for the hibernating adults. The stocks may not contain perishables
and it is not surprising that nectar, with its high percentage of sugar, is the
basis for the production of honey. These needs for large quantities of food
made Apis mellifera the world’s most important biotic pollen agent in the
pollination of flowers. They are of such importance that, owing to the easy
handling of their states, they were domesticated, not only for the production
of honey, but also for pollination (see e.g. McGregor (1976) for a survey of
the pollination requirements and practices for cultivated crop plants). Thus,
in the description of anthophily in the Hymenoptera we emphatically have to
trace the larval evolution and the evolutionary development of maternal care
for the larvae. As regards the quantitative importance of the flower visits and
their subsequent pollination, the evolution of social behaviour also has to be
taken into account.
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SYMPHYTA

Kénigsmann (1977) noted that there are no synapomorphies to warrant the
monophyly of the Symphyta, although they make the impression of close rela-
tionships by their habitus and behaviour. All common features are
symplesiomorphies which they share with the ancestral Hymenoptera. A
smaller group, viz. Symphyta minus Cephoidea (= Symphyta s.str.) can be
considered monophyletic. The Cephoidea and the Apocrita have several
synapomorphies and they can be considered the sister-group of the Symphyta
s.str. These relationships and those within the Symphyta s.str. are illustrated

in fig. 5-8.
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Fig. 5-8. Outline of the probable relationships within the Symphyta (s.str.), based on

demonstrated synapomorphies, after Konigsmann (1977). 1. Xyeloidea (upper Triassic); 2.

Xyelotomidae (middle to upper Jurassic); 3. Parapamphilus; 4. Sinosirex, Pseudosiricidae, Ana-
xyelidae, Paroryssidae (middle to upper Jurassic); 5. Mesocephus (Lower Cretaceous).
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The synapomorphy on which the monophyly of the Symphyta s.str. is based
ir the presence of cenchri on the metathorax. These are raised bosses on the
metanotum, which are connected with a scaly area on the underside of the fore-
wings to keep them in place when at rest. This character may form an adapta-
tion to the life on tree trunks, where the females deposit their eggs in the wood
in crevices of bark and under bark, probably to enable the larvae to feed on
fungi growing in the tunnels of the wood-boring larvae of Coleoptera, or on
the larvae themselves (as do the larvae of the Siricoidea). Here we find that
different insects may develop different structures for the same purpose. The
possibility to fix the wings as an adaptation to the habitat of the tree trunks
(living in the crevices of the bark and under bark) was reached by the Sym-
phyta s.str. by the development of the cenchri, and by the Coleoptera by the
development of the elytra. The Symphyta s.str., thus may have had ancestors
living on tree trunks. Most of the families have left this habitat, but the cenchri
remained and may be considered a ‘ancestral’ character. Comparison with the
recent Symphyta s.str. indicates that many of the adults, except for the
Siricoidea, already early fed on pollen.

In the larval life of the Symphyta s.str., Malyshev (1968) distinguished three
stages: the archaic terrestrial phase (the females laid their eggs more or less
haphazardly and showed no concern for them; the larvae emerging from these
eggs led a wandering life and obtained their food by their own efforts, like, e.g.
the larvae of the modern Mecoptera); the exophytic phase (the females laid
their eggs on a food-containing substrate, possibly guided by their own
feeding-habits; the larvae could move freely); the endophytic phase (the
females deposited their eggs in the food-containing plant tissue and in this
tissue the larvae could move actively in search for (more) food). The latter
stage culminated in the formation of galls (tenthredinoid Nematinae: Pontia
species), containing the food for the larvae; in the galls and the larvae became
more immobile. Thus the first development towards the immobility of the
hymenopteran larvae can already be followed in the Symphyta s.str. The
adults did not yet show concern for their progeny, according to Kénigsmann
(1977) possibly apart from the pending case of the Australian Perga lewisi (ten-
thredinoid Pergidae) which guards the eggs untill the hatched larvae begin to
feed, and the instance of the South-American Dielocerus (tenthredinoid
Argidae) that sit over and protect the larvae, which spin their cocoon under
a common covering (Richards & Davies, 1977). Neither the development
towards immobile larvae, nor the evolution of the maternal care for the off-
spring in the Tenthredinoidea can be related to those in the Apocrita.

The Xyeloidea (only family Xyelidae) include the first known
hymenopteran fossil (Archexyela crosbyi) dating from the Triassic. Many xyelid
fossils are also known from the Jurassic. The larvae of the Recent Xyelidae live
on woody plants. Those of the Xyelinae live in the male strobili of Coniferales
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and feed on pollen; those of the Macroxyelinae feed on the leaves of several
Angiospermae (e.g. Juglandaceae, Ulmaceae); those of the Pleuronerinae bore
in the young twigs of Coniferales, as probably do those of the Xyeliciinae. Tak-
ing them together with the xyelid ancestors, we here see a similar phylogeny
as in the larvae of the Chrysomeloidea (see Coleoptera in section 5.1), viz. the
picture of climbing a tree: as has been suggested above the common ancestor
of the Symphyta s.str. lived on tree trunks and the larvae reached the male
strobili, probably via fungivory (Xyelinae) and the uppermost young twigs and
needles (Pleuronerinae and Xyeliciinae, and probably the predecessors of the
Macroxyelinae which later shifted to the Angiospermae). Many of the adults
of all subfamilies feed on pollen.

According to Konigsmann (1977) the extinct Xyelotomidae of the middle
and upper Jurassic are closely related to the predecessors of the
Blasticotomidae. The Recent Blasticotomidae are associated with ferns and
possibly the Xyelotomidae were the same. They are not important for potential
anthophily, but they have to be mentioned here because they form the sister-
group of the Tenthredinoidea, of which no Jurassic fossils are known. They
confirm the presence of the Tenthredinoidea in the middle and upper Jurassic.

Within the Tenthredinoidea some groups can be considered monophyletic,
but the interrelationships are not clear. The Recent Argidae sometimes visit
flowers. Malyshev (1968) noted that in the Argidae (like Benson (1945) did for
the Pamphiliidae) the insects of which the larvae are associated with the Gym-
nospermae, show more plesiomorphous features than those of which the larvae
are associated with the Angiospermae. Whether there is a distinct separation
of these groups is not known, so there is no indication at all when the separa-
tion of the larval food plants occurred.

The Cimbicidae are plesiomorphous Tenthredinoidea and the same remark
concerning the morphological features of the adults and the host plants of the
larvae can be made as for the Argidae (see Malyshev, 1968). Here are indica-
tions of a considerable age and because of the fact that the Recent adults some-
times visit flowers, the possibility exists that cimbicid anthophily was present
at the time of the appearance of the Angiospermae.

The Diprionidae are plesiomorphous Tenthredinoidea and the larval habitat
is limited to the Coniferales. They may be of pre-Cretaceous origin, but
whether the adults fed on pollen is not known. The monophyly of the Pergidae
is not certain. The larvae show the plesiomorphous free-living mode of life,
although the abdominal legs have disappeared in the Perginae. The food plants
of the larvae are Angiospermae. This may mean that they are of comparatively
recent age within the Tenthredinoidea.

Kénigsmann (1977) did not succeed in finding definite synapomorphies for
the Tenthredinidae. The Recent larvae are associated with many different
plants (both Gymnospermae and Angiospermae) and there are no indications
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whether these groups of food plants correspond to any classification within the
family. Most adults of the Recent Tenthredinidae are regular flower visitors,
but whether they were so at the time of the appearance of the Angiospermae
is not known.

The Megalodontoidea were present in the upper Jurassic Kara Tau
deposits. The fossil Parapamphilus can neither be attributed to the Megalodon-
tidae nor to the Pamphiliidae and has to be inserted into their stem-group. The
Xyelydidae from the upper Jurassic deposits of Kasachstan (Xyelya, Mesolyda,
Strophandria and Prolyda) have to be considered to belong to the direct
predecessors of the Pamphiliidae. This means that the separation between the
Megalodontidae or their direct predecessors and the the direct predecessors of
the Pamphiliidae was already established before the end of the Jurassic. The
adults of both Recent families are regular flower visitors. The megalodontid
and pamphiliid anthophily may have been present at the time of appearance
of the Angiospermae.

The Siricoidea form the sister-group of the Megalodontoidea. Within the
Siricoidea the Siricidae + Xiphydriidae form a good monophyletic group.
They share no definite apomorphies with the Syntexidae (= Anaxyelidae)
and/or the Orussidae, but monophyly of the families may be possible
(Kénigsmann, 1977). The relationships of the Siricidae + Xiphydriidae on the
one side and the Syntexidae and Orussidae on the other are not clear. The
oldest fossils of the Siricoidea are found in the Jurassic Lias (Gigasiricidae,
Sepulcidae and Myrmiciidae) but they are difficult to attribute to the modern
families. Sinosirex gigantea (Sinosiridae) of the upper Jurassic or Lower
Cretaceous of China is very similar to the Recent Siricidae. This means that
the Siricidae and the Xiphydriidae (being sister-groups) probably were already
present at the end of the Jurassic or the beginning of the Cretaceous. The
Recent Siricidae and Xiphydriidae are known to feed on the sap exuded from
trees and this, as in e.g. the Cetoniinae (Coleoptera) may be accompanied by
nectar- (and pollen-) feeding. It is not very probable that they had
anthophilous habits at the time of appearance of the Angiospermae.

The larvae of the Syntexidae ( = Anaxyelidae) are known from Coniferales
and probably the adults are also associated with these plants. Many fossils are
known from the upper Jurassic Kara Tau deposits and from the Lower
Cretaceous of East Siberia.

The Orussidae are known from the middle Jurassic of Kasachstan
(Paroryssidae which have to be attributed to the direct predecessors of the
Orussidae). The larvae are parasites on other insect larvae. The Recent adults
are found on dry wood.

The Cephoidea form together with the Apocrita the sister-group of the Sym-
phyta s.str. This means that the stem-group of the Cephoidea + Apocrita was
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already present in the Triassic. The first fossil that can be attributed to the
Cephoidea is Mesocephalus sibiricus from the Lower Cretaceous, and if the inser-
tion of the Karavitidae into the direct predecessors of the Cephoidea is correct
(synapomorphies, however, not yet found) then the latter were present in the
upper Jurassic. The first certain cephoid fossils are found in the upper Eocene
to lower/middle Oligocene, e.g. Cephus and Electrocephus stralendorffi were des-
cribed from the Baltic amber. Because the Cephoidea form the sister-group of
the Apocrita, the presence of the apocritan fossil species Mesaulacinus oviformis
and Mesochelorus muchini in the Kara Tau deposits demonstrate the presence of
the Cephoidea or their direct predecessors in the upper Jurassic. Because of
the absence of the cenchri, the Cephoidea (only family Cephidae) might have
been separated from the Symphyta s.str. or their direct predecessors before the
stage of tree trunk-inhabiting. The Recent Cephidae deposit their eggs mostly
in the stalks, stems or soft, young twigs of Angiospermae. The larvae often are
injurious to corn crops (see e.g. Curtis, 1883). May be, in pre-angiosperm
times, the cephoid larvae found their way to ferns in earlier times than did the
Blasticotomidae, or they may have been specialized on the young twigs of
Gymnospermae. The Recent adults frequently visit flowers and probably they
did already do so at the time of the appearance of the Angiospermae.

APOCRITA

The relationships within the ‘“Terebrantes’’ are by no means clear. The
study by Konigsmann (1978) has resulted in the outline given in fig. 5-9.
Because of the many question marks regarding the phylogeny, the search for
the probable origins of anthophily in the families of these insects mainly have
to be based on the fossil record.

The families of the former Proctotrupoidea (Ceraphronoidea, Diapriidae
s.lat., Pelecinidae, Monomachidae and the Heloridae s.lat.: Roproniidae,
Proctotrupidae, Heloridae and Vanhorniidae) and the Stephanidae and
Trigonalidae did not develop anthophilous feeding-habits. They mainly feed
on liquids of animals (in some cases they feed on the fluids of the larval prey
or host) and plants (in many instances they feed on sap of trees and occa-
sionally on nectar, but the latter did not lead to regularity in flower-visiting).
For the plesiomorphous Megalyridae (incl. Dinapsidae) it is unknown whether
they developed anthophily. The superfamilies and families that did develop
anthophily are marked with an asterisk in fig. 5-9 and they are treated below.

In the ‘““Terebrantes’’ the larvae are mainly carnivorous, preying on the lar-
vae of other insects. The most probable hypothesis for the origin of these
feeding-habits is that they were derived directly from saprophagous feeding-
habits in the following series: saprophagy, feeding on soft-bodied insect larvae
living in decaying forest litter, feeding on more solid insect larvae living in the
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Fig. 5-9. Outline of the probable relationships within the ‘‘Terebrantes’’, after Kénigsmann

(1978), based on demonstrated synapomorphies. 1. Mesoserphidae (Jurassic); 2. Praeaulacidae

(upper Jurassic); 3. Tanychorella (Cretaceous); 4. Braconidae (Cretaceous); 5. Stigmaphronidae

and Allocoditus (Cretaceous); 6. Cynipoidea (Upper Cretaceous); 7. Chalcidoidea (Upper

Cretaceous); 8. Baryconus and Proteroscelio (Upper Cretaceous). The (super)families marked with
an asterisk developed anthophily and are treated in the text.

wood of (dead) trees. A side-branch is formed by egg-parasitism and a very
advanced development is hyperparasitism. The maternal care is restricted to
finding a suitable larva or egg for oviposition. Within the monophyletic group
Evanioidea + Cynipoidea + Chalcidoidea gall formation developed indepen-
dently in the Cynipoidea and Chalcidoidea. Because the larvae of the Evanioi-
dea (being the sister-group of the Cynipoidea + Chalcidoidea) are external
parasites, or better predators, of other insect larvae, the zoophagy in the group
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Evanioidea + Cynipoidea + Chalcidoidea has to be considered plesiomor-
phous. The gall formation in the Cynipoidea and Chalcidoidea, then, is apo-
morphous. The mechanism of the change-over to gall formation is not clear.
The change-over in maternal care consists of finding a suitable substratum
from host larva or egg to plant tissue. In the chalcidoid Agaonidae the mater-
nal care consists of active pollination of the female flowers of Ficus in some of
which the eggs are deposited.

The Evanioidea are known from the upper Jurassic. From the Kara Tau
deposits Rasnicyn (1972) described the genera Pracaulacus, Praeaulacinus,
Praeaulacon, Pracaulacops, Pracaulacites, Aulacogaster, Evanigaster and Evaniops and
brought them together in the family Pracaulacidae. Within the Evanioidea the
most probable division into sister-groups is that in the Evaniidae and the
Aulacidae + Gasteruptionidae (see fig. 53-10). The relationships of the
Praeaulacidae with the extant families are not clear and as yet it seems
reasonable to attribute them to the Evanioidea or their direct predecessors.
The same must be stated for the upper Jurassic (Malm) fossil family
Anomopterellidae and the extinct Upper Cretaceous Cretavaniidae and Kotu-
jellidae. This means that the Evanioidea or their direct predecessors were pres-
ent at the end of the Jurassic. The separation of the sister-groups Evaniidae
and Aulacidae + Gasteruptionidae was established in the middle Tertiary:
Evania and Brachygaster are known from the Baltic amber and they confirm the
presence of the Evaniidae. This means that the Aulacidae + Gasteruptionidae
or their stem-group were also present at that time. This is confirmed by the
presence in the Baltic amber of Pristaulacus and Micraulacus which have to be
attributed to the Aulacidae or their direct predecessors. Certain Aulacidae are
present in the Miocene of North America (Aulacus and, still, Pristaulacus). Since
the Aulacidae form the sister-group of the Gasteruptionidae (see fig. 5-10), the
latter must have existed at the same time: Gasteruptionidae ( = Gasterup-
tiidae) or their direct predecessors must have been present in the middle Ter-
tiary and certainly were so in the Miocene. Within the Evanioidea only the
Gasteruptionidae developed regular flower-visiting and nectarivorous habits.
For the adults of the other families no feeding-habits were found, but com-
pared with the adaptation to anthophily of the mouth parts of the Gasterup-
tionidae, considered a synapomorphy by Kénigsmann (1978), the mouth parts
of the other families are more plesiomorphous, probably suited for liquid-
feeding or saprophagy. There are indications that evanioid anthophily is of
late, probably middle, Tertiary origin and the main food source on flowers was
nectar. Evanioid or -like anthophily at the time of appearance of the
Angiospermae is highly questionable.

The Cynipoidea + Chalcidoidea form the sister-group of the Evanioidea,
and thus, they, or their stem-group, must have been present in the upper
Jurassic. The Cynipoidea or their direct predecessors are represented in the
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Fig. 5-10. Outline of the probable relationships within the Evanioidea, after Kénigsmann
(1978), based on demonstrated synapomorphies.

Upper Cretaceous amber of Manitoba by Protimaspis. It is not clear whether
this fossil species belongs to the Cynipoidea or the Cynipidae. Other cynipoid
fossils are known from the Upper Cretaceous of North Siberia and in the Ter-
tiary they are found in the Baltic amber and Oligocene and Miocene deposits.
The relationships within the Cynipoidea are not clear. They developed some
flower-visiting, nectarivorous habits, but it is not clear whether the Cynipoidea
or the stem-group of the Cynipoidea + Chalcidoidea had anthophilous habits
at the time of appearance of the Angiospermae.

The Chalcidoidea (inclusive of the Mymaridae and Leptofoenidae) form the
sister-group of the Cynipoidea. The first Chalcidoidea were found in the
Upper Cretaceous Canadian amber. Yoshimoto (1975) and Brues (1937) des-
cribed species belonging to the Mymaridae, Trichogrammatidae and
Tetracampidae or their direct predecessors from this amber. Many
Chalcidoidea were also described from the upper Cretaceous of North Siberia
(e.g. Mymaridae). In the Tertiary many fossils are known from the different
types of amber and from Oligocene deposits (Rott). In the middle Tertiary
(Baltic amber) most families are definitely present: Trichogrammatidae,
Eulophidae, Mymaridae, Eurytomidae, Torymidae, Pteromalidae and
Mymarommidae. Except for the Agaonidae, the monolectic pollinators of Ficus
species, and the chalcidid Leucospinae which are attracted to floral and
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extrafloral nectaries, none of the Chalcidoidea developed definite anthophilous
habits. They mainly feed on exposed plant fluids. The oldest agaonid fossil is
Tetrapus mayri from the Miocene or lower to middle Oligocene deposits of
Florissant (see Axelrod, 1954). It was found together with a leaf of Ficus. It is
interesting to mention that the oldest Ficus type pollen dates from the middle
Oligocene (Muller, 1981). This means that the agaonid anthophily originated
around the middle of the Tertiary. No fossils are known of the Leucospinae,
thus nothing can be said about the time of origin of their nectarivorous habits.

The Ichneumonoidea form a monophyletic group. The relationships with
other superfamilies, however, are not clear. The oldest Ichneumonoidea-like
fossils are the Ichneumonomimidae from the Lower Cretaceous Neocomian of
Trans-Baykal and they most probably can be attributed to the direct
predecessors of the Ichneumonoidea. From the same deposits Tanychorella has
been described, which can be assigned to the direct predecessors of the
Ichneumonidae. This means that they probably were already separated from
the Braconidae or their direct predecessors in the Lower Cretaceous. The
Recent adult Ichneumonidae are frequent flower-visitors and possibly their
ancestors in the Lower Cretaceous were so too. The first fossil that can be
attributed to the Ichneumonidae is Tanychora from the Upper Cretaceous of
Trans-Baykal. Later, in the Tertiary many fossils are found, both in ambers
(mainly Baltic) and in deposits (Oligocene of Rott and Miocene or lower to
middle Oligocene of Florissant).

The Braconidae form the sister-group of the Ichneumonidae and thus they
were present in the Neocomian. The first certain Braconidae or their direct
predecessors date from the Upper Cretaceous (ambers from Canada and
North Siberia). In the Tertiary many fossils are found in the Baltic amber and
in the Oligocene deposits of Rott and the Miocene or lower to middle
Oligocene of Florissant. It appears that the Braconidae were well-differentiated
in the middle Tertiary: Larsson (1978) listed 18 subfamilies described from the
Baltic amber. The Recent Braconidae mainly feed on plant fluids, inclusive of
nectar. ‘

ACULEATA S.LAT.

The relationships of the Aculeata s.lat. (= Sclerogibbidae + Bethyloi-
dea + Aculeata s.str.) with the other groups of the Hymenoptera are not clear
and also within the group many questions about the phylogeny remain. The
study by Kénigsmann (1978a) resulted in the outline given in fig. 5-11. The
relatively many incertainties, indicated by question marks, mean that in the
Aculeata s.lat. (particularly for the older families), as in the ‘‘Terebrantes’’,
the search for the origins of anthophily also mainly has to be based on the fossil
record.
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Fig. 5-11. Outline of the probable relationships within the Aculeata s.lat., after K6nigsmann
(1978a), based on demonstrated synapomorphies. 1. Cretodryinus zherichini; 2. Curiosivespa curiosa
and C. magna; 3. Sphecomyrma freyi; 4. Cretavus sibiricus (all Upper Cretaceous).

The Aculeata s.lat. probably originated in the Jurassic and had their first
adaptive radiation during the Cretaceous. The latter can be concluded from
the many fossils known from the Upper Cretaceous, e.g. Cretavus, Sphecomyrma,
Archisphex, Lisponema, Taimyrisphex, Pittoecus and Procleptes. Of special interest
are the Baissodidae from the early Cretaceous of Baissa (Rasnicyn, 1975). Up
to now this family, although clearly aculeate, cannot be related to one of the
extant superfamilies. The Bethylonymidae, which have to be assigned to the
stem-group of the Aculeata s. lat., but in which the aculeate synapomorphies
are not yet fully developed, are known from the Jurassic of South Kasachstan
and Trans-Baykal.

The Sclerogibbidae are a small family of small insects of which no fossils
were found. Kénigsmann (1978a) considered them to be the sister-group of all
other Aculeata s.lat. Brothers (1975) classified them with the Bethyloidea. The
larvae are parasites of Embiidae, within the ‘‘colonies’’ of which (silken tun-
nels in which the Embiidae live) the apterous females also live. About the
feeding-habits of the fully winged males no data were found.
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The Bethyloidea probably form the siter-group of the Aculeata s.str.
(Sierolomorphidae, Pompiloidea and Rhopalosomatidae, Bradynobaenidae,
Scoliidae and Vespoidea, Formicoidea, Tiphiidae, Mutillidae and Sapygidae,
Apoidea and Sphecoidea). The first bethyloid fossil is Cretodryinus zherichini
from the Upper Cretaceous amber of Jantardach. Many more fossils are
known from the late Cretaceous and most of the amber fossils from this period
are clearly attributable to extant families. This means that the differentiation
within the Bethyloidea was established at the end of the Cretaceous. It implies
that they radiated during the Cretaceous, but whether they were present at the
time of appearance of the Angiospermae is not clear. Kénigsmann (1978a)
included the Bethylidae, Loboscelidae, Embolemidae, Dryinidae,
Chrysididae, Cleptidae, Scolebythidae and Plumariidae in the Bethyloidea.
Their probable relationships are outlined in fig. 5-12.
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Fig. 5-12. Outline of the probable relationships within the Bethyloidea sensu Konigsmann
(1978a), based on demonstrated synapomorphies. 1. Cretodryinus zherichini (Upper Cretaceous)

The Bethylidae are the most plesiomorphous Bethyloidea. The larvae are
ectoparasites of larvae of Coleoptera and Diptera. The females show some
maternal care: they sometimes transport their larvae to a more suitable place.
The females of many species feed on the sap of the host-larvae they catch for
their offspring. As we have hypothesized before, this behaviour can easily pro-
vide a basis for feeding on the fluids of plants, honey dew and nectar. The
oldest Bethylidae-like fossils are known from the Upper Cretaceous amber of
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Taimyr (Siberia), viz., Archepyris minutus and Celonophamia taimyria which have
to be attributed to the Bethylidae or their direct predecessors.

The Loboscelidae (included in the Proctotrupoidea in Riek (1970)) form a
monophyletic group. Neither their habits, nor their relationships with the
other bethyloid families are known as yet.

The Embolemidae + Dryinidae form a monophyletic group. The
Embolemidae are known from the Baltic amber (Embolemus and Ampulicimor-
pha). The females and some of the males are apterous. Some of the larvae are
parasites on the nymphs of Homoptera and probably most live in ant nests.
It is possible that the apterous females and males also have myrmecophilous
habits, and feed in the nests on animal- or vegetable liquids. The dryinid lar-
vae are ectoparasites of the nymphs of the Cicadina (Homoptera). The adults
lick liquids of the host-nymphs. The oldest dryinid fossil dates from the Upper
Cretaceous amber of Jatardach (Cretodryinus zherichini). Extant genera are
known from the Baltic amber. Because the Embolemidae form the sister-group
of the Dryinidae, they must have been also present in the Upper Cretaceous.

The Chrysididae + Cleptidae form a monophyletic group. The Cleptidae
(including the Amiseginae) form a monophyletic group which is more
plesiomorphous than the Chrysididae. The oldest Cleptidae-like fossils are
known from the Upper Cretaceous amber of Taimyr, viz., species of the
genera Hypocleptes and Protamisega, but they mainly have to be attributed to the
stem-group of the Chrysididae + Cleptidae. From the Canadian amber of the
same period Procleptes carpentieri is described, which probably can be attributed
to the Amiseginae or their direct predecessors. This means that the Cleptidae
or their direct predecessors were already separated from the Chrysididae or
their direct predecessors before the end of the Cretaceous. The Amiseginae are
egg parasites of the Phasmatodea. The females forage in the forest litter when
in search for phasmatodean eggs. The larvae of Cleptes have a kind of cuckoo-
like or cleptoparasitic behaviour: they are parasites on the prepupae (mature
larvae) of the Tenthredinoidea in their cocoons. About the feeding-habits of
the adults no records were found, but the more or less saprophagous habits of
the females of the Amiseginae indicate that the food may consist of liquids. The
adult Chrysididae are often seen feeding on nectar and some species have an
elongated proboscis to reach the deeper-lying nectar. These feeding-habits
may have been derived from saprophagous liquid-feeding as it may occur in
the Amiseginae (the larvae being egg parasites implies that the females cannot
feed on the host-larvae) and this in its turn may be derived from liquid-feeding
on host-larvae as it occurs e.g. in the Bethylidae and some of the Embolemidae
and Dryinidae. The larvae have a more cleptoparasitic behaviour than those
of the Amiseginae: they mainly occur in the nests of Eumenidac and
Megachilidae. The oldest fossil that can be attributed to the Chrysididae is Pro-
chrysis succinalis from the Baltic amber. But as has been mentioned above the
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Chrysididae or their direct predecessors probably were already present in the
Upper Cretaceous. '

The Scolebythidae + Plumariidae formm a monophyletic group. The oldest
fossil that can probably be attributed to the Scolebythidae is Cretabythus sibiricus
from the Upper Cretaceous amber of Taimyr. The feeding-habits of the
Recent Scolebythidae were not found; the insects are associated with burrows
in wood (Richards & Davies, 1977). The Plumariidae form the sister-group of
the Scolebythidae and thus may be of Cretaceous origin. The setae on the
mandibles of the adults may indicate liquid-feeding, possibly nectar- or pollen-
feeding.

Within the Bethyloidea among the adults mainly liquid-feeding is found.
Many females feed on body liquids of the host-larvae for their offspring. This
is found in the Bethylidae, and also in the Sclerogibbidae, in which the females
could become apterous because they live in the silken tunnels of the Embiidae
where much food is available. Also the Dryinidae and the Embolemidae feed
on animal liquids; the latter developed a type of myrmecophily that allowed
most of the females to become apterous and within the ant nests they possibly
also feed on the liquids of vegetable sources (here it has to be mentioned that
food of vegetable sources for the larvae is a more apomorphous development
in the Formicidae). The saprophagous feeding-habits of the females of the clep-
tid Amiseginae also may indicate feeding on liquids or half-liquids (decaying
vegetable and animal material). The liquid-feeding on animals may be
ancestral within the Bethyloidea. The only family in which nectarivory
developed, is that of the Chrysididae. Within the Bethyloidea they are rather
apomorphous and also their feeding-habits can be considered apomorphous.
Thus, bethyloid anthophily led to some regularity in flower-visiting only in the
Chrysididae and this behaviour may have originated in the Upper Cretaceous
or lower Tertiary. If the Plumariidae also have anthophilous feeding-habits,
their anthophily may date from the same time.

The Aculeata s.str. most probably form the sister-group of the Bethyloidea
or, in the sense of Brothers (1975), of the Bethyloidea + Sclerogibbidae. The
relationships within the Aculeata s.str. are not clear. It only can be said that
the Apoidea + Sphecoidea have a sister-group relationship with the Sierolo-
morphidae + (Pompiloidea + Rhopalosomatidae) + Bradynobaenidae + (Sco-
liidae + Vespoidea) + Formicoidea + Tiphiidae + Mutillidae + Sapygidae (see
fig. 5-11).

Nothing was found about the feeding-habits in the small family Sierolomor-
phidae and no fossils are known.

The Pompiloidea + Rhopalosomatidae form a monophyletic group. The
oldest pompiloid fossil may be Pompilopterus ciliatus from the Lower Cretaceous,
but the features described do not include certain synapomorphies of the Pom-
piloidea. The first fossils that can be attributed with certainty to the Pom-
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piloidea are found in the Baltic amber (Epipompilus) and these forms have to
be regarded as archaic within the Pompiloidea. In addition to the Baltic amber
fossils in the Tertiary Psammochares and Priocnemis are known from the
Oligocene of Rott. The Recent Pompiloidea are regular flower-visitors which
feed on nectar. These feeding-habits probably were present in the middle Ter-
tiary and their origin may be lower Tertiary or upper Cretaceous. The larvae
of the most apomorphous Pompiloidea are ectoparasites on spiders, caught by
the females and usually stored in simple subterranean nests or, less commonly,
in mud cells constructed by the females. Within the Pompilidae the steps to
more complicated maternal care are demonstrated: from laying the egg on the
host of the future larva (spider) and then leave it (Notocyphus); through paralyz-
ing the host, carrying it to a suitable place (e.g. a beetle burrow), depositing
the egg and leave it (Gymnochares and Haploneuron); and paralysing the host,
building a nest and ovipositing (Episyron, some species of Pompilus, Pepsis and
Calicurgus); to building a nest, paralysing the host, transporting it into the nest
and ovipositing (e.g. some apomorphous species of Pompilus, Priochilus,
Paragenia, Macromeris, Auplopus, Dipogon, Priocnemis). The last five genera con-
struct multicellular nests and a type of colonial behaviour is found in Paragenia
and Macromeris. Some pompiloid species are cleptoparasitic on other Aculeata.

The Rhopalosomatidae most probably form the sister-group of the Pom-
piloidea. For the adults no feeding-habits were found. The larvae of the Nearc-
tic species of Rhopalosoma are ectoparasites on crickets. Any higher develop-
ment of the maternal care than the most plesiomorphous one in the Pompilidae
(Notocyphus) is not found.

o 1eeaing-habits were found of the recently erected family Bradyno-
baenidae (Brothers, 1975). Their morphological features, however, may
indicate some relationship with flowers. The Typhoctinae are a monophyletic
group and they have pinnate setae on the integument as one of their
synapomorphies. Within the Aculeata s.str. this type of setae is also found in
the Apoidea and there it has the function to collect pollen grains; particularly
the less sticky ones. Of the Typhoctini few species are known from America.
The Eotillini (few species in America) form the sister-group of the Typhoctini
and besides pinnate setae they also have pinnate scales on their integument.
In the Typhoctinae strong indications are found for flower-visiting and
possibly also pollen-collecting behaviour. The Apterogyninae (few species in
Africa and India) are strongly setose, but the setae are smooth. The setae and
sometimes dentate spores on the middle and hind tibiae of the Bradyno-
baeninae (few species in Chile and Argentina) and Chyphotinae (some species
in America) may also indicate a relation with flowers. The parallel develop-
ment of pinnate setae in comparison with the Apoidea, make the Bradyno-
baenidae very interesting and research regarding the habits of this family is
much required.
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The Scoliidae + Vespoidea form a monophyletic group. The Scoliidae are
setose insects, the adults of which feed on nectar. The larvae are ectoparasites
of the larvae of Scarabaeidae or, more rarely, of Curculionidae. The females
penetrate the soil to discover larvae on which they deposit their eggs. The
maternal care of the Scoliidae does not exceed the level of laying the egg on
the host of the future larva and then leave it. The adult Scoliidae play a role
in the pollination of flowers. The only fossil known is Scolia from the Miocene
(or lower/middle Oligocene) of Florissant. The Scoliidae form the sister-group
of the Vespoidea and the first vespoid fossils are known from the Upper
Cretaceous (see below). This means that the Scoliidae were present at that time
and possibly their anthophilous habits may date from the same time. The
Vespoidea consist of three families: Eumenidae, Vespidae and Masaridae.
The relationships of these families and their subfamilies are illustrated in fig.
5-13. All families developed anthophily and the Masarinae can be considered
entirely obligatory anthophilous.

The Eumenidae are solitary wasps which build nests of different types. The
maternal care is higher developed than the highest level in the Pompilidae.
After building the nest the egg is deposited and after that the food for the larva
is collected: several larvae of Lepidoptera, or sometimes of Tenthredinidae or
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Fig. 5-13. Outline of the probable relationships within the Vespoidea, after Richards (1962),
see Wilson (1971).
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Chrysomelidae, are deposited in the cell (e.g. Eumenes). In some species of
Euodynerus and Synagris, new food is transported to the cells while the larvae are
developing and in Synagris cornuta the prey is macerated and fed directly to the
larvae. .

The Vespidae are mainly social wasps and the more apomorphous types live
in large communities. The Stenogastrinae are plesiomorphous Vespidae and
they are solitary to showing stages of a plesiotypic social community. Maternal
care consists of building a nest, depositing the eggs in the cells and the food
for the larvae is carried into the cells progressively (most plesiomorphous
Stenogastrinae). In Stenogaster micans the prey (other insect larvae) is macerated
and fed directly to the larvae. In Stenogaster depressigaster the life of the females
is prolonged, the young females remain in the nest, add cells, deposit eggs in
the cells, macerate insect larvae brought as prey in by older females, and feed
the larvae. The nectar-feeding by the adults serves to maintain their own life
processes and the nectar is not used as food for the larvae. The Polistinae reach
the highest levels of social behaviour. In Belonogaster some division of labour
exists, but there are not yet true workers. In Polistes the original offspring con-
sists of females, male eggs may be produced or not and the queen is dominant.
In Protopolybia and Stelopolybia there is differential feeding of the larvae, the
worker caste is present, but intermediates are common. In Polybia the worker
caste is strongly differentiated and intermediates are rare. The larval food
mainly consists of macerated insects and spiders, but in most cases also nectar
is part of the larval diet. The Polistinae have a rather smooth integument and
they only have a pollinating function on flowers with sticky pollen. The
Vespinae show the same level of social life as that of Polybia. The larval food
consists of macerated insects (more particularly Diptera and larvae of
Lepidoptera), but the young larvae are fed for a short time with nectar, honey
dew and fragments of ripe fruits. The adults of the Vespinae are somewhat
more setose than those of the Polistinae and subsequently they have a some-
what more extended pollination function.

The Masaridae build their nests of mud or in burrows in the soil. Euparagia
(Euparaginae) from Mexico and the Southern United States nests in the
ground and stores larvae of Curculionidae as food for their larvae. The
Masarinae store their cells with pollen and nectar, which the females transport
in their crops. The adults often have very elongated, retractile mouth parts to
reach deeper-situated nectar.

The earliest vespoid fossils are Curiosivespa curiosa and C. magna from the
Upper Cretaceous of Kasachstan. They probably have to be attributed to the
masarid Euparaginae. The genera Alastor, Vespa and Polistes are known from
the Oligocene of Rott. The vespoid anthophily will date from the Upper
Cretaceous, but then only the adults themselves fed on nectar while the larvae
were fed with other insects or their larvae. In the course of the Tertiary nectar
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became a part of the diet of the larvae when social behaviour developed. The
nectar- and pollen-collecting of the Masarinae may be of relatively early
origin. If the Upper Cretaceous vespoid fossils indeed have to be considered
masarid Euparaginae, this means that also the Masarinae must have been
present at that time, since they probably form the sister-group of the
Euparaginae. The presumed presence of the Euparaginae in the Upper
Cretaceous also includes the presence of the Gayellinae (probable sister-group
of the Euparaginae + Masarinae) and the stem-group of the Eumenidae+
Vespidae (probable sister-group of the Masaridae). Vespid fossils are known
from the Baltic amber (Vespa, Palaecovespa). The Formicoidea only consist of the
Formicidae and form a monophyletic group. The probable relationships within
the Formicoidea are outlined in fig. 5-14. The more plesiomorphous forms are
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Fig. 5-14. Outline of the probable relationships within the Formicidae, modified after Wilson
(1971).

found in the Amblyoponini, Ponerinae, Nothomyrmecia and Myrmeciinae. In
these groups the workers are strongly nectarivorous, but only in order to main-
tain their own life-processes. As food for the larvae they collect insects. In fact,
we here find the same difference between adult and larval feeding as in the
Chrysididae, Pompiloidea, Scoliidae, Eumenidae and Vespidae. Although
nearly all adult Formicidae are eager on sweet liquids, they never became
effective cross-pollinators to any extent. This is due to the winglessness of the
workers. The distance from the flower or inflorescence to the flower or
inflorescence of another plant is in most instances very long for apterous
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insects, much longer than for flying insects. The only case of probably eftective
cross-pollination is that of the workers of the genus Formica which appear to be
the primary pollinators of Orthocarpus pusillus, a moss-like North American
member of the Scrophulariaceae (Kincaid, 1963) and indeed in this species the
distance between the flowers of different plants may be very short. Dahl &
Hadac (1940) indicate primary ant-pollination in Glaux maritima. Because of
the fact that the distance between the flowers of different plants in Glaux
maritima is considerable for apterous insects the main pollination carried out
by the ants will be self-pollination. Effective cross-pollination will be carried
out by other, winged insects. According to Knuth (1899) they also visit the
flowers of Glaux maritima and the records of Knuth do not include Formicidae.
In some cases of extreme climatic conditions th¢ formicid workers may have
some function in pollination (probably mainly causing self-pollination of the
plants and only to a certain extent effective cross-pollination), as e.g. in the
observations of Hagerup (1943) concerning the possible role of ants as
pollinators in the Sahara is indicated. Some other pollination activities (self-
pollination) of ants are known. Hocking (1975) mentioned pollination
activities of ants on Theobroma, Anacardium occidentale, Capsicum frutescens and Lit-
chi chinensis (Free, 1970).

The greediness of ants for sugar-containing liquids can also be satisfied by
consuming honey dew. Apomorphous Formicidae of different subfamilies
developed a behaviour as in Myrmica rubra: the workers protect the honey-dew-
producing Aphidae in the nests. Within the Myrmecinae members of the tribe
Attini cultivate fungi in their nests. This means that the workers need to collect
material for the substrate of their fungus gardens. The most plesiomorphous
Attini collect insect faeces for this purpose (Cyphomyrmex) and the more
apomorphous representatives collect fresh vegetable material, e.g. flowers or
parts of flowers (Acromyrmex and Atta). The somewhat less apomorphous
Trachymyrmex collects dead vegetable material and also flower parts. Here the
anthophilous habits are injurious to the flowers (anthophagy). Other injurious
Formicidae are the seed-collecting harvesting ants. The harvesting habits
appear to have arisen sporadically, and often in distantly related genera, but
all belong to the Myrmicinae. Some Formicidae (e.g. species of Pseudomyrmex,
Allomerus, Strumigenis) live on plants. These myrmecophytes provide the ants
shelter (myrmecodomy): hollow structures, as the hollow stipular thorns of
some Acacia species and swollen and cavernous trunks of many other plants.
These myrmecophilous plants derive protection against intruders from these,
often very agressive ants (myrmecophylaxis). Because most of these ants live
on one plant they only, in case of visiting the flowers, carry out self-pollination.
In many cases, however, they are prevented to visit the flowers. It might be
possible that this prevention was developed because of the small extent of cross-
pollination by the ants: they are lured away from the floral nectaries by

83



extrafloral nectaries and specially developed food bodies (e.g. Schemske,
1980). To complete the survey it can be mentioned that the legionary ants
(Dorylinae) have exclusively zoophagous habits.

The old Formicidae-like fossils are known from both Lower and Upper
Cretaceous, and from the latter many fossils are known of the extinct
Sphecomyrminae and the extant Ponerinae. The nectarivorous habits of the
workers, being plesiomorphous, may be relatively old, but cannot be traced
further back than the Upper Cretaceous (early Ponerinae).

The Tiphiidae + Mutillidae + Sapygidae (in Riek (1970) mcluded in the
Scolioidea) form a monophyletic group of which the external relationships are
not certain. Within the group the Tiphiidae and the Mutillidae + Sapygidae
are sister-groups (see fig. 5-11). Within the Tiphiidae the relationships of the
subfamilies are not clear. The adult Tiphiidae often feed on nectar. In some
cases nectar- or honey dew-feeding appear to be necessary for the development
of the eggs. The apterous females of the Thynninae are carried by the males
in a prolonged mating-flight, during which the female obtains food (nectar)
from flowers. The maternal care of the Tiphiidae is plesiomorphous: the
females deposit the eggs on the larvae of Scarabaeidae, or in some cases on
those of Gryllotalpa. Very few fossils are known from the Tiphiidae: only doubt-
ful Tiphia from the Baltic amber and two from the Miocene (or lower/middle
Oligocene) of Florissant of which Kénigsmann (1978a) doubted whether they
belong to the Tiphiidae or their direct predecessors. In the same publication
Konigsmann placed Cretavus sibiricus (extinct family Cretavidae) from the
Upper Cretaceous of Siberia as a sister-group of the Mutillidae. This means
that the Mutillidae or their direct predecessors originated in the Upper
Cretaceous. Because the Tiphiildae form the sister-group of the
Mutillidae + Sapygidae, they must have been present before the separation of
the Mutillidae and Sapygidae. The anthophily (nectarivory) of the Tiphiidae
then, may date from the Upper Cretaceous.

In the Mutillidae the adult males have nectarivorous feeding-habits. The
larvae and possibly also the apterous females are parasitic on (mostly) aculeate
Hymenoptera. The anthophilous feeding-habits of the males may have
originated in the Upper Cretaceous. The feeding-habits of the adults (both
sexes are winged) of the Sapygidae were not found. The Fedtschenkiinae may
be interesting with regard to possible pollination functions, because their
integument is shaggily setose. Because the Sapygidae form the sister-group of
the Mutillidae they must have been present in the Upper Cretaceous. .

Koénigsmann (1978a) proposed the name Sphecoidea s.lat. for the
Sphecoidea and Apoidea. There are strong indications that the Sphecoidea
s.lat. form a monophyletic group. Then, the sister-group is formed by the
other Aculeata s.str.
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The Sphecoidea s.str. (Ampulicidae and Sphecidae) often have the
plesiomorphous types of the apomorphies of the Apoidea, but a sister-group
relationship between these superfamilies has not yet been proven. Probably the
Apoidea are the sister-group of a part of the Sphecoidea s.str. The remaining
Sphecoidea s.str. then, entirely or partly form the-sister-group of this complex,
and probably are a paraphyletic group.

The maternal care of the Sphecoidea s.str. consists of carrying paralysed
insects or larvae to the nests as food for the larvae. Many adults of the
Sphecoidea s.str. visit flowers to feed on nectar. Here again there are strong
indications that nectar-feeding developed from liquid-feeding on the hosts of
the larvae as it occurs in the Bethyloidea and in the stem-group of the sister-
group of the Sphecoidea s.lat., viz. the Aculeata s.str. minus Sphecoidea s.lat.
All Sphecoidea s.str. are solitary wasps, except for the South American
Microstigmus which construct a nest of plant wool suspended on a long thread.

The oldest fossil that possibly could be attributed to the Sphecoidea is
Archisphex crowsoni, one wing impression that was found in the Lower
Cretaceous. We cannot be certain about this, since the synapomorphies do not
include wing characters or character states. Archisphex is older than Cretavus
(included in the sister-group of the Mutillidae). Cretosphex incertus from the
Lower Cretaceous of Bajsa cannot be attributed with certainty to the
Sphecoidea s.str. The same must be stated for the Upper Cretaceous amber
fossils Taimyrisphex pristinus and Lisponema singularis. Certain Sphecoidea s.str.
are known from the Tertiary. They are abundant e.g. in the Baltic amber, but
relatively few species have been described. Larsson (1978) listed Ampulicidae,
Crossocerus, Mellinus, Passaloecus, Psen, Mimeso, Germaraphis, Gorytes, Cerceris,
Crabro and Pison. This means that the Sphecoidea s.str. were well-differentiated
in the middle Tertiary. The time of origin of the sphecoid anthophily must be
earlier than the middle Tertiary and even may be of (Upper) Cretaceous origin
(supported by the probable origin of the Apoidea; see below).

The Apoidea form a monophyletic group. Many synapomorphies are
known, e.g. the pinnate structure of the setae. The relationships within the
Apoidea are not clearly known. A possible phylogeny (not based on
demonstrated synapomorphies) is illustrated in fig. 5-15. The oldest fossils of
the Apoidea or their direct predecessors are known from the Paleocene and
these are already strongly specialized forms (Kénigsmann, 1978a). From the
Baltic amber several species of Electrapis, Glyptapis, Meliponini, Andrenidae,
Megachilidae and Anthophoridae are known. Fossil bees have also been des-
cribed from the Oligocene of Oeningen and Florissant (the latter may be
Miocene). For a meliponine bee from the Dominican amber (Miocene)
Willemstein (1980) demonstrated that they collected pollen from Hymenaea.
The presence of definite Meliponini in the middle Tertiary (Baltic amber)
means that, if the phylogeny in fig. 5-15 is correct, all apoid families were pres-
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ent at that time, and within the Apidae it means that the Apini and the stem-
group of the Bombinae + Euglossinae were present. If we combine this with the
already strongly specialized forms in the Paleocene it can be suggested that the
origin of the Apoidea must be in the (Upper) Cretaceous. The development
of the long-tongued bees may have started about the middle Tertiary. Electrapis
meliponoides from that time was interpreted by Cockerell (1909) to be
intermediate between Bombus and Apis, but Wilson (1971) considered it a pro-
bable side branch of early apid evolution, rather than an ancestor of extant
genera; at any rate it can be considered a representative of the development
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of bees with longer tongues. The first certain fossils of Apis belong to Synapis
(subgenus of Apis) and are found in the lower Miocene of Rott and appear to
be close to the ancestral line of the living species (Kelner-Pillault, 1969). Many
groups of the Apoidea are still differentiating with the result that the bees as
a whole are taxonomically difficult. The following general series from
plesiomorphous to apomorphous exists: Colletidae, Halictidae, Andrenidae,
Melittidae, Fideliidae, Megachilidae, Anthophoridae, Apidae.

Social life has developed in the Halictidae, Anthophoridae and Apidae. All
Apoidea feed their larvae with nectar and pollen. In the solitary Andrenidae
the nests are often found in large colonies and in some species (e.g. Andrena
bucephala) several females use a common entrance gallery, but they are
presumed to nest apart. As mentioned before the largest colonies are built by
the apine Apis mellifera. In temparate regions the queen and the workers hiber-
nate (in contrast to the Bombinae, in which only the fertilized queen hiber-
nates). In many apoid families oligolectic species are known: Dufourea and
Systropha in the Halictidae; many Andrenidae; all Melittidae, of which Macropis
almost exclusively obtains pollen from Lysimackia; many Bombinae. Cuckoo
bees (parasitic on the supplies of other bees: cleptobiosis) occur in most
families.

A survey of the stratigraphical appearance of the (sub)families of the
Hymenoptera in which anthophily developed is given in table 5-2.

5.3 Lepidoptera

The Mecopteroidea form the sister-group of the Hymenoptera. As men-
tioned in dating the first Hymenoptera or their direct predecessors, the stem-
group of the Hymenoptera + Mecopteroidea originates in the lower Permian,
and the main groups of the Mecopteroidea were definitely present in the upper
Permian (stem-group of the Trichoptera + Lepidoptera, Mecoptera and the
Paratrichoptera indicating the ancestors of the Diptera). Within the
Mecopteroidea the Trichoptera + Lepidoptera and the Mecoptera +
Siphonaptera + Diptera from sister-groups (see fig. 5-1).

Within the group of the Mecopteroidea elongated mouth parts developed,
mostly accompanied by reduction or transformation of the mandibles. In the
Trichoptera the mouth parts are weak and specialized for the ingestion of
liquid food, the mandibles are vestigial and in the Plectrotarsidae and some
Psychomyiidae (Stenopsychodes) the mouth parts are produced to form a
rostrum. In the Lepidoptera the galeae often are greatly enlarged, usually
grooved internally and fastened together with interlocking hooks and spines to
form a tubular haustellum; the most plesiomorphous lepidopteran mouth parts
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are mandibulate. In the Mecoptera the mandibles are elongate, in the Nan-
nochoristidae they are reduced. The Siphonaptera have mouth parts adapted
for piercing and sucking, the mandibles are absent. In the Diptera the mouth
parts are adapted for sucking and they form a rostrum, the mandibles, usually
absent in the males and often also in the females, are found mainly in
predatory species and are transformed into long stylets. The presence of func-
tional mandibles and short other mouth parts has to be considered plesiomor-
phous within the Mecopteroidea. The most plesiomorphous Lepidoptera
(Zeugloptera) have functional mandibles, as have the Mecoptera and within
the Diptera the ‘‘biting’’ type of mouth parts (‘‘stylets’’) is regarded as
plesiomorphous by Downes (1958). This means that the reduction of the man-
dibles and the development of a rostrum in the Diptera and some Trichoptera,
the piercing mouth parts of the Siphonaptera and the haustellum of the
Lepidoptera have to be considered apomorphous conditions.

The Trichoptera + Lepidoptera or Amphiesmenoptera are a well-founded
monophyletic group. The fossils from the upper Permian which are assigned
to the Amphiesmenoptera cannot be attributed to the Trichoptera or the
Lepidoptera. Both the Trichoptera and the Lepidoptera are well-founded
monophyletic groups and within the Amphiesmenoptera they are sister-
groups. The apomorphies on which the monophyly of the Trichoptera is
based, are all present in organs or stages that are not, or only rarely, preserved
in fossils. For this reason the only way to find the time of origin of the
Trichoptera and thereby that of the Lepidoptera is provided by either fossils
that can be attributed to the Lepidoptera or to one of the subgroups of the
Trichoptera. The earliest of such fossils are known from the Mesozoic: the
earliest certain Lepidoptera date from the Lower Cretaceous.

The larvae of the pre-trichopteran and pre-lepidopteran Amphiesmenoptera
were terrestrial (in the ground plan of the group they have an open tracheal
system). This means that the aquatic habits of the trichopteran larvae (tracheal
system closed) have to be considered apomorphous. According to Hennig
(1981) carnivory must have been the original feeding-habit of these larvae,
because the presence of a gula is usually associated with prognathy and with
carnivory. In my opinion the larval carnivory within the Trichoptera is
derived, and plankton- and algae-feeding may be the most plesiomorphous
feeding-habits of the aquatic larvae, derived from saprophagous feeding-habits
of the terrestrial larvae of the stem-group of the Trichoptera + Lepidoptera.
Kristensen (in Hennig, 1981) considered it unlikely that a true gula is ever
present in the caddisfly larvae. The feeding-habits of the larvae, as in the stem-
group of the Mecopteroidea, then remained saprophagous in the stem-group
of the Trichoptera + Lepidoptera and gave rise to probable carnivorous
feeding-habits of the larvae of the stem-group of the Mecoptera (+
Siphonaptera) + Diptera. Within the Amphiesmenoptera the originally
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saprophagous feeding-habits of the larvae gave rise to plankton- and algae-
feeding and later to carnivory (and in some cases phytophagy) in the
Trichoptera and to saprophagy (micropterigid larvae feed on detritus) and
later to phytophagy in the Lepidoptera. The adults of the Recent Trichoptera
feed on exposed liquids. There are only few observations on adult feeding,
which may be due to the fact that many species are crepuscular or nocturnal.
Some species are attracted by moth collector’s sugar (a fermenting mixture of
sugar, treacle or molasses, and beer, rum or some other form of alcohol), and
a few have been observed visiting flowers to feed on nectar. Despite this they
never became pollinators of any importance, which may be due to their short
life (and consequently they may need little food), and their poor powers of
flight.

The time of origin of the separation between the Trichoptera and the
Lepidoptera is not clear. The first fossils that can be attributed to the
Lepidoptera are specimens of Parasabatinca aftimarca from the Lebanese amber
of the Lower Cretaceous, which are assigned to the Micropterigidae, and
another, not yet described type possibly belonging to the Incurvariina (see
Kristensen in Hennig, 1981). Most fossils of Lepidoptera which can be
attributed to extant taxa were described from ambers. A survey of fossil
Lepidoptera in ambers has been compiled by Skalski (1976, 1976a and b). In
most cases the fossils belong to the so-called Microlepidoptera; only very
sporadically (parts of) specimens larger than micro’s are found.

The relationships within the Lepidoptera are not quite clear. An approach
has been made by Kristensen (in Hennig, 1981) and is illustrated in fig. 5-16.
If from the Lower Cretaceous indeed fossils are known both from the
Zeugloptera and the Incurvariina (amber of Lebanon), this means that in the
phylogeny of fig. 5-16 that all larger groups of the Lepidoptera were present
at that time. The presence of the Zeugloptera confirms the presence of the
Glossata. Within the Glossata the presence of the Incurvariina (Heteroneura)
confirms the presence of the Exoporia. The presence of the Neolepidoptera
confirms the presence of the Neopseustina and the presence of the Myoglossata
confirms the presence of the Dacnonypha. On the other hand, within the
Heteroneura, the presence of the Incurvariina confirms the presence of the
Ditrysia or their direct predecessors. This possibly well-differentiated
Lepidoptera fauna in the Lower Cretaceous may indicate that the origin of the
Lepidoptera is to be found (far) back in the Jurassic.

The adults of the Micropterigidae have dentate mandibles and feed on
pollen, also on that of anemophilous flowers as Carex (see Proctor & Yeo, 1973).
The adults of the Agathiphagidae, which probably have to be classified in the
Zeugloptera, also have mandibles, but feeding-habits were not found; the lar-
vae, as the name indicates, live and feed on Agathis (Gymnospermae-
Araucariaceae), but on what parts of these plants they feed, is not found.
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Fig. 5-16. Outline of the probable relationships within the Lepidoptera, after an approach of

Kristensen (in Hennig, 1981). 1. Parasabatinca aftimarca; 2. Incurvariine type (both Lower

Cretaceous). * The positions of the Lophocoronidae (see also Common, 1975) and Acan-
thopteroctetidae are still uncertain.

Besides from the Lower Cretaceous a micropterigid fossil is known from the
middle Cretaceous amber Durtal in France.

The Dacnonypha include at least the Eriocraniidae. The adults have
reduced, non-dentate mandibles, and the galeae are adapted to form a short
haustellum. In the Neopseustina (only family Neopseustidae) the mandibles
are wanting, the adults have a short haustellum, used as a sucking-organ. The
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Exoporia include the Mnesarchaeoidea (the galeae form a short haustellum)
and the Hepialoidea (haustellum vestigial or absent). A fossil which can be
attributed to the Mnesarchaeidae is known from the Upper Cretaceous amber
of Taimyr in Siberia. The Monotrysia s.str. (the former Monotrysia also
incuded the Hepialoidea) include the Nannolepidoptera (Nepticuloidea) and
the Incurvariina; the adults have a short haustellum. The Incurvariina include
e.g. the Prodoxidae. In this family there is an intimate relationship of the
females of Tegeticula yuccasella with Yucca; with their specially modified mouth
parts (special maxillary prehensile and spinous tentacle) they collect the pollen
and apply it to the pistil in which they have deposited their eggs. In this way
the development of the fruits, upon which the hatched larvae feed, is ensured.
This case of monolectic behaviour must be a relatively late development, since
the first pollen of Agavaceae is known from the upper Eocene and a possible
Yucca type pollen is found in the middle Miocene (Muller, 1981).

The non-mandibulate Lepidoptera mentioned up to now have a short or
vestigial haustellum. They all are small to minute moths and the haustellum
serves to lick up exposed liquids (water, honey dew and later possibly nectar).
The fact that the haustellum is often vestigial or absent may indicate that many
adults hardly feed. In Recent times none of them, except the Yucca moth, has
any pollination function. The plesiomorphous representatives which may have
been present in the Lower Cretaceous will hardly have had any relation with
flowers. Only the Micropterigidae may have visited the flowers of the early
Angiospermae and may have had some contribution to their pollination.

The Ditrysia form a monophyletic group and they include more than 95%
of the Recent Lepidoptera. An outline of the relationships within the Ditrysia
is illustrated in fig. 5-17 (after Brock, 1971). The most plesiomorphous types
are the Tineidae. The haustellum is vestigial in the Tineidae and Psychidae,
present in the Lyonetiidae, Phyllocnistidae and Gracillariidae. If the Ditrysia
or their direct predecessors were present in the Lower Cretaceous they must
have been of a plesiomorphous tineid type and probably had nothing to do with
flowers at that time.

The first certain ditrysian fossil is a representative of the Tineoidea from the
Upper Cretaceous amber of Lac Cedar in Manitoba (Canada). This means
that some (rare) flower-visiting may have been established at this time. The
Tineidae are known from several ambers of the Tertiary (Baltic amber from
the upper Eocene to lower/middle Oligocene and Mexican amber from the
lower Oligocene to Miocene). The Psychidae are first known from the Baltic
amber, as are the Lyonetiidae. Thus the Tineoidea probably differentiated
from the Upper Cretaceous onwards. Some nectar-feeding may have existed
from that time on, but it never led to a pollination function of any importance.

The Yponomeutoidea are first known from the Baltic amber: Epinomeuta
(may belong to the Yponomeutidae); Plutellidae; Argyresthites (may belong to
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Fig. 5-17. Outline of the relationships within the Ditrysia, after Brock (1971).

the Argyresthiidae); Helodinidae. The differentiation of this superfamily in the
middle Tertiary indicates the same development as in the Tineoidea. Although
flower visits are not uncommon in these moths, they never became pollinators
of any importance.

The Gelechioidea are first known from the Baltic amber: Scythropites may
belong to the Scythrididae; Anybia may belong to the Elachistidae;
Oecophoridae; Symmocidae; Gelechiidae. Gelechiidae and Cosmopterygidae
are known from the Mexican amber (lower/middle Oligocene). The differen-
tiation of this superfamily in the middle Tertiary indicates a similar develop-
ment as in the Tineoidea and Yponomeutoidea. The few cases of real
anthophily as known in the Recent Stathmopodidae may be of relatively late
origin. Any certainty about the origin of this anthophily can only be obtained
when the relationships of the families within the Gelechioidea are clear, since
no fossils of the Stathmopodidae are known. The other gelechioid families did
not develop anthophily of any importance.

The Copromorphoidea are not known as fossils, but since fossil
Gelechioidea and Tortricoidea are known from the Baltic amber they must
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have been present in the middle Tertiary. No Recent flower-visiting of this
family is found.

The Tortricoidea are known from the Baltic and Mexican amber (several
species of the Tortricidae). There may be question of nectar-feeding in the
middle Tertiary the Tortricoidea, however, never became pollinators of any
importance.

Of the Zygaenoidea no fossils are known. Because the relationships within
the group of Zygaenoidea + Aegerioidea + Bombycoidea + Cossoidea + Pyra-
loidea + Noctuoidea + Geometroidea + Papilionoidea + Castnioidea are not
clear, the only statement that can be made is that the Zygaenoidea are of later
origin than the Tortricoidea. This means that the origin of the zygaenoid nec-
tarivorous anthophily cannot be dated properly in the Tertiary.

The Aegerioidea are also of later origin than the Tortricoidea. The wasp-like
Aegeriidae represent the more apomorphous flower-visiting in moths, but, as
in the Zygaenoidea, the origin of this anthophily cannot be dated properly,
since no fossils are known.

Also there are no fossils found of the Bombycoidea and Cossoidea, so that
anthophily is unknown. The Pyraloidea, Noctuoidea and possibly
Geometroidea, are known from the Baltic amber. The presence in the middle
Tertiary of the pyralid Glendotricha olgae confirms the presence of the sister-
group of the Pyraloidea, viz., the Noctuoidea + Geometroidea. The head cap-
sule of a noctuoid type in the Baltic amber state the presence of the sister-group
of the Noctuoidea in the middle Tertiary, viz., the Geometroidea (of which
uncertain fossils are known from the same amber). In all superfamilies
anthophily has developed and it may already have existed in the middle Ter-
tiary. The Sphingoidea are related to the Noctuoidea via Notodontidae-like
forms and form a relative apomorphous group.

The relationships within the Papilionoidea are illustrated in fig. 5-18 (after
Kristensen, 1976). Durden & Rose (1978) described three papilionoid but-
terflies from the Green River Shale of Colorado (middle Eocene), viz.,
Praepapilio colorado and P. gracilis (related to the Recent Baronia brevicollis and
placed in the extinct subfamily Praepapilioninae), and Riodinella nympha, a
plesiomorphous species of the Lycaenidae, related to the modern Ancyluris,
Riodina and Rhetus in the tribe Riodini (Riodinae auct.). The presence of the
Papilionidae (represented by the Praepapilioninae) and the Lycaenidae con-
firms the presence of the other families. The presence of the Papilionidae con-
firms the presence of their sister-group the Pieridae + Lycaenidae + Nym-
phalidae. The presence of the Lycaenidae confirms the presence of their
sister-group the Nymphalidae, and both they confirm the presence of their
sister-group the Pieridae. The presence of the Papilionidae (and Lycaenidae)
confirms the presence of the sister-group of the Papilionidae + Pieridae + Ly-
caenidae + Nymphalidae and the Hesperiidae. In all families nectarivorous
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Fig. 5-18. Outline of the relationships within the Papilionoidea, after Kristensen (1976}, based
on demonstrated synapomorphies.

anthophily developed, although many species are also attracted to excrements,
decaying material and mammal urine (particularly the Papilionidae). Rather
advanced nectarivorous anthophily may have existed in the middle Tertiary.

The Castnioidea form the sister-group of the Papilionoidea and thus they
must have been present in the middle Eocene. Recent anthophilous habits
were not found; the haustellum is absent in some groups.

A survey of the stratigraphical appearance of the families of the Lepidoptera
in which anthophily developed is given in table 5-3.

5.4 Diptera

The Mecoptera + Siphonaptera + Diptera form the sister-group of the Tri-
choptera + Lepidoptera. Within this group the Mecoptera + Siphonaptera and
the Diptera form sister-groups. The Mecoptera are divided into two suborders,
viz., the Protomecoptera (mainly fossil, only the extant Meropeidae and
Nothiothaumidae) and the Eumecoptera in which flower-visiting occurs in the
Panorpidae (Panorpa communis has often been observed on the flowers of
Apiaceae, Asteraceae and Polemonium caeruleum; it can reach the nectar at the
base of small tubular flowers by its lengthened snout) and the Bittacidae (Har-
pobittacus frequents blossoms, often those of Leptospermum to feed on nectar; the
males are also carnivorous). Nectarivory may also occur in the Nan-
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nochoristidae of which the snout is very narrow and needle-like. The nec-
tarivorous habits of the Mecoptera did not lead to a pollination function of any
importance. It is not likely that they had relationships with the earliest
angiosperm flowers.

The sister-group of the Mecoptera are the Siphonaptera. As mentioned
before, they could have been separated from the Mecoptera in the Triassic
when the first warm-blooded animals appeared on which they suck blood.

It is not known whether carnivory in the adult Mecoptera is original. Hep-
burn (1969, 1969a) suggested detritivorous or phytophagous, rather than car-
nivorous habits to be original. Downes (1958) stated that the most plesiomor-
phous adult Diptera are predators upon other insects, like the Mecoptera. It
is very well possible that the adults of the stem-group of the Mecoptera ( +
Siphonaptera) + Diptera had carnivorous feeding-habits, derived from
saprophagy in the stem-group of the Mecopteroidea.

The presence of the Mecoptera in the upper Permian of Australia forms the
strongest proof for the presence of the Diptera or their direct predecessors in
that time. The Paratrichoptera of the upper Permian probably, and those of
the Triassic certainly, have to be considered survivors of the stem-group. Riek
(1953) described three species of the Protodiptera from the upper Permian of
Australia: Permotanyderus ableptus, Choristotanyderus nanus and Permotipula patricia,
but they cannot be attributed to any of the subgroups of the Diptera or their
direct predecessors.

The oldest fossils that can be attributed to the Diptera date from the Triassic
Rhaetic. Architipula radiata confirms the presence of the Tipuloidea or their
direct predecessors at that time. This means that also the Trichoceridae or
their direct predecessors must have been present at that time, since they form
the sister-group of the Tipuloidea (see the outline of the probable relationships
within the Diptera, after Hennig (1981) in fig. 5-19). The presence of the
Tipulomorpha includes the presence of the sister-group the Psychodomor-
pha + Culicomorpha + Bibionomorpha + Brachycera. This is confirmed by the
presence of the Architendipedidae which have to be attributed to the stem-
group of the Thaumaleidae + Chironomoidea, and Rhaetomyia, Protorhyphus and
Protolbiogaster which have to be attributed to the Bibionomorpha s.str. (non-
perissommatid or -pachyneurid Bibionomorpha). The presence of the
Culicomorpha and Bibionomorpha implies the presence of their sister-group
the Psychodomorpha. The presence of the Bibionomorpha implies the
presence of their sister-group the Brachycera or their direct predecessors. Thus
both suborders (in the older classifications) Nematocera (inclusive all its divi-
sions) and Brachycera were present in the upper Triassic Rhaetic.

The Tipulomorpha (Trichoceridae, Limnobiidae, Cylindrotomidae and
Tipulidae) form a well-founded monophyletic group and are the sister-group
of the rest of the Diptera. It is possible that Architipula radiata from the upper
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Fig. 5-19. Outline of the probable relationships within the Diptera, after Hennig (1981). 1.
Rhactomyia, Protorhyphus, Protolbiogaster (Triassic).

Architipula radiata (Triassic); 2. Tanyderophrine (Jurassic); 3. Architendipedidae (Triassic); 4.
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Triassic Rhaetic (Keuper) actually belongs to one of the subgroups of the
Tipuloidea, and that the sister-group relationship between the Trichoceridae
and the Tipuloidea had already arisen (Hennig, 1981). The Recent adult
Tipulomorpha feed on exposed liquids and some are to some extent nec-
tarivorous; they are known from the Baltic amber. The adult Trichoceridae
have strongly reduced mouth parts and observations on feeding are not found
(no adult feeding?). The Limnobiidae and Cylindrotomidae lick up plant saps
and the Tipulidae lick up exposed liquids, inclusive nectar. None of the recent
Tipulomorpha play a role of importance in pollination. It is possible that the
earliest angiosperm nectar attracted some Tipulomorpha.

The Psychodomorpha probably form the sister-group of the Culicomor-
pha + Bibionomorpha + Brachycera. The monophyly of the Psychodomorpha
is not as well-founded as that of the Tipulomorpha. The Psychodomorpha
include the Blephariceridae + Deuterophlebiidae ( = Blephariceroidea), Tany-
deridae + Ptychopteridae ( = Ptychopteroidea) and Nymphomyiidae + Psycho-
doidea. The earliest psychodomorphan fossil is found in the middle Jurassic,
Tanyderophryne multinervis which has psychodid features. If this species really can
be assigned to the Psychodoidea or their direct predecessors, or the stem-group
of the Nymphomyiidae + Psychodoidea, it means that also the Ptychopteroidea
and Blephariceroidea or their direct predecessors were present at that time.

In the Recent adult Psychodomorpha occurs blood-sucking in addition to
feeding on exposed liquids (inclusive nectar). In the psychodid Phlebotominae
the females feed on blood of e.g. Lacertilia. This may be of early origin since
the Lacertilia arose in about the middle Triassic and were definitely established
in the upper Triassic (Romer, 1966). Psychoda is among the main visitors of
the spadices of Arum species, but this is of comparatively late origin, since
spadices of Araceae are known since the middle Eocene (Crepet, 1979). In the
Deuterophlebiidae the mouth parts are almost absent (no adult feeding?). In
the Blephariceridae many females are predacious on other small Diptera; the
Recent males and some of the females probably feed on nectar). The
Tanyderidae usually have elongated mouth parts and reduced mandibles.
Although no observations on feeding were found, liquid-feeding may be sug-
gested. The Ptychopteridae have elongated mouth parts and are nectarivorous.
In the Nymphomyiidae the mouth parts are atrophied. The non-phlebotomine
Psychodidae feed on plant sap and nectar. The nectar-feeding of some of the
other families may have derived from licking-up exposed liquids and plant sap.

It is possible that the predacious feeding-habits are most plesiomorphous in
the Psychodomorpha and also in the Psychodomorpha + Culicomor-
pha + Bibionomorpha + Brachycera and also in the Diptera or their direct
predecessors as a whole (see above). The nectarivorous feeding-habits of the
Psychodomorpha did not lead to a pollination function to some extent and it
is not probable that they had one among the early angiosperm flowers,
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although they might have been attracted (as the Tipulomorpha) to the early
angiosperm nectar.

The Culicomorpha = Dixidae + Chaoboridae + Culicidae (= Culicoidea)
+ Thaumaleidae + Simuliidae + Ceratopogonidae + Chironomidae (= Chiro-
nomoidea) (Schlee in Hennig, 1981) form a well-founded monophyletic group.
The earliest fossils of the ‘‘Architendipedidae’ from the upper Triassic (Archi-
tendipes tshernovskyi and Palacotendipes alexit) probably can be assigned to the Chi-
ronomidae or their direct predecessors or to the stem-group of the Chirono-
moidea + Thaumaleidae. This means that their sister-group, the Culicoidea or
their direct predecessors must have been present in the upper Triassic.

In the Recent Culicoidea blood-sucking is common. The females have long
mouth parts adapted for piercing; the males also have elongated mouth parts,
but the mandibles (forming the ‘‘stylets’’ in the females) are short, they feed
on nectar and sometimes play a role in pollination. In the Dixidae the pro-
boscis is somewhat projected and in the Chaoboridae it is very short. In both
families the proboscis is not adapted for piercing. Although no observations on
feeding were found, it may be suggested that, if adult feeding takes place, it
will be restricted to licking-up liquids. The Thaumaleidae do not feed on
blood. In the Simuliidae most females feed on the blood of warm-blooded
animals and those of Gavia sometimes on the haemolymphe of other insects.
As the females, the males also have elongated mouth parts adapted for pierc-
ing, but they mainly are nectarivorous. In the Ceratopogonidae the mouth
parts are adapted for piercing. The females may suck blood from vertebrates
(as in Culicoides) or the haemolymphe of large insects such as moths, cater-
pillars or dragon flies (e.g. Forcipomyia and Atrichopogon) or catch insects smaller
than themselves (as in Palpomyia). The males and some of the females lick up
plant fluids (e.g. nectar). In the Chironomidae the mouth parts are poorly
developed and in many cases probably no food is taken in adult life. In some
species of Chironomus the digestive canal is consequently reduced and empty.
In the Culicomorpha we meet a possible plesiomorphous stage of sucking body
fluids, i.e. sucking of the haemolymphe of other insects (adults and larvae). It
is possible that the early angiosperm nectar attracted many of the culicomorph
males and some of the females; a role of any importance in pollination does
not seem probable.

The Bibionomorpha form a good monophyletic group. Within the
Bibionomorpha there is a sister-group relationship between the Pachyneuridae
(incl. Axymyiidae) + Perissommatidae and the Bibionomorpha s.str.
Rhaetomyia necopinata from the upper Triassic is the only fossil from which
possibly the Pachyneuridae (incl. Axymyiidae) + Perissommatidae could be
derived (Hennig, 1981). For the Recent Pachyneuridae (incl. Axymyiidae) no
feeding-habits were found, and for the Perissommatidae Colles & McAlpine
(1970) mentioned that Perissomma fusca breeds in decomposing fungi.
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Within the Bibionomorpha s.str. the Anisopodidae and Cramptonomyiidae
have the most plesiomorphous wing venation. Two fossil species with this type
of wing venation (Protorhyphus turanicus and Oligophryne fungivoroides) are known
from the upper Triassic and another (Protorhyphus stigmaticus) has been des-
cribed from the lower Jurassic Lias. These fossil species could belong to the
stem-group from which the Recent Cramptonomyiidae have descended. A
possible fossil of the Anisopodidae or their direct predecessors is Protolbiogaster
rhaetica from the upper Triassic. The Recent Anisopodidae have somewhat
elongated mouth parts and possibly feed on liquids. For the adult Cramp-
tonomyiidae no feeding-habits were found.

All other families of the Bibionomorpha s.str. have more apomorphous wing
venation. This type of wing venation is found in many fossils from the upper
Triassic: Rhaetofungivora, Rhaetofungivorella, Rhaetofungivoroides, Archihesperinus,
Protallactoneura, Archipleciomima and Palaeoplecia. The more apomorphous
families in the Bibionomorpha s.str. are the Scatopsidae, Hyperoscelidae,
Bibionidae, Cecidomyiidae, Sciaridae and Mycetophilidae. There are slight
indications (based on the wing venation) that the Mycetophilidae or their
direct predecessors were already established in the upper Triassic.

The Recent adult Scatopsidae often feed on nectar while also pollen may be
taken. The Hyperoscelidae resemble the Scatopsidae, but whether they have
the same feeding-habits was not found. The Bibionidae feed on nectar and
honey dew and possibly also on pollen. Philia febrilis plays a role in the pollina-
tion of fruit trees (Jacobs & Renner, 1974). The Cecidomyiidae feed on nectar,
the Sciaridae on nectar and fungi, and the Mycetophilidae on nectar and
pollen. In the Bibionomorpha or their direct predecessors probable liquid-
feeding may have given rise to fungus- and pollen-feeding. Here we see again,
as in many Coleoptera and Symphyta that the step from fungivory to pollen-
feeding probably is only a small one. Whether pollen-feeding was already
established in the Jurassic cannot be traced with certainty, but the probable
separation of the Bibionomorpha s.str. and even of the Mycetophiliformia into
a considerable number of subgroups in the upper Triassic suggests the
presence of fungivory at that time. This feeding-habit easily could have given
rise to pollen-feeding during the Jurassic. At any rate many Bibionomorpha
must have been attracted by the early angiosperm nectar: Bibionidae,
Mycetophilidae and Anisopodidae or their direct predecessors.

The Brachycera form a monophyletic group, the earliest fossils of which date
from the lower Jurassic (Protobrachyceron liasinum from the upper Lias). Since
they most probably form the sister-group of the Bibionomorpha, they must
have been present in the upper Triassic. In most of the brachyceran fossils the
wing venation includes the most clearly observable characters. But unfor-
tunately very few changes took place in the wing venation when the Brachycera
first separated into subgroups. The phylogenetic classification within the

101



Brachycera is not clear. For the Homoeodactyla (Tabaniformia) monophyly is
not certain. Jurassic fossils can fairly certainly be attributed to the various
groups of the Homoeodactyla. Most of the adult Homoeodactyla in Recent
times feed on exposed liquids, although many females of the Rhagionidae are
predacious upon other insects and some females of the same family and those
of the Tabanidae feed on blood. Of the Stratiomyidae it is known that they feed
on nectar and pollen. Nectar-feeding is also known for the Rhagionidae (males
and some females), Tabanidae (males, and in the absence of blood also the
females), the plesiomorphous Pelecorhynchidae and the Xylomyidae. It is
possible that blood-feeding and licking of exposed liquids were present during
the Jurassic. Whether pollen-feeding (as in the Stratiomyidae) was present in
that period is not known. It is possible that many Homoeodactyla were
attracted by the early angiosperm nectar.

The Brachycera minus the Homoeodactyla form the Heterodactyla. It is not
certain whether this group is monophyletic. The Heterodactyla consist of the
Asiliformia and Eremoneura. The earliest fossils that can properly be
attributed to the Asiliformia are known from the upper Jurassic: Protomphrale
martynovi (may belong to the stem-group of the Scenopinidae) and some
undoubted Nemestrinidae. The adults of the Recent Scenopinidae feed on
exposed liquids and those of the Nemestrinidae feed on nectar, while hovering
over the flowers. In the upper Jurassic probably both fed on exposed liquids.
The adults of the Recent Asilidae are predacious upon other insects, as prob-
ably are the Therevidae. Anthophily occurs in the families Apioceridae,
Mydaidae, Acroceridae, Nemestrinidae and Bombyliidae. The development
of a long to very long proboscis is found in the Acroceridae, Nemestrinidae
(Megistorhynchus longirostris and species of Prosoeca), and Bombyliidae. From the
Baltic amber (upper Eocene to lower/middle Oligocene) Acroceridae (scarsely
present: four species described), Bombyliidae (5 species), Therevidae (scanty)
and Asilidae (as rare as Therevidae) are known. This means that the Asilifor-
mia were well-differentiated in the middle Tertiary and probably they were
already so in the Upper Cretaceous. The early angiosperm nectar may have
attracted several groups of the Asiliformia (Nemestrinidae and may be some
plesiomorphous representatives of the other families).

The Eremoneura consist of the Empediformia and the Cyclorrhapha. The
Empediformia are known from the upper Jurassic (Protempis antennuata). This
fossil, classified in the Protempedidae, could represent the Empediformia or
their direct predecessors. An empediform fossil is also known from the Lower
Cretaceous amber of the Lebanon. The adults of the Recent Empediformia
(Empedidae or Empididae (in Colless & McAlpine, 1970) and Dolichopodidae)
are mainly predacious. Some species, particularly of the Empedinae, however,
feed on nectar. In the upper Jurassic and Lower Cretaceous the Empediformia
probably were predacious and in some groups nectarivorous habits developed,
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maybe already in the early Cretaceous. In the Baltic -amber both the
Empedidae and Dolichopodidae are very common.

The Cyclorrhapha form a monophyletic group and probably are the sister-
group of the Empediformia. The origin of the Cyclorrhapha cannot be traced
with certainty. As is the case in all Brachycera, their ground plan characters
are not found in the wing venation and this renders difficult proper interpreta-
tion of the fossils found in sediments. If there is a sister-group relationship
between the Empediformia and the Cyclorrhapha, the presence of the
Empediformia in the upper Jurassic and Lower Cretaceous includes the
presence of the Cyclorrhapha in those times. The oldest cyclorrhaphan fossil
is known from the Lower Cretaceous amber of South Lebanon, but it could
not be assigned to any of the subgroups of the Cyclorrhapha. This means that
it has to be considered as belonging to the direct predecessors of the Cyclor-
rhapha. Subsequent fossils are known from the Upper Cretaceous amber of
Canada. These concern Sciadophora boston: and Priophora canadambra. They were
described by McAlpine & Martin (1966) and placed in the Sciadoceridae, but
Hennig (1981) considered them to be primitive Phoridae. From the same
amber an ironomyiid fossil is known (McAlpine, 1973). This means that in the
Upper Cretaceous the following cyclorrhaphan groups were present:
Acroptera, Hypocera and the stem-group of the Platypezidea and Syr-
phidea + Schizophora. The classification followed here is in accordance with
that presented by Griffiths (1972), after whom the relationships within the
Cyclorrhapha are illustrated in fig. 5-20. Richards & Davies (1977) follow the
same classification. The Acroptera (= Anatria, Anatriata) include only the
Lonchopteridae. Because they form the sister-group of the Atriata, they must
have been present in the Upper Cretaceous. The Recent adults of Lonchoptera
are anthophilous and visit flowers with easily accessible nectar and pollen
(Proctor & Yeo, 1973); whether they also feed on pollen besides nectar was not
found. The anthophily of the Lonchopteridae might have been present in the
Upper Cretaceous. Because Acroptera can be regarded as the most plesiomor-
phous Cyclorrhapha, their probable anthophilous habits in the Upper
Cretaceous may indicate that anthophily in the Cyclorrhapha is very old. It
may have been present in pre-middle Cretaceous times, as probably were the
nectarivorous feeding-habits of their probable sister-group the Empediformia.

The Atriata form the sister-group of the Acroptera and consist of four
monophyletic groups (Griffiths (1972) calls them infraphalanxia of the sub-
phalanx Atriata): Hypocera (= Phoroidea), Platypezidea, Syrphidea and
Schizophora. The Hypocera include the Ironomyiidae, Sciadoceridae and
Phoridae (incl. the termitophilous Termitoxeniidae). The presence of the
Ironomyiidae and Phoridae (Hennig, 1981), the latter interpreted as
Sciadoceridae (McAlpine & Martin, 1966), in the Upper Cretaceous, whatever
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Fig. 5-20. Outline of the relationships within the Cyclorrhapha, after Griffiths (1972), based on

demonstrated synapomorphies. 1. unassigned fossil from the Lower Cretaceous of South

Lebanon; 2. Sciadoceridae (McAlpine & Martin, 1966) or Phoridae (Hennig, 1981) and
Ironomyiidae.

their relationships within the Hypocera are, means that also the Sciadoceridae
or the Phoridae were present at that time. The Recent adult Phoridae (Phora)
visit flowers with easily accessible nectar and pollen (Proctor & Yeo, 1973), but
whether they also feed on pollen besides nectar was not found. Many Phoridae
also have saprophagous feeding-habits. It is possible that the Phoridae had
already both anthophilous and saprophagous feeding-habits in the Upper
Cretaceous and hypoceran anthophily might have existed even earlier (the dif-
ferentiation of the families in the Upper Cretaceous may indicate an earlier
origin).

The Platypezidea include only the Platypezidae. In fossil state they are
known from the Baltic amber by a single species: Oppenheimiella baltica. The
biology of the Recent representatives is poorly known. Many species form
dancing swarms in shady and damp sites and may breed in the fruiting bodies
of fungi. My suggestion is that these small flies, like many of the swarming
midges, will hardly feed as adults and, if they do, only take up some liquids.

The Syrphidea + Schizophora form the sister-group of the Platypezidea. The
Syrphidea include the Pipunculidae and Syrphidae. Both families are known
from the Baltic amber. The Recent adults of both families are anthophilous,
feeding on nectar and pollen. It is possible that this type of feeding was already
present in the first half of the Tertiary.
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The Schizophora form the sister-group of the Syrphidea. The presence of
the Syrphidea in the middle Tertiary means that also the Schizophora or their
direct predecessors were present at that time. The relationships within the
Schizophora are not clear. In this study we cannot treat them as a whole,
because two types of relationships with flowers developed in the Schizophora:
many species are attracted by sapromyiophilous flowers, where, as also other
flies (e.g. Psychodidae, Ceratopogonidae, Simuliidae), they can play a role in
the pollination; another group visits and pollinates myiophilous and
entomophilous flowers. The latter group can be divided into moderately-sized
to large flies visiting and pollinating myiophilous and less specialized
entomophilous flowers and the many minute flies which possibly play a role
in the pollination of the very small micro-entomophilous flowers. I will not
follow Delpino (see Kugler, 1970) in distinguishing micromyiophilous flowers
as a separate pollination class. We will treat the Schizophora following the
classification of Griffiths (1972) and, checking their presence in the Baltic
amber (Larsson, 1978), try to indicate the time of origin of the various
subgroups.

The Schizophora consist of five superfamilies: Lonchaeoidea, Laux-
anioidea, Drosophiloidea, Nothyboidea and Muscoidea.

The Lonchaeoidea include the Lonchaeidae and Cryptochetidae. Both
families are known from the Baltic amber. They did not develop flower-visiting
habits.

The Lauxanioidea include the prefamilies (subsuperfamilies) Lauxanioinea
(Lauxaniidae, incl. Celyphidae) and Chamaemyioinea (Eurychoromyiidae
and Chamaemyiidae). The Lauxaniidae and Chamaemyiidae are known from
the Baltic amber. The adult Lauxaniidae developed anthophilous habits to
some extent and the Recent representatives are reported from several, rather
diverse flowers. The Recent adult Chamaemyiidae milk aphids for honey dew
and possibly they are also attracted by nectar. Feeding on nectar, the minute
Chamaemyiidae and the smallest Lauxaniidae may play a role in the pollina-
tion of micro-entomophilous flowers. For the Eurychoromyiidae no feeding-
habits were found, but in view of the feeding-habits of the other two lauxanioid
families, liquid-feeding may be suggested. The lauxaniid anthophily might
have been present in the upper Eocene and the Chamaemyiidae may also have
visited (small) flowers in that time.

The Drosophiloidea include the Drosophilidae, Camillidae (Camellidae in
Colless & McAlpine, 1970), Curtonotidae, Campichoetidae (= Diastatidae
minus Diastata) and Ephydridae (incl. Diastata). The Drosophilidae,
Camillidae and the former Diastatidae are known from the Baltic amber. The
differentiation of the Drosophiloidea in the middle Tertiary indicates that their
origin may be before the upper Eocene. The adult Drosophilidae developed
some nectar-feeding and the Recent Ephydridae mainly feed on carrion and
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decaying plant material and in some cases on nectar; some species are
predacious on other small insects. Some Ephydridae are attracted by
sapromyiophilous flowers. The smallest Drosophilidae may play a role in the
pollination of micro-entomophilous flowers. The nectarivorous habits of the
Drosophilidae might have been present in the middle Tertiary, or even earlier.

The Nothyboidea (Nothybidae, Teratomyzidae, Periscelidae (Periscelididae
in Colless & McAlpine, 1970) incl. Somatiidae and Psilidae ( = Loxoceridae))
did not develop anthophilous habits, except for some nectar-feeding in the
Psilidae. The adults of the Recent Periscelidae feed on sap flows. Only the
Psilidae are known from the Baltic amber and their nectarivorous habits may
have been present in the middle Tertiary. '

The Muscoidea form the largest superfamily of the Schizophora and include
the prefamilies Tanypezoinea, Calyptratae, Micropezoinea, Australimy-
zoinea, Diopsioinea, Sciomyzoinea, Anthomyzoinea, Agromyzoinea and
Tephritoinea.

The Tanypezoinea (Tanypezidae and Heteromyzidae) are not known from
the Baltic amber and whether the Recent adults visit flowers was not found.

In the Calyptratae (= Thecostomata) flower-visiting is found in almost all
families, except for the haematophagous Glossinidae and the ectoparasitic
Hippoboscidae. The Scatophagidae feed on liquids of decaying organisms and
are often predacious. It is possible that they visit flowers to prey on small
anthophilous insects; in some cases, however, they feed on nectar. The
Anthomyiidae mainly feed on nectar and pollen, but decaying liquids, sweat,
blood and plant fluids are also taken. Some species have fungivorous habits.
The Fanniidae may have feeding-habits similar to those of the Anthomyiidae.
In the Muscidae a wide variety of feeding-habits is found: haematophagous,
coprophagous, saprophagous and the majority also feed on nectar and pollen.
Except for the haematophagy, the Tachinidae (incl. Oestridae, Hypoder-
matidae, Cuterebidae, Gasterophilidae, Calliphoridae and Sarcophagidae)
have the same variety of feeding-habits as the Muscidae. Anthophily is wide-
spread and both nectar and pollen are eaten. Also anemophilous pollen is
eaten: Elvers (1980) described pollen-feeding by Thricops on some grasses. The
only calyptratan fossil in the Baltic amber is Fannia scalaris. The scarcity of
fossils may indicate that the Calyptratae are of relatively late origin, and at any
rate probably were not much differentiated in the middle Tertiary (in com-
parison with the other prefamilies (particularly the Anthomyzoinea and
Sciomyzoinea) the calyptratan habits in many cases are similar or comparable,
thus the chance that they were caught in the resin will not be much lower than
for the other prefamilies).

The Micropezoinea include the Cypselosomatidae (incl. Pseudopomyzidae),
Neriidae and Micropezidae (incl. Calobatidae and Taeniapteridae). The
Cypselosomatidae are known from the Baltic amber. In the Micropezoinea no
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anthophily of any importance developed, they have mainly predacious habits.

No fossils are known of the saprophagous Australimyzoinea (only family
Australimyzidae). The Diopsioinea include the Diopsidae and Syr-
ingogastridae. The Diopsidae are known from the Baltic amber and the Recent
adult representatives feed on nectar and honey-dew. Their anthophilous habits
might have existed in the middle Tertiary.

In the Sciomyzoinea various feeding-habits occur. At least a part of the
Coelopidae has nectarivorous feeding-habits, the Phaeomyiidae are
predacious, the Dryomyzidae are saprophagous and anthophilous, the
Sciomyzidae have predacious habits, the Ropalomeridae feed on exuding saps
and possibly also on nectar, and the Sepsidae share saprophagy with nec-
tarivory. For the Helosciomyzidae, Megamerinidae and Cremifanniidae no
feeding-habits were found. The smallest Coelopidae, Dryomyzidae and Sep-
sidae may play a role in the pollination of micro-entomophilous flowers. The
Dryomyzidae, Sciomyzidae, Sepsidae and Megamerinidae are known from
the Baltic amber and subsequent nectarivorous habits of some of them might
have been present in the middle Tertiary.

In the Anthomyzoinea flower-visiting (mainly nectar-feeding) is relatively
common. It occurs in the Heleomyzidae (besides coprophagy), Rhinotoridae,
Anthomyzidae (associated with Araceae), Trixoscelidae, Asteiidae (probably
also feeding on exuded saps), Sphaeroceridae (coprophagous and also attracted
by sapromyiophilous flowers) and Chyromyidae. For the Borboropsidae and
Opomyzidae no feeding-habits were found. The Aulacigastridae probably feed
on exuded sap. The smallest representatives of the Rhinotoridae, Trix-
oscelidae and Asteiidae may play a role in the pollination of micro-
entomophilous flowers. The Heleomyzidae, Anthomyzidae, Asteiidae and
Aulacigastridae are known from the Baltic amber. This means that the
Anthomyzoinea were already well-differentiated in the middle Tertiary.
Anthomyzoine nectarivory (Heleomyzidae, Anthomyzidae, Asteiidae) may
have been present in that time.

The Agromyzoinea include the Clusiidae (saprophagous and fungivorous)
and Agromyzidae (feeding on plant fluids, honey-dew and possibly also on
nectar). The Clusiidae are known from the Baltic amber and if the
Agromyzidae are their sister-group, they also must have been present in the
middle Tertiary. Whether agromyzoine nectarivory was present at that time
is questionable. :

The Tephritoinea include the “families: Chiropteromyzidae; Mor-
motomyiidae (coprophagous on bat guano); Cnemospathidae; Odiniidae
(feeding on exuded sap); Tethinidae (saprophagous); Acartophthalmidae
(saprophagous, coprophagous); Carnidae (haematophagous, saprophagous,
nectarivorous); Milichiidae (saprophagous, predacious and deceitedly
attracted to flowers of e.g. Ceropegia); Chloropidae, incl. Mindidae (nec-
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tarivorous); Conopidae, incl. Stylogastridae (anthophilous);
Eurygnathomyiidae, Richardiidae, Piophilidae, incl. Thyreophoridae and
Neottiophilidae  (anthophilous); Tephritidae (=  Trypetidae), incl.
Platystomatidae, Pyrgotidae, Tachiniscidae, Otitidae, Ulidiidae, Pterocallidae
and Palloptera (nectarivorous, predacious). The Carnidae, Chloropidae and the
smallest Piophilidae and Tephritidae may play a role in the pollination of
micro-entomophilous flowers. The Odiniidae, Acartophthalmidae, Carnidae,
Milichiidae, Chloropidae and Pallopteridae are known from the Baltic amber.
This means that the Tephritoinea were well-differentiated in the middle Ter-
tiary and that their anthophily (Carnidae, Chloropidae, Pallopteridae) prob-
ably was present at that time.

A survey of the stratigraphical appearance of the families and superfamilies
of the Diptera in which anthophily developed is given in table 5-4.

5.5 Notes on the stratigraphical appearance of the families in which
anthophily developed

The stratigraphic appearance of the (sub/super)families (and some tribes) of
the Coleoptera (see table 5-1), Hymenoptera (see table 5-2), Lepidoptera (see
table 5-3) and Diptera (see table 5-4) is illustrated in table 5-5.

The main representatives of the possibly anthophilous insects present at the
time of appearance of the Angiospermae (Lower Cretaceous) are the Col-
eoptera, Symphyta and Nematocera (‘‘Polyneura’’ and ‘‘Oligoneura’’). Of
the Lepidoptera only the pollen-feeding Micropterigidae were present, of the
Brachycera only the Nemestrinidae and the ‘‘Terebrantes’” were represented
by the Ichneumonidae and Braconidae. In later Cretaceous times relatively
few families appeared for the first time (mainly wasps belonging to the
Aculeata).

Many of the families are found for the first time in the Tertiary period from
the upper Eocene to the lower/middle Oligocene. This is due to the abundance
of fossils in the Baltic amber and to the fact that these fossils in amber can be
studied in detail (in contrast to most of those found in sediments). In many
cases the fossils in the Baltic amber demonstrate quite a differentiation within
the families, not only in those that were already present earlier, but also in the
families which appear for the first time in this amber. Some striking examples
are the Melyridae (Coleoptera) in which the separation between the
Malachiinae, Dasytinae and Melyrinae appeared to be established already,
and the Apidae within which (if the relationships as illustrated in fig. 5-15 are
correct) the Apinae and Bombinae + Euglossinae were already separated and
within the first subfam. also the Apini and Meliponini. This means that table
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5-5 only gives an approach of the true appearance of many of the taxa
included.

In conclusion it can be stated that most of the families mentioned here had
a more or less strong adaptive radiation during the uppermost Cretaceous and
the lower Tertiary. And as is illustrated by the well-differentiated
Papilionoidea in the middle Eocene (fossils found in sediments) this may also
be the case in the families of which the representatives are not easily trapped
in resin and thus do not occur in the Baltic amber. In connection with this it
is interesting to mention that Skalski (1976a) did not find more than 1% of the
species of the Lepidoptera present in the area trapped in the resin of Recent
Pinus. Although the trees from which the Baltic amber originates, might have
produced considerably more resin than do the present Pinus species, only a
relatively small part of the insect fauna was trapped in the resin.
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6. STATISTICAL ANALYSIS OF THE FLORAL CHARACTERS
IMPORTANT TO POLLINATION ECOLOGY

In the following analyses, which are restricted to the central-European flora, the
characters are defined after a short review of the sequence in which important
groups of insects appear in the fossil record, and the samples are shortly des-
cribed.

6.1 Evaluation of the stratigraphical appearance of insect taxa in which
anthophily developed

Three phases in the stratigraphy may be recognized in an evaluation of the
insect taxa in which anthophily developed.

In the early Cretaceous many insects with short mouth parts were present:
Coleoptera, Symphyta, some wasps of the Aculeata, Micropterigidae, Nema-
tocera and Brachycera-Asiliformia. Proctor & Yeo (1973) listed the following
Recent Nematocera visiting flowers (mainly to feed on nectar): Tipulidae,
Culicidae, Bibionidae, Mycetophilidae, Cecidomyiidae, Simuliidae, Chirono-
midae, Ceratopogonidae, Scatopsidae, Anisopodidae and Psychodidae. All,
except the Culicidae, have very short mouth parts, even the largest represen-
tatives of these families (as Bibio and Tipulidae) have a proboscis of only a
millimeter or two in length. In the Culicidae the males have elongated mouth
parts, which are not adapted to piercing as those in the females, but to sucking
free-lying liquids as water, honey dew and nectar. Of the Brachycera-Asili-
formia the Nemestrinidae were present. Fossil Nemestrinidae are easily recog-
nizable by the venation of the wings. The tip of the wings is provided with
more cross-veins than in other Diptera. Oldroyd (1964) suggested that the tip
of the wing is reinforced with these veins, making a net-work. He did not
believe that it is a primitive feature, but that it has evolved in conjunction with
its exquisite powers of hovering flight. I do not share this opinion. The Recent
Nemestrinidae often have fewer cross-veins, also many of those with a very
long proboscis that have to hover above flowers when putting the proboscis
into the flowers. Besides, why don’t excellently hovering flies such as the Syr-
phidae have as many cross-veins. Richards & Davies (1977) mentioned for the
recent representatives that the proboscis is very variable and often long to very
long, and then they restrict the description to the Nemestrinidae with a long
to very long proboscis. This is also the case in the other more general books
on entomology (here we also meet anecdotical information, giving an
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unbalanced picture of the reality in the Nemestrinidae). Paramonov (1933)
revised the Australian Nemestrinidae and mentioned many representatives
with a short to completely reduced or undeveloped proboscis. In Trichophthalma
the proboscis varies from as long as the head (e.g. 7 .b:wvittata) to much longer
than the head (e.g. 7. calabyi and T. lutea). The proboscis in Hirmoneura is much
shorter than the head to almost absent. In Nycterimorpha speiseri the proboscis
is absent and in Exeretoneura tertia it is extremely short. Within the
Nemestrinidae the long to very long probosces have to be considered apomor-
phous character states. Because the long to very long proboscis cannot be
rolled up as the haustellum in the Lepidoptera, it would have been recognized
in the fossils. Since this is not the case it seems reasonable to suppose that the
Nemestrinidae in the early Cretaceous had a short or may be somewhat
elongated proboscis.

In the late Cretaceous and early to middle Tertiary the adaptive radiation
of many families led to longer probosces: within the Hymenoptera possibly
already in the Chrysididae, Masaridae and the Apoidea; within the Diptera in
families such as Bombyliidae, Pipunculidae, Syrphidae and Nemestrinidae;
within the Lepidoptera in many moth families and also in some of the but-
terflies such as the Hesperiidae, Papilionidae, Pieridae, Lycaenidae and Nym-
phalidae. : .

From about the middle Tertiary (Eocene/Oligocene) onwards the very
specialized insect-flower relationships could evolve: higher Apoidea and the
higher Lepidoptera, the first with a long tongue and the second with a (very)
long haustellum, started to appear.

In this first analysis as presented in this chapter the insect groups are the
Coleoptera, Diptera, non-apoid Hymenoptera (wasps), Apoidea (bees and
bumblebees) and Lepidoptera (except in section 6.8 where also taxa of lower
rank are compared with regard to the floral colours). Within the Coleoptera
included—i.e. represented in the records of Knuth (1898a, 1899)—the length
of the mouth parts varies from short to very slightly elongated. The Diptera
included have a short to long proboscis. Because most of the records concern
the longer-tongued representatives (Asiloidea, Empidoidea, Syrphoidea and
Muscoidea), the total can be considered having elongated to long mouth parts.
In the non-apoid Hymenoptera included the mouth parts are short to some-
what elongated. The included Apoidea have somewhat elongated to long
tongues. Because the majority of the records concern longer-tongued represen-
tatives, the total sample has to be considered as having intermediate to long
mouth parts. In the Lepidoptera included, the length of the haustellum varies
from short (absent) to very long. Of the Lepidoptera with a short or absent
haustellum only very few records are included. This means that the total sam-
ple has to be considered long to very long haustellate.
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In the stratigraphical dating of the functions of the flower-ecologically
-important characters in the next sections the samples of the Coleoptera and
non-apoid Hymenoptera will give a reasonable representation (as far as the
morphology of the mouth parts is concerned) of the anthophilous insects from
the early Cretaceous onwards. The sample of the Diptera represents the
developments in anthophily from the middle to late Cretaceous onwards. The
samples of the Apoidea and Lepidoptera represent (different) developments in
anthophily starting in the late Cretaceous and early Tertiary.

6.2 Pollination types

In this section the pollination types are considered in two ways: the complex
of facultative and obligatory combined, indicated as beetle-, fly-, bee- and
butterfly-/moth-pollinated flowers, and the obligatory pollination types
separately. The first mentioned can best be described as pollinatable by the
various insect groups and thus pollinated in case of visiting; the last mentioned
correspond with the pollination syndromes.

6.2.1 The complex of facultative and obligatory pollination types

For the central European Angiospermae the facultative and obligatory
pollination types were defined after the literature. The records in Knuth
(1898a, 1899) were taken as a basis and for each insect visit recorded, the prob-
ability of successful pollination of the flower was estimated. Plant species of
which no records of insect visits to the flowers were found, were compared with
related species of which insect visits to the flowers were known. The best way
to describe the process of estimation is: to trace the probability of successful
pollination by the various insect groups. Because the facultative and obligatory
pollination types are compared with the obligatory pollination types (see sec-
tion 6.2.2) based on the pollination syndromes, in this section only beetle-, fly-,
bee- and butterfly-pollinated flowers are taken into consideration. Because no
proper syndrome of wasp flowers has been described, the wasp-pollinated
flowers are not taken into account. It will be clear that many flowers can be
pollinated by beetles, flies, bees and short-tongued butterflies and moths, and
thus the same (non-specialized entomogamous) plant species may occur in
more than one column in table 6-1.

In this section the anemophilous flowers also are part of the analysis.
Because there are only very few species with anemophilous flowers that are also
pollinated by insects, the anemophily is only treated in the sense of a combina-
tion of the facultative and obligatory types. The syndrome of anemophily
includes the following characters: flowers unisexual (see in this respect also sec-
tion 6.15); flowering before the leaves unfold, or flowers exposed outside the
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leaf mass; perianth insignificant, small or absent; attractants absent; anthers
and stigmas exposed; pollen grains small (Wodehouse (1935) mentioned the
range of 17-50 micron), dry (not sticky) and produced in large quantities;
pollen-arresting mechanisms frequent; reduction in numbers of ovules.
Whitehead (1969) mentioned some necessary environmental factors:
specimens not too widely separated in the vegetation; vegetation open in struc-
ture or deciduous; flowering coordinated by relatively unambiguous
environmental stimuli; pollen release should coincide with the most favourable
time of the year for transport (low pobability of precipitation, adequate winds
and turbulence, deciduous season).

Distribution of the facultative and obligatory pollination types among the species of which
the flowers are visited by the various insect groups, Qualitative analysis

Anemogamy

Species of which the flowers are visited by the various insect groups only
rarely are anemogamous (table 6-1A). Species of which the flowers are visited
by the Coleoptera and Diptera have the highest frequencies of anemogamy,
the latter more so than the species of which the flowers are visited by the
Apoidea and Lepidoptera (table 6-1A-4). The only attractant of anemophilous
flowers for anthophilous insects is the pollen, and indeed pollen-feeding on
anemophilous pollen is rather widespread among the Coleoptera (see e.g.
Willemstein, 1978): Cetoniinae and some subfamilies of the Cerambycidae;
and Knuth (1898-1905) for the other beetle taxa) and Diptera (particularly
Syrphoidea, see e.g. Porsch, 1956; Van der Goot & Grabandt, 1970;
Holloway, 1976; Stelleman & Meeuse, 1976; Leereveld et al., 1976; Stelleman,
1978, 1981 and 1982). Species of which the flowers are visited by the Apoidea
only in some cases are anemogamous. Although almost all Apoidea (except the
cuckoo bees) collect pollen as food for their offspring, they only in some cases
obtain it from anemophilous flowers. Berner (1942) observed Apis mellifera
visiting the flowers of woody anemogamous plants in the early spring, when
other flowers did not yet blossom. Species of which the flowers are visited by
the Lepidoptera have even a lower frequency of anemogamy. Only Micropterix
consistently feed on pollen. Knuth (1899) recorded Micropterix spec. feeding on
the pollen of Plantago media. The species of which the flowers are visited by the
non-apoid Hymenoptera have the lowest frequency of anemogamy (table 6-
1A), lower than the species of which the flowers are visited by the Coleoptera
and Diptera (tables 6-1A-3 to 5). This may mean that the non-apoid
Hymenoptera are more exclusively nectarivorous than the Coleoptera and
Diptera.
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Table 6-1. Frequencies of the facultative and obligatory pollination types among the species of
which the flowers are visited by the various insect groups, Qualitative analysis (A); ibid Quantitative
analysis (B) of the central European flora.

Abbreviations: An = ANE = Anemogamous; Be = BeF = Bee-pollinated flowers; BM
BMF = Butterfly- or moth-pollinated flowers; Bt = BtF = Beetle-pollinated flowers; CEF
Central European flora; COL = Coleoptera; DIP = Diptera; ENT = Entomogamous; F1
FIF = Fly-pollinated flowers; LEP = Lepidoptera; NAH = Non-apoid Hymenoptera.
A-1 to 6 and B-1 to 4 give the significances of the differences in tables A and B by chi-square
testing. Explanation: 1 = 0.01<p=0.05; 2 = 0.001<p=0.01; 3 = 0.0001 <p=0.001; 4 =
p=<0.0001.

A Total ANE BtF FIF BeF BMF A-1 An Bt Fl Be BM
COL 444 3.15 53.15 75.90 76.58 25.67 CEF

DIP 845 3.90 5092 74.96 78.22 23.19 COL 4 4 4 2
NAH 445 090 53.92 68.76 72.81 1644 DIP 4 4 4 2 2
APO 945 2.12 38.84 56.30 86.58 20.95 NAH 4 4 4

LEP 518 1.35 37.45 55.79 81.47 3591 APO 4 4
CEF 3249 20.25 36.44 53.68 66.30 17.94 LEP 4 2 4
ENT 2610 0.73 45.36 66.82 82.53 2234 ENT 4 4 4 4 3

A-2 Bt Fl BM A3 An Bt Fl BM A4 An Bt Fl BM

ENT CcOoL DIP
NAH 1 1 NAH 1 2 NAH 2 1
APO 1 2 APO 2 3 APO 1 2 3
LEP 1 1 4 LEP 2 2 1 LEP 2 2 2 3
A-5 Bt FI Be BM A-6 BM
NAH APO
APO 2 2 1 LEP ¢
LEP 2 2 4
B Total ANE BtF FIF BeF BMF B-1 An Bt Fl BeBM

COL 1598 3.50 58.14 88.86 64.58 22.65 COL

DIP 6628 1.69 58.98 89.38 74.74 28.46 DIP ¢4 33
NAH 2148 0.47 41.81 91.76 50.89 20.11 NAH 4 4 4
APO 7918 1.16 42.51 58.73 93.80 30.50 APO 4 4 4 44
LEP 2867 0.73 40.98 58.81 81.83 5898 LEP 4 4 4 44

B-2 An Bt Fl Be BM B-3 An Fl Be BM B-4 An Be BM

DIP NAH APO

NAH 4 3 3 APO 2 4 4 4 LEP 1 4 4
APO 2 4 4 4 1 LEP 4 4 4

LEP 3 4 4 2 4

Beetle-pollinated flowers

The species of which the flowers are visited by the Coleoptera, Diptera and
non-apoid Hymenoptera, generally have higher frequencies of beetle-
pollinated flowers than the species of which the flowers are visited by the
Apoidea and Lepidoptera (tables 6-1A and 6-1A-3 to 5). It is striking that the
frequency of beetle-pollinated flowers among the species of which the flowers
are visited by the Coleoptera is low in comparison with the frequencies of fly-
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and bee-pollinated flowers among the species of which the flowers are visited
by the Diptera and Apoidea, respectively. This means that, with regard to
pollination the Coleoptera are the least specialized flower visitors.

Fly-pollinated flowers

In the fly-pollinated flowers the same tendencies are found as in the beetle-
pollinated flowers: the species of which the flowers are visited by the Cole-
optera, Diptera and non-apoid Hymenoptera have higher frequencies of fly-
pollinated flowers than the species of which the flowers are visited by the
Apoidea and Lepidoptera (tables 6-1A and 6-1A-3 to 5). The comparatively
high frequency of fly-pollinated flowers among the species of which the flowers
are visited by the Diptera indicates that Diptera are more efficient flower
visitors with regard to pollination, than are the Coleoptera.

Bee-pollinated flowers

In the bee-pollinated flowers the reverse is found as in the beetle- and fly-
pollinated flowers, but the differences are less pronounced. There are no
significant differences between the species of which the flowers are visited by
Coleoptera, Diptera, Apoidea and Lepidoptera, respectively. Only the species
of which the flowers are visited by the non-apoid Hymenoptera have a lower
frequency of bee-pollinated flowers, than the species of which the flowers are
visited by the Apoidea (tables 6-1A and 6-1A-5). These results are not surpris-
ing, because more than 80 % of the entomogamous species of the central Euro-
pean flora is pollinatable by Apoidea. The comparatively high frequency of
bee-pollinated flowers among the species of which the flowers are visited by the
Apoidea indicate that the Apoidea are the most effective flower visitors with
regard to pollination of the insect groups included.

Butterfly- or moth-pollinated flowers

The species of which the flowers are visited by the Coleoptera, Diptera, non-
apoid Hymenoptera and Apoidea, respectively, have lower frequencies of
butterfly- or moth-pollinated flowers than the species of which the flowers are
visited by the Lepidoptera. The comparatively low frequency of butterfly-
/moth-pollinated flowers among the species of which the flowers are visited by
the Lepidoptera (table 6-1A and 6-1A-1-6) indicate that the Lepidoptera
overall are inefficient insect visitors with regard to pollination. Here it becomes
clear that the plant species which are butterfly- or moth-pollinated form a small
part of the central European flora, highly adapted to the long haustellum of
the Lepidoptera.
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Dispositicn of flower visits of the various insect groups with reference to the facultative and
obligatory pollination types, Quantitative analysis

Anemogamy

The Coleoptera appear to visit more anemogamous species than the other
insect groups (tables 6-1B and 6-1B-1). We may state here that the Coleoptera
are more attracted solely by pollen than are the other insect groups. It is
interesting to see that the frequency of the visits of the Diptera to
anemogamous species is lower than that of the Coleoptera, although the plant
species of which the flowers are visited by the Diptera in the qualitative
analysis have a comparatively high frequency of anemogamy. This means that
the Diptera as a whole are less attracted solely by pollen, than are the
Coleoptera (tables 6-1B and 6-1B-1), but more so than are the non-apoid
Hymenoptera, Apoidea and Lepidoptera (table 6-1B-2). The non-apoid
Hymenoptera and Lepidoptera visit least anemogamous species.

Beetle-pollinated flowers

In visiting beetle-pollinated flowers two different groups can be distin-
guished: the Coleoptera and Diptera, and the non-apoid Hymenoptera,
Apoidea and Lepidoptera (tables 6-1B and 6-1B-1 and 2). The main difference
between these groups may be based on the more extensive pollen-feeding of
the Coleoptera and Diptera (as indicated in visiting anemogamous species) in
comparison with the more exclusively nectarivorous non-apoid Hymenoptera,
Apoidea and Lepidoptera.

Fly-pollinated flowers

Like in visiting beetle-pollinated flowers two different groups can be distin-
guished in visiting fly-pollinated flowers (tables 6-1B and 6-1B-1 to 3). But this
time the non-apoid Hymenoptera share the company of the Coleoptera and
Diptera. The Apoidea and Lepidoptera visit less fly-pollinated flowers than the
other insect groups. Here the difference between the two groups may be based
on the difference in lengths of the mouth parts.

Bee-pollinated flowers

All insect groups appear to differ in visiting bee-pollinated flowers, in the
sequence from high to low frequencies: Apoidea, Lepidoptera, Diptera, Cole-
optera and non-apoid Hymenoptera (tables 6-1B and 6-1B-1 to 4). The com-
paratively high frequency of bee-pollinated flowers among the flowers visited
by the Lepidoptera will be due to the fact that they easily can reach concealed
nectar (here in the sense of nectar thieves).
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Butterfly- or moth-pollinated flowers

It appears that both the Coleoptera and non-apoid Hymenoptera com-
paratively rarely visit butterfly- or moth-pollinated flowers. The Diptera do
more so. The Apoidea visit butterfly- or moth-pollinated flowers somewhat
more than do the Diptera; and the Lepidoptera do indeed most frequently visit
this type of flower (tables 6-1B and 6-1B-1 to 4).

Discussion

Comparing the visits of the insect groups to their corresponding facultative
and obligatory pollination types in the quantitative analysis the same tenden-
cies in effectiveness in visiting with regard to pollination are found as in the
qualitative analysis; in the sequence of, overall, low to high: Lepidoptera
(highly specialized on a small part of the central European flora), Coleoptera,
Diptera and Apoidea. If we compare in the quantitative analysis (table 6-1B)
the frequencies of the insect groups visiting their corresponding facultative and
obligatory pollination types with the next higher frequencies within the pollina-
tion types, it is striking that in the butterfly- or moth-pollinated flowers the fre-
quency of the Lepidoptera is almost double of that of the Apoidea. This dif-
ference is much higher than the differences between the Apoidea and
Lepidoptera in the bee-pollinated flowers, Diptera and non-apoid
Hymenoptera in the fly-pollinated flowers, and Coleoptera and Diptera in the
beetle-pollinated flowers. This means, as is already indicateg in the qualitative
analysis, that the relations of the Lepidoptera with the butterfly- or moth-
pollinated flowers are more restrictive (more specialized) than those of the
Apoidea with bee-pollinated, the Diptera with fly-pollinated, and the Cole-
optera with beetle-pollinated flowers. The same can be stated, although less
decidedly, for the Apoidea and bee-pollinated flowers in comparison with the
Diptera and Coleoptera and their corresponding pollination types.

If we compare these findings with the phylogeny and fossil record of the
insects involved, it can be stated that the more specialized insect-flower rela-
tionships developed during the late Cretaceous and became established around
the middle Tertiary (Eocene/Oligocene). This would not contradict the
hypothesis that the earliest entomogamous Angiospermae had a non-
specialized pollination type. This means that the flowers then, were
pollinatable by Coleoptera, Diptera and non-apoid Hymenoptera (probably
mainly Symphyta). Wagenitz (1975) concluded that there is no evidence that
anemogamy is plesiomorphous in any of the Recent Angiospermae, thus
original anemogamy seems unlikely. Daumann (1975) found evidence for
secondary anemogamy in some Ulmus species. Ulmus glabra has a minor nec-
tarium at the filament excreting very few nectar at anthesis (which starts
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already in the bud phase when the receptive stigma protrudes) and in U. minor
some filamental sugar-containing tissue occurs. Ulmus laevis has neither nec-
taries nor sugar-containing tissue. These character states are paralleled by
quantities of ‘‘Pollenkitt’’: Ulmus glabra and U. minor have about the same
quantities and U. laevis has less. The species are mainly anemogamous,
although pollen-collecting Apis mellifera may cause pollination in the female
phase. The flowers first have a female phase, then a homogamous phase and
finally a second homogamous phase. This extension of the female phase may
be an adaptation to increase the chance of cross-pollination in the single-ovuled
flowers. The comparatively long time of anthesis (Ulmus glabra 4-17 days; U.
minor 4-18 days and U. laevis 3-11 days) may stress this. The second female
phase may indicate that there may be some selection between pollen from the
plant itself and from other plants. Then delay of fertilization may be the case
(see Willson & Burley, 1983). It strongly suggests a delay as in Populus (up to
three days: Winton, 1968; Fechner, 1972 and 1976) and Juglans (two to five
days: Funk, 1970), which is longer than in most Angiospermae (Krugman et
al., 1974). Similar developments were found in Mercurialis (see Daumann,
1972).

6.2.2 Obligatory entomophilous pollination types

The obligatory entomophilous pollination types are determined after the

syndromes by Faegri & Van der Pijl (1980), with additions of Baker & Hurd
(1968). The terminology of the obligatory pollination types (syndromes) is in
accordance with Delpino (see Knuth, 1898). It differs from that of Faegri &
Van der Pijl (1980) in myiophilous in stead of myophilous (Gr. myia = afly,
see Webster, 1971). Delpino (see Knuth, 1898) divided the Lepidoptera-
pollinated flowers into psychophilous (Gr. Psyche = a butterfly) and
sphingophilous (the greek sphinx, sphinxes or sphinges, literally meaning ‘‘the
strangler’’) including all specialized moth-pollinated flowers. Later (see
Kugler, 1970) phalaenophilous (Gr. Phalaina = a moth) was distinguished
within the syndrome of sphingophily. In the moth-pollinated flowers I will not
follow Delpino. Because phalaenophily is derived from the greek word moth,
I will follow Faegri & Van der Pijl (1980) in dividing Lepidoptera-pollinated
flowers into psychophilous and phalaenophilous. The meaning of the Greek
sphinges is more connected with ‘‘hawk’’ than with ‘“moth’’ in hawkmoth,
and therefore sphingophily is considered a subsyndrome within phalaenophily.
The syndromes can be described as follows.
Mpyiophilous (syndrome of fly blossoms): blossom regular, simple, no depth
effect; colours generally light, dull; nectar guides frequently present; odour
imperceptible; nectar open and easily obtainable; sexual organs well exposed;
anthesis day and night.
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Melittophilous (syndrome of bee and bumblebee blossoms): zygomorphic with
great depth effect; mechanically strong, with adequate facilities for landing and
a surface that gives good hold, frequently intricate, semiclosed; colours lively,
generally yellow or blue; nectar guides present; odour fresh, generally not very
strong; nectar hidden, but not very deeply, in moderate quantities; sexual
organs concealed, stamens few; many ovules per ovary; anthesis day and night
or diurnal.

Psychophilous (syndrome of butterfly blossoms): diurnal anthesis, no closing at
night; odour weak, generally fresh, agreeable; vividly coloured, inclusive of
pure red (pink being very common); blossom rim not very much dissected;
blossom erect, radial, rim generally flat, but often narrow; anthers fixed; nec-
tar well-hidden in tubes or spurs, tubes narrow; nectar ample; simple nectar
guides or mechanical tongue guide (groove).

Phalaenophilous (syndrome of moth blossoms, inclusive of sphingophilous): noc-
turnal anthesis, often closing during day-time, or crepuscular; strong, heavy-
sweet perfume at night; mostly white or faintly coloured, sometimes red or
drab, insignificant; deeply dissected lobes or fringed petals; blossom horizontal
or pendent, rim absent or bent back; zygomorphy if present, caused by lower
rim bending back; anthers versatile; nectar deeply hidden in long tubes or
spurs; much nectar; nectar guides generally absent, guidance by contour of the
blossom.

The numbers of obligatory sapromyiophilous and obligatory can-
tharophilous flowers in the central European flora are too low for proper
statistical treatment. They are not taken into acccount in this section, but in
order to compare them with the visiting activities of the Diptera and
Coleoptera in the next sections, they are described below.

Sapromyiophilous (syndrome of carrion fly blossoms): anthesis day and night;
predominant colours purple-brown to greenish; odour strong, unpleasant,
often of decaying proteins; shape usually actinomorphic; no depth effect or
deep in case of trap type; no nectar guides; nectar open or none, sometimes
pseudonectaries; often no food provided; transparant windows or other
features contribute to temporary traps; mobile filiform appendages to flowers
or ‘‘tails’’ to petals often present.

Cantharophilous (syndrome of beetle blossoms): anthesis day and night; colours,
variable, usually dull, often whitish, greenish, yellowish; odour strong, fruity
or aminoid; shape actinomorphic (in the sense of Leppik (1957) haplomorphic
and actinomorphic); flat to bowl-shaped flowers with easily accessible pollen,
rarely closed; no nectar guides; pollen, nectar or food bodies; flower parts in
large numbers.

It will be clear that ornithophily and chiropterophily and pollination by non-
flying mammals (see Sussman & Raven (1978) for the latter) cannot be studied
in the central European area. These pollination systems are treated shortly in
sections 6.16 and 7.3.
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In table 6-2 the frequencies of the obligatory entomophilous pollination
types within the facultative and obligatory are given. It appears that within the
bee-pollinated flowers most species developed the obligatory pollination type,
followed by the butterfly- or moth-pollinated species and least among the fly-
pollinated species (tables 6-2-1 and 2).

Table 6-2. Frequencies of the obligatory pollination types among the species with flowers of the
corresponding facultative and obligatory pollination types of the central European flora.
Abbreviations: BeF = Bee-pollinated flowers; BMF = Butterfly- or moth-pollinated flowers;
FIF = Fly-pollinated flowers; O = OBL = Obligatory pollination type.

1 and 2 give the significances of the differences by chi-square testing.

Explanation 4 = p=0.0001.

Total OBL 1FIF O2BF O

FIF 1744 8.66 BeF 4 BMF 4
BeF 2154 29.66 BMF 4
BMF 589  16.30

The comparatively low frequency of obligatory myiogamy among the fly-
pollinated species may be caused by the fact that myiophilous flowers as they
are described above, certainly also are beetle- and bee-pollinated and may be
pollinated by the non-apoid Hymenoptera (see below). Because of the odour
being imperceptible, the insects must be visually attracted by the flowers (lively
colour) and indeed many of the higher Diptera generally have larger eyes than
the other insects mentioned, and probably can see the nectar guides better.
The higher Diptera will be quantitatively the most effective pollinators of these
flowers, but the relationship with these flowers did not become so specialized
that clear evolutionary lines developed within the myiogamy (apart from the
specialized sapromyiogamy).

Also the Diptera with longer tongues did not establish more exclusive
pollinator relationships in central Europe. E.g. the Bombyliidae can pollinate
psychophilous flowers (odour weak) in which the nectar is not too deeply hid-
den (the central European Bombylius have probosces of up to 12 mm). In the
present analysis these flowers are included in the psychophilous/phalaenophi-
lous pollination type. Outside central Europe the Diptera developed more
specialized relationships with flowers in correspondence with the length of the
proboscis. The most striking example is the pollination of the South African
Lapeyrousia fabricii (Iridaceae) by Megistorhynchus longirostris (Nemestrinidae with
a proboscis of 60-70 mm), but also here, as in the case of flowers pollinated
by Tabanidae like Pangonia (proboscis up to 40 mm) and Corizoneura (proboscis
up to 25 mm), the flowers mainly are psychophilous (Vogel, 1954).

Comparing the differences and overlap (mainly outside central Europe) of
flowers pollinated by longer-tongued Diptera and the psychophilous flowers
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with the phylogeny and fossil record of the insect taxa in which anthophily
developed, it may be suggested that, e.g. by the early presence of the
Nemestrinidae, myiophilous flowers (in the obligatory sense) may have existed
in the middle to late Cretaceous. These flowers might have had a depth effect
and may have been pollinatable only by the longer-tongued Diptera, and not
by Coleoptera and non-apoid Hymenoptera with their short mouth parts.
They may have formed a stepping-stone in the development towards
psychophilous flowers.

The highest frequency of the obligatory pollination types is reached within
the bee-pollinated species. This may be due to the fact that both morphology
and behaviour in the Apoidea vary considerably. Within the melittogamy
various evolutionary lines could develop in correspondence with the various
tongue lengths and visiting habits of the Apoidea. The habits here concern the
type of pollen-collecting by the Apoidea in view of the transportation: in the
crop (e.g. Prosopis, Xylocopa); at the ventral side of the abdomen (e.g. Osmia,
Eriades, Anthidium, Megachile); on the hind legs (most of the Apoidea).

Although the higher Lepidoptera also are exclusive pollinators, their habits
are not so much varied as those of the Apoidea. Within the psychogamy and
phalaenogamy there is less room for differentiation, which may explain the
lower frequency of the obligatory pollination type in the butterfly- or moth-
pollinated flowers in comparison with the bee-pollinated flowers.

The obligatory myiogamy as it may have existed in the middle to late
Cretaceous also may have been a stepping-stone towards melittogamy, ending
with the stronger zygomorphy of the flowers that caused the often semi-closed
flowers and the entire concealment of the nectar and the sexual organs.

Distribution of the obligatory entomophilous pollination types among the species of which
the flowers are visited by the various insect groups, Qualitative analysis

Mpyiogamy

It is striking (table 6-3A) that the species of which the flowers are visited by
the non-apoid Hymenoptera have the highest frequency of obligatory
myiogamy (tables 6-3A-3 to 5). The species of which the flowers are visited by
the Diptera have a much lower frequency, about equal to that of the species
of which the flowers are visited by the Coleoptera. In the species of which the
flowers are visited by the Apoidea and Lepidoptera the frequencies are lower
(tables 6-3A-3 to 5).

The difference between the frequencies of the species of which the flowers
are visited by the non-apoid Hymenoptera and those visited by the Diptera is
very large. One wonders why the flowers are not pollinatable by the non-apoid
Hymenoptera, because the open position of the nectar must be very attractive
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to the mainly nectarivorous wasps (see section 4.2). One also wonders whether
the flowers are pollinatable by the Coleoptera (no difference between the fre-
quencies of the species of which the flowers are visited by the Diptera and those
visited by the Coleoptera is found). Both the open position of the nectar and
the exposed position of the anthers (pollen-feeding) must be very attractive to
the anthophilous Coleoptera. The effectiveness of the possible pollination of
these flowers by the non-apoid Hymenoptera and Coleoptera in comparison
with that by the Diptera should be studied in the field.

Melittogamy

In the melittogamy the expected picture appears. The species of which the
flowers are visited by the Apoidea have the highest frequency of obligatory
melittogamy (tables 6-3A and 6-3A-3 to 5). Also the species visited by the
Lepidoptera have a high frequency of melittogamy. It is known that
Lepidoptera often visit melittophilous flowers, but they do not effect pollina-
tion. Among the species of which the flowers are visited by the other insect
groups no interesting differences appear.

Psychogamy or phalaenogamy

The species of which the flowers are visited by the Lepidoptera have the
highest frequency of obligatory psychogamy or phalaenogamy (tables 6-3A
and 6-3A-3 to 5). The species of which the flowers are visited by the non-apoid
Hymenoptera have the lowest frequency, lower than the species of which the
flowers are visited by Coleoptera, Diptera and Apoidea. Apparently the
psychophilous or phalaenophilous flowers are least attractive to the non-apoid
Hymenoptera.

Disposition of flower visits of the various insect groups with reference to the obligatory
pollination types, Quantitative analysis

Mpyiogamy

Here it appears (tables 6-3B and 6-3B-1 to 4) that not only the non-apoid
Hymenoptera, but also the Coleoptera visit more myiophilous flowers than do
the Diptera. Although the Diptera may be the most effective pollinators, it may
be difficult to consider this genuine obligatory myiogamy. It may appear that
the myiogamy in Recent times finds its most obligatory form in the
sapromyiophilous flowers. Kugler (1955) stated that among the Diptera or fly
flowers only the carrion flowers have a more or less direct relationship with
some of the Diptera. The main attractant is the odour, attracting carrion flies
and beetles. Diptera, however, visit much more flowers and those producing
amine odours can be considered transitions towards carrion flowers. They

123



favour the visits of e.g. Muscidae and Tachinidae and restrict the visits of
Apoidea. Generally there are no such restricted fly-flower relationships that
there is question of special adaptations. When, in many forms, in which non-
amine odours are produced, the flies are the main flower visitors, this is less
due to the form and development of the flowers, than to the habitat in which
the Diptera are most common. Such habitat is found in soils with a high
humidity, that is not a suitable habitat for the Apoidea. The description of
myiophily by Vogel (1954), then, appears to be more adequate than that of the
restricted sense of Faegri & Van der Pijl (1980) and Baker & Hurd (1968): col-
ours brown-red, brown, flesh-coloured, dirty yellow, greenish white, with
spotted pattern and striation all over the leaf; form dish- to bowl-shaped and
trap flowers (proboscis and leg pollination); flowers in the vicinity of the soil,
flowers more or less flat, with often concealed entrances, window-forming,
curling, caudiform, bearded, ‘‘Flimmerkorper’’ (glittering bodies); nectar
open, easily reachable; odour unpleasant; diurnal opening, without periodicity
in movement and odour; glittering or dull wart-like surface, fringes. Thus, this
is about the same as the description of sapromyiophily of Faegri & Van der Pijl
(1980) and Baker & Hurd (1968). Because in the central European flora these
myiophilous flowers are very rare, they have to be studied in other regions.

Melittogamy

Here the same tendencies are found as in the qualitative analysis: the
Apoidea visit most obligatory melittophilous flowers. In some cases nectar rob-
bery will be included, particularly short-tongued Apoidea sometimes steal nec-
tar by biting holes near the basis of the corolla in the vicinity of the nectar (see
e.g. Kugler, 1933). Examples are Xylocopa valga and Megachile circumcincta on
Galeopsis speciosa, other Megachile species on Salvia glutinosa and Apis mellifera on
Vicia villosa. It appears that the Lepidoptera often visit melittophilous flowers,
even more than the obligatory psychophilous or phalaenophilous flowers. The
Lepidoptera do not effect pollination, the proboscis is thin and can reach the
nectar without coming into contact with anthers and stigma and at the same
time it is so long that the body of the insect remains outside the flower (Schrem-
mer, 1953). They have to be regarded as nectar thieves.

Psychogamy or phalaenogamy

It appears that the Lepidoptera are the main visitors of the obligatory
psychophilous and phalaenophilous flowers. Comparing the differences of the
various insect groups within the corresponding pollination types, they are the
most exclusive visitors of these flowers. The Coleoptera visit more
psychophilous or phalaenophilous flowers than do the non-apoid Hymenoptera
and Apoidea. An example of their activities on these flowers is given by Kugler
(1977): Cetonia aurata lands on the flower of Lonicera caprifolium, feeds on the
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pollen, by which pollination can take place, ascends to the basis of the corolla
tube, bites a hole in it and steals the nectar. Also Apoidea may act as nectar
robbers on psychophilous or phalenophilous flowers, e.g. Bombus terrestris, B.
mastrucatus, B. agrorum and Xylocopa violacea do so on Saponaria villosa.

Discusston

Summarizing this section, it can be stated that the obligatory melittophily
and psychophily and phalaenophily form proper syndromes. The myiophily as
described by Faegri & Van der Pijl (1980) and Baker & Hurd (1968), should
be restudied in the field and probably the syndrome of myophily mainly
includes sapromyiophilous elements.

As mentioned earlier, it is possible that myiophilous flowers with some depth
effect may have arisen in the second half of the Cretaceous. True melit-
tophilous and psychophilous flowers probably developed in the early Tertiary.
The first might have been already somewhat differentiated in the early
Oligocene, but bumblebee flowers developed later; the second could already
have had considerably long corolla tubes in the middle Eocene.
Phalaenophilous flowers developed later in the Tertiary.

6.3 Blossom-pollinator relationships

In this study principally the flower is considered. Thus, only the blossom-
relationships (Faegri & Van der Pijl 1980: 48, left part of table 2) are analyzed.
They can be defined as follows:

Allophilic: no morphological adaptations for guiding visitors; can be utilized by
unadapted, short-tongued, allotropic insects;

Hemiphilic: imperfectly adapted to being utilized by insects of an intermediate
degree of specialization (hemilectic, or hemitropic insects);

Euphilic: strongly adapted to being utilized by specialized, eulectic or eutropic
insect visitors.

Especially the euphilic blossom relationship can be differentiated into sub-
types dealing principally with the character of the visitors received: polyphilic
(pollinated by many different taxa of visitors); oligophilic (pollinated by some
related taxa of visitors); monophilic (pollinated by one single or some closely
related species only). The analysis of these subtypes has not been undertaken,
because in fact too little of the characteristics of the insect visits and pollination
is known in the central European flora. Only the types described above are
taken into account, they deal principally with the adaptation of the blossom.

Classification of the central European flora into these types of blossom-
pollinator relationships was not always easy. The allophilic type did not give
difficulties, but separation between the hemiphilic and euphilic type did, and,
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indeed in a number of cases is arbitrary. E.g. melittophilous flowers,
pollinated by many taxa of bees can either be classified in the euphilic (possibly
euphilic-polyphilic) or in the hemiphilic type. If the pollinators included more
morphologically differentiated families of bees, I classified them in the
hemiphilic type. Only the melittophilous flowers pollinated by higher long-
tongued bees (culminating in the bumblebee flowers) were classified as
euphilic. In the myiophilous flowers only those requiring flies with a long pro-
boscis (e.g. Bombyliidae and many Syrphidae) were classified as euphilic. Also
in the psychophilous or phalaenophilous flowers the separation between
hemiphilic and euphilic was (arbitrarily) based on the required length of the
haustellum.

If more is known about the characteristics of the insect visits and about
pollination, it might well appear that the hemiphilic type I used should be
replaced by euphilic-polyphilic. In this study, however, this discrepancy will
not cause problems, because we are searching for tendencies, and the
classification into allophilic, hemiphilic and euphilic types gives an idea
whether the various insect groups visit more or less specialized blossoms and
whether the pollination types (both belonging to the complex of facultative and
obligatory and to the obligatory types) as a whole are more or less advanced
in adaptation. The totals of the frequencies do not reach 100% in the
facultative and obligatory pollination types and in the various insect groups in
the qualitative and quantitative analyses (tables 6-4A, C and D). This is due
to the fact that anemophilous flowers are not taken into account; by definition
anemophilous flowers cannot be classified in the blossom-pollinator rela-
tionships.

Distribution of the various types of blossom-pollinator relationships among the facultative
and obligatory, entomophilous pollination types

It appears that two groups can be distinguished with regard to the blossom-
pollinator relationships (table 6-4A). The beetle- and fly-pollinated flowers are
more often allophilic and less often hemiphilic and euphilic than the bee- and
butterfly- or moth-pollinated flowers (tables 6-4A-3 and 4). The fly-pollinated
flowers are more often hemiphilic and euphilic than the beetle-pollinated
flowers (table 6-4A-3) and the bee-pollinated flowers less often are euphilic
than butterfly- or moth-pollinated flowers (table 6-4A-5).

Distribution of the various types of blossom-pollinator relationships among the obligatory,
entomophilous pollination types

It appears (table 6-4B) that myiophilous flowers, as defined after the syn-
drome of Faegri & Van der Pijl (1980) and Baker & Hurd (1968) cannot be con-
sidered obligatory myiophilous. The morphology of these flowers caused me
to include them into the allophilic type. The melittophilous and psychophilous
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or phalaenophilous flowers are never allophilic and more often hemi- and
euphilic than myiophilous flowers (table 6-4B-2). The melittophilous flowers
are more often hemiphilic and less often euphilic than the psychophilous or
phalaenophilous flowers (table 6-4B-3).

Distribution of the various blossom-pollinator relationships among the species of which the
flowers are visited by the various insect groups, Qualitative analysis

It appears that two groups can be distinguished with regard to the blossom-
pollinator relationships (table 6-4C). The species of which the flowers are
visited by Coleoptera, Diptera and non-apoid Hymenoptera have more often
allophilic and less often hemi- and euphilic flowers than the species of which
the flowers are visited by the Apoidea and Lepidoptera (tables 6-4C-3 to 5).
Within the two groups no differences exist.

Disposition of flower visits of the various insect groups with reference to the various types
of blossom-pollinator relationships, Quantitative analysis

Here (table 6-4D) the same two groups are found as in the qualitative
analysis (tables 6-4D-1 to 3). Within the group of the Coleoptera, Diptera and
non-apoid Hymenoptera, the first two visit more hemiphilic flowers than do
the last (tables 6-4D-1 and 2). Within the group of the Apoidea and
Lepidoptera the first visit more hemiphilic and less euphilic flowers than do the
second (table 6-4D-4).

Discussion

It appears that beetle-pollinated flowers form the least specialized facultative
and obligatory pollination type, closely followed by the fly-pollinated flowers.
Both the bee- and butterfly- or moth-pollinated flowers are distinctly more
specialized, the latter more so than the first. The latter tendency is more
strongly demonstrated in the obligatory pollination types. Obligatory
myiophilous flowers, as already mentioned in section 6.2, only rarely occur.
These tendencies are also found in the qualitative and quantitative analyses.
After the stage of morphological adaptation of the flowers they visit, the
various insect groups have to be arranged as follows (in the sequence from
lowly to highly advanced): non-apoid Hymenoptera, Coleoptera/Diptera,
Apoidea and Lepidoptera.

Compared with the phylogeny and fossil record of the insect taxa in which
anthophily developed, it can be stated that allophilic flowers occured in the
early Cretaceous or late Jurassic. Hemiphilic flowers may have originated
from the late Cretaceous. Some of them might have been euphilic in that time,
only pollinatable by longer-tongued Diptera (see section 6.2: Cretaceous,
obligatory myiophily), in the absence of other longer-tongued, anthophilous
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insects. Hemiphilic melittophilous and psychophilous or phalaenophilous
flowers became functional during the early Tertiary and were then euphilic.
The Recent euphilic melittophilous and psychophilous or phalaenophilous
flowers developed during the later Tertiary and the Quaternary.

6.4 Flower types

The flower types are defined after Leppik (1957). The amorphic or
paleomorphic type (flowers without symmetry; usually with an indefinite
number of stamens and carpels, and usually subtended by bracts or
discoloured upper leaves; mostly fossil forms) and the haplomorphic type
(flowers with parts spirally arranged at a simple level in a semispheric or
hemispheric form; petals or tepals coloured; parts numerous; e.g. Nymphaea
and Magnolia) are not taken into account, because there are too few represen-
tatives of the haplomorphic type in the central European flora for proper com-
parison with the other types. The actinomorphic and pleomorphic types are
taken together because of their vague separation (actinomorphic flowers have
radial symmetry and the parts are arranged at one level, with a definite
number of parts; pleomorphic flowers are actinomorphic with the number of
parts reduced), The stereomorphic type (flowers three-dimensional with
basically radial symmetry, parts many or reduced, and usually regular; e.g.
Narcissus, Aquilegia) and the zygomorphic type (flowers with bilateral sym-
metry, parts usually reduced in number and irregular; e.g. Cypripedium and
Salvia) are considered separately. As regards flower types, the heads of many
Asteraceae with an actinomorphic arrangement of actino- and stereomorphic,
and zygomorphic flowers are considered to belong to the highest (reached)
level: zygomorphic. In the blossom classes (see section 6.5) these inflorescences
are considered dish- to bowl-shaped, as they functionally are.

Distribution of the flower types among the anemophilous and entomophilous pollination
bpes

The frequencies of the flower types among the anemophilous and
entomophilous pollination types are presented in table 6-5A. It appears that
anemophilous flowers are mainly actinomorphic (or of actinomorphic origin).
Stereomorphic and zygomorphic anemophilous flowers are very rare, but the
fact that some of these flower types are pollinated by wind (and insects),
indicate that their anemophily is secondary. In all types the anemophilous
flowers differ highly from the entomophilous flowers (table 6-5A-2).

Distribution of the flower types among the facultative and obligatory, entomophilous
pollination types
It appears (table 6-5A) that two groups can be distinguished. The beetle-
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and fly-pollinated flowers more often are pleo- to actinomorphic and less often
stereo- and zygomorphic than are the bee- and butterfly- or moth-pollinated
flowers (tables 6-5A-4 and 5). In the group of the beetle- and fly-pollinated
flowers the latter are more often stereo- or zygomorphic than the first (table
6-5A-4). In the group of the bee- and butterfly- or moth-pollinated flowers the
latter are less often pleo- to actinomorphic and more often stereomorphic than
the first (table 6-5A-6).

Distribution of the flower types among the obligatory entomophilous pollination types

The myiophilous flowers are mainly pleo- to actinomorphic (table 6-5B) and
only rarely stereo- or zygomorphic. The zygomorphic flowers (e.g. Veronica
species) are mainly pollinated by the Syrphidae (Knuth, 1898). The melit-
tophilous flowers mainly are zygomorphic and more often stereomorphic than
are the myiophilous flowers (table 6-5B-2). Only in some cases they are pleo-
to actinomorphic. The psychophilous or phalaenophilous flowers mainly are
stereomorphic, more often than the melittophilous flowers, but less often
zygomorphic (table 6-5B-3).

Distribution of the flower types among the species of which the flowers are visited by the
various insect groups, Qualitative analysis

The species of which the flowers are visited by the Coleoptera, Diptera and
non-apoid Hymenoptera have higher frequencies of pleo- to actinomorphic
types than the species of which the flowers are visited by Apoidea and
Lepidoptera (tables 6-5C and 6-5C-3 to 5). The species of which the flowers
are visited byvColeoptera, Diptera, non-apoid Hymenoptera and Apoidea
have less often a stereomorphic structure than those visited by the Lepidoptera
(tables 6-5C-3 to 6). The species of which the flowers are visited by Apoidea
and Lepidoptera more often have a zygomorphic structure than those visited
by the other insect groups (tables 6-5C-3 to 5).

Dusposition of flower visits of the various insect groups with reference to the flower types,
Quantitative analysis

With regard to the flower types the visiting insects are divided into two
groups (tables 6-5D). The Coleoptera, Diptera and non-apoid Hymenoptera
visit more plesio- to actinomorphic and less stereo- and zygomorphic flowers
than do the Apoidea and Lepidoptera (tables 6-5D-1 to 3). Within the first
group the Coleoptera and non-apoid Hymenoptera visit more pleo- to
actinomorphic flowers and less zygomorphic flowers than do the Diptera, and
the Coleoptera and Diptera visit more stereomorphic flowers than do the non-
apoid Hymenoptera, the Diptera more so than the Coleoptera (tables 6-5D-1
and 2). Within the group of the Apoidea and Lepidoptera the first visit more
pleo- to actinomorphic and less stereo- and zygomorphic flowers than do the
latter (table 6-5D-4).
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Discussion

The non-apoid Hymenoptera are the most plesiomorphous with regard to
the flower types they visit, directly followed by the Coleoptera. The Diptera
visit some more flowers with depth effect than do the Coleoptera and non-
apoid Hymenoptera. The Apoidea and Lepidoptera visit most flowers with
depth effect. The stereomorphic type appears to be more correlated with the
Lepidoptera, and although the Lepidoptera visit more zygomorphic flowers
than do the Apoidea (tables 6-5C and D), the very high frequency of zygomor-
phy of the melittophilous flowers (table 6-5B) suggest a correlation with the
Apoidea. »

Comparing these results with the phylogeny and fossil record of the insect
taxa in which anthophily developed, it can be supposed that the actino- (to
pleo-)morphic flowers could have been present in the early Cretaceous. The
fact that the Diptera visit more flowers with depth effect than do the Coleoptera
and non-apoid Hymenoptera, may indicate the presence of late Cretaceous
obligatory myiophilous flowers. Slight stereomorphy and also zygomorphy
might already have developed in these flowers. Stronger stereo- and zygomor-
phy became functional during the early and middle Tertiary and the extreme
forms in the late Tertiary.

6.5 Blossom classes

The blossom classes are defined after Faegri & Van der Pijl (1980).

CONSPICUOUS BLOSSOM CLASSES

Dush- to bow!l-shaped blossoms: diffuse visual attraction (if any); diffuse alighting
of visiting insects (because in the central European flora no ornithogamous and
chiropterogamous species occur, the only visitors taken into account are
insects); no guiding; diffuse, open display of attractant; diffuse pollen deposi-
tion and reception (inside); primarily adapted to plesiomorphous,
anthophilous insects (as examples of these insects Faegri & Van der Pijl (1980)
mentioned only beetles). To this class belong the actinomorphic flowers, i.e.
pleo- to actinomorphic flowers (non stereomorphic, radially symmetric in the
sense of Leppik (1957), see section 6.4), which have the parts arranged at one
level, and also inflorescences, like the heads of many Asteraceae.

Bell- to funnel-shaped blossoms: diffuse visual attraction; diffuse alighting of insect
visitors; attractant displayed half-hidden, approximately in the centre of the
blossom (inside); primarily adapted to insects that crawl into the flower, e.g.
bees. To this class belong campanulate, many cruciform, infundibular and
some coronate perianth types. The globose and urceolate perianth types are
also included here.
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Brush-shaped blossoms: diffuse visual attraction; diffuse alighting of visiting
insects; no guiding of the visitors; display of attractant diffuse, open; pollen
deposition and reception diffuse (outside); primarily adapted to alighting
insects with longer mouth parts (bees, butterflies). Examples of this class are
some species of Thalictrum (e.g. T. aquilegifolium), Salix and species of Rubus
(e.g. R. idaeus).

Flag-shaped blossoms: visual attractant by standard; alighting of visiting insects
on carina; insects guided by marks on standard; attractant well-hidden,
entrance to be forced; primarily adapted to alighting insects which can force
their way in (higher bees). To this class the carinate, papilionaceous and per-
sonate perianth types belong.

Gullet-shaped blossoms: visual attraction by both lips; alighting of visiting insects
on lower lip, guiding of the insects by symmetry of lower lip; attractant well-
hidden; pollen deposition and reception nototribous, in upper lip; primarily
adapted to alighting insects which can force their way in (higher bees). To this
class the bilabiate perianth type belongs, and also the calceolate or saccate
perianth type is supposed to belong here.

Trumpet-shaped blossoms: visual attraction by margin; alighting of visiting insects
on this margin; guiding towards a central opening; attractant hidden; pollen
deposition and reception central (inside); primarily adapted to alighting insects
with long mouth parts (butterflies). The salverform and some unguiculate
perianth types and others belong to this class.

Tube-shaped blossoms: visual attraction usually supplemented by other parts of
the flower; no alighting of the visiting insects; guiding by perianth structure;
attractant deeply hidden; pollen deposition and reception variable; primarily
adapted to hovering insects or alighting insects perching on adjacent structures
(moths).

INCONSPICUOUS BLOSSOM CLASS: no optical attraction; with reduced
flowers; mainly anemophilous, but also entomophilous taxa as Reseda odorata
and Vitis; generally with greenish-brown flowers, which do not strongly con-
trast with the green leaves in the background.

Classifying the species of the central European flora into these classes did not
cause many difficulties, except for the brush-shaped blossoms. Faegri & Van
der Pijl (1980) also included the head-shaped inflorescences without ligulate
flowers in the brush-shaped class, which is said to differ only from the dish-
to bowl-shaped blossoms in the pollen deposition and reception (outside and
inside, respectively) and in the adaptation to the insect visitors (bees and
beetles, respectively). The latter may be questioned, because where easily
available pollen is one of its attractants, insects with short mouthparts can also
be effective pollinators. Since, functionally spoken, there exist intermediate
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types between the dish- to bowl-shaped blossoms and the, probably more
apomorphous, brush-shaped blossoms, the two are here taken together. In the
present study difficulties like these will not cause problems, since we are sear-
ching for tendencies and do not attempt a rigid classification of all types.

Distribution of the blossom classes among the anemophilous and entomophilous pollination
types

As is clearly demonstrated in tables 6-6A and 6-6A-2, most anemophilous
blossoms are inconspicuous, while only some are dish- to bowl- or brush-
shaped (e.g. Polygonum), bell- to funnel-shaped or tube-shaped. The
entomophilous blossoms are mainly conspicuous; those that are inconspicuous
may attract insects by odour.

Distribution of the blossom classes among the facultative and obligatory, entomophilous
potunation types

Inconspicuous blossoms

The inconspicuous blossoms are mainly found among the beetle-, fly- and
butterfy- or moth-pollinated flowers (compare the tables 6-6A and 6-6A-4 to
6). The bee-pollinated flowers are least inconspicuous (table 6-6A-4 to 6).

Dish- to bowl- and brush-shaped blossoms

The dish- to bowl- and brush-shaped blossoms are mainly found among the
beetle- and fly-pollinated flowers. The bee-pollinated flowers rather often are
of this blossom class and the butterfly- or moth-pollinated flowers rarely belong
to this type (tables 6-6A and 6-6A-4 to 6).

Bell- to funnel-shaped blossoms

The bell- to funnel-shaped flowers are mainly found among the flowers
pollinated by longer-tongued insects. There are two groups: the beetle-
pollinated flowers and the fly-, bee- and butterfly- or moth-pollinated flowers
(table 6-6A-4). Within the last group the fly-pollinated flowers are less often
bell- to funnel-shaped than the bee-pollinated ones are (table 6-6A-5).

Trumpet-shaped blossoms
Trumpet-shaped flowers are almost exclusively found among those
pollinated by butterflies or moths (tables 6-6A and 6-6A-4 to 6).

Tube-shaped blossoms

Tube-shaped flowers are mainly found among those pollinated by butterflies
or moths (tables 6-6A and 6-6A-4 to 6), although the frequencies among the
other facultative and obligatory pollination types are comparatively high. The
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high frequencies among the beetle- and fly-pollinated flowers are due to the
fact that many phanerantherous flowers that have the stigmas protruding from
the corolla, can easily be pollinated by the pollen-eating Coleoptera and
Diptera. This is e.g. the case in many Asteraceae with the more loose
inflorescences.

Gullet- and flag-shaped blossoms
Gullet- and flag-shaped flowers are almost exclusively found among the bee-
pollinated flowers (tables 6-6A and 6-6A-4 to 6).

Distribution of the blossom classes among the obligatory entomophilous pollination types

It appears that some myiophilous flowers or inflorescences are inconspicuous
(table 6-6B). Dish- to bowl- and brush-shaped blossoms are characteristic for
myiophily (table 6-6B and 6-6B-2). The melittogamous species have most bell-
to funnel-shaped flowers (tables 6-6B and 6-6B-2 and 3) and exclusively gullet-
and flag-shaped flowers (table 6-6B). The psychophilous or phalaenophilous
flowers are mainly trumpet-shaped and in some cases tube-shaped (tables 6-6B
and 6-6B-2 and 3). There are no differences between the psychophilous or pha-
laenophilous flowers and the myiophilous and the melittophilous flowers con-
cerning the tube-shaped class (tables 6-6B-2 and 3). This is due to the fact that
the samples within the central European flora are too small for a finer separa-
tion, but it does not mean that the psychophilous or phalaenophilous flowers
and myiophilous and melittophilous flowers cannot be separated in this
respect. The corolla tubes of the first are generally considerably longer than
those of the second.

Distribution of the blossom classes among the species of which the flowers are visited by
the various insect groups, Qualitative analysis

Inconspicuous blossoms

It appears that the species of which the flowers are visited by the non-apoid
Hymenoptera and Diptera more often have inconspicuous flowers than the
species of which the flowers are visited by the Apoidea and Lepidoptera (tables
6-6C and 6-6C-4 to 6). The species of which the flowers are visited by the Col-
eoptera differ in this respect only from those visited by the Lepidoptera (table
6-6C-3).

Dish- to bowl- and brush-shaped blossoms

With regard to the dish- to bowl- and brush-shaped blossoms two groups are
recognized: the species of which the flowers are visited by the non-apoid
Hymenoptera, Coleoptera and Diptera more often have these blossoms than
have those visited by Apoidea and Lepidoptera (tables 6-6C-3 to 6).
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Bell- to funnel-shaped blossoms

The species of which the flowers are visited by the various insect groups do
not differ in having bell- to funnel-shaped blossoms; only the species of which
the flowers are visited by non-apoid Hymenoptera appear to have fewer
blossoms of this type than have those visited by the Apoidea and Lepidoptera
(table 6-6C-5).

Trumpet-shaped blossoms
The trumpet-shaped blossoms are characteristic for the species of which the
flowers are visited by Lepidoptera (tables 6-6C-3 to 6).

Gullet- and flag-shaped blossoms

Gullet- and flag-shaped blossoms occur mainly among the species of which
the flowers are visited by the Apoidea and Lepidoptera. No differences exist
between these two (table 6-6C-6), which reflect the rather extensive nectar-
thieving habits of the Lepidoptera on these exclusively melittophilous flowers.

Disposition of flower visits of the various insect groups with reference to the blossom classes,
Quantitative analysis

Inconspicuous blossoms

The Apoidea appear to visit most inconspicuous blossoms (table 6-6D and
6-6D-1 to 4), more than the other insect groups involved. Comparing this with
the quantitative analysis of the facultative and obligatory pollination types for
anemophily in section 6.2, they visit mainly entomophilous flowers belonging
to this class. The Coleoptera, Diptera and non-apoid Hymenoptera visit fewer
inconspicuous blossoms than do the Apoidea (tables 6-6D-1 to 3). Within this
group the non-apoid Hymenoptera visit less blossoms of this class than do the
Diptera (table 6-6D-2). The Lepidoptera appear to be least attracted by the
inconspicuous blossoms (tables 6-6D-1 to 4).

Dish- to bowl- and brush-shaped blossoms

In visiting the dish- to bowl-shaped blossoms two groups can be distin-
guished: the Coleoptera, Diptera and non-apoid Hymenoptera, and the
Apoidea and Lepidoptera (tables 6-6D-1 to 3). The first visits more flowers or
inflorescences belonging to this class than does the second. Within the first
group the non-apoid Hymenoptera visit more of these blossoms than do the
Coleoptera and the latter do more so than the Diptera (tables 6-6D-1 and 2).
In the second group the Apoidea do more so than the Lepidoptera (table
6-6D-4).
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Bell- to funnel-shaped blossoms

In visiting the bell- to funnel-shaped blossoms the following series of groups
can be arranged from fewer to more visits: non-apoid Hymenoptera and
Coleoptera; Diptera; Apoidea; and Lepidoptera.

Trumpet-shaped blossoms

The trumpet-shaped blossoms, also as regards visiting activities, are highly
interdependent with the Lepidoptera (tables 6-6D-1 to 4). The non-apoid
Hymenoptera visit the least trumpet-shaped blossoms, followed by the group
of the Coleoptera, Diptera and Apoidea, within which the Diptera do less so
than the Apoidea (tables 6-6D-1 to 3).

Tube-shaped blossoms

Within the tube-shaped flowers the Lepidoptera are the main visitors (tables
6-6D-1 to 4). The non-apoid Hymenoptera do so least. Within the
intermediate group the Coleoptera visit less tube-shaped flowers than do the
Apoidea (table 6-6D-1).

Gullet- and flag-shaped blossoms

Both within the gullet- and flag-shaped blossoms two groups can be recog-
nized: the Coleoptera, Diptera and non-apoid Hymenoptera, and the Apoidea
and Lepidoptera (in which the first visit more flowers of this class than do the
second) (tables 6-6D-1 to 4). As in the qualitative analysis it appears that the
nectar-thieving activities of the Lepidoptera on melittophilous flowers must be
of considerable importance.

Discussion

Summarizing the results it appears that the non-apoid Hymenoptera mostly
visit the more simple blossom classes (dish- to bowl- and brush-shaped),
directly followed by the Coleoptera which can feed on pollen, while staying on
the surface of inflorescences of tube shaped, phanerantherous flowers or on the
rim of similar trumpet-shaped flowers. The Diptera visit more blossom classes
with depth effect (also found in the analysis of the flower types, see section 6.4):
bell- to funnel-, trumpet- and tube shaped blossoms, but the differences are
small. The Apoidea visit more blossoms with depth effect: bell- to funnel-,
trumpet- and tube-shaped blossoms, and are the main visitors of the gullet-
and flag-shaped blossoms. Finally the Lepidoptera are the main visitors of the
trumpet- and tube-shaped blossoms. The analyses among the facultative and
obligatory, and obligatory pollination types demonstrate interdependence
between the gullet- and flag- shaped flowers and the Apoidea, and between the
trumpet- and tube-shaped flowers (the latter of another type than those visited
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by the Apoidea, i.e. with a much longer corolla tube) and the Lepidoptera.

Comparison of these results with the phylogeny and fossil record of the
insect taxa in which anthophily developed, leads to the following possible
evolution of the blossom classes. Among the early Cretaceous, entomogamous
Angiospermae the following blossom classes may have been present: the
inconspicuous class; the dish- to bowl- shaped class, and possibly some type of
the brush-shaped class, as far as not primarily adapted to bee visitors. From
about the middle Cretaceous blossom classes with some depth effect probably
could become functional. Part of the Diptera (e.g. the Nemestrinidae) from
that time on may have allowed the development towards bell- to funnel-shaped
flowers. These types, particularly the latter, may have been myiophilous in
that time. They could have given rise to the more obligatory myiophilous class
of trumpet-shaped flowers (compare also the sections 6.2 to 6.4) and if the Ne-
mestrinidae already had developed a longer proboscis and hovering flight, the
Cretaceous obligatory myiophily may already have given rise to tube-shaped
flowers. The latter, then, may have remained myiophilous during a long
period and, may be, by way of an intermediate psychophilous/phalaenophilous
phase, may have given rise to the sphingophilous flowers in the second half of
the Tertiary. As the Recent Nemestrinidae, also the Sphingidae can feed on
nectar hovering above the flowers. The trumpet-shaped flowers became more
and more psychophilous during the latest Cretaceous and the early Tertiary
and reached the obligatory state in the middle Eocene. From this time on,
somewhat earlier developments from psychophilous flowers to phalaenophilous
flowers became possible, possibly completed already in the lower Oligocene.

The funnel- and trumpet-shaped types may also have given rise to the gullet-
shaped class, by extending zygomorphy, starting in the late Cretaceous and
becoming definitely functional in about the middle Tertiary. The flag-shaped
flowers possibly are directly derived from the dish- to bowl-shaped flowers
(particularly of the latter), by increasing zygomorphy. This process may have
started later in the Cretaceous, and, may be by way of early Tertiary stages
of Syrphidae-pollinated forms and later more melittophilous types, they
became definite in the Paleocene-Eocene (Crepet & Taylor, 1985), in connec-
tion with the development of the higher bees.

The discrepancy between the single flowers and the inflorescences as pollina-
tion units, in the blossom classes taken together, in this possible evolution will
be discussed in the next section.

6.6 Single flower as pollination unit

Defining the single flower as pollination unit in connection with the
pollinating insects for the central European flora did not give many difficulties,
except for the species with small-flowered inflorescences. Here the minimum
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size of the pollinating insects was fixed on intermediate, i.e. insects with a
length of about 7 mm. Anemophilous flowers are not included, since they are
by definition not referable to pollinating insects. ’

Distribution of the single flower as pollination unit with reference to the pollinating insects
among the facultative and obligatory, entomophilous pollination types

The bee-pollinated flowers appear to have the highest frequency of single
flowers as pollination units (tables 6-7A and 6-7A-3 to 5). The beetle-

Table 6-7. Frequencies of the single flower as pollination unit among the species
belonging to the facultative and obligatory pollination types (A); ibid. obligatory
pollination types (B); ibid. species of which the flowers are visited by the various
insect groups, Qualitative analysis (C); ibid. Quantitative analysis (D) of the central Euro-
pean flora.

Abbreviations: APO = Apoidea; BeF = Bee-pollinated flowers; BMF = Butterfly-
or moth-pollinated flowers; BtF = Beetle-pollinated flowers; CEF = Central Euro-
pean flora; COL = Coleoptera; DIP = Diptera; ENT = Entomogamous; FIF =
Fly-pollinated flowers; LEP = Lepidoptera; MEL = Melittogamous; MYI =
Myiogamous; NAH = Non-apoid Hymenoptera; P+P = Psychogamous or
phalaenogamous; SF = Single flower as pollination unit.

A-1to0 5, B-1 and 2, C-1 to 4 and D-1 to 4 give the significances of the differences
in A, B, C and D by chi-square testing. Explanation: 1 = 0.01<p=0.05; 2 =
0.001<p=<0.01; 3 = 0.0001 <p=<0.001; 4 = p=<0.0001.

A Total SF A-1 A-2 A-3 A-4 A-5
CEF 3249 4164 CEF SF ENT SF BtF SF FIF SF BeF SF
ENT 2610 51.03 ENT 4 BtF 2 BeF 2 BeF 4 BMF4

BtF 1184 4282 BeF 4 FIF 4 BMF 2

FIF 1744 37.79 BMF 2 BMF 4

BeF 2154 51.81

B Total SF B-1 B-2

ENT 2610 51.03 ENT SF MYI SF

MYI 151 1795 MYI 4 MEL 4

MEL 639 7465 MEL 4 P+P 4

P+P 9 90.63 P+P 3

C Total SF C-1 C-2 C-3 C-4
COL 444 42.34 CEF SF ENT SF COL SF NAH SF
DIP 845 4544 ENT 4 COL 1 APO 1 APO 2

NAH 445 39.78 APO 3 NAH 2 LEP 1
APO 945 51.96
LEP 518 48.45
CEF 3249 41.64
ENT 2610 51.03

D Total SF D-1 D-2 D-3 D-4
COL 1598 32.79 COL SF DIP SF NAH SF APO SF
DIP 6628 3799 DIP 2 NAH 4 APO 4 LEP ¢4
NAH 2148 20.35 NAH 4 APO 4 LEP 4

APO 7918 46.67 APO ¢

LEP 2867 37.84 LEP 1
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pollinated flowers have a lower frequency than the bee-pollinated flowers, but
higher than the butterfly- or moth-pollinated flowers (table 6-7A-3). The fly-
pollinated flowers are intermediate, (table 6-7A-4).

Distribution of the single flower as pollination unit with reference to the pollinating insects
among the obligatory, entomophilous pollination types

It appears (table 6-7B) that the more specialized obligatory pollination types
mainly have single flowers as pollination units. Only the myiophilous flowers
have significantly much less single flowers as pollination units (table 6-7B-2).

Distribution of the single flower as pollination unit with reference to the pollinating insects
among the species of which the flowers are visited by the various insect groups, Qualitative
analysis

There are no pronounced differences between the species of which the
flowers are visited by the various insect groups (tables 6-7C and 6-7C-3 and
4). In comparison with the species of which the flowers are visited by the
Apoidea and Lepidoptera, only those visited by the non-apoid Hymenoptera
(and to some degree by the Coleoptera) have less often single flowers as
pollination units (tables 6-7C-3 and 4).

Disposition of flower visits of the various insect groups with reference to the single flower
as pollination unit in reference with the pollinating insects, Quantitative analysts

The differences between the insect groups are much more pronounced than
in the qualitative analysis. After the tables 6-7D and 6-7D-1 to 4 the following
series can be made, arranged from low to high frequency of the single flower
as pollination unit: non-apoid Hymenoptera; Coleoptera; Diptera and
Lepidoptera; and Apoidea.

Discussion

The more specialized obligatory, entomophilous pollination types mainly
are single flowers as pollination units. Only for the bee-pollinated flowers
(table 6-7A) and the visiting-activities of the Apoidea (table 6-7D) the melit-
tophilous tendency (table 6-7B) is pronounced. For the other insect groups in
comparison with their corresponding pollination types this is much less clear.
In Recent times many insects of all groups visit inflorescences with small
flowers on which the insect can pollinate also the flowers adjacent to those they
are feeding on.

In comparison with the phylogeny and fossil history of the insect taxa in
which anthophily developed, this does not mean that the inflorescences were
the main pollination units in the early Cretaceous, because in Recent times
they are more interdependent with the Coleoptera and non-apoid
Hymenoptera, than with the other insect groups involved. Inflorescences are
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more restricted in their developmental possibilities than are single flowers and
mainly have developed the dish- or brush-shaped type, which is indeed more
interdependent with the Coleoptera and non-apoid Hymenoptera. In finding
the early Cretaceous pollination units, we have to consider the inflorescences
and single flowers separately as pollination units. The question is then, which
was first, the inflorescence or single flower as pollination unit. This problem
cannot be solved by this statistical analysis, because two entirely different
structures developed about the same functional pollination units, viz. the dish-
(to bowl-) and brush-shaped flowers and the dish- and brush-shaped
inflorescences. The question can only be answered by interpretation of the
evolutionary lines within the angiosperm pollination units, based on the
Recent morphology, since fossils of inflorescences and flowers are rare.

Because almost all more obligatory pollination types concern single flowers
as pollination units, it seems logical to suppose single flowers as pollination
units of the dish- to bowl- and brush-shaped type to be the ultimate ancestors,
somewhere in the early or middle Cretaceous. As mentioned in the preceeding
sections single myiophilous flowers with some depth effect in the Upper
Cretaceous may have given rise to the melittophilous and psychophilous
flowers. To estimate the time (early or middle Cretaceous) in which the direct
ancestors of these myiophilous flowers were present, we have to question what
structure is the most probable original pollination unit within the
entomogamous Angiospermae. There are two developments possible: from
inflorescences to single flowers as pollination units and the reverse. In the first
development we have to consider inflorescences with unisexual and her-
maphroditic flowers separately. It seems difficult to start with unisexual
flowers. There is no pressure demonstrated that favours the development of
concentrations of the male and female organs into bisexual pollination units.
Such a concentration would happen only accidentally, and although it cannot
be excluded, the chance that such a development really occurs, is extremely
small. In pre-angiosperm times it, as far as known yet, happened only very
rarely, viz. in the Bennettitales and the Czekanowskiales. In the latter, how-
ever, it is a specialization of monoecy (male and female reproductive structures
adjacent; male possibly loosely subtending the female).

Starting with inflorescences with hermaphroditic flowers, however may be
possible. A selective pressure that favours continuing reduction of the numbers
of flowers can be specialization of the pollination in less, larger flowers. Such
pressure, however, seems weak and this process will mainly take place in con-
nection with increase of the numbers of ovules per carpel.

There are also arguments for the development from single flowers to
inflorescences. Starting with the single, non-specialized entomophilous, dish-
to bowl- or brush-shaped flower as pollination unit, the often injurious visits
of mandibulate, anthophilous insects with more or less developed
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anthophagous feeding-habits, may have formed the pressure to favour the
development of more, smaller flowers on the plant to spread the ovaries and
by that to avoid too extensive loss of the gynoecia. With the reduction of the
size of the flowers the food supply per flower may have become too low to be
of interest for the injurious insects. Then, the flowers became dependent on
small insects for pollination, and as we can derive from the chapters 4 and 5,
the smallest, possibly anthophilous insects present in the early Cretaceous were
the smallest Chironomoidea, the somewhat larger males of Culicoidea,
Mycetophilidae, males of Blephariceroidea, Psychodidae and Nitidulidae. As
far as known, none of these taxa became pollinators of any importance, but
as I stated before the pollination of the many, very small flowers, acting as
individual pollination units, still have to be studied in detail. It may be a very
early development within the Angiospermae. For larger, stronger- and farther-
flying, anthophilous insects the diffusely presented flowers probably were not
very attractive and as in the case of the injurious insects they had a food supply
too small to be interesting for these insects. Particularly in the case of larger
plants or trees of which the specimens were growing more distantly from each
other, the small anthophilous insects may have been imperfect cross-
pollinators. In these plants a selection to more concentrated arrangements of
flowers to attract larger pollinators is possible. The concentrations of flowers
attracted the larger pollinators and had the advantage of a certain spreading
of the ovaries. As mentioned above the inflorescences are restricted in their
developments and formed mainly dish- and brush-shaped types (with the
exceptions such as in Ficus and Arum inflorescences). The certain spreading of
the ovaries in the inflorescences allowed to a certain extent the visits of more
injurious (pollinating) insect visitors. Once compact and small-flowered, the
infloresences might have had advantages over single flowers as pollination
units. The inflorescences composed of small flowers, each with one or very few
ovules, may flower over a comparatively long time. As Burtt (1961) suggested
for Asteraceae this would lead to many different pollinations, which means that
possible recombination is explored extensively. This is in contrast to the single,
larger flowers with mostly many ovules, which receive much pollen from one
specimen (exploring possible recombination intensively).

From this reasoning it can be derived that inflorescences are more
interdependent with the more injurious than with the harmless pollinators.
This indeed is demonstrated indirectly in the quantitative analysis (table 6-7D)
and to some extent in the qualitative analysis (table 6-7C). It appears that the
Coleoptera (possibly more injurious when visiting flowers than the mainly nec-
tarivorous non-apoid Hymenoptera) are less interdependent with the single
flower as a pollination unit and, thus, more interdependent with the
inflorescences as pollination units, than are the Diptera, Apoidea and
Lepidoptera.
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In conclusion it can be stated that there are also arguments for the develop-
ment from the small single flower to the small-flowered, more compact
inflorescence as pollination unit. This means that in the early Angiospermae
extensive presence of small single flowers as pollination unit may have existed,
pollinated by small insects., and these may have given rise of more compact
small-flowered inflorescences pollinated by larger insects.

Because the Coleoptera have to be considered the main injurious flower
visitors the developments from the single flowers to inflorescences as pollina-
tion units could have started very early in the phylogeny of the Angiospermae
and the appearance of dish- or brush-shaped inflorescences in the (early)
Cretaceous is probable.

6.7 Perianth developed or rudimentary

In order to assess the importance of the perianth in attracting anthophilous
insects, with regard to possible transformation series from entomogamous to
anemogamous pollination units in the Angiospermae, the visits of the insects
to flowers with rudimentary perianth are analysed.

Distribution of flowers with rudimentary perianth among the species of which the flowers
are visited by the various insect groups, Qualitative analysis

It appears that only the species of which the flowers are visited by the
Lepidoptera differ from the species of which the flowers are visited by the other
insect groups (table 6-8A). They have the smallest number of flowers with
rudimentary perianth (tables 6-8A-1 to 4). Within the species of which the
flowers are visited by the other insect groups only those visited by the Diptera
have more often flowers with rudimentary perianth than those visited by the
Apoidea (table 6-8A-2).

Disposition of insect visits of the various insect groups with reference to the flowers with
rudimentary perianth, Quantitative analysis

As already demonstrated in the qualitative analysis the Lepidoptera least
visit flowers with rudimentary perianth (tables 6-8B and 6-8B-1 to 4) in com-
parison with the other insect groups involved. Among the latter two groups can
be recognized: the Coleoptera and non-apoid Hymenoptera visit fewer flowers
with rudimentary perianth than do the Apoidea and Diptera (tables 6-8B-1 to
4).

Discussion

It has to be mentioned that this analysis is somewhat unbalanced by the very
many observations of insect visits to Salix species (Knuth, 1899). It appears
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Table 6-8. Frequencies of perianth absent among the species of which the
flowers are visited by the various insect groups, Qualitative analysis (A);
ibid. Quantitative analysis (B) of the central European flora.
Abbreviations: APO = Apoidea; COL = Coleoptera; DIP = Diptera;
LEP = Lepidoptera; NAH = Non-apoid Hymenoptera; PR = Perianth
rudimentary.

A-1 to 4 and B-1 to 4 give the significances of the differences in A and
B by chi-square testing. Explanation: 1 = 0.01<p=<0.05; 2 =
0.001<p=0.01; 3 = 0.0001<p=<0.001; 4 = p=<0.0001.

A Total PR A-1 A-2 A-3 A-4
COL- 444 473 COL PR DIP PR NAH PR APO PR
DIP 845 698 LEP 1 APO 1 LEP 1 LEP 1
NAH 445 4.94 LEP 4

APO 945 4.34

LEP 518 1.93

B Total PR B-1 B-2 B-3 B-4

COL 1598 3.44 COL PR DIP PR NAH PR APO PR
DIP 6628 6.34 DIP 4 NAH 3 APO 2 LEP 4
NAH 2148 419 APO 3 LEP 4 LEP 4

APO 7918 5.82 LEP 4

LEP 2867 1.19

that the more harmless insect visitors such as Diptera and Apoidea, are the
main visitors of flowers with rudimentary perianth among the insect groups
included. Both can be attracted to nectar and pollen.

It appears that the most injurious anthophilous insects, viz. the Coleoptera
(together with the non-apoid Hymenoptera, and in addition to the
Lepidoptera) least visit flowers with rudimentary perianth. This means that
the loss of perianth, causing inconspicuousness, could be considered to give
some protection against visits of injurious anthophilous insects. However,
owing to the fact that rudimentary perianth is correlated with developments
towards unisexual pollination units (both entomophilous and anemophilous
types), which have the same effect (separation in space of the gynoecia and the
pollen), but which are possibly mainly developed under the selective pressure
of imperfect self-pollination avoiding dichogamy (see section 6.14), it is not
known whether reduction of the perianth is effected under the selective
pressure of the visits of injurious insects. May be within hermaphroditic,
entomophilous, flowers with rudimentary perianth it may be the case, but it
is subject to doubt since it is known that the Coleoptera visit more
anemophilous flowers or inflorescences to feed on pollen than do the other
insect groups included (see section 6.2). In conclusion, it can be said that
reduction of perianth can be considered mainly a development towards
anemophily, or in the case of the presence of nectar, towards a rather
specialized type of entomophily (e.g. Salix species that are mainly melit-
togamous and in aroids which developed sapromyiophily).
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Because no clear evolutionary lines are demonstrated, it is not possible to
correlate the state of development of the perianth with the phylogeny and fossil
record of the insect taxa in which anthophily developed. Wagenitz (1975) con-
sidered reduction of flowers to be an apomorphous feature.

6.8 Colours

co-authored by M. ZANDEE

The colours occurring among the flowers of the central European flowers are
registered after Hegi (1906-1931, 1936, etc. and 1966, etc.). In this analysis
all colours mentioned are taken into account, viz., the variation within the
species, as well as the various colours within the flower.

The colours taken into account are listed as follows, mainly according to Lan-
jouw et al. (1968):

White (albus), inclusive pure white, snow white (candidus, niveus), milky white
(lacteus), creamish white (eburnus), silvery white (argenteus) and whitish
(albidus);

Yellow (flavus), inclusive vivid yellow (luteus, lutescens), lemon yellow
(citrinus), sulphuric yellow (sulphureus), ochre (ochraceus), straw
(stramineus), pale yellow (luridus) and yellowish (flavescens);

Orange (aurantiacus);

Red (ruber), inclusive blush (rubeus, rubicundus, rubellus), brick red
(lateritius), carmine (puniceus), blood red (cruentus, sanguineus), fiery red
(flammeus, igneus), vermillion, cinnabar (cinnabarinus), scarlet (coccineus),
ruddy (rufus), reddish (rubescens) and redding (sanguinalis);

Pink (roseus);

Brown (brunneus), inclusive auburn (badius, spadiceus), dusky brown, grey
brown (fuscus, fuscescens, phaeus) and rust-coloured (ferrugineus,
rubiginosus);

Purple (purpureus, purpurascens);

Lilac (lilacinus);

Blue/violet (caeruleus and violaceus), inclusive azure (azureus), Prussian blue
(cyaneus), lavender, grey blue (caesius) and blueish (caerulescens);

Green (viridis), inclusive olive green (olivaceus), dark green (atrovirens), sea
green (glaucus), blueish green (glaucescens) and greenish (virescens).

Grey and black, as mentioned in Hegi (loc. cit.), appear to occur in too low
frequencies to be taken into account. They exclusively occur within
entomophilous flowers and together with other colours they may play a role in
guiding the insects towards the nectaries. Most instances of grey and black,
however. are found in Ophrys species which imitate female Bombinae to attract
the male Bombinae for pollination purposes.
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The analysis in this section only concerns the colours visible to the human
eye, not ‘‘translated’’ to insect colours, as mentioned in Kevan (1978). Ultra-
violet is not taken into account, because there are not enough observations
made in the central European flora at species level to carry out proper com-
parative statistical analysis. This means that the analysis misses one of the
wavebands attractive to insects, as Kevan (1978) noted: ‘‘despite the well-
founded observations that ultra-violet is highly visible to insects, it appears no
more important in attraction than other wavebands of the light reflected from
flowers’’. ‘

Mixtures of colours visible to the human eye with ultra-violet (bee colours)
(Daumer, 1956 and 1958; Kevan, 1978) are not taken into account. This
means that some colours are incorrectly correlated with the insect groups, e.g.
Primula veris lacking ultra-violet is yellow, but Helianthus annuus with ultra-violet
reflection is bee purple; Papaver rhoeas reflecting red and ultra-violet is ultra-
violet for the red-blind Apoidea.

One of the aims of this analysis is to trace whether pigments taking part in
the metabolism of the plants (chlorophylls, carotenoids and xanthophylls; see
e.g. Seward, 1964) can be considered more plesiomorphous in attracting
insects, than are other pigments (flavones and anthocyanins).

6.8.1 Analysis by 2x2 chi-square testing

Distribution of the floral colours among the anemophilous and entomophilous pollination
types

It appears that the entomogamous species have more often white and real
colours and less green in their flowers than have the anemogamous species
(tables 6-9A and 6-9A-2). All facultative and obligatory, entomophilous
pollination types show these differences (table 6-9A-2), except the species with
beetle-pollinated flowers for brown and lilac, and those with fly-pollinated
flowers for brown.

Distribution of the floral colours among the species belonging to the facultative and
obligatory, entomophilous pollination types

Within the analysis among the entomogamous species white and green are
taken apart. Green does not effect any conspicuity in the foliage. White does,
but cannot be considered a selective colour, because it is due to multiple reflec-
tions of all wave-lengths in the intercellular spaces between uncoloured cells,
while all real colours are due to pigments.

Beetle-pollinated flowers (table 6-9A-4) appear to have comparatively low
frequencies of white and real colours, except for yellow and green. Comparison
with the other facultative and obligatory pollination types shows that beetle-
pollinated flowers need less real colours to attract their pollinators. In com-

149



O < o
R R
S
ERLR R R R
-

1€°6
96°8
Leel
G091
LO°TT
LE06
16°L2
D

o R R
o W

00'8T
¥1'¢e
92°071
809
0561
94’0
€L'6l
Ad

[oR R R UR R
PIR R R

89°6
L1'8
8%
6C°'¢
9¢°L
8G°¢
0%'9
T

O~ N — — D00

MmO N—O

+
NN NN

[@RLR R LR

z*-«***

¥9°91
9r°'er1
6¥'8
16°6
8811
19°0
66
d

o &+

-

-
=]
A

81'8¢2
96°1C
0¥'91
IL°et
69°0¢
28’1
LL9T
E: |

1£°6¢

€1'ee
A

O

14544
£e'8%
LL 6%

D

685
14914
1474
811
0192
8¢9
6%c¢
rewor

JNd
J°4d
J1d
Jd
ILNY
ANV
A4D
1-v

JINd
dJ°d
Jid

"1000°05d = % '100°05d>10000 = € ‘10°05d>1000 = Z ‘60°05d>10°0

= [ :uoneueldxy -Suns9) srenbs-1ys Aq (@ pue D ‘g ‘V UL SIDUISJIP Y1 Jo saouedytudis ay) A3 § 01 [-(] Pue 9 03 [-D) ‘C 01 [-g ‘Q O [-Y
"MO[PA + X PIYM = M Py =
g oidang = ng ‘yuig = 14 ‘snowreSousereyd pue snowreSoyddsgy = g+ J ‘98uei) = O ‘ersdouswAl prode-uoN = YN ‘snoureSorApy
= AN ‘snowreSonipI = TN ‘erdndopidor = g foe[r] = T ‘ussin) = 0) {siamofy pajeurod-A[ = J[J ‘snoweSowojug = JNF
‘eandiq = JIQ ‘essidosjon = r[OD ‘eioy uesdomny [EnUs) = JHD V[OlA-AaN[g = A- = A{ ‘s1amop pareuljod-af1adg = Jig ‘sIomo[j
pareurjjod-yrowr Jo -Apranng = JNG s19mofj pateurod-asg = Joag ‘umorg = ¢ ‘eaplody = QJV ‘snoweSomwduy = FNV SUONRIAAIQQY
‘eio]j ueadoiny renuad ay jo ((q) ssdjoup
sanopuon() "piqu (D) sistioup sayoyongy ‘sdnoud 103sut snotrea 3yl Aq paiisia ale SIaMO[J 3yl Yo1ym Jo sardads “piqr {(g) sad£1 uoneurjod Axore8iqo
pIqr {(v) sadAy uonreurfjod £xo3ediqo pue aanejnoey sy 01 Surduopaq sewads oy Jo s1amop a1 Suouwre siNOjod Y Jo satouanbaig '6-9 dqe L

150



(234 1xau uo pmunuor))

4
Ad

[GRUR N

LO'TT  06°61
12°L2 €461
09°'6 8%'GC
¢C'Il 99°¥e
90'ST  6L°01
06'¢ct 1291
LY LL°GT
D Ad
v ¥ @
d+d ¥+ ¥+ ¢+
TIW Ad T Wd
¢d :
6¢°L +$0°9¢
80°6 TR 4
¥9'v L6°¢
LO'IT 05761
D Ad
¥y ¥ ¥
¥ ¥ ¢ 1
2
A T nd 4

9¢°L
0+'9
8G°IT
b6
¥8°¢
668
99°L

r %

Ad nd

o~
< <

Lg ot
62’8

1221
L1°el

[
d

¢c'e 8811
€8'¢ ¥6'6
0L'C €L°81
€'y 9LET
Lg's 96701
¥8'¢c €811
€0'c 9I'¢l
d d

d+d

JNE €
424 D
9V

JNg T
g4
14
CL )
v

69°0¢ 8¢'I
Lror It
96’8 1672
20'vc  6G°'1
LS°18 C0°C
660 991
¥I'61 66T
p. | 0]
T
120 2 4
¥ ¢ ¥
Ad T d
6006 802
02'0¢ 60T
8¢°L -
69°0C 8¢'I
k| O
L2 2 4
Yy ¥ €
Ad T nd
r ¥
€
¥y ¢ ¢
¥y v ¥
Ad T ™d

16768
e1'ee
19°8¢
¢6°0%
£¥'8¢
I6°LE
66'0%

Ge'lIe
69°0%
9¢°'11
1€°6¢

Mmoo -
eoen

¢6°06 0192 INI
L9'1%  6F2E LEcte)
Lg6S 816 da1
$G'eS 66 Odv
€665 G¥Y HVN
6096 G¥8 d1d
£€6°8¢ b T0D
M BoL 0]
4 d+d

14 TANW

¥ ¥ ¥ IAN

d A M UNT

) 1-d

¥0'16 96 d+d
L3CS 659 TAN
L0°06 1IST 1A
¢6°0¢ 0192 INF
M oL q
L4 I JNd

1 2 ! J°d

d A M A
U4

¥ ¢ JNg

4 J°d

g Jid

€ € ¢ g

d A M UNT
124

(pmunuo)) 6-9 719vL

151



Q=

-

(G

>
mﬁ'ﬁ'

>
mﬁ'ﬁ"ﬂ"

-

(GRS

—

d

n::we-q-

vy ¥ ¥

4 d o

T ¥ ¥

Yy v ¥

v 1

4 d o
L's 1€°L¢
0z2'01 1292
£8'¢l  ¢I'L
£¥'or  g1°CI
92’6 68°6
) Ad

4 dd1
I Odv
d M HVN
60

¢y € €
{20 S
)
!

Ad T ™d

Om™

Qo

o

9%°91
6’8
99'%
6'6
13 O

>
BONF

-

91'02
£€g'el
8s'¥
or'9
9z'¥
nd

2]

TN~

¥y ¥ ¥ ¥
47T ¥+ ¥ ¥ ¥
odvV D Ad T "d
-a
¥y ¥ ¥ ¥
da7T 12 4
Odv ¥ T ¢
HVN I ¢ ¢
did D A9 T ™d
¢-a
96'¢c 9¢°C¢ LG'VE
0L’y 1661 68°LT
¥¥'1 806 2081
66'1T 6¥2l 9902
GL'T 8601 O¥%'8I
q d a
€ € & ddT ¢
OdvV ¢
HVN
" d 4 did D
-0
da1 ¥ ¥ ¥ ¥
Odv % ¥ ¢ ¢
HVYN % ¢
diIa ¥ ¢
T00 %
AINT D A9 T W
¢-0

M

A 2
e
8G'1
90°'¢
€9°C

0

A
oY &

<+

1A 44
18°%%
GE'T¢
£8'Ch
98°LE

d

SRR - Vo

&

y v ¥

¥y ¥ ¥

O A M

T ¢ ¢

LA £

T % 2

¢ ¥

O A M
6629 L98C
€696 816L
8I'TL 8%IT
12°19 8299
80°L9 8641
M Bl

r 1 1

d ¥4 M

¢ £

I g

4 d4 ¥

r 2z 3

12 4

¢ ¥

T ¥

€ ¥

O A M

dd1
Odv
HVN
¢-d

dd7T
OdVv
HVN
d1d
100
1-a

dd71
Odv
HVN
d1a
100
a

dd71
odv
9-0

dd71
Odv
HVN
100
€0

d371
Odv
HVN
d1d
TOO
A4
-0

(pmunuo)) 6-9 9oL

152



parison with the fly-pollinated flowers the beetle-pollinated flowers more often
have yellow colours. Green is more common in the beetle-pollinated flowers
than in the flowers pollinated by other insect groups.

Fly-pollinated flowers (tables 6-9A-4 and 5) are much like the beetle-
pollinated flowers in comparison with the bee- and butterfy- or moth-
pollinated flowers. They have more often white, lilac and blue-violet and less
often yellow and green floral colours than have the beetle-pollinated flowers.
This means that the fly-pollinated flowers utilize more shorter wave-lengths in
attracting their pollinators than do the beetle-pollinated flowers.

Bee- and butterfly- or moth-pollinated flowers utilize more extreme wave-
lengths in attracting their pollinators than do beetle- and fly-pollinated flowers
(tables 6-9A-4 to 6). The bee-pollinated flowers show a shift towards the
shorter wave-lengths (purple (in comparison with the beetle- and fly-pollinated
flowers), lilac and blue-violet) and somewhat less to the longer wave-lengths
(red, pink, purple (in comparison with the butterfly- or moth-pollinated
flowers) and lilac). In the butterfly- or moth-pollinated flowers the reverse is
demonstrated (tables 6-9A-5 and 6).

Distribution of the floral colours among the obligatory entomophilous pollination types

Here the tendencies found in the facultative and obligatory, entomophilous
pollination types are demonstrated again. In the myiophilous flowers fewer
real colours are present than in the melittophilous and psychophilous and
phalaenophilous flowers (tables 6-9B and 6-9B-2 and 3). The melittophilous
flowers show a strong shift towards colours of shorter wave-lengths (table 6-9B-
3) and the psychophilous and phalaenophilous flowers do less so. The red and
red-mixed colours do not discriminate between the psychophilous + phalaeno-
philous and melittophilous flowers. This may be due to the fact that the mostly
whitish, phalaenophilous flowers are included, which decreases the overall fre-
quency of red and red-mixed colours.

Distribution of the floral colours among the species of which the flowers are visited by the
various insect groups, Qualitative analysis

Let us now see to what extent the flowering plant species behave in cor-
respondence with the utilization of the colours in the entomophilous pollina-
tion types, with regard to their insect visits. The frequencies of this qualitative
analysis are presented in table 6-9C. As is demonstrated in the tables 6-9C-3
to 5 the species of which the flowers are visited by the non-apoid Hymenoptera
have more white and green, and fewer real colours (particularly lower frequen-
cies of lilac and blue-violet) in the flowers than have the species of which the
flowers are visited by the other insect groups. The species of which the flowers
are visited by the Coleoptera and Diptera have less white and green, and more
real colours in their flowers (yellow, orange, lilac and blue-violet) than have
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those visited by non-apoid Hymenoptera, but fewer real colours and more
white than those visited by Apoidea and Lepidoptera. Besides some differences
between particular groups this is expressed in blue-violet. The species of which
the flowers are visited by the Apoidea and Lepidoptera have more real colours
of short wave-lengths in their flowers than have those visited by the other insect
groups. The red and red-mixed colours are more interdependent with the
species of which the flowers are visited by the Lepidoptera than with those
visited by the Apoidea (red and pink).

Disposition of flower visits of the various insect groups with reference to the floral colours,
Quantitative analysis

Here the same tendencies are found as in the qualitative analysis. The dif-
ferences, however, are more pronounced. In tables 6-9D and 6-9D-1 to 4 two
groups can be distinguished. The Coleoptera, Diptera and non-apoid
Hymenoptera visit less real colours (red, pink, brown, purple and blue-violet)
than do the Apoidea and Lepidoptera. Within the first group the non-apoid
Hymenoptera least visit real colours (particularly those of the shorter
wavelengths: lilac and blue-violet). The Coleoptera do so somewhat more than
the non-apoid Hymenoptera (orange, lilac and blue-violet), but less than do
the Diptera (pink, purple, lilac and blue-violet). Within the second group the
Apoidea visit more yellow and brown, and less orange, red, pink and purple,
than do the Lepidoptera.

6.8.2 The interdependence among floral colours and visiting insect
groups. An analysis by reciprocal averaging

Introduction

Reciprocal averaging or correspondence analysis is a technique for display-
ing the rows and columns of a two-way contingency table as points in (low-
dimensional) space. We can either choose to make separate displays for rows
and for columns, or we can make a joint display for both of them. The latter
option is chosen here. By interpreting the geometrical relations within and
among the joint representation of row and column profiles, we hope to arrive
at a more comprehensive overview of associations among insect taxa and the
colours of the flowers visited by them, than can be attained by breaking up the
data matrix into numerous 2x2 chi-square tests.

In the present context both types of analysis (correspondence analysis and
chi-square tests) are used for descriptive purposes only. A strict probabilistic
interpretation is made impossible by the violation of assumptions relating to
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sampling-procedures and statistical interdependence. In correspondence
analysis the displays are simply representations of the data in a form which is
more convenient for interpretation. For a detailed account on the mathematics
and computations involved in correspondence analysis we refer to Greenacre
(1984), and Lebart et al. (1984). Here we will only give an informal account
on interpretative guidelines.

The analysis starts with a table of frequencies (data matrix). The insect taxa
are represented by the rows and the colours by the columns. In case of ordinary
characters, instead of visit frequencies for flowers of given colours, we could
measure the similarity among insect taxa by e.g. their euclidean distances.
Now we have to apply a weighted euclidean distance, i.e. the normal euclidean
distance based on frequency disparity is weighted by the expected frequency.
The statistic result is called a chi-square distance. The correspondence analysis
is aimed at providing a parsimonious representation ( = in as few dimensions
as possible) of these chi-square distances both among taxa and among colours.
Because of the weighting of the euclidean distances the analysis is independent
of differences in absolute frequencies and solely results from the disparities in
relative frequencies (proportions).

Each dimension (axis) resulting from the analysis summarizes a part of the
total variance (or inertia) present in the distances among rows and among col-
umns. The first dimension takes the largest share of the total inertia, the others
take lesser and gradually decreasing parts. The dimensions are mutually
orthogonal (perpendicular) and therefore the summaries are mutually
independent. We can judge the importance of each dimension by the propor-
tion of the total inertia that it carries. We can judge the importance of the
insect groups and flower colours (row and column points respectively) with
respect to the separate dimensions by their absolute contributions to the
respective inertia of the dimensions. For interpretative purposes we can also
compute the extent by which the separate dimensions explain the variance in
relative frequencies in each insect and colour profile. Based on these absolute
and relative contributions we can assign some descriptive name to each axis
to guide us in our interpretation. Also we must realize that geometrically a par-
ticular insect profile tends to occupy a position which corresponds to the colour
categories which are prominent in that insect profile. However, we must be
aware of the emphasis on profiles. It is legitimate to interpret the relative posi-
tion of one insect profile with respect to all colour profiles (or vice versa), but
we should avoid interpreting distances between single points of different
origin, i.e. a separate insect group (row) and colour (column), since such
distances are not explicitly defined; only the distances either between rows or
between columns are.
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Results

The results are presented in figs. 6-1 and 2. These are scattergrams display-
ing the rows and columns of table 6-9C as points in a 2-dimensional space. Fig.
6-1 summarizes 72 percent of the total variation in frequencies; 58 percent in
the first dimension and 14 percent in the second.
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Fig 6-1. Scatter diagram showing the ordination of rows (insect taxa) and columns (colours),
as for the insect groups in table 6-9C, on the first pair of principal axes (dim 1, dim 2), resulting
from reciprocal averaging. Scale measurement for both abcissa and ordinate is in weighted pro-
portional deviations from the average frequency (x10). Explanation: Al = first eigen value; A2
= second eigen value. The figures in parenthesis indicate the percentages of total inertia.
COLEOPTERA: C1 = Staphyliniformia; C2 = Scarabaeiformia; C3 = Buprestoidea;
C4 = Flateriformia; C5 = Cantharoidea; C6 = Dermestoidea; C7 = Nitidulidae; C8
= Coccinellidae; C9 = Cerambycidae; C10 = Chrysomelidae; Ci11 = Curculionidae.
DIPTERA: D1 = “Nematocera’’; D2 = Orthorrhapha; D3 = Aschiza; D4 = Schizophora.
NON-APOID HYMENOPTERA: H1 = Symphyta; H2 = Ichneumonoidea; H3 =
Evanioidea; H4 = Scolioidea; H5 = Vespoidea; H6 = Sphecoidea; H7 = Chrysoidea; H8
= Formicoidea. APOIDEA: Al = Colletidae; A2 = Halictidae; A3 = Andrenidae; A4 =
Melittidae; A5 = Megachilidae; A6 = Anthophoridae; A7 = Apinae; A8 = Bombinae.
LEPIDOPTERA: L1 = Tortricoidea; L2 = “‘Tineoidea’ (in the sense of Knuth (1898a,
1899), compare section 4.3); L3 = Pyraloidea; L4 = '’Rhopalocera’ (in the sense of Knuth
(1898a, 1899), compare section 4.3); L3 = Geometroidea; L6 = Bombycoidea; L7 =
Sphingoidea; L8 = Noctuoidea.
COLOURS; BR = brown; BV = blue-violet; GR = green; LI = lilac; OR = orange; PI
= pink; PU = purple; RE = red; WH = white; YE = yellow.
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Interpreting the first dimension in terms of colours we see a gradual shift
from green and white at the left, through yellow in the center, to the red and
finally blue colours at the right. This shift in colours is accompanied by a shift
in insect groups from Coleoptera and non-apoid Hymenoptera at the left to
Apoidea and Lepidoptera at the right. We also notice that both left hand
groups and the Diptera occupy a larger space, i.e. are more variable with
respect to visit frequencies, than the right hand ones (Apoidea and
Lepidoptera). The position of the Tinoidea (L2) is very distinct when com-
pared with the other Lepidoptera, and can be explained by the relatively larger
contribution of yellow and white ( + green) in its colour profile (much more
‘‘coleopteran’’ or ‘‘non-apoid hymenopteran’’).

The second dimension shows a distinct disparity between the Lepidoptera
on the one hand and the Apoidea on the other. Again the Coleoptera and non-
apoid Hymenoptera are inseparable and both very variable, spanning about
the same space as the difference between Apoidea and Lepidoptera. This is
accompanied by a shift in colour profile from white + red colours to blue col-
ours + brown + green.

The third dimension (fig. 6-2) adds another 12 percent of summarized varia-
tion in frequencies. It features the outstanding contribution of orange in some
insect profiles. With respect to insect groups it is accompanied by a slight shift
from non-apoid Hymenoptera to Lepidoptera + some Coleoptera groups (C3,
C10). All Apoidea are situated indifferently in the center of this axis, i.e. in
this respect their profiles correspond more to the average insect profile.

Colour vision in anthophilous insects

The results of the 2x2 chi-square testing and the reciprocal averaging for the
taxa of higher rank are compared with a survey of the literature on the colour
vision of the anthophilous insects.

In 1793 Sprengel realized that floral colours attracted bees and other insects,
where pollination was accomplished in the process of collecting food in the
form of nectar and pollen. llse & Vaidya (1956) stated that unspecialized
anthophilous insects mainly visit yellow flowers. Valentine (1975) mentioned
that yellow as a floral colour is adaptively neutral. Although these two
statements seem to imply a contradiction, it will appear that both are correct.

Colour vision in the Coleoptera

Faegri & Van der Pijl (1980) mentioned that the main colours of the beetle-
pollinated (cantharophilous) flowers are brown, drab and white. Miiller (1881)
mentioned that the Coleoptera prefer yellow and Harde (1979) recorded that
the anthophilous Buprestidae prefer yellow flowers.

Schlegtendal (1934) found for Chrysomela fastuosa that it can distinguish
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Fig. 6-2. Scatter diagram showing the ordination of rows (insect taxa) and columns (colours),
as for the insect groups in table 6-9C, on the second pair of principal axes (dim 1, dim 3)
resulting from reciprocal averaging. Scale measurement for both abcissa and ordinate is in
weighted proportional deviations from the average frequency (x10). The figures in parentheses
indicate the percentages of total inertia. Explanation: A1 = first eigen value; A2 = second eigen
value. The figures in parentheses indicate the percentages of total inertia. COLEOPTERA: C1
= Staphyliniformia; C2 = Scarabaeiformia; C3 = Buprestoidea; C4 = Elateriformia; C5 =
Cantharoidea; C6 = Dermestoidea; C7 = Nitidulidae; C8 = Coccinellidae; C9 = Ceram-
bycidae; C10 = Chrysomelidae; C11 = Curculionidae. DIPTERA: D1 = ‘“Nematocera’’;
D2 = Orthorrhapha; D3 = Aschiza; D4 = Schizophora. NON-APOID HYMENOPTERA:
H1 = Symphyta; H2 = Ichneumonoidea; H3 = Evanioidea; H4 = Scolioidea; H5 =
Vespoidea, H6 =  Sphecoidea; H7 =  Chrysoidea; H8 =  Formicoidea.
APOIDEA: Al = Colletidae; A2 = Halictidae; A3 = Andrenidae; A4 = Melittidae; A5 =
Megachilidae; A6 = Anthophoridae; A7 = Apinae; A8 = Bombinae. LEPIDOPTERA: L1
= Tortricoidea; L2 = ‘“‘Tineoidea’’ (in the sense of Knuth (1898a, 1899), compare section
4.3); L3 = Pyraloidea; L4 = ’’Rhopalocera’ (in the sense of Knuth (1898a, 1899), compare
section 4.3); L5 = Geometroidea; L6 = Bombycoidea; L7 = Sphingoidea; 1.8 = Noctuoidea.
COLOURS: BR = brown; BV = blue-violet; GR = green; LI = lilac, OR = orange; PI
= pink; PU = purple; RE = red; WH = white; YE = yellow.

yellow from blue, yellow from green, orange from blue, orange from green,
and green from violet. It does not distinguish between blue and violet. This
means that Chrysomela fastuosa distinguishes better in the longer wave-lengths
(shorter than red) than in the shorter wavelengths. Geotrupes silvaticus can
distinguish yellow from blue, yellow from green, orange from green, violet
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from blue, and violet from orange. It does not distinguish between green and
violet. This means that Geotrupes silvaticus can distinguish the same colours as
Chrysomela fastuosa, but has a somewhat better sensitivity in the wave-lengths
a little shorter than blue.

Goldsmith & Bernard (1974) registered that the sensitivity maxima of the
adult Dineutes are at ca. 380 nm (longer wave-length of ultraviolet) and 520 nm
(green), and of Carabus at 348 nm (ultraviolet), 430 nm (violet), 500 nm (longer
wave-length of blue) and (possibly) 620 nm (orange). Savidge (1976) con-
sidered the Coleoptera being red-blind (except for the glow-worms) and
towards the short wave-lengths they can not see further than blue. This is in
accordance with the results of Schlegtendal (1934), may be except to some
degree for Geotrupes silvaticus which may have its vision extended into violet.
This beetle, however, is not anthophilous (see section 4.1). Goldsmith & Ber-
nard (1974) found at any rate some Coleoptera having sensitivity maxima in
the ultraviolet. Their examples, however, do not concern anthophilous beetles.
There is no evidence from the literature that the Coleoptera can see red.

From the analysis it appears that the Coleoptera visit less yellow, red and
red-mixed and blue and blue-mixed colours than do the Apoidea and
Lepidoptera (tables 6-9D and 6-9D-1). This is also expressed in figs. 6-1 and
2. In addition it appears that the Coleoptera visit more white than do the
Apoidea and Lepidoptera (table 6-9D-1) and this is partly expressed in fig. 6-1,
and somewhat weakened in fig. 6-2. Evans (1975) mentioned that beetles have
not yet been shown to see ultra-violet.

Drab and brown colours (Faegri & Van der Pijl, 1980) appear not to be
interdependent with the Coleoptera. This may be due to the fact that in central
Europe the number of the more obligatory beetle-pollinated flowers is too low
to get a complete survey. Faegri & Van der Pijl (1980) mention in this respect
that typical beetle-pollination (cantharophily) is rare in the European,
extratropical flora, and prevailing concepts in pollination ecology still depend
largely on the European tradition. Beetle-pollination is as characteristic of the
tropical zone as bee-pollination is of the (semi-arid) temperate regions.

Colour vision in the Diptera

Faegri & Van der Pijl (1980) noted that the main colours of the fly-pollinated
flowers are brown and drab. Thus, they restrict the fly-pollinated flowers
(myiophily) to the syndrome of sapromyiophily. Miiller (1881), see also Kugler
(1951), stated that the Diptera with poor flower constancy prefer colours of the
white-yellow-green group above those from the blue-violet-purple group, and
that the Diptera with more developed flower constancy do so less (see also
Parmenter, 1957). Knoll (1921 and 1926a) and Kugler (1951) mentioned that
Bombylius fuliginosus is associated with blue-violet flowers. In the experiments
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of Knoll (1921) it appeared that Bombylius fultginosus ignored scarlet flowers.
This may mean that it is red-blind.

Eristalis tenax prefers yellow (Ilse, 1949; Kugler,1951) above blue and white
and mainly visits yellow and white flowers (Kugler, 1951, 1952). It can
distinguish blue and probably also purple and violet (Kugler, 1950a) and to
some degree can be trained on visiting blue; it is red-blind (Kugler, 1951). Kay
(1978) reported that Eristalis spp. show a very strong preference for yellow in
colour-polymorphic (white and yellow) populations of Raphanus raphanistrum.
Calliphora, hatched in captivity, prefered yellow above brown-purple if sweet
scents were simultaneously present, and brown-purple above yellow in case of
carrion-scents. The same was found for Sarcophaga (Kugler, 1950a, 1956). The
electrophysiological research of Autrum & Stumpf (1953) demonstrated that
the vision in Calliphora erythrocephala ranges from 400 nm (short wave-length in
violet) to 690 nm (intermediate wave-length in red) with sensitivity maxima
at 540 nm (green) and 630 nm (orange/red). It has to be mentioned that the
discrimination in the range of red (630-690 nm) is very faint. Goldsmith & Ber-
nard (1974) found for the adult Calliphora sensitivity maxima at 470 nm
(violet), 490 nm (blue), 510 and 520 nm (green), and for Musca at 360 nm
(ultraviolet), 464 and 480 nm (blue). Schlegtendal (1934) found that Fannia
canicularis can distinguish yellow from blue, yellow from green, orange from
blue, orange from green, violet from green, and violet from orange. It does
not distinguish violet from blue. Wasmann (1918) found that it was red-blind.
Kugler (1951, 1952) pointed out that Lucilia prefers yellow above blue and
white and mainly visits yellow and white flowers. It can, however, to some
degree be trained on blue. Sick (1967) found that Delia brassicae prefers yellow
above white and blue.

Savidge (1976) considered the Diptera to be red-blind. Red-blindness was
indeed found in a number of species, but some can distinguish red colours,
albeit very faintly. Towards the shorter wave-lengths some Diptera can see
ultraviolet (Musca), but many will not.

In the quantitative analysis (tables 6-9D and 6-9D-1 and 2) it appears that
Diptera visit white less and yellow, pink, purple, lilac and blue-violet more
than do the Coleoptera; white and lilac more (possibly mainly due to the white
component) and yellow, red, pink, brown, purple and blue-violet less than do
the Apoidea; and orange, red, pink, brown, purple, lilac and blue-violet less
than, and white and yelow about equally as much as do the Lepidoptera.
These results are to some degree (based on the qualitative analysis) also
exposed in figs. 6-1 and 2, and generally agree with the survey of colour-vision
in the Diptera, compared with that in the other insect groups.

Colour vision in the non-apoid Hymenoptera
Faegri & Van der Pijl (1980) indicated only brown as a typical colour of
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wasp-pollinated flowers. Miiller (1881), see also Kugler (1951), mentioned
that the non-apoid Hymenoptera mainly visit flowers of the white-yellow-
green group with a preference for yellow. Kevan (1972, 1973) concluded that
the non-apoid Hymenoptera (Parasitica) visit white flowers (with open nectar).
Goldsmith & Bernard (1974) found in adult Paravespula sensitivity maxima at
374 nm (relatively long wave-length of ultraviolet), 455 nm (short wave-length
in blue) and 530 nm (green). In contrast to Molitor (1936), Schremmer (1941)
found that Vespa rufa is red-blind. Molitor (1937a) found red-blindness in the
Sphecidae. Menzel (1971) concluded in- his research on colour vision of
Paravespula germanica that wasps can see ultra violet and more colours up to 630
nm. Red with longer wave-lengths than 630 nm is not seen.

In the quantitative analysis (table 6-9D) it appears that the non-apoid
Hymenoptera visit white flowers most of all insect groups included in this
study and yellow and blue and blue-mixed colours less than do the Coleoptera
and Diptera (tables 6-9D-1 and 2). In comparison with the Apoidea and
Lepidoptera they visit less real colours (table 6-9D-3). These tendencies are
also exposed in figs. 6-1 and 2.

In the central European flora it is unlikely that brown (Faegri & Van der Pijl,
1980) can be considered as typical for wasp-pollinated flowers: it is based on
too few observations. It can be concluded that the ‘‘typical’’ wasp-pollinated
flowers, at any rate in the central European area, belong to the non-specialized
entomophilous pollination type, with white as the main attractive colour. Fur-
ther research on wasps and types as Scrophularia nodosa (cf. Schremmer, 1959;

Shaw, 1962) should be done.

Colour vision in the Apoidea

Faegri & Van der Pijl (1980) recorded white, yellow and blue as typical col-
ours of bee-pollinated (melittophilous) flowers. Miiller (1881}, see also Kugler
(1951), noted that the short-tongued Apoidea prefer colours of the white-
yellow-green group, and longer-tongued Apoidea those of the blue-violet-
purple group.

Most of the research on the colour vision of the Apoidea has been carried
out on the honey-bee Apis mellifera. Von Frisch (1914) found that Apis mellifera
can be trained on blue and also distinguishes yellow, blue-green and ultraviolet
(Kihn & Pohl, 1924; Kithn, 1927; Kugler, 1951). After the records of Knuth
(1899) Kugler (1951) found that the flowers visited by Apis mellifera for 61%
belong to the white-yellow-green group and for 39% to the blue-violet-purple
group. This means that the statement of Miiller (1881) that long-tongued
Apoidea prefer colours of the blue-violet-purple group is not valid for Apis
mellifera. The honey-bee, indeed, forms an exception within the higher
Apoidea. As pointed out earlier (chapter 5) the hibernating colonies need
many flower visits to build sufficient supplies. It is very well possible that these
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necessary supplies could not built up satisfactorily when the honey-bee should
be too much restricted in colour preference to the shorter wave-lengths (blue-
violet-purple group). Kiihn & Pohl (1924) found that Apis mellifera is red-blind
(see also Kugler, 1951 and 1971a), as Molitor (1937, 1937a) did for some
solitary bees: Prosopis, species of Colletes, Halictus and Osmia (while Panurgus and
Tetralonia are not). Kiihn (1927) pointed out that the colour vision of honey-
bees ranges from 313 to 650 nm, with the following ranges distinguished: 313-
400 nm (ultraviolet), 480-500 nm (blue-green) and 500-650 nm (green,
yellow). Daumer (1956, 1958) found that Apis mellifera can see in the yellow
range orange (616 nm), yellow (588 nm) and green (530 nm); in the blue-green
range green (530 nm) and blue (474 nm); in the blue range blue (474 nm) and
blue-violet (440 nm); and in the ultraviolet range 375 and 360 nm. Discrimina-
tion in the blue range is better than in the yellow range. Pedersen & Todd
(1949) and Kauffeld & Sorensen (1971) found that Apis mellifera prefers purple
flowered cultivars in colour-polymorphic populations of Medicago sativa. Leleji
(1973) found that Apis mellifera, searching for pollen, visited white flowers more
often than purple flowers in colour-polymorphic populations of Vigna sinensis.
Also Kugler (1929) found that the white-yellow-green group is attractive for
honey-bees in Bryonia dioica. Goldsmith & Bernard (1974) found sensitivity
maxima for adult female Apis mellifera at 340 (345) nm (ultraviolet), 430 nm
(violet), 460 nm (blue) and 530 nm (green).

The colour vision of the Bombinae is much like that of Ap:s mellifera (Kugler,
1943a). They can distinguish yellow, green and blue-violet (Kugler, 1930,
1943a, 1950, 1951) and within the latter they perform best. They prefer pur-
ple, and to a lesser extent yellow (Kugler, 1931, 1932, 1935, 1943). Also Werth
(1949) and Kevan (1972) mentioned that flowers reflecting blue, receive pro-
portionally greater attention from bumblebees than from other insects. Leleji
(1973) reported that bumblebees, apparently sucking nectar, in colour-
polymorphic populations of Vigna sinensis visit purple flowers more often than
white ones. In colour-polymorphic populations of Raphanus raphanistrum Kay
(1978) found that Bombus spp. show a preference for white over yellow. Kugler
(1951) mentioned that Bombus as well as Apts mellifera are red-blind (see also
Molitor, 1937). Vuyk (1922) mentioned that purple seems to be very attractive
to Bombus. Knoll (1935) found the same for Prosopis. For the Megachilidae
Goplen & Brandt (1975) found that Megachile pacifica prefers purple flowers in
colour-polymorphic populations of Medicago sativa. Kugler (1929) mentioned
that Andrena florea is attracted by colours of the white-yellow-green group in
Bryonia dioica.

In the quantitative analysis (table 6-9D) it appears that the Apoidea visit less
white and more yellow, red and blue and blue-mixed colours than do the Col-
eoptera, Diptera and non-apoid Hymenoptera (tables 6-9D-1 to 3). These
tendencies are also illustrated in figs. 6-1 and 2. In this respect it has to be men-
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tioned that the relatively high frequency of visits to red flowers (table 6-9D)
is not caused by attraction of the wave-lengths of red, but, more probably by
the reflection of ultraviolet, since the Apoidea can be considered red-blind.
The Apoidea visit red and pink less than do the Lepidoptera (table 6-9D-4 and
figs 6-1 and 2).

Colour vision in the Lepidoptera

Faegri & Van der Pijl (1980) indicated yellow, blue and red as typical colours
of butterfly-pollinated flowers, and drab and white as typical for moth-
pollinated flowers. Miller (1881), see also Kugler (1951), found a slight
preference of Lepidoptera for flowers belonging to the blue-violet-purple group
over those belonging to the white-yellow-green group. Ilse & Vaidya (1956)
concluded that some apomorphous butterflies are associated with blue flowers
and Ilse (1928) and Tinbergen et al. (1942) stated that the less advanced
Lepidoptera mainly are attracted by yellow flowers. Ilse (1928) found that
many higher Lepidoptera can see red and orange, yellow and yellow-green,
and blue-violet-purple. Proctor & Yeo (1973) noted that in the Mediterranean
region the scarlet flowered Lychnis chalcedonica is visited by butterflies, as are
many scarlet flowers in subtropical and tropical regions. Goldsmith & Bernard
(1974) also reported that some apomorphous Lepdioptera have red-sensitive
vision. Kugler (1951) found that some butterflies react spontaneously to red.
Vogel (1972) reported that Levin (1969) found that butterflies prefer violet
over white in Phlox flowers. The Noctuidae Amphipyra pyramidea, Orthosia lota,
O. circellaris, Orrhodia vaccinii and Scopellosoma satellitia can distinguish yellow
from blue, and orange from blue. They do not distinguish between yellow and
green, orange and green, and violet and blue. The sensitivity maxima lie in
yellow and blue (Schlegtendal, 1934). Dufay (1961) found that Noctuidae
prefer short wave-lengths and Knoll (1920-1926) reported that they are not
interested in ultraviolet.

For the Sphingidae Deilephia livornica and Macroglossum stellatarum Knoll
(1925) found that they can distinguish blue-violet and purple from yellow and
also white. The latter was also found by Porsch (1904). Kugler (1971) trained
Sphingidae on the white-flowered Datura (reflecting white and ultraviolet, but
because the flowers open at sunset the latter colour will play only a minor role
in attraction) and found that between the visits to the flowers they also visit
other white objects (e.g. Kugler‘s shirt). Knoll (1927) also found that the
Sphingidae are highly sensitive for the optical signal ’white’’. Kugler (1951)
found that AMacroglossum is red-blind. Goldsmith & Bernard (1974)
demonstrated the following sensitivity maxima: for Manduca at ca. 360 nm
(ultraviolet), ca. 450 nm (violet-blue), ca. 500 nm (blue-green) and ca. 550 nm
(green) ; for Deilephia at 350 nm (ultraviolet), ca 450 nm (violet-blue) and 545
nm (green); for Macroglossum at 348 nm (ultraviolet), 430 nm (violet), 500 nm
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(blue-green) and (?) 620 nm (orange). Baker (1961) found for sphingophilous
flowers not only white to creamy colours, but also pale yellow (Oenothera hookert)
and pink (Amaryllis belladonna).

For the Geometridae Schlegtendal (1934) found that Operophtera (Cheimatobia)
brumata distinguishes the same colours as the Noctuidae. Besides the colours
that are not distinguished by the Noctuidae, Operophtera (Cheimatobia) brumata
also does not distinguish between red-pink and blue and red-pink and blue-
violet.

Ilse (1928) found within the Papilionoidea two groups concerning colour
preferences. Aglats urticae, Nymphalis polychlorus and N. io are strongly attracted
by yellow and blue; Pieris brassicae, Gonepteryx rhamni and Papilio machaon show
a strong preference for blue, violet and purple. Gonepteryx rhamni and Papilio
machaon also made visits to red, orange and yellow. Green and blue-green were
ignored by all species. Ilse (1941) demonstrated that Pierts brassicae can
distinguish at least three groups of colours: red to yellow, green to blue-green,
and blue to violet. It was stated that these results apply to the Pieridae and
Papilionidae in general. Bennet (1883) found that species of Pieris visited many
purple, violet and white flowers, but no yellow ones; Aglais urticae did show
some preference for yellow (however, there is question of only one set of obser-
vations); and Vanessa cardui invariably visited only violet and purple flowers.
Maniola jurtina visited yellow, pink and purple flowers. Kay (1978) mentioned
that Pieris spp. show a very strong preference for yellow in colour-polymorphic
populations of Raphanus raphanistrum (white and yellow). Dronamraju (1960)
observed that in pink to oranged flowered populations of Lantana camara, Prects
almana (Nymphalidae) prefer orange and Papilio demoleus (Papilionidae), Catop-
sila pyranthe (Pieridae) and Baoris mathias (Hesperiidae) prefer pink. Kugler
(1971a) reported that Pieridae and Papilionidae can see red. In Nymphalidae
(Heliconiinae) Struwe (1972) found in three species (Heliconius erato, H. numata
and H. sara), measuring the range from 310 to 650 nm, sensitivity maxima at
370 nm, 470 nm and 550-570 nm. In Heliconius numata the sensitivity of single
photoreceptor cells is maximal at 390-410 nm, 450-470 nm and 530-550 nm
(Struwe, 1972a). Swihart (1971) mentioned that Heliconius charitonius spon-
taneously prefers orange, and can discriminate finely in the yellow portion of
the spectrum. It can be conditioned to visit colours in the blue, green, orange
and red range. In multi-coloured conditioning magenta, reflecting both blue
and red components appears very attractive.

In the quantitative analysis (table 6-9D) it appears that the Lepidoptera visit
white, orange, red , pink, purple and lilac more than the Apoidea and yellow
and green less, and blue-violet about equally as much (table 6-9D-4). In the
reciprocal averaging these tendencies are also illustrated (figs. 6-1 and 2).
Particularly the high frequencies of visits to red and red-mixed colours are
partly caused by direct attraction by the red wave-lengths.
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Some notes on ultraviolet

Ultraviolet is visible for many insects (see above) and it has to be considered
a distinct colour in attracting anthophilous insects to flowers (Kevan, 1978).
Kugler (1963, 1966, 1971a) found that ultraviolet reflection is more common
in specialized flower-pollinator relationships. In dish- to bowl- and bell- to
funnel-shaped blossoms he found 50% of the species reflecting ultraviolet, in
gullet- and flag-shaped blossoms (almost exclusively pollinated by Apoidea)
70% and in butterfly-pollinated flowers 88%.
Also the number of ultraviolet reflecting patches on the petals increases with
the specialization of the pollination system, as does the number of nectar
guides in the spectrum visible to the human eye (Sprengel, 1793). Jones &
Buchmann (1974) also found that ultraviolet patterns serve as definitive
orientation-cues for visiting bees (Clements & Long, 1923; Knoll, 1926a;
Troll, 1930; Manning, 1956). Ultraviolet-markers also may serve (as those of
other colours) to break up an otherwise uniform colour pattern, making it
more conspicuous for bees. Hertz (1929, 1930, 1931, 1935) found that the
degree of dissection of the flower (-pattern) is very important in the flower-
recognition of bees.

Kugler (1972) noted, basing himself on observations of Cammerloher (1931)
and of Van der Pijl (1954) that Xylocopa-pollinated flowers often have pale, dull
colours, and here ultraviolet will be the main attractive colour.

Retrospect on the insect groups and floral colours

The records of colour-vision in the various insect groups are summarized in
fig. 6-3. After the results of both statistical analyses for the insect groups of
higher taxonomical rank, it can be concluded that with the increase of
specialization of the pollination, more colours of the blue-violet-purple group
occur in the flowers (the same can be stated for ultraviolet (see above) and in
some cases of butterfly-pollinated flowers also more red and red-mixed col-
ours). In the non-specialized entomophilous flowers yellow and white prevail.

6.8.3 The interdependences among floral colours and visiting taxa of
lower rank within the insect groups

For the taxa of lower rank within the various insect groups separate
reciprocal averaging analyses were carried out.

Coleoptera

The results of the analysis are illustrated in fig. 6-4, displaying 61 percent
of the variation among frequencies. Knowing that there is no evidence from
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Fig. 6-3. Ranges of colour vision in human, birds and of the various insect groups, after Savidge
(1976), extended with data from literature treated in the text.

literature that the Coleoptera can see red, and most probably are red-blind
(Savidge, 1976), it can be stated that green, orange, brown and blue-violet are
the most abberant and thereby the most discriminating colours in attracting
the various taxa of the Coleoptera. The other colours hardly discriminate.
Among the Coleoptera the Buprestoidea, Scarabaeiformia, Dermestoidea and
to some degree the Chrysomelidae, are abberant. Two main tendencies in pro-
file shift are displayed in fig. 6-4. A shift in colours from orange + pur-
ple + blue-violet to the others, associated with a shift in Coleoptera from
Staphyliniformia + Nitidulidae + Chrysomelidae + Curculionidae + Buprestoidea
to Dermestoidea + Scarabaeiformia. Another trend is visible in the shift from
the colours blue-violet, through brown to red, as in green to red, accompanied
by a shift from Staphyliniformia + Dermestoidea, through all other Coleoptera
minus Buprestoidea, to Buprestoidea.

In spite of the ability of the non-anthophilous scarabaeid Geotrupes silvaticus
to distinguish blue from violet (Schlegtendal, 1934), preference for blue-violet
is not expressed in the anthophilous Scarabaeiformia. It is possible that the
anthophilous Scarabaeiformia, more than other Coleoptera, are guided by
odours; their basic lamellicorn antennae are suggestive of special olfactorial
powers (Crowson, 1954): indeed Warnke (1934) found up to tens of thousands
olfactorial sense organs on the lamellae. The possible association between the
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Fig. 6-4. Scatter diagram showing the ordination of rows (taxa of Coleoptera) and columns (col-
ours), as for the insect groups in table 6-9C, on the first pair of principal axes (dim 1, dim 2)
resulting from reciprocal averaging. Scale of measurement for both abcissa and ordinate is in
weighted proportional deviations from the average frequency (x10). Explanation: A1 = first
eigen value; A2 = second eigen value. The figures in parentheses indicate the percentages of
total inertia. COLEOPTERA: C1 = Staphyliniformia; C2 = Scarabaeiformia; C3 =
Buprestoidea; C4 = Elateriformia; C5 = Cantharoidea; C6 = Dermestoidea; C7 =
Nitidulidae; C8 = Coccinellidae; C9 = Cerambycidae; C10 = Chrysomelidae; C11 = Cur-
culionidae. COLOURS: BR = brown; BV = blue-violet; GR = green; LI = lilac; OR =
orange; PI = pink; PU = purple; RE = red; WH = white; YE = yellow.

Chrysomelidae and blue-violet is supported by the results of Schlegtendal
(1934) on the colour vision in Chrysomela fastuosa.

Comparing these results with the phylogenetic relationships within the
Coleoptera-Polyphaga (fig. 5-6) it appears that the Scarabaeiformia showing
some association with green and white are faintly plesiomorphous, while the
Chrysomelidae belonging to the more apomorphous Cucujiformia show some-
what more association with short wave-lengths. The rather apomorphous
elateriform Buprestoidea show some association with orange in their colour
profile. The comparatively plesiomorphous Dermestoidea do so with green.
There is some evidence that within the Coleoptera the more plesiomorphous
taxa are more attracted by the colours of intermediate wave-lengths, while the
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more apomorphous taxa are more attracted by short wave-lengths. Coleoptera
in general are attracted by yellow floral colours and to some degree also by
white.

Diptera

The results of the analysis are illustrated in fig. 6-5, displaying 97 percent
of the variation among frequencies, thus in geometrical terms give an almost
complete picture. As in the Coleoptera we have to keep in mind that the
Diptera can be considered red-blind (may be only Schizophora-Muscidae have
sensitivities for the shorter wave-lengths in red, see Autrum & Stumpf (1953)
for Calliphora erythrocephala). It appears that white, yellow and orange attract
Diptera in general, but do not discriminate in attracting taxa of lower rank.
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Fig. 6-5. Scatter diagram showing the ordination of rows (taxa of Diptera) and columns (col-
ours), as for the insect groups in table 6-9C, on the first pair of principal axes (diml, dim2)
resulting from reciprocal averaging. Scale of measurement for both abcissa and ordinate is in
weighted proportional deviations from the average frequency (x10). Explanation; A1 = first
cigen value; A2 = second eigen value. The figures in parentheses indicate the percentages of
total inertia. DIPTERA: D1 = ‘“‘Nematocera’’; D2 = Orthorrhapha; D3 = Aschiza; D4 =
Schizophora. COLOURS: BR = brown; BV = blue-violet; GR = green; LI = lilac; OR =
orange; PI = pink; PU = purple; RE = red; WH = white; YE = yellow.
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Geometrically we can focus on several shifts in insect profiles, each associated
with a shift in colour profiles. First the largest space is spanned by the
‘‘Nematocera’’ versus Orthorrhapha. This shift is accompanied by a shift from
green, through white, yellow, orange towards the red and blue colours (caused
by the fact that many of the observations included concern flower visits of the
Bombyliidae). Perpendicular to this largest space is the small space spanned
by ‘‘Nematocera’’ + Orthorrhapha, through Aschiza to Schizophora,
associated with parallel shifts in white, through yellow/orange to brown and
pink, through red to blue colours. hese results are in accordance with the
records in the colour vision of the Diptera.

Comparing these results with the phylogenetic relatioships within the
Diptera (fig. 5-19) it appears that the ‘‘Nematocera’ (in the analysis
‘‘Polyneura’’ + ‘‘Oligoneura’’) are highly associated with green and because
of their plesiomorphy within the Diptera, this may be considered a plesiomor-
phous condition. For the Brachycera (Orthorrhapha + Cyclorrhapha) it can be
stated that they are more sensitive to the other colours (inclusive white) than
the other Diptera, and this can be considered an apomorphous condition
within the Diptera. Within the Brachycera, Aschiza and Schizophora the taxa
chosen are too highly ranked for statements on the state of advancement of col-
our preferences.

Non-apoid Hymenoptera

The results of the analysis are illustrated in fig. 6-6, displaying 77 percent
of the variation among frequencies. Before interpreting the distribution of the
taxa and the colours in the graph, it has to be kept in mind that the non-apoid
Hymenoptera are also red blind. There are two most prominent aspects of the
insect and colour profile spaces spanned in fig. 6-6. First, the shift from
orange, through green and yellow (+ brown) to the other colours, associated
with a shift from Symphyta + Formicoidea + Ichneumonoidea to Evanioidea +
Scolioidea, through the others (Vespoidea + Sphecoidea + Chrysoidea). Sec-
ond, a shift from brown, through the red colours to white, accompanied by a
shift from Vespoidea, through Symphyta + Formicoidea + Sphecoidea and
Ichneumonoidea + Chrysoidea + Scolioidea to Evanioidea. The latter is in
contradiction to Kevan (1972 and 1973) that white is the least discriminating
colour among non-apoid Hymenoptera.

Comparing these results with the phylogenetic relationships in the non-
apoid Hymenoptera (fig. 5-8) it appears that the Symphyta, the most
plesiomorphous non-apoid Hymenoptera, are mainly associated with green
and yellow. So are the Ichneumonoidea, within the Apocrita, belonging to the
plesiomorphous sister-group of the Aculeata s. lat. (fig. 5-9). The Formicoidea
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Fig. 6-6. Scatter diagram showing the ordination of rows (taxa of non-apoid Hymenoptera) and
columns (colours), as for the insect groups in table 6-9C, on the first pair of principal axes
(dim1, dim2) resulting from reciprocal averaging. Scale of measurement for both abcissa and
ordinate is in weighted proportional deviations from the average frequency (x10). Explanation:
Al = first eigen value; A2 = second eigen value. The figures in parentheses indicate the percen-
tages of total inertia. NON-APOID HYMENOPTERA: H1 = Symphyta;, H2 =
Ichneumonoidea; H3 = Evanioidea; H4 = Scolioidea; H5 = Vespoidea; H6 = Sphecoidea;
H7 = Chrysoidea; H8 = Formicoidea. COLOURS: BR = brown; BV = blue-violet; GR =
green; LI = lilac; OR = orange; PI = pink; PU = purple; RE = red; WH = white; YE
' = yellow,

are rather apomorphous within the Aculeata s. lat. (see fig. 5-11), but they
occupy a special position, because they hardly developed obligatory
anthophily. It can be stated that in the non-apoid Hymenoptera the more
obligatory preference for orange, green and yellow is a plesiomorphous condi-
tion. The Scolioidea, Sphecoidea and to some degree, perhaps the Vespoidea,
all are apomorphous non-apoid Hymenoptera which all, particularly the
Specoidea, have developed preferences for colours of the shorter wave-lengths
(blue-violet and blue-mixed colours), which can be considered an apomor-
phous condition.
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Apoidea

The results of the analysis are illustrated in fig. 6-7, displaying 87 percent
of the variation among frequencies. As in the preceeding insect groups, it has
to be kept in mind that the Apoidea probably are red-blind. Within the
Apoidea two trends are visible. The first, a shift from Colletidae to
Megachilidae + Bombinae + Melittidae, through Andrenidae and Halic-
tidae + Apinae. The second, and more or less independent ( = perpendicular)
from the first, the shifts between Apinae from Colletidae, Andrenidae, Halic-
tidae, Anthophoridae and Bombinae versus Melittidae. These shifts are
associated with shifts in colour profiles. The first from green, through white
and yellow, red and blue-violet to purple. The second, white versus orange and
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Fig. 6-7. Scatter diagram showing the ordination of rows (taxa of Apoidea) and columns (col-
ours), as for the insect groups in table 6-9C, on the first pair of principal axes (dimi, dim?2)
resulting from reciprocal averaging. Scale of measurement for both abcissa and ordinate is in
weighted proportional deviations from the average frequency (x10). Explanation: A1 = first
eigen value; A2 = second eigen value. The figures in parentheses indicate the percentages of
total inertia. APOIDEA: Al= Colletidae; A2 = Halictidae; A3 = Andrenidae; A4 = Melit-
tidae; A5 = Megachilidae; A6 = Anthophoridae; A7 = Apinae; A8 = Bombinae. COL-
OURS: BR = brown; BV = blue-violet; GR = green; LI = lilac; OR = orange; PI = pink;
PU = purple; RE = red; WH = white; YE = yellow.
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lilac, through pink versus red and blue-violet. The observation by Kugler
(1929) that Andrena florea is attracted to the colours of the white-yellow-green
group in Bryonia dioica is in agreement with this picture, as is the observation
of Goplen & Brandt (1975) that Megachile pacifica prefers purple flowers in
colour-polymorphic monocultures of Medicago sativa. The Apinae are situated
somewhat in between.

Comparing these results with the phylogenetic relationships within the
Apoidea (fig. 5-15), we see that the most plesiomorphous Colletidae show
green as relatively prominent in their profile. The fairly plesiomorphous Halic-
tidae and Andrenidae show a shift towards yellow and white. The more
apomorphous Melittidae, Megachilidae, Anthophoridae and Bombinae show
an increasing association with blue-violet and blue-mixed colours. This means
that a preference for yellow and white, within the Apoidea can be considered
a plesiomorphous condition and the preference for blue-violet and blue-mixed
colours an apomorphous one. The phylogenetically apomorphous Apinae
behave aberrantly, and remain somewhat in between. This possibly is due to
the enormous amounts of food they have to collect (see above).

Lepidoptera

The results of the analysis are illustrated in fig. 6-8, displaying 72 percent
of the variation among frequencies. There are two very distinct trends in col-
our shift. The first from orange towards brown, the second from green,
through yellow to white and to the other colours. The first trend is associated
with shift from Bombycoidea + Tortricoidea versus the other Lepidoptera. The
second is associated with a shift from Tineoidea versus the other Lepidoptera.
There is found evidence for the statement of Ilse (1928), Tinbergen et al.
(1942) (see also Kevan, 1978) that the more plesiomorphous Lepidoptera
mainly visit yellow flowers (Tineoidea and Tortricoidea). It is known that at
least the Pieridae and Papilionidae can see red (Kugler, 1970) and the
Papilionoidea generally are attracted by blue and yellow (Ilse, 1928). The
Pieridae also visit blue and white (Bennet, 1883), but in other cases they prefer
yellow above white (Kay, 1978), also pink is visited. This means that the
Rhopalocera are attracted by many colours, and thereby are situated centrally
in the graph. The same can be stated for the other superfamilies: Pyraloidea;
‘Geometroidea, for which Schlegtendal (1934) found that sensitivity maxima of
Operophtera (Cheimatobia) brumata are found in yellow and blue, and the graph
suggests a higher sensitivity for the latter than for the first; Sphingoidea; and
Noctuoidea.

Comparing these results with the phylogenetic relationships within the
Ditrysia (fig. 5-17), it appears that the most plesiomorphous Ditrysia, the
Tineoidea, show a more exclusive preference for (green and) yellow than do
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Fig. 6-8. Scatter diagram showing the ordination of rows (taxa of Lepidoptera) and columns
(colours), as for the insect groups in fig. 6-9C, on the first pair of principal axes (diml, dim2)
resulting from reciprocal averaging. Scale of measurement for both abcissa and ordinate is in
weighted proportional deviations from the average frequency (x10). Explanation: 21 = first
eigen value; A2 = second eigen value. The figures in parentheses indicate the percentages of
total inertia. LEPIDOPTERA: L1 = Totricoidea; L2 = ‘‘Tineoidea’ (in the sense of Knuth
(1898a, 1899), compare section 4.3); L3 = Pyraloidea; L4 = *’Rhopalocera’ (in the sense of
Knuth (1898a, 1899), compare section 4.3); L5 = Geometroidea; L6 = Bombycoidea; L7 =
Sphingoidea; L8 = Noctuoidea. COLOURS: BR = brown; BV = blue-violet; GR = green;
LI = lilac; OR = orange; PI = pink; PU = purple; RE = red; WH = white; YE = yellow.

the .other Ditrysia. The more apomorphous groups are also attracted by col-
ours of longer and shorter wave-lengths.

Retrospect on the interdependences among colours and taxa of lower rank within the insect
groups

In the paragraph on colour vision in anthophilous insects it was stated that
the unspecialized anthophilous insects mainly visit yellow flowers (Ilse &
Vaidya, 1956) and that yellow as a floral colour is adaptively neutral (Valen-
tine, 1975). It appears in the quantitative analysis (table 6-9D) that all insect
groups have the highest frequencies of visits to white, directly followed by visits
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to yellow. This means that white, nor yellow can be considered adaptively
selective colours. Only the non-apoid Hymenoptera and Coleoptera visit more
white and less yellow than do the other insect groups (table 6-9B-1 and 3). For
the insect groups it can only be said that the Coleoptera, non-apoid
Hymenoptera, and to a somewhat lesser degree, also the Diptera visit less blue-
violet and blue-mixed colours and red and red-mixed colours than do the
Apoidea and Lepidoptera, thus, that they visit white and yellow flowers more
exclusively. The reciprocal averaging demonstrated about the same tenden-
cies. It has to be stressed here again that reciprocal averaging is based on the
numbers of the qualitative analysis (table 6-9C). But despite the less pro-
nounced results of the qualitative analysis, it is clearly demonstrated in figs.
6-1 and 2 that the non-apoid Hymenoptera, Coleoptera and Diptera are more
exclusively associated with white and yellow than are the Apoidea and
Lepidoptera.

The reciprocal averaging of the taxa of the insect groups separately show
that unspecialized anthophilous insects more exclusively visit yellow flowers.
Many Coleoptera show interdependence with yellow and within the order
mainly the more plesiomorphous taxa show more close and more exclusive
associations with yellow. In the taxa of the Diptera some faint, more exclusive
associations with (white and) yellow for the more plesiomorphous taxa are
indicated. In the non-apoid Hymenoptera it appears that the most plesiomor-
phous taxon (the Symphyta) is highly associated with yellow (and green) and
also in the Apocrita the relatively plesiomorphous Ichneumonoidea are highly
interdependent with yellow. In the Apoidea the more plesiomorphous families
(Colletidae, Halictidae and Andrenidae) are more exclusively associated with
(white and) yellow. Also in the Lepidoptera, although faintly, particularly the
plesiomorphous Tineoidea, show a more exclusive association with yellow than
do the more apomorphous taxa.

It can be concluded that the least specialized insect-flower (pollination) rela-
tionships mainly are characterized by yellow floral colours, directly followed
by white. With the increase of the specialization of the pollination blue-violet
and blue-mixed colours, and red and red-mixed colours become more impor-
tant. As mentioned before this also applies for ultraviolet.

Correlation of the insect-colour relationships with the fossil record of the insect taxa in which
anthophily developed

Compared with the fossil record of the insect taxa in which anthophily
developed the following developments in floral colour can be traced.

In the early Cretaceous the following Coleoptera were present (table 5-1):
Cupedoidea, Staphyliniformia (Staphylinidae), Scarabaeiformia (Dascillidae),
Buprestoidea  (Buprestidae), Elateroidea (Elateridae), Bostrychoidea
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(Anobiidae), Nitidulidae (and the cucujoid Mordellidae and Tenebrionidae),
Cerambycidae (and the chrysomeloid Bruchidae), and Curculionidae (and the
curculionoid Nemonychidae, Anthribidae and Oxycorynidae). The
Cupedoidea, Bostrychoidea, Mordellidae, Tenebrionidae, Bruchidae and the
non-curculionid curculionoid familes are not included in the analyses. The
same applies to the Scarabaeiformia which are represented by the Dascillidae,
while in the analyses only the scarabaeid subfamilies Cetoniinae, Trichiinae,
Hopliinae, Rutelinae and Melolonthinae (see section 4.1) are included. The
most plesiomorphous of these subfamilies, the Melolonthinae, first appear in
the upper Eocene. Most of the taxa present in the early Cretaceous in Recent
times appear to be rather closely associated with yellow and white (figs. 6-1 and
2). In the reciprocal averaging for the taxa within the Coleoptera the same can
be illustrated. The colours with shorter wave-lengths that do not discriminate
extensively are lilac, purple and pink. Lilac and pink have a white component
and can form a bright spot on a green background. Purple does not and it is
questionable what role it plays in attracting Coleoptera. To answer this ques-
tion it is necessary to check whether the purple concerns unicoloured flowers
or takes part in multicoloured flowers, which, as said before, is beyond the
scope of this first study, tracing only general tendencies.

The Diptera present in the early Cretaceous (table 5-4) were the
‘““Nematocera’’ (= Polyneura + ‘‘Oligoneura’’) and the Orthorrhapha (=
Homoeodactyla + Asiliformia + Empediformia; only represented by the
Nemestrinidae). The Nemestrinidae are not included in the Orthorrhapha in
the analyses (Rhagionidae, Tabanidae, Stratiomyidae, Therevidae, Bom-
byliidae and Empedidae do, see section 4.4). As is illustrated in table 5-4 the
Rhagionidae, Tabanidae, Stratiomyidae, Bombilyiidae and Empedidae are
definitely present in the upper Eocene to lower/middle Oligicene (Baltic
amber). Speculating on probable relationships, these families could have been
present in the early Cretaceous. The ‘‘Nematocera’’ in Recent times are
associated with green and only very faintly with white and orange. The
Orthorrhapha show more association with other colours. Starting from the
incertainty of the presence of the orthorrhaphan taxa, taking part in this
analysis, in the early Cretaceous, it is concluded that the Diptera present in
that time had poorly developed sensitivity for floral colours, with only a faint
preference for yellow colours.

In the early Cretaceous the only non-apoid Hymenoptera present were the
Symphyta s. lat. (table 5-2). In Recent times they are closely associated with
yellow (and green). In the course of the Lower Cretaceous also the
Ichneumonoidea appear. As has been demonstrated these relatively plesiomor-
phous Apocrita are also highly associated with yellow (and green). It can be
concluded that the non-apoid Hymenoptera present in the early Cretaceous
preferred yellow flowers.
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As described in section 5.2 (see table 3-2) the Apoidea were not present in
the early Cretaceous and of the Lepidoptera (section 5.3) only the
Micropterigidae might have been present (see table 5-3). The Micropterigidae
are not included in the analysis. In Knuth (1899) visits of Micropterix calthella
are mentioned to the flowers of Ranunculus acer, R. bulbosus, R. auricomus, R.
repens (all yellow-flowered). Proctor & Yeo (1973) mentioned that the same
species is one of the characteristic visitors of Ranunculus acris an that it also fre-
quents Narthecium ossifragum (yellow flowers), Rubus fruticosus (white to pink
flowers), Potentilla erecta (yellow flowers) and Galium verum (lemon-yellow
flowers). This survey indicates that sensitivity for yellow very probably is
present.

Discussion

It can be suggested that the Angiospermae in the early Cretaceous had
yellow flowers. That yellow is a plesiomorphous colour in the angiosperm
flowers may find its evidence in the fact that the change from green to yellow
in leaves only requires the removement of the chlorophyll. As we can see in
autumn leaves: when the chlorophyll disappears the remaining carotenoids
(and possible xanthophylls, see below) (being part of the metabolism of the
plant) colour the leaves yellow to orange. A probably comparable, com-
paratively simple, step is that to white flowers: the loss of the carotenoids
(white colour being the result of multiple reflections of all wave-lengths in the
intercellular spaces between uncoloured cells). Concerning the colours of the
earliest angiosperm flowers Savidge (1976) mentioned that in the earliest
flowering plants there were only few, if any, anthocyanines and flavones.
Instead the floral parts, mainly the sepals, appear to have been pigmented with
certain carotenoids and xanthophylls. This plesiomorphous type of sepal,
which still can be found in surviving ‘‘primitive’’ species (which he did not
mention) contains small amounts of chlorophyll a and b, but rather extensive
quantities of the other two photosynthetic pigments, the yellow to orange-red
carotenoids and the yellow to brown xanthophylls. Concerning the sim-
ultaneous presence of chlorophyll and carotenoids in petaloid se