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SUMMARY

Fossil evidence of terrestrial vascular plant life and terrestrial arthropods exists from the Silurian. Fossil
evidence suggests progressive interaction between the two groups through the later Palaeozoic and
Mesozoic. In this paper we present data, particularly from plant fossils, concerning several interactions:
feeding, shelter, transport and reproduction. Evidence of arthropod feeding includes eaten leaves,
borings in plant tissues, wound reaction and leaf mining as well as gut contents and coprolites from the
arthropods themselves. We trace the changes in leaf eating behaviour from continuous marginal feeding,
common in the Palaecozoic and early Mesozoic to the more abundant interrupted-marginal and non-

marginal feeding behaviour on Cretaceous angiosperm leaves. This change may reflect the evolution of

chemical defence strategies by the plants but may also reflect the evolution of different mouthpart design
in new insect groups. Leaf mines and leaf galls, although known from the Upper Carboniferous, only
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become common in the Cretaceous, coinciding with the evolution of several new insect groups and
plants. Wood boring is recorded, for the first time, {from the Lower Carboniferous and becomes common
from the Upper Carboniferous. Data from coprolites suggest that spore feeding preceded leaf feeding.
Experiments using pteridophytes and living arthropods indicate that some spores remain viable after
passing through the gut and hence this feeding habit may have also been advantageous to some early
plants for propagule transport. We conclude that there is much evidence in the fossil record suggesting
plant-arthropod interaction, but many more observations are required before detailed interpretations

concerning coevolution can be made.

1. INTRODUCTION

An analysis of modern terrestrial ecosystems indicates
that there is a wide range of complex interactions
between arthropods, especially insects, and plants
(Edwards & Wratten 1980) (figure 1). Whereas some
appear to be the product of coevolution, the nature of
other interactions is less clear. Gilbert (1979) has
calculated that the number of interactions between
arthropods and plants exceeds the total number of the
species concerned. Much of the data relating to such
interactions has been collected from extant organisms,
and data on past interactions is both scarce and
scattered.

The fossil history of insccts has been widely dis-
cussed (e.g. Carpenter 1969; Wootton 1981, 1988;
Whalley 1986; Shear & Kukalova-Peck 1990). We
know many of the interactions between Recent ar-
thropods and plants and can recognize the types of
damage made by different organisms (sce Gillanders
1908; Berryman 1986). The evolution of many
detailed interactions has been explored (e.g. with ferns
(Gerson 1979; Cooper-Driver 1978, 1985) conifers
(Edmunds & Alstad 1978), angiosperms (Gilbert
1979)). Gilbert (1979) states ‘it is thus reasonable to
think that the parallel diversification of both angio-
sperms and phytophagous insects is largely the pro-
duct of their interaction’. However, all these studies
take little account of the fossil record. For those not
familiar with the fossil record of terrestrial arthropods
and plants we provide a brief summary as Appendix
1.

Brues (1946) states that ‘Perhaps not a single plant
exists which does not afford a delicious food to some
insect’. However Lawton (1978), indicates that ‘com-
munities of phytophagous insects which are found on
particular species of plants are not random assem-
blages, chewing away independently of one another,
rather they have a structure which can be unravelled
by a consideration of time and space’. Any group of
insects that becomes adapted to plants in general has a
wide range of potential foods, for in most terrestrial
ccosystems, the biomass of the plant material greatly
exceeds that available to predators (Southwood 1984).
This continued feeding through time has been the
main causal mechanism for the evolution of plant
protection such as chemical and physical defences,
including thick cuticle and glandular hairs (South-
wood 1984). The fossil record is, however, often
difficult to understand in this regard. We can interpret
feeding habits of fossil insects from a consideration of
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their anatomy and especially mouthparts (see, for
example, Sharov (1966, 1973); Wootton (1981);
Labandeira (1986); Shear & Kukalova-Peck (1990))
but much of our evidence must be from damage to
plants. Southwood (1973) points out that many arth-
ropods feed on dead plant material and Sharov (1966)
considered that the first insects fed on rotting plant
material. As Hamilton (1978) points out, a dying tree
opens a wide variety of habitats for colonization by
insects. It is also clear that feeding on living plant
tissues has a long fossil history, as many plants have
developed specialized reactions to attack (Van Emden
& Way 1973). The recognition of feeding on living
tissue necessarily requires the observation of wound
reaction tissue or necrotic margins around the site of
plant damage.

It has been estimated that half of all known species
of insects are more or less dependent on plant hosts
(Kogan 1976) and we have no reason to suppose that
this was not the case in the past. Evidence of leal
feeding is perhaps one of the most obvious areas of
plant-arthropod interactions that can be observed in
the fossil record. Southwood (1973) indicates, how-
ever, that leaves are only marginally adequate nutri-
tionally and further indicates that pollen (and sporc)
feeding may have preceded leaf feeding, a hypothesis
that can be tested using fossil material. The additicnal
aspect which needs consideration is that insects are
also transporters of plant propagules and in return
plants are providers of food reward (Gilbert 1979). As
Southwood (1985) points out ‘plants are not simply a
food source, nor are they merely islands but respond-
ing evolving entities’. An examination of the fossil
record, should therefore provide valuable data for the
current considerations of plant-arthropod interactions
(Strong et al. 1984).

We have, however, considerable potential bias in
the fossil record. Not only may damaged plants decay
more rapidly and hence may not be fossilized, but it is
likely that those specimens of damaged plants that do
fossilize may not be collected. Recognition may also
prove problematical as, for example, missing leaf
damage in narrow leaves. Preservation state may also
influence the type of interaction to be recorded, for
example wood boring is usually only recognized in
permineralized plants.

It is clear that plant-arthropod interactions can he
categorized as feeding, shelter, transport and repro-
duction (see Southwood 1973). Rather than present-
ing the fossil evidence for these interactions in a simple
time sequence, we offer it under the categories of
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Figure 1. Some interactions of plants and arthropods, for which evidence has been found in the fossil record.

mteractions. We have discussed elsewhere aspects of

the nature of the fossil record and methods of study
(Scott & Paterson 1984, Scott et al. 1985, Chaloner e/
al. 1991) and concentrate here on the fossil evidence

itself and its interpretation. By far the largest arca of

interaction is that of arthropods feeding on plants.
The quality of such data is very variable, but they
come from plants as well as from the arthropods
themselves. The evidence from the plant fossils
includes eaten leaves, borings in plant tissues and
wound reaction, and leaf mining. Evidence from the
arthropods includes anatomical studies, particularly
mouthparts, evidence of gut contents and from copro-
lites (faccal pellets).

2. FEEDING

There is a range of evidence of plant feeding by
arthropods from the Devonian onwards. The major
evidence of this interaction includes eaten leaves,
borings and leaf mines. Occasionally wounding has
been detected in anatomically preserved plants, which
has been attributed to the action of arthropod feeding.
In the case of living plants a wound reaction may
result from this kind of feeding behaviour.

(a) Wounding

In the Lower Devonian Rhynie chert from Aber-
deenshire, Scotland some RhAynia stems exhibit wounds
and wound reactions (Kevan et al. 1975). In these
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cases it has been suggested that these were caused by
arthropods sucking sap. Other authors question if
these wounds were caused biologically or by a physical
process (Rolfe 1985a).

The Rhynie chert is of major interest as it comprises
not only early anatomically preserved plants but also
several arthropod groups. The plants compromise
several different types of Psilopsida including Rhynia
gwynne-vaughnit Kidston & Lang, along with the poss-
ible ‘cooksonioid’ Aglaophyton ( Rhynia) major (Kidston
& Lang) Edwards, and Asteroxylon mackierr Kidston &
Lang, the earliest recorded protolycophyte of the
Northern Hemisphere (Chaloner & MacDonald
1980).

Within the plant assemblage there was also a
number of terrestrial arthropods. The exceptional
preservation of the chert has revealed the carliest
hexapod in the form the collembolan, Rhyniella praecur-
sor Hirst & Maulik (Whalley & Jarzembowski 1981),
and the earliest arachnid, Palacocteniza crassipes Hirst,
(Aranae), and various species of mite (Protacarus crant
Hirst (Acari)) Trigonotarbids Palaeocharinoides hornei
Hirst, Palacocharinus scourfieldi Hirst, P. rhyniensis Hirst,
P. calmant Hirst and P. kidston: Hirst. Other possible
chelicerates include the fragmentary Heterocrania rhy-
niensts and the jaws of the arthropod Rhyniognatha hirstii
Tillyard.

Several interactions between these arthropods and
the plants may have occurred, and during their early
investigations into this unique Devonian ecosystem
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Kidston & Lang (19214) noted the presence of lesions
in a number of Rhynia axes. They later suggested these
lesions to be a reaction to some prolonged external
stimulus such as the volcanic conditions that accom-
panied the supply of siliceous water which eventually
formed the chert (Kidston & Lang 192154). A number
of possible causes and interpretations have since been
suggested, these include intumescences due to excess
moisture (Butler & Jones 1949), as galls ( Jeppson ¢t al.
1975; Conway-Morris 1981), as a result of nematode
action (Wallace 1973). Probably the majority of
workers now consider them to be due to an external
biological agent such as one of the coexisting arthro-
pods (Kevan et al. 1975; Rolfe 1980, 19854; Scott ¢t al.
1985). The pathological features of these lesions
include necrosis around the cavities and punctures,
accompanied by hypertrophy of the surrounding cells
and often the formation, by gummosis, of an opaque
plug. Most significantly, the cells adjoining the lesion
have divided and expanded into this gap as a typical
‘wound reaction’. All these reactions could only have
occurred while the plant was still alive. Some wounds
stll retain their thin epidermis which covered the
wound and are very similar to the pocket galls pro-
duced by living eriophid mites (Rolfe 19854). Others
show the wound to be deep holes extending to the
central vascular tissue perhaps caused by an animal
probing to feed from the sap (Raven 1983). Kevan et
al. (1975) classified these lesions into three groups: (i)
areas of disturbed tissue, in which some cells show
abnormal enlargement associated with in-filling of
intercellular spaces with opaque organic material; this
suggests a traumatic response by the plant to physical
injury; (ii) plugs of opaque organic matter in fissures
or lesions extending from the outer surface to the
region of the phloem-like tissue at the periphery of the
stele; the plugs appear to be produced by the plant,
but fungal origin cannot be ruled out; (iii) extensive
injury; very difficult to attribute to any cause other
than by an organism.

Kevan et al. (1975) suggested that these could have
been caused by either the acarine mite, Protacarus crani,
or by the collembolan, Rhyniella praecursor or the
trigonotarbid. Crowson (1970, 1985) has suggested
that both Protacarus and Rhyniella are later contami-
nants of the chert. He bases most of this theory on
their advanced features and on the discovery of con-
taminant Recent thysanopteran insect nymphs which
must have crawled into a crevice in the chert. Whalley
& Jarzembowski (1981), however, have shown that
the silica chert around the specimens is homogenous
and represents a single phase of mineral growth, the
possibility of a later contamination of these insects
being impossible.

Recent studies on Rhyniella have revealed the pres-
ence of perhaps three species (Greenslade 1988) most
belonging to the family Isotomidae (Greenslade &
Whalley 1986). This is a primitive group of sapropha-
gous litter-feeding collembolans, not phytophagous as
suggested by the Rhynia damage. Of the other collem-
bolan species, some have elongated claws, a character
suggesting a semiaquatic environment, in keeping
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with the idea that the chert is a silicified peat bog
(Rolfe 1980).

The collembolans were therefore unlikely to have
been the possible cause of the wounds and the mites
were most probably carnivorous. However, there is no
unequivocal proof that these organisms behaved as
their Recent relatives do and so they cannot be ruled
out completely as possible candidates. Thus, all the
possible options of how these lesions were formed and
by what should be kept open until less equivocal data
is available.

Wounding has also been recorded in other Lower
Devonian plants. Banks (1981) reported plants with
wound reaction tissue in the periderm of Psilophylon
dawsoniz from the Emsian of Canada. Another specics
of Psilophyton, P. coniculum, also {rom the Emsian of
Canada has been described with several wounds
(Trant & Gensel 1985). These authors have observed
wound periderm, abundant in some axes. The wounds
appear to be capped by necrosed cells. Beneath this
tissue is a layer of what they believe may be phellem
cells and below which may be phelloderm cells. This
type of wound reaction was similar in both species of
Psilophyton (Banks 1981; Trant & Gensel 1985), but
there is no evidence in cither case of the cause of the
wounding.

Wounds have also been extensively recorded from
Upper Carboniferous coal-ball plants. These include
Calamites (Seward 1898; Stopes 1907), Myeloxylon
(Holden 1910) and Lepidodendroid axes (Wilkinson
1930). More recently Scott and Taylor (1983) have
illustrated a section of a fern (Etapleris) petiole show-
ing a possible puncture wound (figure 12). Lesnik-
owska (1990) has recently described wound tissue in
large Psaronius petioles. These wounded petioles have
also been illustrated by Stidd (1971).

Wounded tissues have not been widely reported in
post-Carboniferous — pre-Tertiary plants but almost
certainly this reflects lack of study rather than lack of
presence.

The discovery of Jarzembowski (1989) of a new
fossil aphid (a group which generally feed on angio-
sperms) from the early Cretaceous, has led the author
to postulate that it could be the earliest representative
of an ancient gymnosperm-feeding lineage (before the
evolution of angiosperms). However, we have no plant
fossil evidence for this interesting suggestion. Recog-
nition of puncture wounds caused by aphids may be
easiest in permineralized material but also small punc-
tures in leaf cuticle may be the result of such activity.
Minute holes in conifer cuticle have been described by
Watson (1977) from the Lower Cretacceus, but she
did not attribute such damage to aphids.

(b) Leaf feeding

An examination of any modern living tree leaf litter
will reveal a proportion of leaves that have becn
partly eaten either while still alive by, for example,
caterpillars or other insects, or clse after death by
arthropods such as millepedes or other detritivors.
Elton (1973) has demonstrated for tropical forest
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Figurc 2. The main types of leaf feeding.

ccosystems that up to 5%, of living leaf biomass may
be consumed on the tree by arthropod herbivores.
Partially eaten leaves have the possibility of being
preserved. Eating may be ‘marginal’ or ‘non-margi-
nal’; i.e. within a leaf (e.g. Edwards & Wratten 1983)
(figure 2). Inter-tissue feeding, such as leaf mines, will
be dealt with later. Eating a leaf will induce a wound
reaction within the living plant tissues immediately
surrounding the site of damage. This ‘wound response’
includes a localized hypertrophy of the cells either by
increasing in size or in number. Cells may differentiate
before dividing one or more times (Juniper & Jeffree
1984). This results in the production of a thickened
ridge or callus of wound periderm of 6-10 layers of
cells, which seals off the damaged area. In addition,
the outermost layers of cells surrounding the wound
may die due to the physical damage and a character-
istic browning occurs where cell compartmentation
breaks down (Edwards & Wratten 1983). Both this
necrotic layer and the formation of a callus may be
preserved in a fossil and can be used to distinguish
between damage caused when the leaf was alive, or
after leaf abscission, during diagenesis or collecting.
Edwards & Wratten (1985) have also shown how the
production of toxic chemicals in tissues surrounding
the wounds may discourage further feeding. Various
types of marginal feeding marks may therefore occur,
including sporadic, regular and continuous forms, as
well as non-marginal leaf feeding (figure 2).

Southwood (1973), however, concludes . . .’ that
the foliage of seed plants is, even for those taxa that
have evolved to live on it, only marginally adequate
nutritionally: one or more vital constituents may be
close to the minimal levels’.

Certain identification of fossil material as represent-
ing arthropod damage is difficult. We are concerned
about the identification of land snail damage (see for
example Khan & Harborne (1990)), as these animals
have a fossil record from the late Palacozoic (Solen &
Yochelson 1979). We are currently investigating
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damage by modern land snails but already note the
more indiscriminate feeding patterns. It may be that
the damage made by scrapping radulac of snails may
be separable from the biting marks of arthropods.
Fungal infection may also produce a necrotic zone. In
this case it might be possible to search for fungal
material but this does not rule out later infection. We
are continuing to collect modern material affected in
this way for comparison but our studies are at an early
stage. In addition, there may be problems in the
preservational state of the fossil. It is important that
physical breaking either pre- or post-depositionally is
not confused with evidence of feeding traces. Likewise,
not all fossil specimens have an extensive leaf lamina
and certain identification of feeding in some leaf types
may be difficult. As with collections of modern plants,
fossil collections tend to contain ‘good specimens’ and
damaged leaves may not be present because of non-
collection rather than because of a real absence (Con-
don & Whalen 1983).

Edward & Wratten (1985) consider the difference
between wound repair and defence. They also show
negative evidence between different types of leaf
damage, such that leaves with edge damage have far
fewer internal holes and there is a negative correlation
between edge damage and leaf mining.

Leaf-eating traces have been assigned by some
authors to ichnogenera such as Phagophytichnus (Van
Amerom 1966). However, a comprehensive review of
feeding types is urgently needed and the extensive use
of ichnospecies may be unwarranted at this stage.

Fossil evidence

There have been no published reports to our know-
ledge of pre-Upper Garboniferous eaten leaves. There
are three possibilities for this. Leaf feeding is an
advanced characteristic for arthropods, there being
less digestible food content in a leaf as opposed to a
spore or seed (Southwood 1973). Secondly, leaves
with a large lamina did not appear until the mid-late
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Figures 3-9. Examples of leaf feeding.

Tigure 3. Glossopteris leaf with continuous marginal feeding traces, Permian, Australia. Scott Colln. Magn. x 1.

Tigure 4. Lanceolate lcaves showing various forms of marginal feeding types from the Ripley Formation,
Maastrichtian, Cretaceous, U.S.A. Iield Museum of Natural History, Chicago, PP11050. Magn. x 5.

Tigure 5. Detail of figure 4 showing feeding traces with thickened callus tissue. Magn. x 4.

Figurc 6. Pteridosperm pinnule, Neuropleris scheuchzeri showing marginal feeding damage, Upper Carboniferous,
Mazon Creck, Illinois, U.S.A. Field Museum of Natural History, Chicago. PP24268. Magn. x 1.

Iigure 7. Continuous marginal feeding trace on cycad leaf, Middle Jurassic, Yorkshire. Scott Colln. Magn. x 3

Figure 8. Marginal and rarc internal (arrow) feeding traces on angiosperm leaf from the Ripley Formation,
Maastrichtian, Cretaceous, U.S.A. Ticld Muscum of Natural History, Chicago. PP11525. Magn. x 1%.

Tigure 9. Bud feeding on angiosperm leaf: the animal fed on this leaf while it was still in bud. Ripley Formation,
Maastrichtian, Cretaceous, U.S.A. Tield Museum of Natural History, Chicago. PP6519. Magn. x 2.

Devonian and only became diverse and widespread in
the Carboniferous. Identification of leaf feeding may
be uncertain as observation of damage by eating on
plants where there is only a small lamina is more
difficult. Thirdly, spccimens have yet to be found or
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recognized, and our problem may be lack of study
rather than real absence. We have made extensive
studies on both Lower and Upper Carboniferous plant
compression in museums and from our own collections
(see Appendix 2). Eaten leaves are relatively rare in
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the Upper Carboniferous but we have yet to find any
convincing material from the Lower Carboniferous.
Despite this, we still have open minds as to the reasons
for their absence before the Westphalian.

Relatively few Upper Carboniferous examples have
been published. Most of these are from gymnosper-
mous leaves, with a large lamina. Nibbled or chewed
examples of the pteridosperm leaf Neuropteris have
been illustrated by several authors (e.g. Van Amerom
1966; Van Amerom & Boersma 1971; Scott & Taylor
1983) (figure 6). More rarely have caten Cordailes
leaves been illustrated (Muller 1982). In a quantita-
tive study of Mazon Creck foliage Scott & Taylor
(1983) found only 49, of leaves to have been eaten, all
belonging to Neuwropteris scheuchzeri: all traces show
marginal feeding, often continuous, and no examples
of non-marginal feeding (i.e. holes within the leaf
lamina) have yet been reported.

We have no good knowledge of the kind of arthro-
pods which may have been responsible for eating the
leaves. It was suggested by Scott & Taylor (1983) that
the most obvious candidates were members of the
Orthoptera (grasshoppers and crickets) which are
extensive foliage feeders today (Uvarov 1966) and are
known from the Upper Carboniferous (Wootton 1981;
Shear & Kukalova-Peck 1990)).

Permian data are limited to studies on Glossopleris
from the southern continents. Plumstead (1963) illus-
trated several leaf specimens showing marginal-eating
from material from South Africa (figure 11b). We
have also collected similar material from Australia
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which we illustrate here (figure 3). Glossopteris is a
broad spathulate leaf with an entire margin so that
the identification of feeding marks is less problematic |
than with other leaf types. There has been no compre-
hensive study of Permian leaves for such evidence of
eating.

Few Triassic specimens showing evidence of leaf
cating have been described. Kelber & Geyer (1989)
described several specimens of Taeniopleris angustifolia
with damaged margins (figure 11c). These are all of
the continuous marginal feeding type.

In Jurassic material our information is also limited.
Scott & Paterson (1984) illustrate a Jurassic cycad-
like leaf showing marginal feeding (figures 7 and 11d)
but here again the paucity of observed insect damage
is probably due to lack of search. However, it may be
significant that Stephenson (1991) in examining Jur-
assic plants in the Natural History Museum, London,
only identified three specimens showing clear evidence
of leaf eating out of several thousand examined. Hill
(1987), however, described a specimen of the fern
Angiopteris  blackii Van Koninenburgh-Van Cittert
from the Middle Jurassic of Yorkshire which had
pinnules with internal rings of presumed necrosis,
S5mm in diameter. Similar holes have also been
described from A. antigua from the Chinese Triassic
(Hsu et al. 1974). Hill (1987) is uncertain whether
these holes were the result of insect or fungal attack
and Hill also mentions Ctenis with dead areas. Watson
(1977) describing Lower Cretaceous conifers noted
small holes within Pseudofrenelopsis varians from the

\,

Van'4

Figure 10. Types of feeding on Cretaccous leaves (scale 1 cm). a. Angiosperm leaf with internal feeding.
Cenomanian, Cretaceous of Vyserovice, Czechoslovakia. National Museum of Czechoslovakia. I'853. b. Angiosperm
leaf with marginal feeding traces. Cenomanian, Cretaceous of Vyserovice, Czechoslovakia. National Museum of
Czechoslovakia. F930. c. Angiosperm leaf with non-marginal feeding. Cenomanian, Cretaceous of Vyserovice,
Czechoslovakia. National Museum of Czechoslovakia. I'866. d. non-marginal feeding in angiosperm leaf. Ripley
Formation, Maastrichtian, Cretaceous, U.S.A. Field Museum of Natural History, Chicago. PP10490. e. Marginal
and rare non-marginal feeding traces on angiosperm leaf from the Ripley Formation, Maastrichtian, Cretaceous,
U.S.A. Field Museum of Natural History, Chicago. PP11525.

Phil. Trans. R. Soc. Lond. B (1992)
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Tigure 11. The geological record of leaf feeding types. a. Pteridosperm pinnule, Neuropteris scheuchzeri showing
marginal feeding damage, Upper Carboniferous, Mazon Creek, Illinois, U.S.A. Field Museum of National History,
Chicago. PP4299. Magn. x 4. b. Glossopteris leaf with continuous marginal feeding traces, Permian, South Africa
(after Plumstead 1963). Magn. x 1. c¢. Marginal feeding trace on Taeniopteris angustifolia, 'I'riassic of Germany (after
Kelber & Geyer 1989). Magn. x #. d. Continuous marginal feeding trace on cycad leaf, Middle Jurassic, Yorkshirc.
Magn. x %. e. Marginal and rarc non-marginal feeding traces on angiosperm leaf from the Ripley Formation,
Maastrichtian, Cretaccous, U.S.A. Ficld Museum of Natural History, Chicago. PP11525. Magn. x 13. f. Angio-
sperm leaf with non-marginal and interrupted marginal feeding traces from the Claibourne Formation, Middle
Eocene, Tennessee, U.S.A. Field Musecum of Natural History, Chicago. PP8066. Magn. x 1. g. Foliage of a lime
(Tilia sp.) tree eaten by larvae of the Winter Moth (after Gillanders 1908). Magn. x 3.

Phil. Trans. R. Soc. Lond. B (1992)
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U.S.A. which appeared to have been made while the
plant was stll living, as they were surrounded by
callus tissue. Watson (1977) concluded that ‘quite
likely they were made by the proboscis or ovipositor of
an insect, either to suck at the juicy tissue below or to
lay eggs in it

In the Cretaceous, evidence becomes more abun-
dant, particularly in the mid-Cretaccous with the
evolution of Angiosperms. We have examined exten-
sive leaf collections in North America and have identi-
fied numerous examples of marginal leaf eating (Ste-
phenson 1991) and we illustrate some specimens here
(figures 5, 8,9, 10 and 11e). Significantly, we have yet
to sec any non-marginal feeding in the carly Creta-
ceous. In discussing leaf feeding strategy, Edwards &
Wratten (1980) observed that non-marginal leaf feed-
ing was a more difficult activity for insects, requiring
specialized mouth parts. It would seem consistent,
therefore, to find the earliest leaves to show only
marginal feeding, and non-marginal feeding to be
more advanced, and hence a later or derived charac-
ter. In addition Edwards & Wratten (1980) also
observed that some taxa have specific modes of feed-
ing, ¢.g. Orthoptera (which arc known from the
Upper Carboniferous) bite holes in the edges of leaves,
and Coleoptera (known from the Permian) also feed
on the edges. Curculionidae (a coleopteran group
known from the Jurassic) are known to scoop out the
edge of leaves at intervals, whereas Lepidoptera (poss-
ibly known from the Triassic and Jurassic but com-
mon from the Cretaccous) have a wide range of biting
strategies including non-marginal biting (figure 10).
Some of the pattern of leaf feeding is, however, caused
by a defensive response by the plant, so that wound
induced responses in the plant cause the insect to
move so as to avoid local accumulation of chemical
defences (Edwards & Wratten 1983, 1984).

In contrast, leaf feeding occurs widely in the Terti-
ary (Scott & Paterson 1984, J. Stephenson & A. C.
Scott, unpublished data) and examples include conti-
nuous marginal feeding, interrupted marginal feeding
and non-marginal feeding of various types. The over-
all impression, therefore, is (i) an increase in the
amount of leaf feeding from the Devonian to Tertiary
and (il) an increase in complexity of feeding habit
from a marginal, to interrupted marginal to non-
marginal feeding strategies (figure 11).

Modern observations

Over the past ten years there have been several
important contributions to our understanding of leaf
cating by insects and other arthropod groups.
Edwards & Wratten (1980, 1983) have examined the
pattern of leaf feeding by insects on angiospermous
leaves. They identify a number of specific types from
marginal to non-marginal feeding. Non-marginal leaf
feeding is apparently more difficult for insects, requir-
ing specific anatomical modifications (Edwards &
Wratten 1980).

These authors have also investigated the chemical
response of the plants to leaf feeding. In some cases
toxins are produced at the site of biting so that
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animals may adopt an interrupted biting strategy. In
this context Cooper-Driver (1978) notes that the main
fern-eating arthropods are all members of ancient
orders. It has been suggested that these plant chemical
defences only evolved in response to eating, and that
those organisms already feeding were able, through
time, to adapt to these chemical defences, wherecas
insect groups coming anew to leal eating were not so
adapted.

It is clear that there is a difficulty in fossil specimens
in identifying damage to leaves caused by some bio-
logical agent as opposed to physical damage. Stephen-
son (1991) undertook a series of experiments with
modern trees under controlled conditions to investi-
gate this problem. He concluded that physical
damage occurs as rips, tears or holes. Whereas rips
and tears are casily identified as physical damage,
holes arc harder to distinguish from non-marginal
herbivore feeding. However physical damage of this
kind is rare, and the size and pattern of feeding holes
makes it possible to distinguish them from those
caused by wind, rain or hail damage.

Brown & Lawton (1991) have speculated that the
shape of leaves may have been influenced by the
activity of herbivorous insects. This interesting idea
opens up new considerations in interpreting the fossil
record of leaf shape.

Conclusions

Although the fossil evidence is at present sparse,
some general reached. The
common occurrence of leaf-feeding by arthropods does
not occur until the late Carboniferous. Further, there
1s a major increase in biologically damaged leaves in
the later Cretaceous and into the Tertiary especially.
All Palacozoic and carly Mesozoic leaf-fecding
appears to be marginal, firstly mainly continuous
marginal feeding, followed by interrupted marginal
feeding. Extensive non-marginal leaf feeding occurs
firstly in the Cretaceous and in abundance only in the
Tertiary. These observations lend support to the idea
that marginal feeding arose earlier, and to this extent
can be said to be more primitive than non-marginal
feeding (figure 11). There is also an increase in data
from fossil angiosperm leaves which may be real but
may also be because it is easier to recognize bite marks
on broad leaves than the narrower leaves of other
groups. It must be significant that such increase in
feeding on leaves by arthropods is on angiosperm
leaves thus explaining their pre-Cretaceous rarity.
Much more study is undoubtedly needed to confirm
these initial conclusions.

Several authors (e.g. Strong e/ al. 1984; Shear &
Kukalova-Peck 1990) have commented on the lack of
evidence of herbivory (as opposed to detritovory) in
the Palacozoic. We further note that the pre-Creta-
ceous evidence for leaf-feeding (herbivory) is sparse.
Martin (1991), however, discusses the problem of the
digestion of living plant tissues and the need for a gut
microflora to break down cellulose, and notes that few
(if any) insects produce the enzyme cellulase. Perhaps
we should not be asking why do we see so little

conclusions can be



138 A. C. Scott and others

evidence of pre-Cretaceous leaf-feeding, but why do
we see any at all?

(¢) Trichomes

The role of trichomes in plants has been widely
discussed (e.g. Edwards & Wratten 1980), especially as
an anti-predation strategy. Scott & Taylor (1983)
noted and illustrated the common occurrence of tri-
chomes on Upper Carboniferous plants, and considered
both defensive and attraction roles for these features.
Recently Cleal & Shute (1991) have illustrated the
pteridosperm  Neuropteris heterophylla Brongniart with
trichomes, together apparently with an in situ exudate.
These authors are uncertain of the role of these features.
They considered a defensive role but, influenced by the
comments of Beerbower e/ al. (1987) who briefly state
that herbivory was not a significant feeding mode of
Carboniferous arthropods, believed that these tri-
chomes may have had a secretory (non-defensive)
function. We do not link the observations of Beerbower
etal. (1987) and Cleal & Shute (1991) in the same way.
Althoughitis clear that we have relatively few examples
of caten leaves from the Upper Carboniferous it is
noteworthy that the majority are of Neuropteris. We
believe that in addition these trichomes could have had
a defensive function and also note that other leaves such
as N. scheuchzeri are also hairy. However, we have some
specimens of this species showing feeding marks (Scott
& Taylor 1983). The matter of trichome development
in fossil plants and its interpretation as an arthropod
defence mechanism clearly needs further study.

(d) Borings

Unless an insect has some form of wood-digesting gut
symbiont, wood feeding (xylophagy) will only occur
after the tissues have become bio-degraded to some
degree (Martin 1991). The majority of recorded speci-
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mens showing borings in lignified tissue are not accom-
panied by any form of wound reaction, suggesting that
the tissues were dead when invaded by the insects (see,
for example, Hollick (1906); Walker (1938); Brues
(1936); Chican & Taylor (1982); Scott & Taylor
(1983)). Only rarely have some Carboniferous ferns
been shown to have produced wound response tissue
(de Witt West 1962; Lesnikowska 1990).

Most borings in wood or stem tissues contain copro-
lites (see Rothwell & Scott 1983; Cichan & Taylor
1982) (e.g. figure 20) but identification of holes not
containing coprolites as arthropod borings may be
problematic (e.g. figure 21) because of potential preser-
vation causes, such as certain types of mineralization
(c.g. growth of spherulitic calcite or silica) or even
fungal degradation (see, for example, Creber & Ash
(1990)).

In Tertiary wood, boring is quite common (sec Brues
1936) and has been attributed to the activity of
coleoptera and termites. In addition, some modern box
mites also produce significant galleries with infilling of
frass (Luxton 1972). Some millepedes are also known to
bore into wood (Miller 1974). We know of no published
record of wood boring before the Upper Carboniferous.
We have, however, begun a search for the older bored
wood and have found some fusain (fossil charcoal, being
studied by Tim Jones in our laboratory) from the late
Lower Carboniferous of East Kirkton, Scotland (Rolfe
el al. 1990) with what appear to be small borings or
galleries (figure 21). No evidence of frass (coprolites)
have been found which would confirm this record.
Small plant stems in which small areas are filled with
coprolites are, however, common from the late Lower
Carboniferous of the Midland Valley of Scotland
(figure 26). The rarity or absence of late Devonian and
Carboniferous bored wood, we believe, is probably due
to a failure of palacobotanists either to recognize or
record such damage rather than its real absence, but it
may be significant that the earliest beetle, one of the
main wood boring groups, does not appear until the

Figurc 12. Partial transverse section of fern (Etapleris) petiole showing possible puncture wound (arrow) and wound
reaction tissue. Upper Carboniferous, Ohio. Ohio State University, CB73531 (1) Top. Magn. x 20.

Figures 13-15. Sections through permineralized tree-fern stems of Psaronius magnificus from the Upper Carboniferous
of Ohio. University of Ohio.

Figure 13. Transverse scction showing meristeles with ground tissue replaced by coprolites (c.g. at arrow). (P-008).
Magn. x2.

Figure 14. Transverse section showing well-preserved ground tissue, meristele at left. (P-006) Magn. x 7.

Figure 15. Transverse section showing ground tissue replaced by coprolites (e.g. at arrow) meristele at left. (P-008).
Magn. x7.

Iligures 16 and 17. Sandstone cast of sced Trigonocarpus, with plug representing hole in original seed coat. Upper
Carboniferous. National Muscums of Scotland. Unregistered specimen. Magn. x 14 & x 2.

Figure 18. Bark-burrowing traces of a beetle on a gymnosperm log from the Lower Cretaceous of Southern England.
Natural History Muscum, London. v. 7535. Magn. x 3.

Figurc 19. Scanning Electron Micrograph of boring in Setosisporiles praetextus megaspore from the Westphalian B,
Upper Carboniferous, Thorpe, Yorkshire, Scott Colln., showing detail of boring (Magn. x125) and wholc
mcgaspore insct (Magn. x 32).

Figurc 20. Scanning Electron Micrograph of Premnoxylon wood containing frass from the Lower Middle
Pennsylvanian, Upper Carboniferous, Ohio. Ohio State University. Magn. x 350.

Figure 21. Possible arthropod borings in gymnospermous wood prescrved as fusain, A polished  surface
photographed in reflected light under oil. Late Lower Carboniferous, East Kirkton, Scotland. Scott Colln. Magn.
x 100.
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Permian. Crowson (1975) has considered that a wood
boring habit is likely for the earliest beetle. Pre-Permian
wood boring could be by orabatid mites which are
common wood borers today (Jacot 1939) and are
known from the Middle Devonian (Norton et al. 1988).

In the Upper Carboniferous, however, there is
extensive evidence of boring in wood or other lignified
tissues, mainly from anatomically preserved tropical
Euramerican coal ball plants. Galleries with coprolites
have been described by numerous authors and include
gymnospermous wood where the holes and coprolites
(?) within them may be of the correct size to have been
made by orabatid mites (Cichan & Taylor 1982; Scott
& Taylor 1983) (figure 20). Several examples have been
described from fern stems and petioles. Rothwell &
Scott (1983) illustrate stems of the tree fern Psaronius
where ground tissuc has been replaced by coprolites
(figures 13-15). In addition, Lesnikowska (1990) has
illustrated Psaronius petioles which show not only
cavities filled with coprolites but also wound tissue,
indicating that the plant was still living when the
feeding was taking place.

In addition to bored lignified tissue, seeds and
megaspores with borings have also been reported (Scott
& Taylor 1983) (figures 16, 17 and 19) but our material
is very limited. Wooton (1976) considered that palaco-
dictyopteran nymphs, as well as adults, fed on veg-
ctation above the ground. Sharov (1973) described
several late Carboniferous cordaite seeds (Samaropsis)
with puncture holes (about 30%, of the collection bore
traces of damage). The holes were restricted to one side
of the seed and measured 0.5-1.1 mm in diameter.
These Sharov (1973) observed, were the same diameter
as the beaks of palacodictyopterans which were found
at the same locality. 'rom the detailed structure of the
holes Sharov (1973) also concluded that they were not
made by gnawing through the seeds, but by piercing.
The close interrelationships between the Palacodic-
tyoptera and the seed plant groups of the cordaites and
pteridosperms was emphasized by Sharov (1973) who
believed that their extinction in the Lower Permian
coincided because these insects could not adapt to

feeding on other gymnosperms, particularly because of

the resins in the plants and their effects on insect beaks.
This hypothesis must be regarded with some caution.
Sharov (1973) believed that two other insect groups:
Megasectoptera and Archodonata with short beaks
sucked on leaves and young shoots and hence are found
in the Upper Permian.

Scott & Taylor (1983) have described megaspores
with holes (figure 19) but these appeared to have been
chewed. Other megaspores with holes have also been
illustrated by Djikstra and Pierart (1957, their figure
28) which appear to be similar to puncture holes. We
know of no evidence for such boring in the Mesozoic.
One of us (A.C.S.) has recently been shown possible

Cretaceous fruits with borings similar to those of

bruchid beetles from the Upper Cretaceous of Argen-
tina (J. F. Genise, personal communication, September
1991).

The record of wood boring in Permian material is
very poor, with no published illustration. Beetles first
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appear in the Permian (Wooton 1981). Larval stages of
some beetles are able to digest cellulose (Wallwork
1970) and hence beetles are amongst the most successtul
of modern wood borers. It is surprising that we have no
records from the Permian which is almost certainly due
to alack of reporting rather than a real absence. A single
Triassic record is represented by one specimen de-
scribed by Walker (1938) from the Triassic Petrified
Forest National Monument in Arizona. He constdered
these galleries to have been formed by insects.

Jurassic examples are also scarce. Zhou & Zhang
(1989) described galleries and coprolites in secondary
wood of the conifer Prolocupressinoxylon sp. from the
Middle Jurassic of China. These authors also identify
some possible wound reaction in this material and also
believe that beetles were the most likely causal organ-
isms. One of us (A.C.S.) has recently been shown
bored Jurassic wood from Argentina which has yet to
be described (J. F. Genise, personal communication,
September 1991).

Similar material has also been recorded from the
Cretaceous (Hollick 1906; Seward 1923, 1924; Scott &
Paterson 1984). Again, these are predominantly of
galleries with small (less than 100 pm) faecal pellets. In
the case of the material illustrated by Scott & Paterson
(1984) it is interesting to note that it was from a trec
fern, Tempskya, rather than gymnosperm wood.

Wood boring is the habit of several groups of bectles,
notably the Buprestidae, Lyctidae, Anobiidae, Bostry-
chidae, Scolytidae, Ipidae and Cerambycolidae. Vari-
ous beetle trails have been noted on the surface of
Mesozoic wood specimens (Brongniart 1876; Lovendal
1898, Walker 1938; Blair 1943; Jarzembowski 1990;
Chaloner et al. 19915). Most of these borings have been
attributed to the work of extinct members of the
Coleopteran family Scolytidae which is interesting since
fossil insect specimens of this group do not occur earlier
than the Tertiary (Zherikhin 1980). The borings are
very characteristic (figure 18) and it is surprising that
more material has not been described. The most
important example described in detail comes [rom the
Lower Cretaceous Wealden deposits from Southern
England but the detailed description and interpretation
of the borings has been disputed (Blair 1943; Jarzem-
bowski 1990; Chaloner e/ al. 19915) with the pupal
chambers only being recognized following the work of
Stephenson (1991). Stephenson concludes that the
chambers may not have been produced by a scolytid
beetle but by a weevil similar to Pussodes. A new
extensive collection of borings in Upper Cretaceous
permineralized woods from Argentina is currently
being studied by J. I. Genise and will give much
important new data on the timing of some interactions.

It is clear that although we have a few examples of
bored wood from the Palacozoic and Mesozoic much
more data are required to elucidate the early phases in
the evolution of this mode of life.

(e) Leaf-mines

A highly specialized form of plant feeding with the
additional bonus of shelter (in terms of protection from
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an unfavourable environment and from predators) is to
tunnel into leaves, producing ‘leaf-mines’. Leaf-mines
are produced by insects which hatch from eggs within
the leaf tissue and in the course of their development
pass through larval, pupal and adult stages. Insect leaf
mines are linear tunnels or blotch-like excavations
produced by certain specialized larvae feeding within
the mesophyll or epidermis of a leaf. The mesophyll
feeders eat the palisade layer or the spongy mesophyll or
both, leaving the epidermis and cuticle complete. The
cpidermal feeders leave the cuticle and outer walls of the
epidermal layers intact. The mines are, therefore,
completely enclosed by the plant tissue and are pro-
tected from the external environment (Hering 1951).

Most modern leaf-mines are found in angiospermous
leaves. Some, however, have been recognized in other
plant groups (Hering 1951). The leaf-mining habit is
only known to have evolved in four extant orders of
insects: the Coleoptera, Diptera, Hymenoptera and
Lepidoptera, where the leaf-mining larvae belong to
the more primitive groups of these orders (Hering
1951).

The adults corresponding to leaf-mining larvae are
generally small with one of their main activities being to
find a suitable plant host in which to lay their eggs and
provide food for the next generation (Crane & Jarzem-
bowski 1980). In most cases the eggs are either
deposited upon the surface of the leaf or inserted into it.
The larva excavates the tunnel or mine by means of
cither chewing mouthparts capable of devouring whole
cells or by the use of a cell-shearing apparatus which
usually accompanies the sap-feeding habit. The insect
passes through a series of larval stages (instars) each of
which may signify a change in the feeding habit which is
often recognizable in irregularities in the appearance of
the completed mine (Needham et al. 1928).

Once the pupal stage is reached there 1s a quiescent
phase. The pupa may remain within the mine (often in
a  Dblotch-like excavation termed the ‘pupation
chamber’) or may produce an external shelter or
cocoon. During the pupal phase the insect undergoes
metamorphosis which leads to a fully winged adult.

Unfortunately most insect larvae are soft-bodied and
are not readily fossilized. The evolution of mining
larvae from surface feeding larvae is, therefore, difficult
to document in the fossil record, even when fragments of
the discarded chitinous skin at the end of each instar are
‘preserved within the fossil mine (as in Rozefelds 1988).
Although the Coleoptera have been recorded from the
Permian, the earliest families containing leaf-mining
members, such as the Nitidulidae, Cerambycidae and
Curculionidae, are known from the Jurassic while the
other families of that Order have a Tertiary origin.
Whereas the Diptera are known from the Triassic all the
extant leaf mining families are known only from the
Tertiary. The same may be said for the Hymenoptera.
The Mesozoic Lepidoptera are known most commonly
from the Cretaceous but a few records exist for the
Jurassic and possibly for the Triassic (Whalley 1986)
and apart from the Incurvariidae all the leaf-mining
families have arecord from the Tertiary or have no fossil
record (35 families). The number of pre-Tertiary insect
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groups containing leaf-miners would appear, therefore
to be very limited, perhaps explaining the paucity of the
pre-Tertiary and certainly pre-Cretaceous fossil record
of leaf-mines.

Muller (1982) records the earliest leaf-mines in
material from the Upper Carboniferous (Westphalian
D). They consist of both blotch-like and linear-like
mines of the ichnogenus Cuniculonomus Strauss on the
pteridosperms Neuropteris britannica Gutbier and Neurop-
leris subauriculala Sterzel but we are uncertain of their
validity. Muller (1982) also records the presence of
similar mines in the later Carboniferous (Stephanian C)
and Lower Permian specimens attributed to Odontopleris
and notes their close similarities to Recent lepidopteran
mines. The earliest evidence of lepidopteran adult
insects does not occur until the Triassic (Whalley 1986)
and any reference of these pre-Cretaceous mines to
lepidopteran forms seems doubtful. H. Potonié (1893;
R. Potonié 1921) described the presence of linear mines
in the leaflets of Lower Permian Callipieris conferta
Sternberg. Muller (1982) has named these Asterononus
(?) maendriformis. Kerp (1988) has subsequently re-
studied the plant material, and reassigned it to Aulunia
conferta (Sternberg) Kerp, possibly belonging to the
extinct gymnosperm order Peltaspermales (Kerp &
Haubold 1988).

Few Mesozoic leaf-mines have been documented.
Rozefelds (1985) and Rozefelds and Sobbe (1987)
discuss the presence of linear mines in the leaves of the
coniler Hediphyllum elongatum (Morris) Retallack from
the late Triassic Ipswich coal measures of southeastern
Queensland, Australia. In naming them T7iassohypono-
mus dinmorensis, Rozefelds & Sobbe (1987) note their
very close similarity to a ‘mine or burrow of coleopter-
ous larva in the stem of a plant’ figured by Tillyard
(1922). Kelber & Geyer (1989) also record a doubtful
leaf mine from the Triassic of Germany on Schizoneura
paradoxa.

Leaf mines, which may belong to the Neptieulidae
(Lepidoptera) have been reported from seed-fern
foliage 1n the late Jurassic (Grogan & Szadziewski
1988). A later Upper Jurassic-Lower Cretaceous speci-
men is also figured by Rozefelds (1988) collected from
Clack Island, north Queensland, Australia. He sug-
gested that they were repticulid mines found on a single
frond of Pachypteris crassa (Halle) Townrow (Corysto-
spermales).

Cretaceous examples of leaf-mines are also poorly
documented. Fritsch (1882) assigns one specimen from
the Cenomanian of Bohemia to Tinea araliae Fritsch:
Knowlton (1917) figures a ‘microlepidopteran’ mine
from the Frontier formation of southwestern Wyoming.
Hagen (1882) and Skalski (1979) only mention the
presence of Cretaceous leaf-mines but do not figure or
describe them. As is probably the general case the rarity
of Cretaceous leaf-mines may represent under-report-
ing, or lack of search for such evidence. In a study of
Cretaccous (mainly Cenomanian) leaves of North
America, Stephenson (1991) has found a wide variety of
forms. He has observed more than 50 specimens which
he can categorize into 18 types. These include small
sinuous mines, serpentine mines, linear and blotch
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Figure 22. Examples of Cretaccous Leaf Mines (scale 1 em). a. Sinuous mine in angiospermous leaf. Dakota
Formation, Cenomanian, Cretaccous, U.S.A. Indiana University. TU 15703-3856. b. Trumpet-type lcaf mine in
angiospermous leaf. The mine originates ncar the margin than proceeds along a sccondary vein until it forms a
rclatively large blotch-like pupation chamber which is full of frass. Central exit pore is visible. Dakota Formation,
Cenomanian, Cretaceous, U.S.A. Indiana University. IU 15703-2529. ¢. Marginal lcaf mines in angiospermous leaf.
Dakota Formation, Cenomanian, Cretaccous, U.S.A. Indiana University. TU 15709-4818.

mines. We illustrate here a few examples of different
mine types (figure 22). All occur in angiosperm leaves
butsignificantly Stephenson (1991) believes that he can
recognize forms produced by Lepidoptera (the most
abundant forms), Diptera and Coleoptera. Interest-
ingly there does not appear, within these specimens, to
be any major host-type specificity shown by the leaf:
mining insects. Those members of the lepidopteran
family Nepticulidae are particularly well represented.
This is surprising considering the relatively short
geological history of the Lepidoptera at this time,

according to their insect fossil record. The presence of

such a variety of lepidopteran mines may be an
indication of how rapid the insect radiation was after
the advent of angiosperms, or that the Lepidoptera

were in existence for a much longer period than is
portrayed by the insect fossil record.

An inevitable conclusion of this review is that further
investigations, particularly on pre-Cenomanian angio-
sperm and non-angiosperm leal material is needed to
yield useful data on the evolution of this specialized type
of plant-inscct interaction.

(f) Evidence from Arthropods: coprolites

One picce of tangible evidence for plant-cating by
arthropods is that of coprolites, fossil faecal pellets. The
study of coprolites, both their shape and size as well as
their content, has yielded significant data for the
interpretation of plant-animal interactions (see Scott

Figures 23-30. Coprolites in Carbonifcrous permineralized peats.

Figures 23 and 24. Coprolites containing spores, originally described as a pteridosperm pollen organ Heterotheca,
from the Lower Carboniferous Pettycur Limestone, Pettycur, Fife. Natural History Muscum, London. Benson
Colln, Slide 307-18. Tigure 23. Magn. x 64. Figure 24. Detail. Magn. x 160.

Figure 25. Small coprolites (arrow) within permineralized peat. Pettycur Limestone, Pettycur, Fife, Scotland. Scott

Colln. Magn. x 20.

Figure 26. Small coprolites (arrow) (possibly mite) within axis of lycopod (Paralycopodites) in permincralized peat,
Pettycur Limestone, Pettycur, Fife, Scotland. Gordon Collection 176. Natural History Muscum, London. Magn.

x 15.

Figure 27. Coprolites of different sizes (arrows) in matrix of coal ball (permineralized peat) from the Pennsylvanian,
Upper Carboniferous of Kentucky. Ohio State University. CB6664. Magn. x 16.

Figures 28-30. Scanning Electron Micrographs of the contents of large coprolites in coal balls from the
Pennysylvanian, Upper Carboniferous of Kentucky. Ohio State University. CB 7245.

Figure 28. Lycospora spores. Magn. x 700. Tigure 29. Fern sporangium. Magn. x 150. Tigurc 30. Tracheids. Magn.

x 1000.
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Figures 23-30. For description see opposite.
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(1977)), Baxendale (1979) and Scott & Taylor (1983
for a more detailed discussion of this topic). Shape and
size records may give clues concerning the arthropod or
insect group responsible, and the contents of the
coprolites will give a lead on what has been eaten. In
contrast, other groups such as spiders and snails do not
appear to produce coherent faecal material. A survey of
modern material is currently under way.

Some types of coprolite are very characteristic, such
as those of dung beetles (Retallack 1990) and it is clear
that studies of fossil soils yielding coprolites may be
significant especially concerning the evolution of detri-
tivores (Retallack 1981; Picarce 1989).

The fossil record of terrestrial coprolites is patchy.
Small (less than 100 pm) coprolites containing plant
material have been described by Robbins et al. (1985)
from the Precambrian. The animal responsible for these
is uncertain and may not be terrestrial but it emphasizes
the point that detailed studies are needed of late
Precambrian and carly Palaeozoic sediments to search
for coprolites as they may be preserved where the
animals or macroplants are not.

Retallack & Feakes (1987) in studying putative
Ordovician soils indicate that they can identify the
activity of terrestrial arthropods but this evidence is
cquivocal. Sherwood-Pike & Gray (1985) describe
fungal aggregates which they attribute to micro-arthro-
pod frass or coprolites. The material is of Ludlovian age
(Silurian) from Gotland, Sweden and is significant in
that it pre-dates the oldest known terrestrial arthropod
faunas. Sherwood-Pike & Gray (1985) use the occur-
rence of fungi in coprolites to infer fungivory of the
arthropods (see also Sherwood-Pike (1990)) but an
alternative view is that the original plant tissues in the
coprolite were later destroyed by fungal activity. Until
recently, our oldest diverse terrestrial micro-arthropod
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assemblage was from the early Devonian Rhynie chert
(Kevan et al. 1975) which has led to the hypothesis that
early micro-arthropod assemblages may have first
appeared in the early Devonian or possibly in the latest
Silurian (Rolfe 1980). However, the discovery by
Sherwood-Pike & Gray (1985) argues that the terres-
trial decomposer niche was already occupied by mid-
Silurian times (Rolfe 19854). The discovery of preda-
tory arthropods, including centipedes and arachnids, in
sediments of late Silurian (Pridoli) age from Ludlow,
Shropshire, England supports the idea of an extensive
Silurian evolution and diversification of terrestrial
invertebrates ( Jeram ef al. 1990; Rolfe 1990).

Despite our increasing evidence of evolving complex
plant-arthropod interactions through the Silurian and
Devonian we have as yet no coprolites described from
these systems. A few coprolites have been described
from the Lower Carboniferous (Visean) of Scotland
and France. Scott (1977) illustrated one of a number of
large coprolites preserved as compression fossils from
the Viscan of Scotland, which range in length from 20-
26 mm and when found unsquashed are approximately
cylinder shaped with prominent ridges (figure 32). The
origin of such a coprolite is uncertain but may have
been from a large millepede or even an carly arthro-
pleurid (see Rolfe 19856). Another form from the
Visean of Scotland described by Scott (1977) were also
circular in cross section with a diameter of 5 mm and
preserved in association with permincralized plants
(figures 33 and 34). The plant material is layered
internally and comprises stelar and woody clements.
These larger coprolites bear a resemblance to forms
described by several authors from the later Carbonifer-
ous and may be of millepede origin (Scott & Taylor
1983). Scott et al. (1985) illustrate a coprolite contain-
ing spores of Dictyotrileles (fern) and Knoxisporiles (afli-

Iigures 31-46. Isolated Carboniferous and Recent coprolites.

Figure 31. Scanning Electron Micrograph of coprolite containing spores of Dictyotriletes (fern) and Knoxisporiles
(affinity uncertain) from the Lower Carboniferous of Loch Humphry Burn, Dumbartonshire, Scotland. Magn.
x 180.

Figure 32. Compression of coprolite from the Lower Carboniferous of Loch Humphrey Burn, Dunbartonshire,
Scotland. Hunterian Museum Glasgow. Pb2576. Magn. x 2.

Figures 33 and 34. Cross-scction of coprolite from the Lower Carbonifcerous of Glenarbuck, Dunbartonshire,
Scotland. Figure 33. Whole coprolite. Magn. x 4. Figure 34. Detail showing plant debris and stelar fragments.
Magn. x 30. Hunterian Museum Glasgow. I'SC 780.

Tigures 35-37. Transverse sections of coprolites in Limestone from the Lower Carboniferous Kingswood Limestone,
Fife, Scotland. KIN 289. Figure 35. General transverse section. Magn. x 35. I'igure 36. Detail of another coprolite.
Magn. x40. I'igure 37. Longitudinal section. Magn. x 27.

Figures 38-43. Scanning Electron Micrographs of coprolites containing megaspores and miospores from floodplain
shales, Westphalian B, Middle Coal Mecasures, Upper Carboniferous, Swillington, Yorkshire. All in the Hunterian
Museum Glasgow (FSC).

Figure 38. Coprolite containing megaspore fragments. F'SC 2061. Magn. x40.

I'igure 39. Detail of figure 38 with fragment of Tuberculatisporites megaspore. Magn. x 150.
Figure 40. Coprolite containing miospores. 'SC 2066. Magn. x 25.

Figure 41. Detail of coprolite with spores including ?Ahrensisporites, FSC 2068. Magn. x 500.
Figure 42. Detail of FSC 2067 with microspores and megaspore fragments. Magn. x 250.
Figure 43. Detail of FSC 2063 with microspores including ?Cristatisporites. Magn. x 600.

Figures 44-46. Scanning Electron Micrographs of faecal pellets from the Recent millepede Narceus americanus. Figure
44. Longitudinal view. Magn. x 15. Figure 45. Iind view. Magn. x 35. Iligure 46. Detail showing tracheids. Magn.
x 150.
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Figures 31-46. For description see opposite.
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nity uncertain) from the late Tournaisian of Scotland
(figure 31). The arthropod responsible is unknown.

Rex & Galtier (1986) describe several plant-bearing
coprolites from Visean silicified cherts from Central
France. These authors identify four types of coprolites
which they interpret as indicating that there was a
diverse arthropod assemblage associated with the flora.
One type was around 1 mm long and 0.5 mm in
diameter which incorporated material from Botryopteris
antiqua (fern) sporangia and was a common element in
the assemblage from Esnost. Type 2 was nearly as large,
0.4-1 mm long and 0.2-0.5 mm in diameter which
incorporated spores of Lepidodendron esnostense. Type 3
coprolites were spherical or ovoid 70-100 pm in dia-
meter and were distributed both in the chert matrix at
Roanne, and within plant tissues. Type 4 coprolites
were found uniquely at Esnost, associated with the fern
Bolryopteris antiqua. The cortex of the rachis Botryopteris
showed cavities which may have been caused by
arthropod attack and the chert surrounding contained
minute coprolites 30 pum long and 10 pm in diameter.
The coprolites described from these French deposits are
very similar to ones described by Scott & Taylor (1983)
from Upper Carboniferous coal balls and hence discus-
sion of their origin will be taken together.

Coprolites from the Lower Carboniferous are more

widespread than previously thought. Examination of

several thousand peels in our collections from the
Tournaisian and Viscan deposits of Scotland has
indicated that certain forms are particularly abundant.
In late Tournaisian sediments cylindrical coprolites, up
to 0.5 mm in diameter occur frequently. Late Visean
assemblages are, however, more common. Large cylin-
drical coprolites are relatively abundant in the lime-
stones of Kingswood associated with abundant and
diverse plant remains (Scott e/ al. 1986) (figures 35-37).
The coprolites are up to 7 mm in diameter but the only
preserved associated arthropods are scorpions. A more
diverse assemblage of forms are found in the nearby
Pettycur limestone. These included pollen-bearing
coprolites which were once described as pollen organs
(Heterotheca) (figures 23 and 24) but a recent reinvesti-
gation has demonstrated their true nature (Rothwell &
Scott 1988). These specimens are irregularly sub-
spheroidal-ellipsoidal, ovoid in cross section, 1 mm in
diameter and 3.5-4.0 mm long. Rothwell & Scott
(1988) consider that their relatively constant size and
heterogenous content suggests that they represent the
facces of a single type of animal with a relatively non-
specific diet. Some specimens described, however, com-
prised almost exclusively spore exines. Interestingly,
Meyen (1984) also considered that the putative Per-
mian pollen organ Thuringia is also an arthropod
coprolite. Other large cylindrical coprolites are also
encountered free within the ‘peat’ facies of the Pettycur
limestone (Rex & Scott 1987). In addition small, ovoid,
30 pm coprolites occur rarely within the peat (figures 25
and 26). No damage to the fern rachises Botryopleris
anligua, similar to that described from France by Rex &
Galtier (1986), has yet been found.

More extensive studies have been undertaken on
Upper Carboniferous coprolite assemblages. Scott
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(1977) described plant-bearing coprolites from clastic
sediments from the Westphalian B of Yorkshire. These
were generally cylindrical in shape (up to 3 mm x
I mm), although some had been flattened. Some
contained indeterminate plant debris whereas others
contained a variety of spores, including megaspore
fragments (figures 38-43).

Studying the contents of the coprolites may yield
clues to the diet of the animal. Bernays (1991) has
shown how particles remain surprisingly intact and
identifiable in the gut and faeces of some insects.

In a study of coprolites from North American Upper
Carboniferous coal balls, Baxendale (1979) described
several types, as seen in section. In his paper, Baxendale
described three types of coprolite based on gross
morphology and content. His type A were large
45mmx25mmx1.9mm in size with a hetero-
gencous composition. Type B were 6.5 mmx
3.5mmx 3.1 mm and type C had an average size of
4.5 mm x 2.5 mm x 1.8 mm with an amorphous con-
tent. In a detailed study of coprolites from Lewis Creek
Coal balls of Kentucky of early Westphalian age, Scott
& Taylor (1983) described a much greater diversity of
coprolites which they studied combining light micro-
scopy with sEm observations. They demonstrated a
broad size range of forms and noted their occurrence,
shape and content. They described three size classes
broadly ranging from 1-7 mm in diameter (class 1) to
120 pm~1 mm (class 2) to 30-120 pm (class 3) (figure
27). Some of these forms, particularly class 1 and 2
forms contained abundant spores, and in some cases
sporangia of ferns and lycopods (figures 28 and 29) but
also one coprolite was identified that consisted of broken
fragments of a synangium of the pollen organ Ferax-
otheca. These authors considered that the coprolites were
derived from a number of sources. In a consideration of
modern arthropod and insect faecal pellets it was
considered that the smallest of the Carboniferous forms
may have belonged to mites and Collembola. For
example faecal pellets of the mite Tyrophagus sp are
45 pm x 20 pm (Robaux et al. 1977) and Scott & Taylor
(1983), illustrate ovoid faecal pellets 150 pm in length
from oribatid box mites. Collembolan faecal pellets also
range in size from 10-100 um (Kuhnelt 1976). The
larger coprolites may include forms typical of mille-
pedes such as those illustrated by Paulusse & Jeanson
(1977) and Scott & Taylor (1983) which are 0.8-
1.5 mm long and approximately 0.5 mm in diameter
(figures 44-46). Scott (1977) also describes coprolites
6 mm long and 3 mm in diameter from an African
millipede 9 cm long. Feacal pellets of insects may also be
similar as pointed out by Scott & Taylor (1983). For
example Scott (1977) describes faecal pellets from a
Recent  cockroach, 6-7cm long which
3 mm x 1 mm with longitudinal striations. Our major
problem is that we do not know what the faccal pellets of
extinct insect groups were like but it is clear that by the
Upper Carboniferous there was a considerable diversity
of coprolites of apparently terrestrial organisms.

Permian and Mesozoic forms are poorly known,
almost certainly because of lack of study rather than
because of a real absence. Harris (1957) described

were
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coprolites containing fragments of Caylonia and it may
be that arthropods were even involved in the pollina-
tion of this unusual gymnosperm thought by some to
have been close to the ancestral stock of the angio-
sperms. The only other coprolites described occur
associated with borings as indicated above. Borings in
wood filled with frass (coprolites) have been illustrated
from the Jurassic (Zhou & Zhang 1989) and Cretaceous
(e.g. Scott & Paterson 1984) but there have been no full
descriptions. No general picture can emerge until more
material becomes available for study.

(g) Evidence from arthropods: gut contents

One arca of direct evidence for arthropod phyto-
phagy is that of gut contents. Unfortunately few [ossil
arthropod specimens have been studied in this respect
but more serious is the fact that of those that have, few
fossil specimens yield gut-contents. Most of the material
of which we have knowledge is from the Carboniferous.

Arthropleura was a giant ‘millepede-like’ arthropod
1.8 m long and represents an extinct group within the
Myriapoda (Rolfe 19854). Gut contents of this form
have yielded lycopod tracheids (Rolfe & Ingham 1967).
The general composition of the plant material
suggested to Scott (in Rolfe 19856) that the central
woody stele of trunks and branches were being eaten
rather than the leaves. This led Rolfe (19855) to suggest
that the animal not only used hollowed out trunks for
shelter but also as a food source.

sut contents of Upper Carboniferous insects have
been described by Scott & Taylor (1983). Three
specimens from the Westphalian D Mazon creck assem-
blages vyielded spores in their gut. One specimen
yielding spores is a new undescribed genus of a
thysoncuron and another is a protoorthopteran. Lyco-
pod spores, Cappasporites distortus were found in the gut of
an undeterminate protoorthopteran. Shear & Kuka-
lova-Peck (1990) illustrate a specimen of a young
nymph of a diaphanopteran from the Upper Carboni-
ferous of Illinois with its gut packed with spores, but
these were not identified. These represent the only
terrestrial arthropod specimens with gut contents so far
described from the Carboniferous.

Few other insects with gut contents have been
reported but Krassilov & Rasinitsyn (1982) describe
Cretaceous insects with pollen in their guts. However,
in this case the pollen is bisaccate: an occurrence of
pollen of this type in both living and fossil plants is
limited to gymnosperms showing strong adaptation to
anemophily (wind pollination). For this reason it seems
unlikely that the Russian pollen-eating insects were
involved in a biotic pollination process.

It is particularly surprising that none of the cock-
roaches that make up the bulk of Upper Carboniferous
insect collections have yielded gut contents, but many
records are from wings rather than whole bodies. It has
been suggested that several early insect groups fed on
plants (Wigglesworth 1976) including orthopterans
and even palaeodictyopteran nymphs (Wootton 1976,
1981) but direct evidence is lacking.

It is clear from a survey of modern insect groups that
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feed on plants, that many have an extensive fossil
record. This is especially true of, for example the
Orthoptera (grasshoppers and crickets) (Brues 1946;
Uvarov 1966) but we have to rely on indirect evidence
of feeding habits rather than direct evidence of gut
content for much of the fossil record.

3. SHELTER

Observations on plant-arthropod interactions in
modern ccosystems indicate that shelter is an impor-
tant link (Southwood 1973). Often the animal may
shelter from predators rather than just the physical
environment but it is also possible that some arthro-
pods use shelter to hide from prey as well. For the
most part, direct observations of this interaction in the
fossil record is problematical but some specific interac-
tions are complex and involve more than one activity
which is then identifiable in fossil material. Leaf-
mining, for example, has already been discussed under
feeding but equally it may be considered as a protec-
tive adaptation, the insect larvae sheltering within the
leaf, between the epidermal layers.

In the Lower Devonian Rhynie Chert sporangia
have been found which contained specimens of trigo-
notarbid arachnids (Kevan et al. 1975; Rolfe 1985a).
Kevan et al. (1975) suggested that the animals may
have been feeding on the spores, a theme expanded by
Scott el al. (1985). Rolfe (1980, 1985a) suggests,
however, that the arthropods may have been using the
empty sporangia for shelter to conserve body moisture
in particular. It is clear, as Rolfe (19854) points out,
that the interpretations of these observations are equi-
vocal.

We have already mentioned that Arthropleura from
the Upper Carboniferous probably fed on lycopod
trunks and may have used the hollowed out trunks as
a shelter (Rolfe 19854), especially from tetrapod
predators. It has even been suggested (Milner in Rolfe
19856) that the amphibian FEogyrinus was suitably
elongated to scek out Arthropleura in this niche.

Some Trichoptera (caddisfly) larvae make cases out
of plant material. Although such cases are known from
the later Jurassic they become more common and
diverse from the early Cretaceous. We have not made
any new observations and their geological history has
been recently reviewed by Sukatsheva (1982) and
Boucot (1990). A step removed from shelter is that of the
use of camouflage. A good example of this is mimicry.
Several authors have suggested mimicry of arthropods,
including insects mimicking plants in the Carboniferous
(see Scott & Taylor (1983) for a review)), but few other
comparisons have been made elsewhere in the Palaco-
zoic or Tertiary.

(a) Galls

According to Meyer (1987) galls are ‘all manifes-
tations of growth, whether positive or negative, and of
abnormal differentiation induced on a plant by animal
or plant parasite’. Galls are a physiological reaction
induced in the host plant tissues immediately surround-
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ing the invasive parasite. They can be morphologically
classified into two main groups according to Kuster
(1911). Organoid galls are characterized by abnormal
production of organs, by their modifications of the
arrangement of organs or even by their transformation.
These are more commonly caused by viruses. Histioid
galls are characterized by production of abnormal
tissue, either by cellular hypertrophy, by cell prolifer-
ation or by the appearance of new diffcrentiations.
Within this category cataplasmic galls are amorphous
with no tissue differentiation and prosoplasmic galls
have a definite size and shape with a marked tissue
differentiation.

The gall which is induced by the invading parasite
develops not only a protective layer but also develops a
water and food connective system to the host plant
(Fourcroy & Braun 1967; Maresquelle & Meyer 1965).
Variations in gall formation caused by different para-
sites are numerous but basically the female arthropod
lays her eggs within the host plant tissue, often with a

high degree of specificity for both plant and site of

oviposition. The larva grows feeding from the surround-
ing plant tissues either directly or from a modified
nutritive layer. Pupation may occur either internally or
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externally, after which the mature adult assails other
plant hosts.

Although there is a wide diversity of arthropod
groups which produce galls, none of their extant
families are known in the Palaeozoic. Of the insects,
only some Hemiptera (Homoptera) including the Cer-
copidae and Membracidae have been found from the
Triassic. The Psyllidae are known from the Jurassic, as
are the Hemiptera (Heteroptera), Tingidae and the
coleopteran families Cerambycidac and Curculionidac.
The Hemipteran (Homopteran) Family Aphididac
and the Hymenopteran family Cynipidae arc known
from the Cretaceous but all other families including the
lepidopteran and dipteran gall producing families are
known only from the Tertiary.

Very little has been published on fossil galls. Whilstin
some cases the evidence for a gall is clear (such as the
presence of the organic material of a gall, figures 47¢g
and 49), in others where only the potential gall sites are
apparent (figure 50) there is the possibility that they
represent fungal infection. In these cases, however, the
presence of fungal hyphae should help resolve the
matter. The earliest and only recorded examples from
the Palaeozoic appear on Odonlopleris leaves from the

Figure 47. Examples of Cretaccous galls on angiosperm leaves (scale 1 em). a. Small conc-galls on angiosperm leaf,
Tuscaloosa Formation, U.S.A., Turonian, Cretaccous Field Musecum of Natural History, Chicago. PP14026. b. Small-
medium sized galls on angiosperm leaf from the Ripley Formation, Maastrichtian, Cretaccous, U.S.A. Ficld Muscum
of Natural History, Chicago. PP13553. c. Large galls on angiosperm leaf from the Ripley Formation, Maastrichtian,
Cretaccous, U.S.A. Ticld Muscum of Natural History, Chicago. PP196. d. Angiosperm lcaf from the Cenomanian,
Cretaccous of Vyscrovice, Gzechoslovakia with small cone galls, cach with a central exit hole. Natural History
Muscum, London. v53724. c¢. Medium-large pouch galls on angiosperm leaf, T'uscaloosa Formation, U.S.A.,
Turonian. Iield Muscum of Natural History, Chicago. PP13471. f. Angiosperm leaf with spot gall with central exit hole
from the Dakota Formation, Cenomanian, Cretaccous, U.S.A. Ticld Museum of Natural History, Chicago. UP 348
g. Angiosperm leaf with large ball gall from the Ripley Formation, Maastrichtian, Cretaccous, U.S.A. Ficld Muscum

of Natural History, Chicago. PP14154.
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Permian (Potonié 1893; Conway-Morris 1981). There
are very few examples of Mesozoic age. Alvin et al.
(1967) note the presence of insect galls on an Anomoza-
mites leaf from the Middle Jurassic (Bajocian) while
Brues (1946) mentions the occurrence of Cretaceous
galls but without documentation. Hickey & Doyle
(1977) figure a number of possible insect galls from the
early Cretaceous and Lesquereux (1892) and later
Berry (1923) figure a gall from the mid-Cretaceous
Dakota Formation which Lesquereux described as
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representing an ‘oak gall’ implying that it was produced
by a member of the Cynipidae (Hymenoptera).

In a detailed study of mid-Cretaceous galls, Stephen-
son (1991) has investigated 26 specimens which he
classifies into eight types. The criteria used for classifica-
tion include size, both diameter and area, shape,
position on leaf, nature of the gall wall, nature of the exit
pore and a comparison with Recent specimens. A
selection of forms from angiosperm leaves are illustrated
here from the Cenomanian and Turonian of the U.S.A.

Figures 48-52. Examples of Cretaccous galls.

Figures 48 and 50. Angiosperm leaf from the Cenomanian, Cretaccous, Vyserovice, Czechoslovakia with small cone
galls, cach with a central exit hole. Magn. x % Natural History Muscum, London. v53724. Magn. x . Figure 50.

Magn. x 1.

Figure 49. Angiosperm leaf with large ball gall from the Ripley Formation, Maastrichtian, Cretaceous, U.S.A. Field
Museum of Natural History, Chicago, PP14154. Magn. x 1.

Figures 51 and 52. Angiosperm leaf with spot gall with central exit hole from the Dakota Formation, Cenomanian,
Cretaccous, U.S.A. Field Museum of Natural History, Chicago. UP 348. Tigure 51. Magn. x 6. Figure 52. Magn.

1
X 2.
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and of the Maastrichtian of Czechoslovakia and include
those that he categorizes as ‘very small generally
dispersed forms, small cone galls, small to medium sized
galls, medium sized spot galls to large pouch galls and
very large galls’. We illustrate several examples here
(figures 47-52). A detailed comparison with modern
forms led Stephenson to conclude that a variety of gall
types were present by the Cretaceous. These were
similar to types formed by the Acari (Eriophyidae),
Hemiptera: Homoptera (Aphididae or Psyllidae), Dip-
tera (Cecidomyiidae) and Hymenoptera (Cynipidac).

This work indicates that such material may be more
common than previously thought but more material is
needed before meaningful conclusions can be drawn.
The accuracy of comparisons with modern forms must
be viewed with caution as the criteria used in their
identifications are at best rather crude, their preser-
vation is poor and there is little published on modern
leaf” galls, especially those which do not have any
cconomic importance. Nevertheless, the ‘best match’
approach can be viewed with some confidence on a
family or ordinal level. Our conclusion is that there was
a variety of gall types by the mid Cretaccous. The
majority were caused by gall mites although there is
some evidence to suggest the work of gall gnats, aphids
and perhaps even gall wasps. What is surprising is that
no examples were found attributable to the Lepidop-
tera which are known from the Cretaceous and may
indicate that this strategy was not developed by carly
members of this group. Important late Palaeozoic
groups such as the Coleoptera rarely produce leaf galls
but attack other parts of their plant hosts such as roots
and stems. Plant stems were likely to have been the
primitive gall site; galling soft stems must have been a
relatively simple beginning for prosoplastic gallers
(Shorthouse 1973, 1982, 1986). This is in accord with

the Permian origin of the Coleoptera. The variety of

galls found in the relatively ‘new’ angiosperms of the
Cenomanian suggests that the coevolution of the gall-
producing arthropods and host plants must have
occurred over a very long period of time and may be the
reason why it is the more ancient groups which have
been more successtul in developing this life style.

4, TRANSPORT AND REPRODUCTION

Further to Southwood’s (1973) classification of the
basic interactions as feeding, shelter and transport,
Hocking (1975) also distinguished between the trans-

port (dispersal) of propagules, and other forms of

assistance in reproduction. Gilbert (1979) later quali-

fied this distinction by suggesting that the transport of

pollen and sceds are ‘two very different processes that
would have to be separated in any evolutionary or
ccological model of a real system’.

Although we acknowledge this further classification,
both transport and reproduction will be included
together, as with the fossil data such distinction is less
casy to make. “Transport’ is used here to include any
movement of plant, plant part or arthropod brought
about by, or aided by, a member of the other group.
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(a) Transport of plant propagules by arthropods:
entomochory

Few extant plants have mechanical dispersal mech-
anisms for the dissemination of their seeds. The major-
ity rely upon the wind, water or animals, as their
dispersal agents. This is called ‘entomochory’. Seeds
and spores (and pollen) may be ‘dispersed’ by arthro-
pods in three different ways: (i) by taking them into
their nests where they only cat the oily body (clai-
some) attached to certain seeds; (i1) by adhesion of the
spores and seeds to the host’s body (‘cpizoochory’);
and (iii) by swallowing and depositing them undi-
gested in their excreta (‘endozoochory’). Although
this latter process may have been important in spore
dispersal it has not been reported in living arthropods
as a means of seed dispersal. Tt is important here that
we acknowledge that while spore dispersal by these
means could contribute to reproductive success of the
plant, pollination would only be facilitated by cate-
gory (ii) process above. Indeed this process, aug-
mented by active pollen gathering in some groups, is
the essential element in entomophily.

It has been suggested by Southwood (1973) that
spore (pollen) eating was the first step for phytopha-
gous insects. We have already noted the suggestion
that spore eating may have existed since the early
Devonian, using evidence from the Rhynic chert
(Kevan el al. 1975). More direct evidence comes from
the early Carboniferous where several types of copro-
lites have been shown to contain spores and pollen
(Scott et al. 1985; Rothwell & Scott 1988; Rex &
Galter 1986). An important question to ask is
whether such feeding behaviour would lead to disper-
sal of the plant. Some aspects of this topic have
already been discussed elsewhere (see Scott el al.
1985).

Chaloner (1976) showed that the viability of Pleri-
dium spores in the facces of locusts (Locusta migraloria) is
reduced by only 509, illustrating the possible impor-
tance of this method of plant propagule dispersal. It is
clear that only one experiment does not prove a point.
We considered, therefore, to broaden the range of
these experiments, firstly by repeating the original
experiments and then including millepedes and cock-
roaches as potential dispersal agents as the millepedes
have a fossil record from the Devonian, and the
cockroaches from the Upper Carboniferous. These
data have been published in Chaloner e/ al. (199156).
The Pleridium spores used in these experiments showed
an initial viability of 759, somewhat lower than in
the original Chaloner (1976) experiments. Viability of
spores in the locust faecal pellets was reduced to 5%,.
This is considerably lower than that recorded by
Chaloner (1976) (509%,) but nevertheless it is signifi-
cant. This difference may be due to a change in the
feeding protocol, using bran as carrier for the fern
spores rather than the carbohydrate paste biscuits of
the earlier work. It seems likely that destruction of the
spores by mastication will be very dependent on the
mechanical properties of the food on which the spores
are consumed (see Bernays 1991). For the giant Afri-
can millepedes the viability of faccal spores was 89
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but for the cockroaches no spores germinated. Even a
small percent survival of the spores passing through
the gut may represent, for the plant, carried to a new
habitat, ample compensation for those ‘destroyed’ and
so used as food by the insect carrier.

The viability of spores passing through the guts of
several arthropod groups, we believe, is highly signifi-
cant. It is also interesting to note here that both
Christiansen (1964) and Kuhnelt (1976) report spores
and pollen remaining viable after passing through the
guts of Collembola (whose fossil record is from the
early Devonian (Whalley & Jarzembowski 1981)), but
no supporting data was presented. An interesting
observation relating to the physiology of pollen cating
(and hence to spore eating) has been made by Haslett
(1983). He shows that adult hoverflies produce an
environment within the gut which induces germina-
tion of Ranunculus pollen, so that it gains digestive
access to the thin-walled pollen tube. There is, there-
fore, no need for any exine ‘cracking’ in the eating
process, to obtain nourishment from the pollen. How-
ever, the rapid germination of angiosperm pollen is
clearly being exploited here, and it seems less likely
that this strategy could be exploited to obtain nourish-
ment from spore eating.

We believe that the advent of spore feeding from
the Devonian was as important to plants as to arthro-
pods, adding an advantage of propagule dispersal to
the plants. We repeat Southwoods (1973) observation
that spore or pollen feeding is more nutritious for the
arthropod than leaf feeding, which does not occur
until later in the fossil record.

(b) Reproduction

The connection between pollen feeding and effect-
ing pollination (see §4¢) is more circuitous than spore
feeding as a means of dispersal, but it is genuine none
the less. The process of pollen feeding brings the insect
into contact with pollen, and ensuing fortuitous trans-
port of pollen on the outside of the insect may lead to
an active pollination role. We have already mentioned
the Upper Carboniferous coprolite comprising a Fer-
axotheca pollen organ. In addition, coprolites from the
Upper Carboniferous have also been found containing
‘Monoletes’ pollen belonging to a pteridosperm (Scott
1977). However, the pollen in the gut is ‘what got
away’. It has been widely thought that some pterido-
sperms may have been animal pollinated. It is inter-
esting to note in this context that the giant anthropod
Arthropleura has been found with abundant Monoletes
pollen stuck to its leg segments, and hence potentially
contributing to pollen transport (externally), leading
Scott & Taylor (1983) to hypothesize that ‘Perhaps
Arthropleura, brushing through the floodplain scrub,
acted as a pollinator for the medullosan seed ferns that
were living there’. Pollen feeding would enhance the
probability of pollen carrying, even though the pollen
actually eaten would have been totally lost to the
plant’s reproductive success.

Our knowledge concerning Permian or Mesozoic
interactions of this type are entirely lacking. However,
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the potential of spores especially adhering to an ar-
thropods body has also received some attention in the
literature, especially the potential use of hooks for
attachment. Kevan et al. (1975) figure early Devonian
spores with grapnel-like hooks which may have been
used for the attachment to early arthropods. Chaloner
(1984) further notes the appearance of fleshy gymno-
sperm seeds during the Palacozoic and suggests this as
an adaptation to biotic seed dispersal.

As a potential biproduct of this interactive be-
haviour is the transfer of discase. There is evidence
such as the presence of fungi in insect-induced wounds
(see, for example, Kevan e/ al. (1985) and Sherwood-
Pike (1990)).

(¢) Pollination

The origin, ‘explosive’ diversification, and rise to
terrestrial global domination of the angiosperms seems
to have been closely associated with their biotic polli-
nation, if not indeed triggered by it. The coevolution
of flower structure and the biotic pollination vector
has probably received more attention than any other
aspect of plant-animal interaction (see reviews in
Faegri & Van der Pyjl (1979), and the fossil evidence
of the evolutionary story in Crepet & Friis (1987) and
Crepet et al. (1991)).

Biotic pollination seems to have been derived from a
pollen-feeding pattern in some antecedent gymno-
sperm group. This must, in turn, presumably have
been derived from spore feeding in free-sporing plants,
which pre-dated the origin of the seed. A likely
scenario is that of Coleoptera (or possibly flies belong-
ing to the Tipulidac or Mycctophidae) being involved
in pollen feeding in Jurassic gymnosperms, possibly of
the Bennettitales, and so functioning incidently as
pollinators in the way outlined above. Obvious adap-
tations strengthening this bond of pollen-feeding insect
with pollen-bearing seed-plant, would have been
enclosure of the ovules in an infolded seed-bearing leaf
(the angiosperm carpel) to protect the limited number
of ovules from predation by the pollinator, while
making ample pollen available as ‘reward’ for the
visit. If the ovules were already borne within a herm-
aphrodite structure (as in the Bennettitales) then
insect visits to feed on pollen would inevitably alsc
bring pollen from other plants into the proximity of
the ovules. There is circumstantial evidence that polli-
nation may have been biotic in the Bennettitales (see,
for example, Crepet & Friis (1987)). Indced that
group may have been close to the immediate precur-
sors of the angiosperms. However, it 1s also possible
that the Bennettitales developed the hermaphrodite
configuration in parallel and in advance of that in the
angiosperms, as a response to the same selective pres-
sures of a pollinating vector.

Enclosure of the ovules within a conduplicate carpel
(ovary) with associated pollination onto a stigma, and
pollen tube growth through sporophytic tissue of a
style to reach the ovule, would have favoured two
further angiosperm attributes. Of these, probably the
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most important was the use of a pollen—stigma recog-
nition mechanism, to develop elaborate incompatibi-
lity systems, favouring outbreeding. The presence of a
tectate or semi-tectate exine in Cretaccous angiosperm
pollen (a feature associated with the pollen carrying
‘signalling substances’ within the wall) suggests that
this mechanism of pollen-stigma recognition was
adopted early in the history of the angiosperms.

Pollination onto a stigma (rather than directly into
the micropyle, as in gymnosperms) would have offered
the early angiosperms the process of ‘pollen competi-
tion” where the competing male gametes, in adjoining
pollen tubes, vie for successful zygote formation.

There appears to be a strong link, then, within the
angiosperms between adoption of biotic pollination
and the several angiospermous features of hermaphro-
dite flower, enclosed ovules, a pollen ‘recognition
system’ and pollen competition. Circumstantial evi-
dence for involvement of insects in pollination in the
living cycads and possibly Gnetales (Faegri & Van der
Pijl 1979) suggests that biotic pollination itsell may
have been the first step and that this must have arisen
independently in more than one gymnosperm line. An
enormous range of specializations, associated with
entomophily, are seen in the early fossil history of the
angiosperm flower. The appearance of nectaries, at
first as a rather nondescript receptacular disc, but
followed before the end of the Cretaceous by more
specialized secretory structures (Friis & Crepet 1987)
is one of the most explicit of all the observable
adaptations to biotic pollination. Floral modifications
(fusion of petals to form a floral tube or a ‘spur’ as a
nectar-store, and asymmetry of the flower) all follow
in the fossil record, in a range of different forms,
representing adaptations to restrict access to specific
pollinators and orient the approach of the pollinating
insects to pollen or nectar, so as to maximize pollina-
tion efliciency (Crepet & Friis 1987).

Looking to the fossil insect record for plausible
pollinators, beetles were already diverse in the Lower
Cretaccous, and were clearly available for unspecial-
ized flowers such as the Albian Archaeanthus, compar-
able to Magnolia in their large, open actinomorphic
flower structure.

The Hymenoptera, usually cited as the insect group
most involved in angiosperm pollination, have also
been reported from the Cretaceous. Furthermore,
members of this group have been found fossil, with
evidence of pollen still present in their gut contents
(Krassilov & Rasnitzen 1982). However, because the
pollen present in that case is clearly gymnospermous,
this can only be invoked to implicate the Hymenop-
tera in pollen eating rather than angiosperm pollina-
tion per se.

(d) Plant-aided insect reproduction

The most important role of a plant in arthropod
reproduction is by providing a suitable site for the
laying of eggs and growth of the offspring. In this
context palacontological evidence of leaf mines and

leaf galls already presented shows the complexity of
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this inter-relationship. Evidence of eggs on the under-
surface of a leaf or on the external surface of a plant is
very scarce and only two specimens have been docu-
mented. One occurs as possible insect eggs on frag-
ments of an Lquisetites arenaceus sheath from the Lower
Keuper (Triassic) of Germany (Greyer & Kelber
1987). Another specimen occurs as possible insect eggs
on the undersurface of an angiosperm leaf from the
Cretaceous (Dakota Formation) of Central North
America (Stephenson 1991).

5. COEVOLUTION

Although much has been written concerning such
interactions between plants and animals of the kind
discussed above, and these have often been cited by
neontologists as exemplifying the process of cocvolu-
tion (e.g. Feinsinger 1983), we have little direct cvi-
dence of this from the fossil record. However, it is clear
from the variety and number of modern plant-arthro-
pod interactions that there must have been a signifi-
cant period of coevolution (Southwood 1973; Gilbert
1979). Strong el al. (1984) comment ‘obviously plants
have fundamentally influenced the evolution of phyto-
phagous insects. However, phytophagous insccts have
probably played an important part in the evolution of
plants.” Unfortunately, evidence from the fossil record
must be viewed, for the most part, as circumstantial
(Boucot 1990). We can show the co-occurrence of
origin and diversification of different plant and ani-
mal groups as well as observe the appearance of
certain morphological or anatomical features (Hughes
& Smart 1967; Smart & Hughes 1973). We cannot,
however, ever be sure that arthropod species A co-
evolved with plant species B. The fossil record can
provide some broad hints and support for coevolution-
ary theory, and can give evidence of timing of recog-
nizable events.

The suggestion that spore-pollen feeding is a more
primitive state than leaf feeding (Southwood 1973) 1s
borne out by the fossil record. Likewise marginal
feeding appears carlier than non-marginal feeding, so
bearing out the suggestion of Edwards & Wratten
(1983). These authors also consider that interrupted
feeding occurs because of a chemical response by the
plant to feeding and hence must be a more advanced
character. It is clear from the fossil record that inter-
rupted feeding occurs more commonly in the Creta-
ceous than before that time.

Chemical response by plants to phytophagy has also
been considered by Cooper-Driver (1978, 1985). In
her papers she argues that the insect groups which
most commonly feed on ferns are members of more
primitive families, and supports the idea that these
groups coevolved with the ferns from an early stage
and have evolved strategies to tolerate the toxins
produced. Whereas this speculation appears to us to
be sound, we have no morphological or chemical
evidence from the fossil record to support the hypothe-

A much wider consideration concerns the pattern
and type of the interaction evidence. It is clear that
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interactions between arthropods and plants are found
as soon as these groups are established upon land. The
first increase in types of interaction including leaf
feeding, extensive wood boring and even leaf mining
coincides with the major Upper Carboniferous radia-
tion of insects. We must mention, however, that the
Permian origin and diversification of beetles has no
evident importance in the plant fossil record and we
might, for example, have expected some evidence for a
diversification in the wood-boring habit at that time.
It seems that closer search for insect damaged plants
in the Permian and Triassic is needed.

The rapid radiation of the angiosperms and several
insect groups during the mid-late Cretaceous is also
marked by a rapid increase in the diversity and
occurrences of interactions, as seen in the fossil record
(figure 53). Of particular importance is the diversifica-
tion in leaf-mining and gall production which co-
incides with the diversification of Lepidoptera,
Hemiptera and Diptera. Leaf-mining and gall pro-
duction appear, therefore, to have evolved early in the
history of these groups and have developed in parallel
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through the Cretaceous and Tertiary. The close inter-
actions between insects and flowering plants in terms
of pollination syndromes is also clear from the fossil
record, even as far back as the mid-Cretaceous (Cre-
pet & Friis 1987; Crepet et al. 1991). Even here,
however, evidence is circumstantial in that no fossil
flower has been preserved with an insect trapped in
the moment of pollination. Unfortunately we know of
no records of pre-Tertiary amber which captures such
an interaction.

We note the suggestion of Brown & Lawton (1991)
that the shape of angiosperm leaves, and expressly the
leaf margin character, has been strongly influenced by
selective pressure exerted by leaf margin feeding be-
haviour of herbivores. It has long been recognized
that the entire (smooth) leaf margin in angiosperms is
broadly correlated with the syndrome of large-leaf,
drip-tip and evergreen texture associated with low-
land tropical forest. These features contrast with the
typically non-entire (toothed, lobed) margin, small-
size and lack of a drip-tip shown by the soft-textured
leaves of temperate deciduous forest trees. This broad
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Figure 53. Range chart showing the known occurrence of plant-arthropod interactions in the fossil record. Thin line

indicates presence or presumed presence, medium line
cvidence. Timescale (Ma) from Harland et al. (1990).
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correlation of leaf physiognomy with climate has been
used by palaeobotanists as a basis for palacoclimatic
interpretation of fossil leaf assemblages (see, for exam-
ple, Wolfe (1978); Chaloner & Creber (1990)). ‘Ever-
green texture’ (with thick cuticle overlying tough,
often fibrous leaf tissue) has an cvident adaptive value
in the strategy of retention of leaves over a period of
34 years, as against the soft-textured, ‘disposable’,
short-lived leaves of deciduous trees. However, the
causal basis for the relationship of leaf margin type to
climate has always appeared somewhat enigmatic.
Brown & Lawton’s work now suggests that the non-
entire leaf margin is merely reflecting the need for the
soft-textured (and so more edible) leaf to adopt a
feature which discourages marginal leaf feeding by
herbivorous insects. In this we have a more complex
relationship between plant, animal and climate than
has been recognized hitherto. The correlation between
climate and leaf margin appears to have arisen indi-
rectly through the mediation of the selective pressure
of insect leaf feeding, rather than as a structural
response to the climatic environment.

We take the view that, generally speaking, the fossil
record may support or refute existing coevolutionary
theories, but has only rarely been used to erect new
hypotheses, as in the case of Retallack & Feakes
(1987) suggestion of the occurrence of terrestrial
faunas preceding terrestrial plants, based on the study
of fossil soils.

6. PALAEOZOIC AND MESOZOIC
INTERACTIONS: CONCLUSIONS

Despite the scattered and incomplete nature of the
evidence, we see compelling reasons to believe that
plant-arthropod interactions developed as soon as
both groups spread onto the land. The fossil record
shows a diversification of interactions through time, as
well as an increase in complexity of each of the several
types of interaction. It also provides evidence of the
evolution of behaviour in various arthropod groups.
In general, diversification of interactions coincides
with the radiation of a particular insect, and in some
cases, plant groups. Major innovations in behaviour
occur in the early Devonian, late Carboniferous and
mid-Cretaceous, which all may be linked to the origin
and diversification of terrestrial arthropods. There is
good fossil evidence for the evolution of feeding be-
haviour, the use of plants for shelter and more circum-
stantial evidence for the interactions concerned with
transport and reproduction (figure 53). In general
there appears to be a mix of the development of new
behaviour in old groups and new groups with new
behaviour but this topic needs further investigation.
Evidence for feeding on plants by arthropods is
diverse. Leaf eating appears for the first time in the
Upper Carboniferous, where leaves show marginal
cating. Several authors have, however, commented on
the lack of evidence of herbivory in the Palacozoic, i.e.
feeding on living plant tissues (e.g. Strong el al. 1984;
Shear & Kukalova-Peck 1990). It is possible that
detritivory was relatively more important than herbi-
vory in Carboniferous time. Perhaps as we understand
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more of the problems of arthropods feeding on living
plant tissues (see papers in Chaloner e al. (1991)) it
becomes surprising that we find any ecvidence of
herbivory in the Carboniferous. In the mid-Creta-
ceous non-marginal leaf feeding becomes common and
is particularly well seen in angiosperm leaves. In
addition, interrupted marginal feeding is also com-
monly found. This type of feeding pattern has been
linked to plants producing chemical defences against
herbivory and suggests a more complex interaction.

Evidence from arthropod gut contents and copro-
lites implies that litter feeding and spore feeding
appeared before leaf feeding, as suggested by South-
wood (1973). As yet we have little direct evidence of
seed feeding (but see Collinson & Hooker 1991).

Leaf mining, a more specialized form of feeding
which also involves shelter and protection for the
animal does not appear until the late Palacozoic and
does not become common until the mid-Cretaceous
which coincides with the evolution of several insect
groups which contain the major extant miners. It also
coincides with the advent and diversification of angio-
sperms.

Wood boring appears also to be a more advanced
mode of life, as the digestion of woody tissue appears
only possible because of the activity of symbiotic
microorganisms. We illustrate here the oldest recorded
bored wood from the Lower Carboniferous, and note
that such borings occur more commonly from the later
Carboniferous.

Wound reactions in plant tissues from the early
Devonian may suggest the early evolution of sap
sucking. Morphological features of several insect
mouthparts suggest that this type of bchaviour
became more common from the Upper Carboniferous.

Although there is rare and equivocal evidence for
the use of plants by arthropods for shelter from the
carly Devonian it is not until the evolution of galls
that direct evidence for this behaviour becomes avail-
able. Although some galls have been found from the
late Palacozoic, it is not until the mid-Cretaceous that
they become common, especially on angiosperm
leaves. Again, this coincides with the evolution of
several insect families which are known to be gall
producers at the present day.

The area of transport and reproduction is one of the
most interesting but also one where direct evidence is
more difficult to obtain. Our experiments using living
arthropods, including insects, suggest that if an animal
was feeding on spores some of these remain viable
even after passing through the gut. Spore feeding,
therefore, would not only be of importance to the
arthropod providing a good nutritional source but
also for the plant, as spores would be transported to
new and favourable habitats and hence spread the
species. There is equivocal evidence that some arthro-
pods may have been involved with the pollination of
some seed plant groups such as the Carboniferous
pteridosperms and the Jurassic cycads.

The evolution of angiosperm-insect interactions,
which clearly had far-reaching effects, appear from the
mid-Cretaccous. The diversity of interactions between
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the two groups in modern biota is well documented and

it is clear that the synchronous, rapid diversification of

both insects and angiosperms in the Cretaceous is more
than just fortuitous. Several floral features, including
the evolution of nectaries and several corrola types may
be linked to insect pollination. It is clear from the
evidence presented here that there is extensive evidence
for plant—arthropod interaction in the Palacozoic and
Mesozoic, but there are many gaps in our knowledge
which may be filled by future work.
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APPENDIX 1. EVOLUTION OF PLANTS AND
INSECTS: AN OVERVIEW

For a full appreciation of the modern ecosystem with
its variety of plant and insect species some understand-
ing of the evolution and diversity of both groups is
essential. Unfortunately, the fossil record is far from
complete and the first appearance in the record may
long post-date the actual origin of the groups. Green
algae and cyanobacteria must have existed in suitable
terrestrial habitats long before vascular plants col-
onized the land (Edwards e/ al. 1986; Stewart 1983;
Thomas & Spicer 1987; Chaloner 1988; Taylor 19884)
although there is no unequivocal evidence to support
this hypothesis. Spores (Gray 1985) and cuticle (Gray
el al. 1982), believed to be of land plant origin, have
been found in sediments of Middle Ordovician age
and possible conducting tubes occur as early as the
Lower Silurian (Taylor 19884). Chaloner (1967) has
based the origin of land plants, using the spore evi-
dence, to lie somewhere in the Lower to Middle
Silurian, although the earliest land plant megafossils
have only been found in younger Wenlockian deposits
(Taylor 1988a¢; Edwards & Burgess 1990).

(a) Early terrestrial land plants and arthropods

Lang (1937) described, under the name Cooksonia,
what was then the earliest land plant in the late
Silurian (Pridoli) of the Welsh Borders and South
Wales. Fossils probably assignable to that genus have
been found in older Wenlock (mid-Silurian) strata in
Ireland (Edwards 1980; Edwards & Feehan 1980;

Edwards & Fanning 1985) but they lack evidence of

xylem, stomata and spores all of which have been
securely demonstrated in younger basal Devonian
plants. Cooksonia persisted well into Early Devonian
times (Edwards et al. 1986). More elaborate plants
(Iycopods) have been reported from Australia in rocks
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of Ludlow age but their age remains controversial
(Chaloner 1988; Selden & Edwards 1989).

The earliest Cooksonia species possibly grew in fluvi-
atile areas close to shore or on tidal flats (Edwards
1980; Edwards & TFanning 1985). It is into these
environments with plants that the first terrestrial
arthropods may have ventured. The earliest unequi-
vocal fossils of terrestrial arthropods presumed to be
pioneer detritivores are uppermost Silurian (Pridoli)
myriapods (Rolfe 19854). New discoveries from Prid-
oli age strata in the Welsh Borderland include our
earliest evidence of diverse terrestrial arthropod
faunas which include centipedes and other carnivor-
ous forms (Jeram el al. 1990; Rolfe 1990). Possible
millepedes (Myriapoda: Diplopoda) have also been
found in slightly older Upper Silurian deposits
(Almond 1985) although many other terrestrial ar-
thropod classes did not appear until well into the
Devonian. By Lower Devonian (Gedinnian) times
many species of Cooksonia were present including C.
hemisphaerica (Edwards & Burgess 1990). Their habitat
ranges were now extending into the hinterlands and
they are found in a much wider range of sedimentary
rocks (Thomas & Spicer 1987). As the plants gra-
dually covered the land, competition was to become
increasingly important as new plant types evolved.
Members of the Zosterophyllopsida (Zosterophyllum
myrelonianum Penhallow) first appear during the
Gedinnian (Gensel & Andrews 1984) soon to be
followed by the Trimerophytopsida with the appear-
ance of Trimerophyton (Psilophyton) robustius (Dawson)
Hopping, within Emsian deposits.

There is an absence of any terrestrial arthropod
record during the Gedinnian but with the re-investi-
gation of the Rhynie Chert beds of Scotland (Siegen-
ian) a new picture of early Devonian life has devel-
oped (Kevan et al. 1975; Chaloner & MacDonald
1980). Many different types of true rhyniophytes
including Rhynia gwynne-vaughanit Kidston and Lang
and Horneophyton lignieri Kidston and Lang) Barg-
hoorn and Darrah, are present along with the possible
cooksonioid Aglaophyton (Rhyma) major (Kidston and
Lang) Edwards and Asteroxylon mackier Kidston and
Lang, the first possible lycophyte of the Northern
Hemisphere, providing a mixed and varied plant
community.

Within this flora were found abundant non-myria-
pod terrestrial arthropods. These include many species
of mites with orders Trigonotarbida and Acari of the
class Arachnida (Chelicerata) (Rolfe 1980). The pre-
vious records of true spiders are now thought to be
erroneous (Selden el al. 1991). There is also the first
hexapod, Rhyniella praecursor Hirst and Maulik, repre-
senting the sub-class Collembola (Hirst & Maulik
1926; Scourfield 1940; Whalley & Jarzembowski 1981,
Greenslade & Whalley 1986).

(b) Early-Mid Devonian floras and arthropods

A slightly younger Emsian locality on the Gaspé
Peninsula, Quebec, has revealed another varied flora
including trimerophytes, zosterophylls and lycophytes.
It is within this plant assemblage that there is evi-
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dence of the oldest bristletail (Hexapoda: Thysanura/
Archeognatha) (Labandeira ef al. 1988), although its
authenticity has been called to question by Jeram et al.
(1990). The early evolution and radiation of these
primitive arthropod types was therefore more or less
contemporaneous with the evolution of the primitive
vascular land plants. Close interactions and perhaps
the first indications of possible coevolutionary re-
lationships may also be suggested at this early stage
(Kevan et al. 1975). Those interactions found within
the Rhynie Chert are dealt with in more detail above,

but other evidence includes the possible function of

the spines found on the axes of various Psilophyton
species (Trimerophytopsida) for example P. princeps
Dawson and P. crenulatum Doran. Chaloner (1970)
suggests the spines may have been glandular and
repelled herbivorous invertebrates thus protecting the
plants and their sporangia. This has been contested by
Smart (1971) who proposes that they might have
aided spore-gathering arthropods to climb the stems
to reach the sporangia and therefore help disperse the
spores. For whichever reason these spines were devel-
oped, they suggest a close relationship between land
plants and land fauna as early as the Lower Devonian.

Major plant diversification occurred during the
Middle and late Devonian (Banks 1985; Gensel &
Andrews 1984) with the development of several major
groups such as the progymnosperms (e.g. Aneurophy-
tales) and also the appearance of several important
plant strategies, including the appearance of the
megaphyllous leaves and arborescence in some groups
(Chaloner & Sheerin 1981; Scott 1984; Collinson &
Scott 1987).

The increasing diversity of land ecosystems during
the Middle Devonian is also reflected by the arthro-
pod evidence found within the Gilboa deposits of New
York (Givetian) (Rolfe 1982; Shear 1986; Shear e/ al.
1987; Selden et al. 1991). There were at least nine
species of Trigonotarbida, six species of Acarina, two
species of centipedes (Myriapoda: Chilopoda) one
arthropleurid (an extinct group of arthropods similar
in appearance to giant millepedes) and parts of com-
pound eyes and tergite scraps attributed to the Machi-
lidae (Hexapoda: Thysanura/Archacognatha) (Shear
el al. 1984).

(¢) Late Devonian floras

During the Late Devonian the Aneurophytales were
joined by another group of progymnosperms, the
Archacopteridales, represented by Archaeopteris Daw-
son, which first appeared in the Frasnian. These were
large tree-sized plants with trunks up to a metre in
diameter, capable of forming extensive forests (Scott
1980). Towards the end of the Period Rhacophyton and
other coenopteridalean preferns coexisted with the
8 m tall Cyclostigma kiltorkense Haughton, (Lycopsida),
the 15 m tall Pseudobornia ursina Nathorst and Archaeo-
calamites Stur, (both Sphenopsida). By early Carboni-
ferous (Tournaisian) times, five Classes of vascular
plants were in existence. Within the Lycopsida the
primitive Drepanophycales and Protolepidodendrales

Phil. Trans. R. Soc. Lond. B (1992)

Plant-arthropod interaciions in the Palaeozoic and Mesozoic

became extinct at the end of the Devonian but other
lycophytes such as Cyclostigma and  Lepidodendropsis
transgressed the Famennian-Tournaisian boundary
and were joined by other members of the Lepidoden-
drales (Chaloner & Sheerin 1979; Taylor 1981).

The prefern Rhacophyton disappeared during the
Tournasian and the Cladoxylales became extinct later
in the Lower Carboniferous although Scott & Galtier
(1985) and Galtier & Scott (1985) have shown that by
the end of the Tournaisian the Coenopteridales were
much more diverse and the first true ferns, the Fili-
cales, were present.

The first seeds have been recorded from the Fam-
menian in the late Devonian and the pteridosperms
diversified rapidly in the early Carboniferous (Roth-
well & Scheckler 1989; Galtier 1989), so that by the
late Tournaisian a wide diversity of plant groups
living under different ecological conditions were pres-
ent (Scott 1990).

(d) Early Carboniferous terrestrial arthropods

Terrestrial arthropod evolution and diversity dur-
ing the Lower Carboniferous is revealed in recent
work on the East Kirkton Limestone deposits. Evi-
dence of the first unequivocal terrestrial scorpions arc
found in large numbers (Rolfe et al. 1990). Those
scorpions of the Middle Devonian Gilboa sediments
(Shear 1986) and earlier (Rolfe 19854) are now
believed to be aquatic (Kjellesvig-Waering 1986).
East Kirkton also provides evidence of the carliest
harvestman spider (Arachnida: Opiliones) (Rolfe et al.
1990) as well as several diplopods including a new
chilognathan millepede which shows spiracles or res-
piratory pores proving the terrestrial nature of the
animal (Rolfe 1988).

There are no fossil insects from East Kirkton; the
first unequivocal evidence of true insects (Hexapoda:
Pterygota) does not occur until the Namurian (Woot-
ton 1981; Shear & Kukalova-Peck 1990). There are
many theories on the evolution of the Pterygota (e.g.
Martynov 1937; Rohdendorf & Rasnitsyn 1980)
although most entomologists and palacoentomologists
agree that there were four main stages in their history
(Carpenter 1969). Briefly, the first stage consists of the
primitive wingless hexapod groups including the
Archaeognatha and Zygentoma (collectively known
as the Thysanura) and the Collembola of the Lower
and Middle Devonian. These classes are believed to
represent the most generalized insect-like plan. Stage
two includes the evolution of the true insects or
Pterygota, although the actual origin of the wings is
still under much debate (Wigglesworth 1976; Wootton
1976; Kukalova-Peck 1978; Rasnitsyn 1981; Kinsolver
& Kochl 1984; Shear & Kukalova-Peck 1990). The
third stage incorporates the ability of some insects (the
Neoptera) to articulate their wings and place them
back over the abdomen when at rest (Snodgrass
1935). Those insects which cannot do this are believed
to be more primitive and are placed in the Palacop-
tera. The final stage in the evolution of modern insects
concerns the development of a more complicated or
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indirect type of postembryonic life cycle. The imma-
ture insects do not resemble the adults, they are
wingless, feed on different food and live in different
habitats. They then undergo a non-feeding pupal
phase during which reorganization of the immature
tissues and organs into the adult plan takes place. This
stage only occurs within the Neoptera and splits those
orders with this postembryonic development into the
‘Endopterygota’ and those without into the ‘Exoptery-
gota’.

As Carpenter (1965) points out, those insects of the
Upper Carboniferous had already attained the third
stage of evolution. The majority of palacoentomolo-
gists (e.g. Kinsolver & Koehl 1984; Wootton 1981;
Carpenter & Burnham 1985) believe evidence of their
origins must, therefore, lie within earlier Devonian
and Lower Carboniferous sediments but there is no
data to support this at present. Such an early origin is
suggested by the presence of primitive non-flying
hexapod groups such as the Thysanura and Collem-
bola in Lower and Middle Devonian deposits. The
highly evolved structure of the Upper Carboniferous
insect wing suggests an earlier evolution and Kevan e/
al. (1975) propose that flight may have coevolved with
arborescence in late Devonian plants. As stated, how-
ever, the excellently preserved fossils from the Lower
Carboniferous East Kirkton site do not include any
true insccts. If the Pterygota had existed at this time it
would be expected that some specimens would have
been preserved here or at other Lower Carboniferous
localities.

Scott (1980) suggests that the presence of a two
level ‘structure’ to plant communities in the form of a
ground cover ccosystem and a tree top ecosystem,
existed during the middle to late Devonian. Extensive
lycophyte and sphenophyte forests, did not, however,
exist until middle to late Carboniferous times, and we
believe it may have been the presence of such trees
which provided the impetus needed for the evolution
of flight within the Arthropoda.

Evidence of the terrestrial fauna from these Coal
Measure forests include many carnivorous animals
(Shear & Kukalova-Peck 1990). Centipedes (Myria-
poda: Chilopoda) were common especially in the
Mazon Creek fauna (Mundel 1979) along with many
spiders (Arachnida: Aranae) some of which had
inward striking (dianial) fangs, indicating their ability
to kill insects (Rolfe 19856) and other groups of
spiders which possessed downward-striking (paraxial)
jaws for attacking prey on a firm substrate, either on
the ground or on tree trunks (Rolfe 19855).

The first insects which make an appearance in the
Namurian were members of the extinct order, the
Palacodictyoptera, for example Paltetskya boukaerti
Laurentiaux, and Ostrava nigra Kukalova. They were
originally believed to be the primitive basal group
from which all other insects evolved. Together with
five other orders they comprise the Palacoptera and
all have their origins in the Upper Carboniferous.
Two orders, the Ephemeroptera (mayflies) and Odo-
nata (dragonflies and damselflies) remain extant.

The other Carboniferous orders are, like the Palaco-
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dictyoptera, extinct, and survived only until the end of
the Permian (Carpenter & Burnham 1985). The
Protodonata were very similar to the first dragonflies
except for a variation in the wing venation and their
great size. Carpenter (1969) described one specimen,
Meganeura monyt, to have a wingspan not less than
63 cm. The Megasecoptera such as Dunbaria _fasciipen-
nis Tillyard, and Diaphanopterodea were very similar
to the Palacodictyoptera although studies have shown
that members of the Diaphanopterodea could fold
their wings back over their abdomens. But in this
action they used a different method than that
employed by the Neoptera, suggesting that wing fold-
ing must have evolved in this group independently
(Kukalova-Peck 1978). It was also shown by Kuka-
lova (1970) working on Stenodictya laurentiauxi of the
Palacodictyoptera, that they possessed very special-
ized beak-like mouthparts able to pierce plant mater-
ial and feed on the sap. These appendages were
subsequently found in the Megasecoptera and Dia-
phanopterodea suggesting these early groups were not
the most primitive insects but were specialized sister
groups and that perhaps the insect ancestors were
more likely to belong to the Ephemeroptera.

Five orders of the exopterygote neopteran insects
also appear in the Upper Carboniferous. Three of
these orders became extinct at the end of the Palaeo-
zoic. These were the Protorthoptera, for example
Gerarus latus Handlirsch, which was the most diverse of
all the extinct orders with over thirty families in the
Upper Carboniferous alone (Burnham 1983) and the
Caloneurodea, which some workers (e.g. Sharov
1966) place in the Endopterygota, and the Miomop-
tera (e.g. Stefanomioplera Carpenter) which were very
small insects, perhaps related to the Protorthoptera.

The other two orders, the Blattodea (cockroaches)
and Orthoptera (grasshoppers, katydids and crickets)
(the earliest being Oedischia Handlirsch) remain
extant. The Blattodea were apparently the commonest
group of insects during the Upper Carboniferous, but
this may be a false impression as they lived in habits in
which their fossilization was more likely to occur.

A variety of insects capable of flight had, therefore,
adapted successfully to the forest vegetation of the
Upper Carboniferous. An extinct class of flightless
hexapods, the Monura (a sister group of the Thysa-
nura: Archaeognatha) also existed at the time but
members such as Dasyleptus brongniarti Sharov were
extinct by the close of the Palaeozoic.

(e) Carboniferous and Permian floras

In later Upper Carboniferous times distinct upland
and lowland floras were well developed. The forests
dominated by lycophytes and sphenophytes were con-
fined to the swampy lowlands while the upland veg-
ctation contained many kinds of spore-bearing plants,
pteridosperms and other gymnosperms, most com-
monly Cordaites (Cordaitales) and the first conifers.
Towards the close of the Carboniferous the giant
lycophytes and sphenophytes were becoming less im-
portant components of the plant communities and
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large tree ferns became much more common (Phillips
& Peppers 1984; Scott 1980).

During the early Permian plants adapted to dryer
habitats in the uplands migrated down into the basins
(Frederiksen  1972; Scott 1980). Major climatic
changes resulted in the drying up of the lowland
habitats with ensuing extinction of the arborescent
lycophytes and sphenophytes (Chaloner 1967; Scott
1980). Thomas (1985) takes this idea further by
noting their inability to grow in the compacted soils
which surrounded their lowland swamps. All the other
members of the Sphenophyllales (such as Sphenophyllum
Brongniart) also became extinct during the Permian
but the smaller Equisitales survived as did the small
Sellaginellales (Lycopsida) which survive to the pres-
ent day.

Scott  (1980) reviewing the ecology of Upper
Palacozoic floras noted the presence of five plant
communities in the Permian of Europe (based on
Barthel 1976), and Ziegler (1989) recognizes at least
ten biomes or phytogeographic regions on a global
basis. Within these varied associations the true ferns
were becoming much more abundant, the last of the
preferns disappearing earlier in the Period. Seed
plants continued to diversify with not only the Pteri-
dospermales, but also Cordaitales and Coniferales,
including the transition conifers, the Voltziales, with a
number of specimens (e.g. Pseudovolizia and Lebachia
Ilorin), from middle to late Permian.

(f) Permian insects

All the insect orders which appear in late Carboni-
ferous rocks survived into the Permian period where

they were joined by another ten orders, all members of

the Neoptera (see Shear & Kukalova-Peck 1990). The
extinet Protelytroptera existed throughout the Per-
mian but did not survive into the Mesozoic. They
closely resembled present day Coleoptera but are now
believed to be more probably related to the Dermap-
tera (earwigs) after studies on their hind wings and
the noted presence of cerci (Carpenter & Kukalova
1964; Kukalova 1965). Together with the extant
Psocoptera (barklice) (e.g. Lower Permian Permopsocus
congener Tillyard), Plecoptera (stoneflies) (e.g. Lower
Permian Perlopsis filicornis Rohdendorf), Thysanoptera
(thrips) (e.g. Permothrips longipennis Rohdenorf) and
Hemiptera: Homoptera (true bugs) (e.g. Permaleurodes
rotundatus Becker-Migdisova) they represent members
of the exopterygota.

Other extant insect orders also existed during the
Permian. These included the Mecoptera (scorpion
flies) (e.g. Lower Permian Platychorista venosa Till-
yard), Neuroptera (alderflies, snake flies and lace-
wings) (e.g. Upper Permian Permosialis parucinervis
Martynov), Trichoptera (caddis flies) and the Coleop-
tera (beetles) (c.g. Tshekardocoleus magnus Rohden-
dorf). The earliest members of these orders are also
the first unequivocal endopterygotes of which both
adult and immature stages are known. The order
Glosselytrodea is the only endopterygote group which
has become extinct. It is also the only extinct insect
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order which survived the Palacozoic—Mesozoic
boundary and is found well into the ecarly Jurassic.
These insects (e.g. Permoberotha willosa Carpenter)
resemble present day Neuroptera in both venation
and other details of wing structure (Carpenter &
Burnham 1985).

It was within the Permian that the insects reached
their maximum morphological diversity (Carpenter
1977; Carpenter & Burnham 1985). This may in part
be due to the inability of early spiders to trap insects
aerially by orb-webs, the first evidence of which docs
not occur until the Cretaceous (Selden 1990). Acrial
predators other than the insects are not known until
the Triassic (Rolfe 19856) and so the reasons for the
severe decline in insect diversity at the close of the
Palacozoic are not fully understood, but only 13 out of
the 21 Permian orders survived into the Mesozoic.

(g) Late Palaeozoic - early Mesozoic floras

The late Palacozoic — carly Mesozoic flora was
dominated by a variety of gymnosperms. However the
Northern and Southern Hemispheres were developing
distinct types of vegetation distinguished by their
dominant gymnosperms. The floras of the Southern
Hemisphere were dominated in the Permian by many
species of the Glossopteridales such as Glossopleris and
Gangamopleris but by Triassic times these were replaced
by other gymnosperm orders including the Corystos-
permales (e.g. Rhexoxylon and Pteruchus) (Thomas &
Spicer 1987). Both Glossopteridales and Corystosper-
males were endemic to Gondwanaland. Other orders
transgressed both Hemispheres. "The "I'riassic Peltas-
permales and Caytoniales had a world-wide distribu-
tion, as did the Ginkgoales which survive to the
present day.

The Cycadales and Cycadeoidales only become
common from the Triassic onwards but both groups
had their origin in the Palacozoic. This latter group,
with their hermaphrodite flower-like reproductive
organs, developed to dominate many plant communi-
ties, forming vegetation very diflerent to that of the
late Palaeozoic.

It could have perhaps been this change in the flora,
dominated by thick-cuticled forms unsuitable for the
highly evolved piercing-sucking mouthparts of the
Palacodictyoptera and their allies, which caused these
insect orders to become extinct. The Hemiptera on the
other hand, with their relatively unspecialized pier-
cing mouth apparatus were able to take advantage of
the available niche and were able to expand in the
form of the sub-order, Heteroptera (leaf hoppers) (ec.g.
Paraknightia magnifica Evans).

(h) Triassic insects

With the new types of vegetation new groups of
insects were also evolving. All of the three new orders
which appeared during the Triassic originated in the
glossopterid-dominated Southern Hemisphere,
although they later migrated into the Northern Hemi-
sphere. The exopterygote order, the Phasmida (stick
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insects) is known from the Triassic of Australia (Marty-
nov 1928; Martynova 1962) and the other endoptery-
gote groups, the Diptera (true flies) (e.g. Triassic
Dictyodiptera  multinervis Rhodendorf) (Rhodendorf
1974) and the Hymenoptera (sawflies, ants, wasps and
bees) (e.g. Triassic Archexyela crosby: Riek) soon radiated
into the Northern Asian plains (Rohdendorf 1964;
Rasnitsyn 1964, 1969, 1975).

(i) Mesozoic floras and insects

The cycads and cycadeoids flourished in the Juras-
sic, with various species such as Cycadeoidea (Crepet
1974), Beania Harris, Williamsoniella coronata Thomas
and Williamsonia sewardiana Sahni (Thomas & Spicer
1987) (all members of the Bennettitales) playing
important roles in the vegetation. Some new types of
gymnosperms such as Czechanowskia (Czechanow-
skiales) were short-lived whereas the Coniferales
became more important and their extant sister group,
the Taxales, first appeared with Palaeotaxus rediviva
Florin. The Hymenoptera and Diptera diversified
rapidly during this Period and were joined by only
one new group, an exopterygote Order, the Dermap-
tera (earwigs) (e.g. Upper Jurassic Semenoviola 0bliquo-
truncata Martynov).

The late Mesozoic was also a time of considerable
floristic changes (Axelrod 1970). The majority of
palaeobotanists believe the origins of the present day
dominant plant group, the Angiospermopsida, lie
somewhere in the Lower Cretaceous (Stewart 1983;
Thomas & Spicer, 1987; Upchurch & Wolfe 1987;
Friis & Crepet 1987; Taylor 19885) although this is
still very much under debate and a few authors
believe their origins lie earlier in the Mesozoic (Axel-
rod 1961, 1970; Hughes 1976).

An actual definition of what distinguishes an angio-
sperm from all the other plant groups based on fossils
still remains unsatisfactorily answered (Friis et al.
1987; Thomas & Spicer 1987; Doyle & Donoghue
1987; Taylor 19884) and so early possible fossil evi-
dence remains difficult to attribute to angiosperm
origin (Crane 1985; Taylor 198854). Friis & Crepet
(1987) and others believe the presence of true flowers
and fruit define the angiosperm condition, as floral
structures provide the majority of characters used in
angiosperm systematics. The earliest fossil flowers
were small and simple (Crane, Friis & Pedersen
1986). Both unisexual and bisexual flowers were pres-
ent by the late Albian (Middle Cretaceous, 97.5-106
Ma) (Iriis & Crepet 1987). Some of these have been
attributed to the dicot families Chloranthaceae and
Platanaceae (Crane et al. 1986; Friis & Crepet 1987).
Earlier evidence for the evolution of these families is
provided by dispersed pollen and leaves.

Other pollen evidence suggests that angiosperms
may have been present in the late Hauterivian (Lower
Cretaceous) (Brenner & Crepet 1987, Hughes el al.
1991). Vegetative evidence in the form of fossil angio-
sperm leaves and wood occur in several localities of
Barremian-Aptian age (Hickey & Doyle 1977; Taylor
19885).
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The fossil evidence so far suggests that many of the
earliest angiosperms were entomophilous (Friis &
Crepet 1987; Crepet & Friis 1987) and perhaps it was
this reproductive relationship with the insects which
made the angiosperms successful. The major antho-
philous insect orders, the Coleoptera, Diptera, and
Hymenoptera and to a lesser degree the Thysanoptera
underwent major radiation during this Period (Zher-
ikhin 1980) and the important angiosperm pollinating
order, the Lepidoptera (moths and butterflies)
evolved at this time (Whalley 1986). Some smaller
groups, such as the Isoptera (termites) also appeared
during the Cretaceous (e.g. Valdilermes brenanae Jar-
zembowski) when both dicotyledons and monoco-
tyledon angiosperms were present.

Towards the close of the Mesozoic there was a small
decline in the relative proportion of angiosperms to
other plants at the Cretaceous—Tertiary (K-T)
boundary when a fern spike was produced in the
palynological record (T'schudy 1981; Upchurch &
Wolle 1987). The cause for the great extinction phe-
nomenon at this time, mainly involving animal
groups, is a popular topic for speculation. This may, of
course, reflect a response to the loss of pollination
vectors, or simply a migratory response of anaemophi-
lous forms successfully challenging entomophilous
plants under changing climatic conditions. The sug-
gested decrease in entomophilous angiosperms is not
reflected by the insect diversity, although their actual
numbers may have been depleted.

APPENDIX 2. MAJOR MATERIAL STUDIED
IN MUSEUM COLLECTIONS

1. Natural History Museum, London (BMNH)

(Collections of Devonian-Tertiary plants and
insects)

2. National Museum of Scotland (Royal Scottish
Museum)

(Collections of Carboniferous plants)

3. Field Museum of Natural History, Chicago, U.S.A.
(Collections of Carboniferous, Cretaceous, Tertiary
plants and insects)

4. Indiana University, Biology Collections, Bloom-
ington, Indiana U.S.A.

(Collections of Cretaceous and Tertiary plants)

5. National Musecum of Czechoslovakia,
Czechoslovakia
(Collections of Cretaceous and Tertiary plants)

6. Geological Collections, University of Queensland,
Brisbane, Queensland, Australia
(Collections of Permian and Triassic plants)

7. Queensland Museum, Brisbane, Queensland, Aus-
tralia
(Collections of Permian and Triassic plants)

8. Natural History Museum, Sydney, New South
Wales, Australia
(Collections of Carboniferous, Permian and Trias-
sic plants)

9. Natural History Muscum, Buenos Aires, Argentina
(Collections of Jurassic and Cretaceous plants)

Prague,
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Note added in proof (8 January 1992): We have noted the absence of data for plant-arthropod interactions in the
Triassic. Although not specifically dealing with this topic, an important monograph on Triassic compression floras
from South Africa by Anderson & Anderson (1989) illustrates numerous damaged leaves. As we would have
expected most specimens show continuous marginal feeding traces. However, in some species (e.g. Sphenobaiera insecta
Anderson and Anderson and S. sectina Anderson and Anderson) the leaf tips are often missing. In addition, although
no leaf galls are evident, leaf mines are common in the conifer Heidiphyllum elongatum (Morris) Retallack. These new
data do not alter our present conclusions but reinforce the suggestion that absence of data is often more apparent
than real.
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(excluding Dicroidium) ). (567 pages.) Rotterdam: A. A. Balkema.
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Iigures 3-9. Examples of leal feeding.

Figure 3. Glossopleris leal with continuous marginal feeding traces, Permian, Australia. Scott Colln. Magn. x 1.

Iigure 4. Lanccolate lcaves showing various forms of marginal feeding types from the Ripley Formaton,
. : ) gt i . . g ; 1
Maastrichuan, Cretaceous. U.S.A. Iield Muscum of Natural History, Chicago, PP11050. Magn. x 3.

igure 5. Detail of figure 4 showing feeding traces with thickened callus ussue. Magn., x 4.

Figure 6. Pteridosperm pinnule, Neuwropteris scheuchzer: showing marginal feeding damage, Upper Carboniferous,
Mazon Creck, lllinois, U.S.A. Field Museum of Natural History, Chicago. PP24268. Magn. x 1.

% i ] = . . : . : : = ; 2 : 4
Figure 7. Continuous marginal feeding trace on cycad leaf, Middle Jurassic, Yorkshire. Scott Colln. Magn. x .

Figure 8. Marginal and rare internal (arrow) feeding traces on angiosperm leal from the Ripley Formation,

: : , o .. M . - - |
Maastrichtian, Cretaceous, U.S.A. Field Musecum of Natural History, Chicago. PP11525. Magn. x I3.
igure 9. Bud feeding on angiosperm leal: the animal fed on this leaf while 1t was sull in bud. Ripley Formaton,
Maastrichtian, Cretaceous, U.S.A. I'iteld Museum of Natural History, Chicago. PP6519. Magn. x 2
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Figures 23-30. For description sce opposite.



Figures 31-46. For description see opposite.
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Figures 48-52. Examples of Cretaccous galls.

Figures 48 and 50. Angiosperm leaf from the Cenomanian, Cretaceous, Vyserovice, Czechoslovakia with small cone
galls, cach with a central exit hole. Magn. x 3 Natural History Muscum, London. v53724. Magn. x 3. Figure 50.

Magn. x |.

Figure 49. Angiosperm leaf with large ball gall from the Ripley Formation, Maastrichtian, Cretaccous, U.S.A. Ficld
Museum of Natural History, Chicago, PP14154. Magn. x 1.

Figures 51 and 52. Angiosperm leaf with spot gall with central exit hole from the Dakota Formation, Cenomanian,
Cretaceous, U.S.A. Field Museum of Natural History, Chicago. UP 348. Figure 51. Magn. x 6. Figure 52. Magn.
1

X 7.




