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Abstract

Many hypotheses have been proposed to explain the megadiversity of angiosperms
and insects. Flowers and their pollinators represent the most common terrestrial
mutualistic interaction today and this is thought to have driven the evolution of
angiosperms and their visitors. Within the framework of that interaction, this pa-
per develops and tests two new hypotheses: 1) megadiversity of canopy beetles
in tropical rainforests is largely based on flower resources, and 2) the majority of
adult canopy beetles are adapted to visit flowers. To test hypothesis 1, the beetle
fauna associated with 23 canopy tree species (13 families, 45 individuals) in a 1.4
ha canopy plot of pristine lowland tropical rainforest in southern Venezuela was
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studied over one year. In total, 6698 adult beetles were collected and identified to
859 species in 44 families. Of these 859 species, 647 species (75.3%) were found with
at least one individual on flowering trees, and 527 species (61.4%) were associated
exclusively with flowering trees. The proportion of beetle species visiting exclusively
small white flowers of the morphological generalist syndrome amounts to 36.6% of
the entire canopy beetle community. Based on these findings, the second hypothesis
was formulated that canopy beetles are specially adapted flower visitors. To test
hypothesis 2, a sub-set study was conducted of the beetles visiting flowers of one
tree species in the canopy plot, Hymenopus heteromorphus (Benth.) Sothers and
Prance (Chrysobalanaceae). This is a mass-flowering tree with white flowers of a
generalized morphology. A total of 440 adult beetles were collected in 20 days and
identified to 138 species in 54 genera in 23 families. This assemblage was restricted
to the flowering season of this tree. Data collected for H. heteromorphus and other
mass-flowering tree species in the same plot indicates that a particular combina-
tion of flowering characteristics — massively flowering, white color, and generalized
morphology — attracts the highest diversity of beetles. These findings together
suggest that the enormous diversity of canopy beetles in Amazonian tropical
rainforests is due mainly to flowers and that mass-flowering trees with small white
flowers of the generalist syndrome play a particularly crucial role in assembly and
nourishment of this megadiverse beetle community.

Keywords: Canopy crane, Amazonia, mass-flowering, generalist flower syndrome,
pollinators, flower visitors, florivory

Introduction

Tropical rainforests are the most speciose terrestrial ecosystems and
harbor the most insect species (Myers et al. 2000; Miller et al. 2002;
Hamilton et al. 2010; Stork 2017). They exhibit the greatest diversity
of pollination systems and the highest prevalence of insect pollination
(Bawa 1990; Ollerton et al. 2006, 2011; Ollerton 2017). It is accepted
generally that most tropical trees are pollinated by insects (Bawa and
Beach 1981; Kevan and Baker 1983; Bawa 1990). Consequently, an-
giosperms and their animal pollinators represent the most frequent
mutualistic interaction in terrestrial ecosystems (Kearns and Inouye
1997; Ollerton et al. 2011) with about 350,000 animal species pol-
linating the approximately 352,000 species of flowering plants (Paton
et al. 2008). On the other hand, over 300,000 animal species directly
depend on floral resources (Buchmann and Nabhan 1996). About 30%
of arthropod species may utilize flowers regularly to feed (nectar, pol-
len, floral parts) or acquire other resources such as oviposition sites
(Wardhaugh 2015). Despite this remarkable association, Wardhaugh
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(2015) noted that studies recording all visitors to flowers are rare.
This particularly applies to the megadiverse Neotropical rainforests
which we now understand to have both the greatest diversity of trees
(Gentry 1982; Daly and Mitchell 2000) and the greatest diversity of
canopy-inhabiting insects, including beetles (Erwin 1983; Adis et al.
1984; Basset et al. 2003b).

Flowers are a very important resource for insects, including beetles,
providing food, scents, shelter, sites for meeting partners, mating, and
for juvenile development (Gottsberger 1989; Irvine and Armstrong
1990; Young 1990; Gottsberger and Silberbauer- Gottsberger 1991;
Listabarth 1992; Nicolson 2007). For example, a leaf beetle that pol-
linates an Araceae species used the spathe chamber as a mating site
(Kato 1996). Hopliines (Scarabaeidae) pollinate flowers of African Iri-
daceae and use them as sites for assembly, competitive behavior and
copulation (Goldblatt and Manning 2006). In addition, adults in certain
beetle families use flowers to deposit eggs; for example, eggs of An-
thonomini weevils and Nitidulidae develop in flower buds (Burke 1976;
Crowson 1981). Thus, the availability of food sources for adults shapes
their choice of oviposition sites (Cook et al. 2004); consequently, feed-
ing on plant structural tissue in larvae and on plant-provided food
supplements in adult beetles is often closely interlinked.

Beetles comprise ~400,000 species and form the most species-rich
order on Earth (élipihski et al. 2011). Armstrong (1979) estimated that
25% of Australian beetle families are anthophilous. Within megadi-
verse tropical forests, beetles comprise an important proportion of
the flower-visiting fauna (Goulson 1999). Kato et al. (2008) examined
145 plant species in a tropical monsoon forest, Laos, and found Co-
leoptera was the second most abundant flower-visitor group (at 16%
of all visitors). In a lowland dipterocarp forest in Malaysia, Sakai et
al. (1999) found beetles accounted for 74% of flower visitors dur-
ing the flowering period of a single emergent tree, Shorea parvifolia
Dyer (Dipterocarpaceae). In an Australian tropical rainforest, a detailed
analysis of the beetle fauna revealed that flowers were utilized by ap-
proximately 41% of the species (Wardhaugh et al. 2012). Wardhaugh
(2015) estimated that 20% of Coleoptera species found in a large
study were visiting flowers; thus, he estimated that there are about
80,000 described flower visitors and so flowers potentially could sup-
port more beetle species than in any other insect order.
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Despite Wardhaugh'’s (2015) remarkable estimation, very few stud-
ies have documented the general visitation of beetles to flowers in
megadiverse tropical rainforests, or analyzed beetle utilization of spe-
cific floral resources, their impacts on the plants, roles they play in
pollination, and their adaptations to feed on flower resources. This
paper addresses some of these significant gaps about beetle-plant
associations. We outline some of these gaps below.

Beetles are not only abundant flower visitors, but they also play
an important role in pollination. Overall, Coleoptera are considered
fourth in terms of pollinator importance (Ollerton 2017), but they are
often the second most important visitor group in tropical ecosystems
(Corlett 2004; Wardhaugh 2015; Ollerton 2017; Sayers et al. 2019).
Beetle pollinators were determined to be more important in tropical
forests compared to temperate forests (Gottsberger 1974). Irvine and
Armstrong (1990) estimated that 17% of plants in Australia are pol-
linated by beetles. In an Australian dry rainforest, 22% of plants were
found to be beetle-pollinated (Hansman 2001). Momose et al. (1998)
similarly found that 20% of 270 plant species in an Asian dipterocarp
forest are beetle-pollinated, representing the second most abundant
pollination system in that forest. Corlett (2004) reviewed beetles as the
second important pollinator group in Indo-Malayan lowland forests.
In Costa Rica, 40.8% of cloud forest herbs were found to be pollinated
by beetles (Ramirez and Seres 1994). In another rainforest of Costa
Rica, Kress and Beach (1994) found 12.7% of the 276 studied flower-
ing plant species to be beetle-pollinated. Despite all these findings,
we still know little about beetle visitation to flowers in tropical forest
canopies, and even less about the diversity of that relationship be-
cause this association is documented so poorly (Vizentin-Bugoni et
al. 2018).

Flower-visiting beetles can be both herbivores and pollinators or
just predators awaiting prey. Florivory — damage to bracts, sepals,
petals, stamens and pistils, pollen and ovules (Burgess 1991) —is a
primary plant-animal interaction, whereas pollination is one possible
secondary outcome of flower visitation (Frame 2003). Florivory is com-
mon and may even surpass leaf herbivory in magnitude and impact
(McCall and Irwin 2006). Many adult beetles feed primarily or exclu-
sively on plant-provided food supplements such as nectar and pollen
(Wackers et al. 2007; Kirmse and Chaboo 2018). Although nectar is
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the most important reward in animal-pollinated plants (Simpson and
Neff 1983; Proctor et al. 1996), Dafni et al. (1990) determined that
nectar-feeding was a more recent development in geological time and
pollen is generally more important in beetle-flower associations. There
are many obligate flower-visiting beetles exhibiting highly specialized
adaptations to locate and handle flowers efficiently (Wardhaugh et al.
2013). Pollen-collecting mouthparts of beetles often possess combs of
setae on the mandibles, palps or on other mouthparts such as in Oe-
demeridae and Mordellidae (Barth 1985; Krenn et al. 2005) (Figure 1).
Specialized nectar-feeding Coleoptera have prognathous mouthparts
that are acuminate with maxillary palps, galaea and laciniae (Fuchs
1974) (Figure 1). The prolonged mouthparts and the acumination of
the frontoclypeus are extremely developed in nectar-feeding Bupresti-
dae (Bellamy 1986; Gardner 1989) and Cerambycidae (McKeown 1947,
Scambler 1993). The prolongation of mouthparts is also characteristic
in flower-visiting Alleculinae, Cantharidae, Lycidae, Meloidae, Mordel-
lidae, Oedemeridae, Rhipiphoridae and some Scarabaeidae (Crowson
1981; Krenn et al. 2005; Nicolson 2007). Mouthparts of some special-
ized flower-visiting Cetoniinae (Scarabaeidae) lack cutting edges but
bear numerous setae and dense brushes on the maxillae to feed on
nectar and pollen (Johnson and Nicolson 2001). However, most flower-
visiting beetle species lack suctorial mouthparts to feed on nectar
(Jervis 1998; Nicolson 2007).

Florivory arose early in the history of beetles. Basal lineages of
modern insect pollinators could have originated during the Juras-
sic, probably as generalists on seed plants (Labandeira 1998). Beetles
are among the earliest pollinators or even the oldest ones (Grimaldi
1999; Cai et al. 2018; McKenna et al. 2019). Specialized beetle-pol-
linated flowers were apparent by the Cretaceous (Bernhardt 2000;
Bao et al. 2019). For example, beetle pollination of members of the
Nymphaeaceae represents an ancient mutualistic partnership that
originated in the mid-Cretaceous (Gandolfo et al. 2004). Still, only a
few plant families are pollinated exclusively by beetles in contrast to
the generalist flower syndrome (Gottsberger 1989, 1990); however, in
34 families of flowering plants at least one species was found to be
pollinated primarily by beetles (Bernhardt 2000). Beetle-pollinated
systems are conservative and have often only few visitors (Bernhardt
2000). Bernhardt (2000) proposed that plants pollinated exclusively by
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Figure 1. Specialized flower-visiting beetles often have mouth parts adapted to feed
effectively on pollen and nectar. Adaptations can include prolonged mouthparts and
dense brushes on the maxillae as in (a) Mecometopus Thomson sp. (Cerambycidae),
or enlarged and securiform maxillary palpomeres as in (b) Mordellistena Costa sp.
3 (Mordellidae).

beetles exhibit four overlapping modes of floral presentation: bilabi-
ate, brush, chamber and painted bowl blossoms. Specialized beetle-
pollinated systems are particularly diverse in the wet tropics to warm
temperate-Mediterranean zones. The majority of magnoliids (basal
dicotyledons) and basal monocotyledons are specialized in beetle pol-
lination (Bernhardt 2000). Most species of Annonaceae are pollinated
by beetles (Gottsberger 2012). For example, Annona L. (Annonaceae)
flowers exhibit nocturnal heating and strong odor which is adapted to
dynastid beetle pollination by Cyclocephala Dejean yet there is little
specificity in this interaction (Gottsberger 1999). A highly specialized
cantharophilous syndrome is also known from some Arecaceae (Lis-
tabarth 1994) and Araceae (Garcia-Robledo et al. 2004), however, little
specificity between beetle and plant flower has been found even in
these specialist flowers.

Here we focus on floral resource use of canopy beetles and ana-
lyze the strength and specificity of the relationship between flowers
and beetles to address the gaps about beetle-plant associations. This
documentation is also necessary to understand beetle megadiversity
in rainforests. Author SK constructed a Ph.D. study to inventory the
canopy beetle community in an Amazonian rainforest, Venezuela. Her
highly-detailed data reveal novel insights into patterns of these rich
beetle-tree associations (Arndt et al. 2001; Kirmse et al. 2003; Kirmse
and Chaboo 2018, 2019; Kirmse and Ratcliffe 2019; Kirmse and John-
son 2020).
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In this paper, we develop and test two new hypotheses:

Hypothesis 1. Megadiversity of canopy beetles in tropical rainforests
is largely based on flower resources. To test this, we conduct an
inventory of canopy beetles and their food resources. Our hy-
pothesis 1 is supported if the majority (>50%) of beetle species
are found to be associated with flowers.

Hypothesis 2. The majority of adult canopy beetles are adapted
flower visitors. To test this, we must determine first if adult beetles
subsist on flower resources. Within the survey, a finding that at
least 50% of the beetle species only use flowers would support
our hypothesis 2. We must also determine the specificity of the
flower-visiting beetles. So we conduct a subset analysis of the
beetles associated with one mass-flowering canopy tree species
and compare this flower-visiting assemblage with two other non-
flowering tree species of Chrysobalanaceae (Kirmse and Chaboo
2019).

While conducting the inventory and addressing these two hypoth-
eses, our findings allow comparison of the beetle fauna of the mass-
flowering Chrysobalanaceae with a previous study, Kirmse et al. (2003),
of two other mass-flowering trees species with the same flower syn-
drome to identify general patterns.

Material and methods
Project context

The canopy beetle research of author SK was conducted as part of the
Surumoni Crane Project (1995-2000), a cooperation between the Aus-
trian Academy of Science and the Venezuelan government (Morawetz
1998) under permit no. 15-1277 from Servicio Autonoma de Fauna,
Ministerio del Ambiente y de los Recursos Naturales Renovables, Ven-
ezuela. A tower crane was installed in a remote part of lowland moist
forest in the northern Amazonian basin. The canopy crane system was
42 m in height and ran on 120 m long rails. An area of about 1.4 ha
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was accessible with the crane’s 40 m long swing. A gondola carrying
the scientists and their equipment enabled movement between the
tree crowns (at 35 m maximum).

The general canopy beetle survey was conducted between 1997
and 1999 and covers a full year. Observations and collections of bee-
tles were carried out during the following periods: September to No-
vember 1997; May to August and December 1998; January to April
1999. Additional aerial trap collection in October-November 1999 tar-
geted a single tree species, Matayba guianensis Aubl. (Sapindaceae),
to compare the beetle assemblages of two main flowering seasons.

Multiple studies have been published already from the Surumoni
Crane Project: project overview (Winkler and Listabarth 2003); canopy
structure (Anhuf and Rollenbeck 2001); plant diversity (Morawetz et
al. 1998; Listabarth 1999; Komposch and Hafellner 2000; Nieder et al.
2000; Wesenberg 2004); and canopy beetles (Arndt et al. 2001; Kirmse
et al. 2003; Kirmse and Chaboo 2018, 2019; Kirmse and Ratcliffe 2019;
Kirmse and Johnson 2020).

Study site

The study site is located in the upper Orinoco region in southern Ven-
ezuela (state of Amazonas) (3°10°N, 65°40°"W; 105 m asl). The crane
was installed at the small black-water river Surumoni, a tributary of
the large white-water river Orinoco. The Surumoni area belongs to
the Japura/Negro moist forests ecoregion (Dinerstein et al. 1995) or
Imeri province (Morrone 2014) that extends from Brazil to southern
Venezuela, Colombia and Peru.

The study area received a gross rainfall of about 3100 mm with a
strong peak in the annual precipitation from May to July, then a lower
peak in September and October (Anhuf et al. 1999). There is no dis-
tinct dry season in the area as precipitation was never fewer than 100
mm per month. Year to year fluctuations of about 500 mm occurred.
The average annual temperature in the study area is ca. 26°C. Slight
variations between the coolest month (25°C) and the warmest month
(26.5°C) and a daily range of 5-10°C are characteristic.
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Vegetation

The vegetation of the study area has been described in Winkler and
Listabarth (2003) and we have added details about the vegetation
structure (Kirmse and Chaboo 2018). To summarize, this forest is clas-
sified as terra firme moist lowland tropical rainforest (Prance 1979).
The upper canopy in the area ranges usually from 25 to 27 m in
height. Only a few emergent trees rise to a height of 35 m. The for-
est in the study area is frequently interrupted by light gaps, thus the
canopy was not completely closed.

Altogether, 316 species of higher plants were identified in the crane
plot. These belong to 202 genera from 76 families (Winkler and Lis-
tabarth 2003). The species-richest plant families were Fabaceae (23),
Orchidaceae (19 species), Araceae (16 species), Rubiaceae (15 species),
Lauraceae (13 species), Chrysobalanaceae (10 species) and Annona-
ceae (10 species). Epiphytes and hemiepiphytes comprised 53 species
(Engwald et al. 2000).

There were more than 800 individual trees > 10 cm DBH (diameter
at breast height) belonging to 141 tree species within the crane plot.
All these trees were tagged (e.g. ID tag #970) and identified by bota-
nists from the Universities of Vienna, Austria and Leipzig, Germany.
Anhuf and Rollenbeck (2001) provide the crown area map including
the tagged trees. Frequent species in the tree fraction with a DBH of
> 10 cm were Dialium guianense (Aubl.) Sandwith (Fabaceae), Goupia
glabra Aubl. (Goupiaceae), Ocotea aff. amazonica (Meisn.) Mez (Laura-
ceae), Oenocarpus bacaba Mart. (Arecaceae) and Ruizterania trichan-
thera (Spruce ex Warm.) Marc.-Berti (Vochysiaceae) (Wesenberg 2004).

Beetle sampling

To test our hypotheses 1 and 2 about canopy beetles and flower
resources and beetle adaptations to flowers, we conducted an inven-
tory with close observations of the beetle fauna of canopy trees dur-
ing flowering and non-flowering seasons. The coverage area within
the canopy plot for the inventory of this canopy beetle assemblage
includes 23 canopy tree species (23 genera, 13 plant families). Other
plants in the canopy — epiphytes and lianas — were excluded for this
current beetle study. Trees were chosen with consideration of their
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taxonomic representativeness, widespread or regionally distributed
and speciose rich/poor genera and families. Another criterion was
their abundance in the crane plot (i.e. dominant, common, singletons).
Furthermore, trees selected for our canopy beetle survey, were either
completely free from epiphytes and lianas or bore only small ones to
minimize errors of beetle-host associations. Using the crane’s gon-
dola from one position, all trees were freely accessible for investiga-
tion, collecting and observations. Using the tower crane (see Kirmse
and Ratcliffe 2019: Figure 1), the crowns of tree species in the upper
(approximately 25-30 m height) and middle canopy (approximately
18-25 m height) were searched regularly by hand for Coleoptera dur-
ing day and night. Depending on the number of crown-associated
beetles, the observation time per tree crown was ~30 mins from one
gondola position. Observed beetles were captured by net, hand or
through branch and foliage beating. These collection methods were
not structured to provide quantitative data.

To obtain semi-quantitative sampling results, standard-sized aerial
traps were used to collect flying beetles (Basset et al. 1997; see Kirmse
and Chaboo 2018: Figure 1(d)). Altogether 10 traps were installed
within different tree crowns at the same time. These window traps
consisted of two panels of transparent plexiglass fixed over cross
(length of 30 cm x height of 25 cm). Beneath the plexiglass panels
was a plastic tube ending in a container, filled with water mixed with a
surface tension-diminishing detergent, for collecting the beetles. The
containers with trapped beetles were cleaned out as far as possible
every other day.

Processing of beetles

The collected beetles were kept in 70% ethanol, and a portion was
pinned later. The beetles were assigned to morphospecies by author
SK. Some species were identified later by specialists: Buprestidae by
Charles L. Bellamy, Cantharidae and Lycidae by Alistair S. Ramsdale,
Cerambycidae by Ubirajara R. Martins, Chrysomelidae by Lourdes
Chamorro, Shawn M. Clark, Wills Flowers, David Furth, Lev N. Med-
vedev and Davide Sassi, Cleridae by Weston Opitz, Curculionidae by
Sergio Antonio Vanin, Elateridae by Paul J. Johnson and Claus Wurst,
Lampyridae by Vadim R. Viviani, Mordellidae by John A. Jackman,
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Scarabaeidae by Brett C. Ratcliffe and Tenebrionidae by Martin Lillig.
The family group names follow Bouchard et al. (2011). Voucher speci-
mens of collected beetles are deposited in the Museo del Instituto de
Zoologia Agricola ‘Francisco Fernandez Yepez', Maracay, Venezuela,
and in the Botanical Institute, Leipzig University, Germany.

Ecological characterization of beetles

The beetle species were ecologically characterized according to data
and observations gained in the canopy. Species were assigned ac-
cording to their observed diel activity either as nocturnal or diurnal
species. Species which could not be clearly assigned either to diurnal
or nocturnal activity (e.g. single individuals were found active during
night and day, respectively) and species with unknown activity phases
(only caught with the traps) were classified as ‘indifferent’.

Host plants include all canopy trees in our plot where beetles were
sampled. Beetle species with all specimens (regardless the number of
individuals) recorded on only one host tree were classed as ‘exclusive
species’. ‘Abundant species’ were determined by their proportion of
all beetles sampled on one distinct canopy host; these species were
sampled with the most individuals. In the analyses of our H. hetero-
morphus, the threshold was three trapped individuals or eight indi-
viduals hand-collected. The plant parts consumed by the beetles were
categorized as leaves, extrafloral nectar (EFN), flowers and fruits.

For our general evaluation of the resource use of the entire beetle
assemblage collected on the 23 canopy tree species we assigned all
species collected on flowering trees as flower visitors. This evaluation
of resource use is assigned to test hypothesis 1, how many adult bee-
tles subsist on flowers. Thus, flower visitors include all beetle species
collected on flowering trees, if no other diet was observed. We admit
that this is a simplification to compare the association of all canopy
beetle species of the entire canopy assemblage with resource avail-
ability (different parts of the tree canopies: i.e. leaves, fruits, flowers,
extrafloral nectaries), as feeding observations are not available for
each specimen and species, respectively. This applies particularly to
beetle species which were caught exclusively in the traps. In exclusive
flower visitors, all beetle individuals were collected on flowers and
flowering trees, respectively.
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Figure 2. Small white flowers of the generalist pollination syndrome in a lowland
rainforest canopy, Venezuela. (a) Flowers of Hymenopus heteromorphus (Benth.)
Sothers and Prance var. heteromorphus (Chrysobalanaceae), March 1999. (b) Mac-
raspis festiva Burmeister (Scarabaeidae) mating on flowering Matayba guianensis
Aubl. (Sapindaceae), September 1997.

Investigated flowering trees

In total, 20 of 23 investigated canopy trees within the crane plot flow-
ered at least once during the survey period. The flowers were distin-
guished according to their flower syndrome to clarify possible specific
associations of the beetles with floral traits:

Generalist flower syndrome (Figure 2): These flowers have an open
morphology that allows entry to a comparatively wide range of insect
visitors (Howe and Westley 1986; Frame 2003). They are either flat or
cup-shaped and of radial symmetry.

Other flower syndromes (see Kirmse and Chaboo 2019: Figure 1(a)):
These have morphologies such as zygomorphic symmetry or tubu-
lar corollas representing more specialized pollination syndromes ac-
cording to Faegri and Van der Pijl (1979), thus, they are historically
considered to be adapted to the visitation of distinct pollinator taxa.

In our plot, the canopy trees with generalist white flowers include
Euterpe precatoria Mart. and O. bacaba (Arecaceae); H. heteromorphus
(Chrysobalanaceae) (Figure 2(a)); Tachigali guianensis (Benth.) Zarucchi
and Herend. (Fabaceae); O. aff. amazonica (Lauraceae); Emmotum acu-
minatum (Benth.) Miers (Metteniusaceae); M. guianensis (Sapindaceae)
(Figure 2(b)). Of these trees, H. heteromorphus, M. guianensis and T.
guianensis were mass-flowering, i.e. producing a very high amount of
flowers over a short period (Heinrich and Raven 1972; Frankie 1975).
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The canopy trees with flowers of other syndromes comprise: Guat-
teria schomburgkiana Mart. and Xylopia amazonica R.E. Fr. (Annona-
ceae); Couma utilis (Mart.) Mull. Arg. (Apocynaceae); Albizia pedi-
cellaris (DC.) L. Rico, D. guianense and Senna cf. silvestris (Vell.) H.
S. Irwin and Barneby (Fabaceae); G. glabra (Goupiaceae); Rhodoste-
monodaphne grandis (Mez) Rohwer (Lauraceae); Podocalyx loranthoi-
des Klotzsch (Picrodendraceae); Ferdinandusa cf. elliptica (Pohl) Pohl
(Rubiaceae); Qualea paraensis Ducke, R. trichanthera and Vochysia
vismiifolia Spruce ex Warm. (Vochysiaceae).

Target tree Hymenopus heteromorphus Benth. Sothers and
Prance (Chrysobalanaceae)

This paper targets beetle visitors to flowers of Hymenopus heteromor-
phus (Benth.) Sothers and Prance (Chrysobalanaceae). This tree spe-
cies was chosen to compare its flower-visiting beetles to our previous
study, Kirmse and Chaboo (2019), of two other Chrysobalanaceae tree
species in the plot, Licania hebantha Mart. ex Hook. f. and Moquilea
subarachnophylla (Cuatrec.) Sothers and Prance, that attracted extra-
floral nectary- visiting beetles. To test hypothesis 2, we compared the
beetle assemblages associated with different food resources of these
confamilial tree species.

Hymenopus (Benth.) Sothers and Prance is a Neotropical genus with
28 species which are distributed from Central America (Costa Rica and
Panama), Trinidad and Tobago to northern South America (Colombia,
Venezuela, the Guianas, Ecuador, Bolivia, Peru and in Brazil mainly the
Amazonian region) (Sothers et al. 2016). Hymenopus heteromorphus is
morphologically variable and widespread and occurs in five varieties
through Central and South America (Sothers et al. 2016). Our single
investigated tree, #970, belongs to the variety heteromorphus which
grows in Trinidad, from Colombia, Venezuela and the Guianas through
Brazil southwards to Peru and Bolivia (Sothers et al. 2016). This spe-
cific variety is commonest in periodically flooded forest, but it occurs
elsewhere (Sothers et al. 2016). The whitish/yellowish flowers are tiny,
~2 mm wide and length is ~3 mm, with a flat cup-like shape (Figure
2(a)). The flowers are arranged in racemose panicles. Flowers have a
weak sweet odor. The hermaphrodite flowers are actinomorphic to
zygomorphic. A disc is present (Prance and Sothers 2009).
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Nine tree specimens of H. heteromorphus with a DBH of > 10 cm
grew inside the crane plot. One specimen of H. heteromorphus (ID tag
#970; Figure 2(a)) and its flower visitors were monitored during one
flowering season, 25 February to 16 March 1999 (20 days). The beetles
were hand-collected throughout the flowering season during the day
and the night. In addition, one window trap was placed within the tree
crown to provide semiquantitative data. This tree #970 had a height
of 22 m and belonged to the middle to lower upper canopy; its crown
diameter was about 4 m. Flower buds were found on this tree at the
end of February. The first flowers were open on 3 March. On 5 March,
the tree was full in bloom; by 9 March, the zenith of open flowers was
already passed. From 12 March onwards, only a few open flowers were
remaining on this tree specimen. According to Wesenberg (2004), this
tree flowered usually once a year between the end of January and start
of April. We estimated the amount of flowers on this single tree #970
was approximately 100,000 in the flowering season of 1999. For this
evaluation, the number of flowers was counted on an average twig
and then calculated for branches and the entire crown.

Data analyses

We based our general evaluation of the flower-visiting beetle assem-
blage on all beetles sampled on a total of 23 tree species and 45 tree
specimens (Table 4). Canopy trees chosen are being described sepa-
rately (Kirmse in prep.). The assemblage during a flowering period was
separated by assemblages collected during other phenological sea-
sons. The flower visitors comprise all beetles observed and sampled
during a flowering season of a particular tree. From this assemblage,
we subtracted all beetle species which were either assigned to other
diets (e.g. leaf feeders) or which were residents on a particular tree
and were not observed visiting flowers. Beetles were assigned to a
specific diet independent of their abundances including singletons.
Detailed analyses of host specificity patterns will be addressed sepa-
rately (Kirmse in prep.).

We compared the specificity and diversity of the trees presented
in the results section as follows: Our three tree species of Chryso-
balanaceae were compared on the basis of the total samples during a
restricted phenological season (flushing and flowering, respectively).
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All three Chrysobalanaceae were sampled each with one trap and
monitored for each 30 minutes from one gondola position making
the sampling effort comparable. To compare our three analyzed mass-
flowering tree species with small white generalist flowers, we used
only the standardized trap sample for each one flowering season due
to an unequal effort in the hand collections. General diversity patterns
of the entire beetle assemblage and statistical quantifications will be
the subject of more comprehensive analyses (Kirmse in prep.).

For our estimation of the number of flower-visiting beetle species
in our canopy plot and on Amazonian tree species (see Ter Steege
et al. 2016) we included only beetle species collected exclusively on
flowering trees. The average number of exclusive flower visitors of
our 20 tree species corresponds to the average generalization level L
(Olesen et al. 2007). In contrast, we included all flower-visiting beetle
species to calculate the relative generalization level L/A of our mass-
flowering tree species.

Statistical analyses

The comparisons of the samples were done with EstimateS (Version
9.1.0; Colwell 2013). The Shannon diversity and the estimation of spe-
cies richness was calculated with PAST (Version 3.21; Hammer et al.
2001).

For diversity measure we used the exponential of the Shannon in-
dex which takes into account the number of individuals and the num-
ber of taxa. High values indicate many taxa, each with few individuals.
To compare the samples, we used the classic Jaccard index and the
complement of the Bray-Curtis measure which takes the abundances
into account.

The expected number of species was plotted against the number
of individuals to estimate the potential species richness of the assem-
blages. Estimations of species richness were performed by rarefaction
by means of the abundance-based richness estimator Chao1 due to
the high proportion of rare species.
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Results

Over the one year of study (1997-1999), we sampled 6698 adult bee-
tles on 23 canopy tree species. These adults are identified to 859
beetle species in 44 families. Of this total assemblage, 61.4% of the
species (N = 527) were exclusively on flowering trees, thus support-
ing our hypothesis 1. Three considerations indicate the specificity of
flower-visiting adult beetles (hypothesis 2): First, of these exclusive
flower visitors, 314 beetle species (59.6%) visited only small white
flowers of the generalist syndrome. Second, we found the flower-vis-
iting beetle assemblage of our target tree H. heteromorphus restricted
to the flowering season. Third, the flower-visiting beetle assemblage is
clearly distinct, as we found little overlap with the beetle communities
visiting the two confamilial nonflowering tree species.

Flower visitors of H. heteromorphus in the canopy plot

A single tree of H. heteromorphus was selected for intense study of its
visitors during a 13- day flowering period, using one window-pane
trap and diurnal and nocturnal inspection by author SK. This tree bore
flower buds at the end of February 1999. Only five solitary beetles
were recorded at the flower buds from 25 February to 1 March. The
first buds opened from 3 March onwards, and flower-visiting beetles
were observed regularly. Wilting of most flowers was dated on 14
March. On 16 March daytime, there were still some beetles visiting
flowers, whereas from 12 March onwards, just single flower-visiting
beetles were found at night. The trap collected 53 specimens from
5-7 March, 40 specimens from 8-9 March, 21 specimens from 10-12
March and 45 specimens from 13-15 March.

Altogether 440 adults were collected on the flowers of the single
H. heteromorphus tree. These adults are identified to 138 beetle spe-
cies in 23 families (Table 1). Eighty-seven species were represented
by only a single specimen. Seventy-five of the total 138 species were
captured only by hand. In contrast, 43 species were collected only
with the trap. One hundred and thirty-eight beetle species were found
visiting the flowers of H. heteromorphus and the majority was diurnal,
occurring on this tree only during daytime. Over the 13-day flower-
ing period, the trap collected 19 diurnal species and 15 nocturnal
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Table 1. Adult beetles (Coleoptera) documented during the flowering season of Hymenopus
heteromorphus (Benth.) Sothers and Prance (Chrysobalanaceae) in a lowland rainforest canopy,
Venezuela.

# individuals # spp. total # spp. exclusive  # exclusive flower visitors

Family total trapped total N=>2 only hand total N=>2 total  small white
capture flowers

Anthribidae 4 1 1 1 1 1 1 1
Brentidae 3 3 3 1 3 2
Buprestidae 1 1 1 1
Cantharidae 15 6 7 2 3 3 2
Carabidae 2 2 1 1 1 1
Cerambycidae 21 3 10 4 8 2 1 9 9
Chrysomelidae 109 20 36 13 22 9 2 25 18
Cleridae 30 2 2 2 1 2
Coccinellidae 2 2 1 1 1
Cryptophagidae 2 1 1 1 1 1 1
Curculionidae 138 64 32 13 13 3 20 17
Dermestidae 8 8 2 1 2 1
Elateridae 1 1 1 1
Eucnemidae 1 1 1 1 1 1
Lampyridae 1 1 1
Lycidae 1 1 1 1 1 1
Melyridae 4 1 4 3 2 4 3
Mordellidae 61 39 12 7 6 2 1 12 7
Scarabaeidae 28 6 12 6 8 2 1 10 5
Scyrtidae 4 4 4 2 3 2
Scraptiidae 1 1 1 1 1 1
Staphylinidae 1 1 1 1 1 1
Tenebrionidae 2 2 2 1
Total 440 159 138 51 75 31 7 103 73

species comprising 52 diurnal and 23 nocturnal individuals. The other
trapped flower visitors could not be clearly assigned either to diurnal
or nocturnal species.

Most collected species are Chrysomelidae (trap N = 15/total N =
36) and Curculionidae (trap N = 19/total N = 32), followed by Mordel-
lidae (trap N = 6/total N = 12) and Scarabaeidae (trap N = 4/total N =
12). Excluding the singletons, these four beetle families were also the
most species-rich. The window trap collected 159 individuals classified
into 63 species and 15 families (Table 1) from 5-15 March 1999. Most
individuals trapped belong to Curculionidae (N = 64), Mordellidae
(N = 39) and Chrysomelidae (N = 20). Identified species are listed
in Tables 2 and 3 with some illustrated in Figure 1, Figure 2(b), and
Figure 3.
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Table 2. Abundant species (trapped N > 3 or hand-collected N > 8) and number
of individuals sampled during the flowering season of Hymenopus heteromorphus
(Benth.) Sothers and Prance (Chrysobalanaceae) in a lowland rainforest canopy,
Venezuela. EFN = extrafloral nectary.

# individuals
Family Species total  trapped  Diet
Cantharidae Chaulignathus Hentz sp. 6 5 3 EFN & flowers
Cerambycidae Coremia plumipes (Pallas) 8 0 white flowers
Chrysomelidae  Colaspis Fabricius sp. 9 0 diverse plant parts
Chrysomelidae  Coroicona danieli Bechyne 9 2 exclusively
Chrysomelidae  Hecataeus Jacoby sp. 20 0 white flowers
Chrysomelidae Zepherina cf. variegatus (Weise) 13 2 diverse flowers
Cleridae Enoclerus Gahan sp. 1 27 0 diverse flowers
Curculionidae Baridinae sp. 61 4 4 white flowers
Curculionidae Baridinae sp. 1 24 5 white flowers
Curculionidae Conoderinae sp. 4 52 37 white flowers
Curculionidae Heilus Kuschel sp. 1 12 1 diverse plant parts
Curculionidae Pseudanthonomus Dietz sp. 2 3 3 white flowers
Dermestidae Cryptorhopalum Guerin-Meneville sp. 1 7 7 white flowers
Mordellidae Isotrilophus Liljeblad sp. 31 26 diverse flowers
Mordellidae Mordellistena Costa sp. 2 8 5 diverse flowers
Mordellidae Mordellistena Costa sp. 3 5 5 white flowers
Scarabaeidae Isonychus Mannerheim sp. 2 5 3 diverse flowers

Table 3. Identified species sampled during the flowering season of Hymenopus het-
eromorphus (Benth.) Sothers and Prance (Chrysobalanaceae) in a lowland rainforest
canopy, Venezuela.

Family Species #spp.  # individuals.

Buprestidae Leach Agrilaxia Kerremans

Cantharidae Imhoff Chauliognathus Hentz
Discodon Gorham
Ditemnus LeConte

Carabidae Latreille Agra Fabricius

Cerambycidae Latreille Agaone notabilis (White)
Chrysoprasis aureicollis White
Coremia plumipes (Pallas)
Eburodacrys sexmaculata (Olivier)
Mecometopus ion (Chevrolat)
Mecometopus Thomson 1
Megacyllene angulata (Fabricius)
Pirangoclytus flavius (Bates)
Pirangoclytus latecinctus (Bates)
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Table 3. Continued.

Family Species #spp.  # individuals.

Chrysomelidae Latreille Antitypona Weise
Aristobrotica Bechyne
Brachypnoea Gistel
Colaspis Fabricius
Coroicona danieli Bechyne
Diabrotica Chevrolat 7
Griburius auricapillus (Suffrian)
Griburius Haldeman
Hecataeus Jacoby
Hypolampsis Clark
Lexiphanes Gistel
Lilophaea Bechyne
Luperodes Motschulsky
Neothona Bechyne
Nycterodina Bechyne
Parchicola elena Bechyne
Pseudochlamys Lacordaire
Sphaeropis Lefevre
Spintherophyta Dejean
Zepherina Bechyne

Cleridae Latreille Enoclerus Gahan

Curculionidae Latreille Contrachelus Dejean
Heilipodus Kuschel 1
Heilipodus suspensus (Pascoe) 1
Heilipus phrynodes Pascoe
Heilus Kuschel
Lechriops (Schoenherr)
Pseudanthonomus Dietz
Zascelis LeConte

Dermestidae Latreille Cryptorhopalum Guerin-Meneville

Elateridae Leach Aeolus Eschscholtz

Lampyridae Rafinesque Cratomorphus Motschulsky

Lycidae Laporte Idiopteron Bourgeois

Melyridae Leach Lemphus bicoloripennis Constantin
Lemphus Erichson

Mordellidae Latreille Isotrilophus Liljeblad
Mordella signata Champion
Mordella Linnaeus
Mordellistena Costa

Scarabaeidae Latreille Barybas Blanchard
Isonychus Mannerheim
Macraspis festiva Burmeister
Macraspis nr. maculata Burmeister
Macraspis MacLeay 3
Pelidnota osculatii Guerin-Meneville
Pelidnota MacLeay 1
Tomarus ebenus (De Geer)

Tenebrionidae Latreille Goniadera repandra Fabricius
Statira interruptecostata Pic.
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Figure 3. Diversity of Chrysomelidae beetles visiting flowers of Hymenopus het-
eromorphus (Benth.) Sothers and Prance var. heteromorphus (Chrysobalanaceae),
March 1999. (a) Colaspis Fabricius (Eumolpinae). (b) Coroicona danieli Bechyne (Al-
ticini). (c) Griburius auricapillus (Suffrian) (Cryptocephalinae). (d) Hecataeus Jacoby
(Galerucinae).

Thirty-one beetle species were found exclusively on our single H.
heteromorphus tree; seven beetle species were collected with at least
two individuals. Furthermore, 72 species were found to visit flowers of
tree species with diverse flower syndromes within the study area. Thus,
there are 103 out of 138 species (74.6%) that are restricted in their
records to flowers in our canopy plot, including 73 species (52.9%)
restricted to small white flowers of the generalist syndrome. A similar
relation is obvious if only the 17 most abundant species (collected
with at least three individuals with the window trap or with eight indi-
viduals collected per hand) are considered (Table 2). Only one species,
Coroicona danieli Bechyne (Chrysomelidae: Galerucinae: Alticini; Figure
3(b)), was found exclusively on H. heteromorphus. Eight of these 17
abundant species visited different tree species with small white flow-
ers of the generalist syndrome. Another five abundant species visited
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flowers of different syndromes, whereas three beetle species fed on
different plant resources in our canopy plot. In conclusion, the por-
tion of exclusive flower visitors among the abundant species is 82.4%,
including 52.9% visitors of only generalist flowers.

The flower-visiting beetle community of canopy plot

The beetle fauna collected on our target 23 canopy tree species
comprised 6698 adults that are identified to 859 beetle species in
44 families. During the survey period (1997-1999), 20 of the inves-
tigated tree species flowered at least once. Of the 859 beetle spe-
cies sampled, 647 species (75.3%) were collected with at least one
specimen on a flowering tree species (Table 4). Of these 647 beetle
species, 527 species (61.4% of the entire assemblage) were sampled
exclusively on flowering trees. Three hundred and fourteen (59.6%
of all exclusive flower visitors) of these flower visitors were sampled
exclusively on canopy trees with small white flowers of the generalist
syndrome though this flower syndrome was represented only in 35%
of the investigated tree species. The proportion of beetle species
visiting exclusively white generalist flowers is 36.6% of our entire
canopy beetle community corresponding to the proportion of this
flower syndrome in our survey.

Table 4. Monitored tree individuals (N = 45) and tree species (N = 23) and their as-
sociated Coleoptera species in a lowland rainforest canopy, Venezuela, 1997-1999.

# all trees # trees monitored during flowering periods
# diverse flower # small white flowers
syndromes of generalist syndrome

#total  # mass-flowering

# tree spp. 23 20 13 7 3
proportion 100% 87% | 100% 65% 35% | 100% 43%
# tree specimens 45 38 20 18 4
proportion 100% 84% | 100% 53% 47% | 100% 22%
# beetle spp. 859 647 406
proportion 100% 75% | 100% 63%
# exclusive flower visitors 527 213 314

proportion 100% 61% | 100% 40% 60%
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The exclusive 527 flower-visiting beetle species belong to 41
families (Figure 4). The top three families are Curculionidae (N =
161), Cerambycidae (N = 68) and Chrysomelidae (N = 64) which
correspond to the largest herbivorous clades of beetles. Surpris-
ingly, the next dominant families comprising 10+ exclusive species
on flowering trees are Carabidae (N = 22), Mordellidae (N = 22),
Scarabaeidae (N = 20), Tenebrionidae (N = 19), Staphylinidae (N =
17), Nitidulidae (N = 15), Coccinellidae (N = 13) and Dermestidae
(N = 10). Most beetle species collected exclusively on white flow-
ers of the generalist syndrome belong to Curculionidae (N = 105),
Cerambycidae (N = 53), Chrysomelidae (N = 31), Mordellidae (N =
15) and Staphylinidae (N = 12).

Beetle assemblages on mass-flowering trees

Mass-flowering trees of the generalist syndrome revealed the high-
est diversity of beetle species sampled on flowering trees in our can-
opy plot (Table 4). In total, 406 flower-visiting beetle species (63%)
were collected on only three out of 20 flowering tree species. Among
them there are 260 beetle species (1446 individuals) collected dur-
ing three different flowering periods on two tree specimens of M.
guianensis. This was the highest number of beetle species collected
on one tree species within our canopy plot. However, the trap sample
on one tree specimen in the main flowering season from 18 Septem-
ber to 8 October 1997 (21 days) with estimated one million flowers
amounted to 115 species and 534 individuals (detailed data: Kirmse
et al. 2003). Additionally, 65 species were hand-collected on this
single tree (Table 5).

On T guianensis, 114 beetle species (638 individuals) were collected
during one flowering period. We estimate the number of flowers be-
tween 10,000 and 100,000 from 8-27 November 1997 (18 days) (de-
tailed data: Kirmse et al. 2003). The trap collected 622 individuals in
104 species amounting to an average of 5.8 different beetle species
per day (Table 5). This contrasts the trap sample with only 0.4 different
species per day during a non-flowering season on this tree species.
Taking all beetle species collected on T. guianensis into consideration,
just eight species were found during both the flowering and the non-
flowering season.
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® Curculionidae 161 spp. ® Cerambycidae 68 spp.

m Carabidae 22 spp.

® Tenebrionidae 19 spp.

® Coccinellidae 13 spp.

® Cantharidae 9 spp.

® Eucnemidae 7 spp.

m Cleridae 5 spp.

® Trogossitidae 4 spp.

w Histeridae 2 spp.

m Zopheridae 1 sp.
Aderidae 1 sp.
Passalidae 1 sp.
Cryptophagidae 1 sp.
Hydrophilidae 1 sp.

® Mordellidae 22 spp.

m Staphylinidae 17 spp.

® Dermestidae 10 spp.

® Buprestidae 8 spp.

m Elateridae 6 spp.

m Melyridae 5 spp.

® Oedemeridae 3 spp.

u Corylophidae 2 spp.

= Ptilodactylidae 1 sp.
Lycidae 1 sp.
Elmidae 1 sp.
Cucujidae 1 sp.
Attelabidae 1 sp.

® Chrysomelidae 64 spp.

m Scarabaeidae 20 spp.

® Nitidulidae 15 spp.

® Brentidae 8 spp.

= Anthribidae 8 spp.

= Scirtidae 6 spp.

= Hybosoridae 4 spp.

= Anobiidae 3 spp.
Meloidae 2 spp.
Scraptiidae 1 sp.
Leiodidae 1 sp.
Endomychidae 1 sp.
Erytolidae 1 sp.

Figure 4. Species-level taxonomic diversity of exclusively flower-visiting beetles
sampled on 20 canopy tree species (38 individuals) from 12 families in a lowland
rainforest canopy, Venezuela, 1997-1999.
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Table 5. Monitored mass-flowering trees (N = 3) with small white flowers of the
generalist syndrome and their number of associated Coleoptera species and speci-
mens documented in a lowland rainforest canopy, Venezuela. Tag numbers (#) are
for individual trees in rainforest canopy plot, Venezuela.

Tachigali Matayba Hymenopus
guianensis #12 guianensis #446  heteromorphus #970
nonflowering  flowering flowering flowering
period 1997 period 1997 period 1999
Crown length x widthinm 16 x23  2.9-52x4.5-7.9 4x4
Height in m 28 26.5 22
# flowers 10,000-100,000 one million 100,000
# total beetle spp. 58 114 180 138
# shared spp. 8
Trapping period 114 days 18 days 21 days 13 days
# trapped spp. 46 104 115 63
# spp. per day 0.4 5.8 5.5 4.8
# trapped specimens 86 622 534 159
# specimens per day 0.75 34.6 255 12.2

Rich flower-visiting beetle assemblages were also recorded on
other canopy trees — A. pedicellaris, G. glabra, O. aff. amazonica, P.
loranthoides, Q. paraensis and S. cf. silvestris.

Comparison of the beetle assemblages

The comparison of the total samples of the three species of Chryso-
balanaceae (Table 1; Kirmse and Chaboo 2019: Tables 3 and 4) re-
vealed that four beetle species occurred on all three host trees. Hy-
menopus heteromorphus and M. subarachnophylla shared additionally
six species and H. heteromorphus and L. hebantha shared additional
four species. Consequently, the similarity measured with the Jaccard
index is 4.9% and with the Bray- Curtis coefficient 4.4% between H.
heteromorphus and L. hebantha and between H. heteromorphus and
M. subarachnophylla both values are 5.9%.

Whereas the diversity indices of the total samples of M. subarach-
nophylla and L. hebantha are similar (3.58 and 3.32), the Shannon
index for the total sample of H. heteromorphus is 4.13. However, the
estimation of species richness varies with 65 species to expect on L.
hebantha, 94 on M. subarachnophylla, but 372 species are expected
to visit H. heteromorphus.
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The Shannon diversity based on the trap samples for M. guianen-
sis is 3.54, for T. guianensis 3.23 and 3.29 for H. heteromorphus. The
number of expected species based on the trap samples is 188 for M.
guianensis, 267 for T. guianensis and 173 for H. heteromorphus. Finally,
the expected number of species of these three mass-flowering tree
species is 546 species based on altogether 228 different beetle species
sampled with the traps.

Discussion

The one-year survey of 23 canopy tree species resulted in the col-
lection of 6698 adult beetles that were identified to 859 species in
44 families (Kirmse unpubl. data; Kirmse and Chaboo 2019: Table 2).
Several previous studies of beetles and tropical trees (Irvine and Arm-
strong 1990; Sakai et al. 1999; Kirmse et al. 2003; Odegaard and Frame
2007; Wardhaugh et al. 2013; Kirmse and Chaboo 2018; Kirmse and
Ratcliffe 2019) are referenced frequently below as we discuss our re-
sults to identify general and specific patterns of beetle visitation to
canopy flowers. Our studies of the flower-visiting beetle fauna of two
tree species, M. guianensis and T. guianensis (Kirmse et al. 2003), and
the role of extrafloral nectaries for canopy beetles (Kirmse and Chaboo
2019) are also central to this discussion. Below, we focus on the broad
community of beetles found at canopy flowers and, in particular, at
canopy flowers of one individual target tree #970 of H. heteromorphus
(Chrysobalanaceae).

To evaluate our findings, we review common flower-visiting beetle
families. We analyze typical patterns of beetle visitation to flowers,
especially at mass-flowering canopy trees. We calculate the propor-
tion of canopy beetles utilizing flower resources to test our hypothesis
1. Then we determine the specificity of our canopy beetles to flower
resources to test our hypothesis 2. Finally, we discuss the interactions
between the plant and the beetles. As flower-visiting beetles are in-
volved in mutualistic interactions with their host plants we discuss the
role of beetles in pollination. The majority of our flower-visiting can-
opy assemblage seems to be specialized in generalist flowers so we
discuss the possible co-evolution between these specialized beetles
and their generalist flowers.
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Sample size and specificity

Our canopy beetle assemblage includes samples from different phe-
nological seasons of the investigated 23 canopy tree species (Table 4).
The data set includes beetles collected during the flowering season of
20 different tree species and 38 specimens. We included a broad spec-
trum of tree families (N = 12) with diverse flower syndromes to collect
a wide range of flower-visiting beetle species. This cross-section of the
141 tree species represents with a portion of 14% a good data basis
for an estimation of the flower-visiting beetle fauna in our canopy plot.

The portion of tree species with small white flowers of the general-
ist syndrome is only 35% of all flowering tree species. Nevertheless,
59.6% of all exclusive flower visitors were restricted to this flower
syndrome during our survey, thus emphasizing the importance of
this flower syndrome as food resource for Amazonian canopy beetles.
Although the sampling effort is not equal for all investigated trees
and flowering seasons differ between tree species, the standardized
trap samples provide a valid base to compare the species richness and
diversity between different trees.

We included all beetle species independent of their abundances
in our evaluation of the resource use. This seems justified mainly due
to two reasons. First, our traps sampled only in a small area of tree
crowns and so collected only a part of the beetle assemblage. Also,
hand collection covered only a small part of the investigated tree
crowns. As a result, overall abundances are low compared to the di-
mension of a tree crown of our investigated trees. The second reason
is that flower-visiting beetle species do not reside on the trees. They
are restricted in their occurrence to the flowering season and more-
over restricted either to day- or night-time (Kirmse et al. 2003). Thus,
singletons are considered to be part of the flower-visiting assemblage.

Flower-visiting beetle families

Worldwide flower visitation has been documented in 60 beetle fami-
lies and 40 of these families are regularly associated with flowers
(Wardhaugh 2015). We greatly contribute to that list as our collections
reveal 647 beetle species in 44 families at flowering tree species in
the Surumoni canopy plot. These data firmly indicate that a diversity
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of beetles consumes flowers resources. Most of our species were col-
lected exclusively on our canopy flowers (Figure 4). The patterns of
beetle visitation found in our dataset are congruent with those of
previous studies. We found Curculionidae and Chrysomelidae as our
most frequent flower visitors to H. heteromorphus and to T guianensis
(Kirmse et al. 2003); these two large beetle families appear to be the
dominant flower visitors in most tropical forests (Momose et al. 1998;
Sakai et al. 1999; Kato et al. 2008). However, the species richness of our
sampled Cerambycidae surpassed those of Chrysomelidae on M. guia-
nensis (Kirmse et al. 2003) as well as in our entire canopy assemblage,
and echoes that found on canopy trees in Panama (Odegaard and
Frame 2007). Another established pattern of common flower-visiting
beetles of Dermestidae, Nitidulidae and Scarabaeidae (Kuchmeister et
al. 1997; Momose et al. 1998; Sakai et al. 1999; Kato et al. 2008) was
also reflected in our data for the entire canopy assemblage.

The Surumoni canopy beetle assemblage revealed many flower-vis-
iting Staphylinidae, agreeing with that reported by Frame (2003) and
reviewed by Sayers et al. (2019). We found Mordellidae as one domi-
nant beetle family on our H. heteromorphus, and they were numerous
on M. guianensis (Kirmse et al. 2003). Our species-rich flower-visiting
families Carabidae, Coccinellidae, Mordellidae and Tenebrionidae (Fig-
ure 4) are known as flower visitors (Grinfeld 1975; Olesen 1992; Sakai
et al. 1999; Bernhardt 2000; Jackman and Lu 2002). Species of many
other beetle families are described as flower visitors and our find-
ings support this (Figure 4): Anthribidae (Proches and Johnson 2009);
Brentidae (Kuchmeister et al. 1997; Odegaard and Frame 2007); Bu-
prestidae (Hawkeswood 1978); Cantharidae (Willson and Bertin 1979;
Zepeda-Gomez and Velazquez-Montes 1999); Cleridae, Melyridae
and Oedemeridae (Grinfeld 1975); Corylophidae and Cryptophagi-
dae (Sakai et al. 1999); Elateridae and Lampyridae (Dayanandan et al.
1990); Erotylidae and Phalacridae (Britton 1970); Hydrophilidae and
Scraptiidae (Bernhardt 2000); Lycidae (Irvine and Armstrong 1990);
and Meloidae (Goldburg 1987).

Patterns of beetle visitation to flowers

The occurrence of beetles on our H. heteromorphus was restricted to
the flowering season, with 440 beetles sampled in 25 February-16
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March. Beetles do not appear to be attracted to H. heteromorphus
before flourishing of nor after wilting of the flowers. This seems a
general pattern that fits with other studies. Some species, especially
Eumolpinae leaf beetles, were found associated with the presence of
flowers in Papua New Guinea (Basset and Samuelson 1996). Kirmse
et al. (2003) demonstrated previously that highest abundances of
beetles caught by the window trap coincided with peak flowering of
M. guianensis and T. guianensis. This is congruent with other studied
tropical trees. In Xylopia L. (Annonaceae) in Brazil, visitors became
abundant with peak flowering season but not before (Andrade et al.
1996). Capture rates of pollen-feeding beetles within the canopies of
Myristica insipida R.Br. (Myristicaceae) in an Australian tropical rain-
forest were positively related to the number of open flowers, which
varied throughout the day (Armstrong 1997). All these studies show
that flower-visiting beetles are strongly linked to this food resource
indicating the specificity of these beetles.

The beetles we sampled visited the flowers of H. heteromorphus
either during the day or during the night, so species exhibit distinct
temporal visitation. This may depend on intrinsic diel activity phases
of the flower-visiting beetles and/or on the anthesis characteristics of
the flowers. Anthesis in Xylopia flowers, for instance, starts at 5.30 h
and all flowers are open at 8.00 h (Andrade et al. 1996). The rewards
are often available only for a short period. In Miconia theizans (Bonpl.)
Cogn. (Melastomataceae), visitation started in the morning with the
sunrise and continued until around 14.00 h when the flowers started
to wilt (Vinicius et al. 2017). Beetle visitors of mass-flowering trees with
white generalist flowers such as H. heteromorphus, M. guianensis or
T. guianensis were dominated by diurnal species and individuals (Kir-
mse et al. 2003). On two trees with comparable flowering syndrome
and appearance in Panama, Odegaard and Frame (2007) found the
highest beetle activity from 7:30 h to 10:00 h. Thus, flower-visiting
assemblages of beetles are distinct in time and location.

Our observations that mass-flowering trees in our plot attract
both the highest diversity (i.e. number of species) and abundance
(i.e. number of individuals) of flower-visiting beetles are congruent
with a widely-documented phenomenon for a high diversity of often
opportunistic visitors (Augspurger 1980; Newstrom et al. 1994). Ir-
vine and Armstrong (1990) recorded the same phenomenon from two
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different tree species with small generalist flowers in the Australian
tropical rainforest. Wolda et al. (1998) captured many Curculionidae
and Brentidae on one mass-flowering Tachigali versicolor Standl. and
L.O. Williams (Fabaceae) in Panama. Odegaard and Frame (2007) in-
vestigated similar generalist blossoms of Nectandra umbrosa (Kunth)
Mez. (Lauraceae) and Tapirira guianensis Aubl. (Anacardiaceae), two
canopy trees in a wet Panamanian lowland forest and they collected
723 beetles representing 121 species from N. umbrosa and 841 bee-
tles representing 121 species from T. guianensis. These assemblages in
the studies of Augspurger (1980), Irvine and Armstrong (1990), Wolda
et al. (1998) and Odegaard and Frame (2007) are comparable with our
samples of H. heteromorphus, M. guianensis and T. guianensis. Thus, we
believe it may be a generality that mass-flowering tropical trees attract
both high diversity and high abundance of flower-visiting beetles.
We predict this phenomenon should be widespread and frequent
as mass-flowering often occurs in canopy trees and lianas including
about 70% of overstorey trees in wet forests (Frankie et al. 1974).

How many beetles visit flowers?

Wardhaugh et al. (2012) reported that flowers are utilized by approxi-
mately 41% of the beetle species in an Australian tropical rainforest.
We found 75.3% of our sampled beetle species represented at least
by one individual on flowering trees. Considering only beetle species
collected exclusively on flowering trees then 61.4% of all beetle spe-
cies of our entire canopy assemblage are associated with flowers. This
highly supports our hypothesis 1 that the majority of adult canopy
beetles subsist on flowers. Of course, we included trap samples in our
calculation containing beetle species without feeding observations as
well. Still, we demonstrate that flower-visiting beetle assemblages are
discrete in time and location. Some beetle species attracted could be
predatory, but we found predatory beetle groups to feed on flow-
ers as well. Other beetle taxa such as Buprestidae, Curculionidae or
Nitidulidae use flowers for oviposition (Burke 1976; Crowson 1981;
Armstrong and Marsh 1997; Oliveira Lourenco et al. 2017), but adults
were found feeding on the flowers themselves.

Our canopy sample includes predominantly beetles collected from
vegetative parts of the trees and smaller twigs. In contrast, other
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studies using fogging of trees revealed all beetles associated with
trunks, branches, epiphytes, phytotelmata etc. from nearly all forest
layers (Erwin 1995; Miller et al. 2002; Basset et al. 2003a; Gasca and
Higuera 2010) and thus including, for instance, also fungivorous or
xylophilous beetle species. The proportion of flower visitors of all
beetle species associated with a rainforest tree might be indeed lower
than our result; however, we sampled 527 beetle species exclusively
on flowering trees of 20 tree species. This amounted to an average
of 26.35 flower-visiting beetle species per investigated tree species.
For the 141 tree species in our crane plot we extrapolate up to 3715
flower-visiting beetle species. Considering the 3189 tree species
known from the Venezuelan Amazon (Ter Steege et al. 2016), then
the number of flower-visiting beetle species in the area amounts to
84,030. Taking the total of estimated 16,000 Amazonian tree species
(Ter Steege et al. 2016) there could be 421,600 beetle species utilizing
flowers on Neotropical tree species in the Amazonian rainforest alone.

These calculations are supported in our analysis of the samples of
the three species of Chrysobalanaceae. There was slight overlap of
14 beetle species between those associated with extrafloral nectar-
ies and those associated with flowers. Keeler (1977) found this also
in Ipomoea carnea Jacqg. (Convolvulaceae) where the visitor fauna to
flowers and extrafloral nectaries was completely different. The dif-
ferent composition of beetle communities visiting either extrafloral
nectaries or flowers suggests that flower-visiting beetle assemblages
are largely recruited from a distinct species pool. Wardhaugh et al.'s
(2012, 2013) analyses of the distribution of beetles between different
food resources in the Australian rainforest concur with our findings
and revealed that flowers support a unique and remarkably rich beetle
fauna compared to leaves. Based on our entire sample of 138 beetle
species collected, the estimation of the species richness on H. hetero-
morphus revealed a potential 372 species. The expected number of
beetle species associated with all three mass-flowering trees with gen-
eralist flower syndrome based on 228 trapped flower visitor species
is 546. This together indicates that the real number of flower-utilizing
beetle species likely exceeds the number of other beetle guilds (e.g.
leaf feeders) on a rainforest tree and in the rainforest canopy at all,
by far. Thus, we see strong evidence for our hypothesis 1 that the
megadiversity of canopy beetles in tropical rainforests is largely based
on flower resources.
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The beetle-flower interface

Beetles have been reported as dominant flower visitors in different
ecosystems (Smith- Ramirez et al. 2005; Gomez et al. 2007; Reverte et
al. 2016; Valverde et al. 2019), and they have been long recognized as
important Angiosperm pollinators (Gottsberger 1990; Bernhardt 2000;
Thien et al. 2009). Many Cantharidae, Cerambycidae, Chrysomelidae,
Curculionidae, Elateridae, Melyridae, Mordellidae, Nitidulidae, Scara-
baeidae and Staphylinidae carry pollen on their bodies (Bernhardt
1989; Lamborn and Ollerton 2000; Willmer 2011; Gottsberger 2016;
Koptur and Khorsand 2018; Sayers et al. 2019); these are numerous
in our canopy assemblage. Several of our abundant beetle species
exhibited flower constancy (Kirmse and Chaboo 2018; Kirmse and Rat-
cliffe 2019; Kirmse and Johnson 2020); for example, such as reported
by Englund (1993) for Cetoniinae (Scarabaeidae) and enhance the
probability of carrying pollen between conspecific trees. Visitor abun-
dance is often used as a measure of pollination outcomes (Olsen 1997)
because the number of flower visitors is strongly correlated with the
number of pollinators and therefore can serve as an appropriate proxy
(Ollerton and Cranmer 2002; Biella et al. 2019). Visitation rates play a
more important role in plant reproduction than effectiveness (Vazquez
et al. 2005, 2015; Sahli and Conner 2006; Ballantyne et al. 2017; Koptur
and Khorsand 2018). According to the numerous beetles that visited
our three mass-flowering trees, H. heteromorphus, M. guianensis and T.
guianensis, Coleoptera should be considered as important pollinators
in these tree species. This contrasts with the traditional expectation
of Bawa et al. (1985) that beetle-pollinated canopy trees are rare in
lowland Neotropical wet forests.

Our data suggest that particularly canopy flowers of the general-
ized morphology represent an important source of food for beetles. In
these systems, beetles possibly represent a dominant pollinator group
(Kirmse et al. 2003; Odegaard and Frame 2007). Generalist flowers pol-
linated by a combination of beetles are recorded in 22 plant families
(Bernhardt 2000). These flowers may thus play an important role in the
conservation of the biodiversity of flower-visiting insects in general
(Frame 2003; Montoya et al. 2012). Such plants could serve as hubs
in the interaction networks (Martin Gonzalez et al. 2010; Goldstein
and Zych 2016; Watts et al. 2016) and support high visitation in the
plant communities (Biella et al. 2019). This clearly applies to our H.
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heteromorphus along with M. guianensis and T. guianensis that exhibit
a rather generalized morphological flower syndrome with small whit-
ish flowers which offer pollen and nectar. In addition, many flowers
without the cantharophilous and generalist syndrome, respectively,
are known to be visited by beetles (Kevan and Baker 1983; Ollerton
et al. 2003). In our canopy plot, particularly flowers of A. pedicellaris,
G. glabra or Q. paraensis attracted numerous beetles. We found a
proportion of 40.4% of exclusive flower-visiting beetle species visit-
ing flowers with different syndromes. A possible reason could be that
the cantharophilous syndrome encompasses a broad range of floral
structures, which overlap with those of a number of other flower syn-
dromes (Irvine and Armstrong 1990). We conclude that many Ama-
zonian canopy tree species with different flower syndromes attract
numerous beetles; these beetles in turn play an important role in
pollination of these Amazonian canopy tree species.

How general are generalist flowers and their visitors?

‘Generalization’ in the definition of pollination ecologists correlates
with the number of pollinators and flower visitors, respectively (Waser
et al. 1996; Ollerton et al. 2007), but it does not concern the flower
morphology (Ollerton et al. 2007). This ecological generalization
applies to our target trees, H. heteromorphus, M. guianensis and T.
guianensis, which represent at the same time the classical generalist
syndrome with radially symmetrical flowers providing open access to
reward their visitors. The combination of morphological generalism
and visitor generalism can be found in a wide range of plant families
(Ollerton et al. 2007).

As the species richness and specifically in beetles is highest in low
latitudes (Pianka 1966; Stork 1988; Gaston et al. 1995) there is a signifi-
cant positive relationship between latitude and number of pollinators/
flower visitors per plant species (Ollerton and Cranmer 2002). As a
result, plant-pollinator interactions are not more ecologically special-
ized in the tropics compared to temperate latitudes (Ollerton and
Cranmer 2002; Ollerton 2012; Schleuning et al. 2012). A comparison
of the flower-visitor generalization level L of a flowering plant species
n which is defined as the number of flower-visiting animal species
attracted to the flowers of n in a given study site (Olesen et al. 2007)



KIRMSE & CHABOO IN JOURNAL OF NATURAL HisTorYy 54 (2020) 33

will demonstrate that. The average generalization level L of our H.
heteromorphus in beetle species alone was 138. The most general-
ized plant found by Kato et al. (1990) was the dish-bowled temperate
herb Anthriscus sylvestris (L.) Hoffm. (Apiaceae) with L = 188. Among
1,403 flowering plant species, Olesen et al. (2007) calculated an av-
erage generalization level L of 9.7. We found a value of 26.35 on 20
canopy trees indicating a higher level of generalization. However, the
generalization level also depends upon the size and taxonomic com-
position of the local visitor fauna (Olesen 2000). Thus, L also increases
with the number of flower-visitor species A within a study site (Olesen
et al. 2007). To compare study sites, the relative generalization level
was used and amounted to 50-70% in the top-10 most generalized
plant species (Olesen et al. 2007). L/A is the proportion of the total
flower-visitor fauna in a study site that visited a given plant species. In
H. heteromorphus this value is about 21%, but during three flowering
seasons of M. guianensis it amounts to about 40.2%. This suggests
that a significant smaller percentage of our local flower visitor pool
visited our mass-flowering tree species in comparison to the study of
Olesen et al. (2007).

Specialization to generalization

It is generally acknowledged that generalist plants provide floral re-
sources to a wide range of animal species visiting their flowers, and
generalist pollinators carry pollen of many plant species (Biella et al.
2019). According to Ollerton et al. (2007), these systems are mainly
pollinated by the most abundant visitors in any one year, and this can
fluctuate greatly. The annual fluctuations in pollinator abundances
that are a feature of many plant-pollinator systems (Herrera 1988;
Pettersson 1991; Fishbein and Venable 1996; Lamborn and Ollerton
2000) suggest that a time scale of years to decades may be neces-
sary to record all pollinators for generalist pollination systems (Ol-
lerton and Cranmer 2002). Furthermore, complete sampling requires
nocturnal and diurnal observations over the whole flowering season
(Ollerton et al. 2006), as author SK has done herein. Despite these
efforts, our estimation of the potential number of flower visitors of
372 species on H. heteromorphus indicates that there are many more
possible beetle visitors. Thus, flowers of H. heteromorphus are likely
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mostly visited randomly and not associated with a species-specific
visitor spectrum. Host-specific species like the leaf beetle C. danieli
are probably the exception.

There is obviously rarely a species-specific adaptation of beetles
to their flowers, yet 61.4% beetle species in our canopy assemblage
fed exclusively on flower resources and were found only associated
with the presence of flowers. Particularly many Cerambycidae and
Curculionidae but also all species of our Mordellidae and Dermestidae
visited flowers. Of all exclusive flower-visiting beetle species, 59.6%
were specialized in small white flowers of the generalist syndrome.
This particularly applies to many of our Cerambycidae, Mordellidae
and Staphylinidae comprising more than half of species restricted to
these flowers. This strongly supports our hypothesis 2 that the major-
ity of canopy beetles are adapted flower visitors. Certain taxa exhibit
adaptations to feed on pollen and nectar (Figure 1).

The large portion of our specialized canopy beetles suggests there
could be a strong mutualistic interaction between these beetles and
their flowers. Floral specialization is interpreted as a reasonable cor-
respondence between the set of floral traits and the identity of specific
and most effective pollinators (Stebbins 1970; Fenster et al. 2004;
Rosas-Guerrero et al. 2014). Hymenopus heteromorphus could be
adapted to diverse beetles along with other insects. Consequently, the
generalist flower syndrome in rainforest canopy trees indicates fluc-
tuating pollinators. Gottsberger and Silberbauer- Gottsberger (2018)
also found this pattern in many Brazilian cerrado plants where gener-
alist, polyphylic flowers were visited by fluctuating pollinator groups.
Sharing similar pollinators like our diverse flower-visiting beetles
might drive convergence of floral traits (Fenster et al. 2004). General
nectar properties and particularly sugar composition are commonly
similar between plants with the same visitors — even in unrelated plant
species (Baker and Baker 1982, 1983; Nicolson and Thornburg 2007).
Plants pollinated by a similar guild of animals appear to have evolved
similar visual (Fenster et al. 2004) and olfactory signals (Knudsen and
Tollsten 1993; Dobson 2006). Sharing pollinators could represent an
advantage for the canopy trees as a single tree species would not
be able to support a diversified, abundant and functional pollinator
community on its own (Pornon et al. 2019). Moreover, decreasing
the dependence on specific pollinators may stabilize pollination over
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broad temporal and spatial scales (Brosi 2016). As the flowers pro-
vide a diet rich in nutrients and low in toxic substances it promotes
a generalized flower fauna of a particular plant species (Samuelson
1989; Jolivet and Hawkeswood 1995). Indeed, often many different
flower-visiting beetle taxa of the same beetle families share the same
range of plant species and visit several plant species (Momose and
Inoue 1994; Corlett 2004).

It is important for the generalist flower of our canopy trees to at-
tract a broad spectrum of visitors because visitor abundances may
change annually (Pettersson 1991; Fishbein and Venable 1996; Alar-
con et al. 2008) due to the competition for pollinators with other
plants. We found this in several species of Chrysomelidae (Kirmse
and Chaboo 2018), Elateridae (Kirmse and Johnson 2020) and Scara-
baeidae (Kirmse and Ratcliffe 2019) where these beetles show pref-
erences for particular plant species. Galetto and Bernardello (2003)
argued that the attraction of pollinators depends on alternative
nectar sources available. The flower-visiting beetles must deal with
flowering seasons which are temporally limited and thus, they need
to find the next resource after depletion of the first one as many
pollinator species are present all year round in the tropics (Lobo et
al. 2003). Many tropical plants often flower without regularity and
synchrony (Newstrom et al. 1994; Sakai 2001; Wesenberg 2004) and
thus are unpredictable for flower-visiting beetles. We suspect that
these two mechanisms of unpredictability may interact such that
plants force beetles to generalize and beetles force plants to do
the same; this would promote a self-adjusting, self-strengthening
and self-maintaining but possibly well co-adapted system in rain-
forest canopies. The high percentage of beetle species specialized
in small white flowers of the generalist syndrome supports this new
hypothesis. Such a generalization in pollination systems is apparently
widespread (Waser et al. 1996; Gomez and Zamora 2006; Petanidou
et al. 2008) and probably common in canopy trees. In the Neotropi-
cal rainforest in Costa Rica, generalist flowers pollinated by small
diverse insects were more frequent in the canopy compared to the
subcanopy and understory (Kress and Beach 1994). Gottsberger and
Silberbauer-Gottsberger (2018) found 43% of the Brazilian Cerrado
trees and Araujo et al. (2009) 30.1% of in the Brazilian Atlantic rain-
forest trees exhibiting a generalist floral syndrome.
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Possible co-evolution between beetles and generalist flowers

The prevailing view at present is that the earliest angiosperms were
probably generalized in their pollination syndromes and pollinated by
insects (Bernhardt and Thien 1987; Bernhardt 2000; Hu et al. 2008; OlI-
lerton 2017). Extant archaic angiosperm flowers are generalist flowers
(Frame 2003). Beetle pollination was probably derived from general-
ist entomophilous ancestors (Gottsberger 1988). This suggests that
beetles were among the most numerous and effective pollinators that
visited the first generalized entomophilous flowers (Bernhardt and
Thien 1987; Bernhardt 2000; Frame 2003; Cardinal and Danforth 2013;
Ollerton 2017). From an ecological perspective, generalization has a
positive effect as it favors competitive ability (Richardson et al. 2000).
This seems to apply to both our investigated trees — H. heteromorphus,
M. guianensis and T. guianensis — and many of our 314 beetle species
which visited only small white flowers of the generalist syndrome
but rarely being restricted to one canopy tree species. The generalist
syndrome seems to be advantageous under certain circumstances
and in different ecosystems. Generalization may result from the evo-
lutionary dynamics of numerous equal pollinating visitors selecting
for the same floral features so that selection may favor adding new
pollinators without losing any old ones (Aigner 2001).

Today's plant-pollinator mutualisms are the result of ~170 million
years of evolution (Gang et al. 2016), yet extreme specialization re-
mains rare (Waser et al. 1996). Plant-pollinator networks appear to
have flower visitors that are mostly generalized in their flower choices
(Vazquez and Aizen 2004; Petanidou and Potts 2006). In our sample on
H. heteromorphus, most beetle species visited different plant species.
However, not all beetle taxa visited all flower syndromes. Buprestidae,
Cantharidae, Carabidae and Coccinellidae, for example, visit several
generalist flowers, but are not associated with exclusive beetle-polli-
nated flowers (Bernhardt 2000). We found this pattern in the sample
on H. heteromorphus where Cantharidae were speciose and on T.
guianensis where Carabidae were speciose (Kirmse et al. 2003). As
these beetle families are absent or uncommon in early plant lineages
of most magnoliids and basal monocotyledons (Bernhardt 2000)
this suggests their late development of flower visitation. In contrast,
taxa belonging to the highly diverse beetle families Cerambycidae,
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Curculionidae and Scarabaeidae are most likely to pollinate both spe-
cialist and generalist systems and one can predict that they diversi-
fied multiple times with their host plants (Bernhardt 2000; Ahrens et
al. 2014). Indeed, Scarabaeidae and Cerambycidae were along with
Curculionidae speciose on H. heteromorphus. Bernhardt (2000) found
the same overlap in Cleridae and Mordellidae which were species-rich
on our flowering H. heteromorphus.

Conclusions

The majority of rainforest canopy beetles (75.3% of the 647 species)
we documented over the one-year sampling period were associated
with flowering trees. The majority of these species (527 species in 41
families) were recorded only on flowers. The flower-visiting beetle as-
semblages were distinct in time and location and largely represent a
distinct species pool in the canopy of the Amazonian lowland rainfor-
est. This together demonstrates evidence to support our hypothesis
1. We suggest therefore that flowers play a crucial role in the nourish-
ment of tropical rainforest canopy beetles and are likely one of the
most important drivers for maintaining the high diversity of beetles
in rainforests.

We conclude that the mass-flowering trees with small white flowers
of the morphological generalist syndrome attracted the most speciose
flower-visiting beetle assemblages. It appears that such resource con-
centrations support the highest diversity and abundances of beetle
species. These tree species therefore play a central role as temporary
diversity hotspots in tropical rainforest canopies.

We found that the majority of our exclusive flower visitors (314
species of 527 documented species) only visited small white flowers
of the generalist syndrome. This observation strongly supports our
hypothesis 2. We conclude that a large portion of Amazonian canopy
beetles is specialized in the visitation of this flower syndrome. For that
reason, we propose that these generalist flowers and their visitors may
represent rather a highly co-evolved interaction and not just a random
encounter of visitor taxa.

Our data and their analyses strongly indicate that beetles are an
underestimated pollinator taxon. Considering the current rapid decline
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in insect and pollinator communities respectively, understanding
plant-pollinator interactions is more critical. Unravelling the complex
plant-pollinator interactions in megadiverse rainforest canopies re-
mains a challenge due to difficult access, but this can be overcome
with intense detailed study over long periods.
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