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Abstract: Background: Flowers are one of the important microhabitats promoting beetle diversity,
but little is known about variation in the diversity of these insects at higher elevations. We do not
know how divergent habitats influence the distribution of beetles among montane flora. Methods: We
sampled beetles systematically in angiosperm flowers at 12 sites at two elevations (2700 m and 3200 m)
and in two habitats (meadows and forests) for two consecutive years (2018 and 2019) on the Yulong
Snow Mountain in Yunnan, southwestern China. Beetle diversity among sites were compared. Their
interactions with flowers of identified plant species were analyzed using bipartite networks approach.
Results: We collected 153 species of beetles from 90 plant species recording 3391 interactions. While
plant species richness was lower at the higher, 3200 m elevation regardless of habitat type, beetle
species richness was not significantly different among sites. Plant-beetle interaction networks were
strongly modular and specialized. The structure of networks showed greater differences between
elevations than between habitats. The turnover of networks was determined by species composition
showing a weak influence by interaction rewiring. Conclusion: Our study showed a high diversity
of beetles in flowers at higher elevations within this mountain complex. The role of beetles in plant–
insect interactions within some sections of temperate, montane sites appear to be underestimated
and warrant further study.

Keywords: alpine; diversity; Hengduan Mountain; modularity; plant–insect interaction

1. Introduction

It is estimated that the majority of flowering plant species (87.5%) are pollinated by
invertebrates and vertebrates [1]. The Coleoptera include over 400,000 species, comprising
the largest order of insects [2]. Therefore, beetles constitute almost 40% of described insects
and 25% of all known species in Kingdom Animalia [3]. Beetles are the second most diverse
group of pollinators after Lepidoptera, as an expected 77,000 species are found visiting
flowers as many adults are florivores and/or eat pollen [4,5].

Fossil evidence indicates that beetles were part of the guild that visited flowers
during the Cretaceous. Some species that belong to modern lineages remain essential
pollinators today. They are especially important pollinators of the basal eumagnoliids
with their chamber-like flowers including members of Magnoliaceae, Annonaceae and
Eupomatiaceae. However, plant species pollinated primarily by beetles have evolved
repeatedly in unrelated families of eudicotyledons and monocotyledons producing flowers
showing great variation in pigmentation and discernible scents [6]. Most beetle-pollinated
flowers are salver-bowl shaped with easy access to pollen [6–11]. While beetles often
devour portions of a flower, some may be able to disperse pollen grains sufficient distances
to effect cross-pollination.
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The diversity of flower visiting beetles, both florivores and true pollinators, remains
underestimated, although they are often the second most common group of flower visitors
in tropical ecosystems [5,12–15]. For example, in a lowland dipterocarp forest in Malaysia,
Sakai et al. (1999) [11] found that beetles accounted for 74% of visitors during the flowering
period of a single emergent tree. In an Australian dry rainforest, 22% of plants were found
to be beetle-pollinated [16]. Momose et al. (1998) [17] similarly found that 20% of the
270 plant species in an Asian dipterocarp forest were beetle-pollinated, representing the
second most abundant pollination system after social bees in that forest. In an Australian
tropical rainforest, a detailed analysis of the beetle fauna revealed that flowers were utilized
by approximately 41% of the species [18]. Therefore, it has been suggested that beetle
pollination in tropical forests represents a more important contribution to the reproduc-
tion of indigenous angiosperms compared to those plant species comprising temperate
forests [19].

In fact, the effectiveness of beetles as pollinators is still poorly understood in most
cases, as there are few studies on how these insects pick up and transfer pollen. However,
flowers are especially important microhabitats and supported a disproportionately large
number of beetle species [20], while beetle densities (per unit biomass of microhabitat)
were 10–10,000 times greater on flowers than on adjacent foliage [18,20]. Beetle visiting
flowers may not contribute to pollination, however, their visitation may indirectly change
the nectar and/or pollen attributes and consequently influence plant–pollinator interaction.

The diversity of flower visiting beetles in temperate, montane regions has received
less attention. Mountains support an estimated one-third of all terrestrial species diver-
sity [21–23] and make up half of all 34 regions classified currently as global biodiversity
hotspots [24]. However, most studies of flower-visiting insects in alpine/subalpine regions
are focused on plant–pollinator interactions at species or community levels [25–33]. In these
studies, beetles are usually reduced to minor roles within pollinator assemblages [34,35].
Lefebvre et al. (2018) [31] studied the flower-visitor variation along elevation gradients
in communities in the Alps. Results showed that both the abundance and richness of an-
thophilous beetles decreased as elevation increased above 2000 m. Additionally, Zhao et al.
(2016, 2019) [32,33] studied flower-visiting interactions in communities in the Himalaya–
Hengduan Mountains. They found that only 7.3% of putative pollinator species were beetles.

Beetle-pollination has also been shown to be strongly dependent on plant phylogeny
showing a strong phylogenetic signal and/or phylogenetic conservatism [36,37]. With
the exception of the beetle-pollinated basal lineages of angiosperms [6], recent studies
showed that flowers produced in several families of eudicotyledons including Asteraceae
and Ranunculaceae were hotspots for beetle visitations [37,38]. Floral presentation in
these plant families is usually indicative of a generalized pollination system visited by a
wide variety of insects representing several orders and many families. However, although
these two families are common in montane regions of the Northern Hemisphere, the
diversity and density of beetles on their flowers have not been investigated broadly at
high elevations, because these are the elevations in which pollination systems tend to be
dominated by eusocial bees in the genera Apis and Bombus [33]. Therefore, we still do not
know whether the divergence of habitats at higher elevations into forests and meadows
effect flower visiting beetle diversity and how they interact with the host plant species at
the community level forming networks.

Previous studies on plant–pollinator interactions are based on the identification of
insects collected in the flowers, and their contact with floral reproductive organs as they
foraged for floral resources, i.e., nectar and pollen [33,39,40]. Therefore, most of these
studies showed a bias towards the large-bodied beetles, often ignoring smaller specimens
found in the flowers. To fully explore flower visiting beetle diversity we propose a field
survey. In this study, we examined how the abundance and species richness of flower
visiting beetles varied at different elevation gradients, and how abundance and species
richness of flower visiting beetles varied in flowers based on vegetation types restricted to
different habitats. We also used a bipartite network analysis to characterize the properties
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of flower–beetle interactions. We address the following questions: (1) Is beetle diversity
in flowers influenced by elevation gradients and habitat types? (2) What are the network
properties of flower visiting beetles at two high elevations? (3) Do the properties of
flower–beetle interaction networks vary among different sites on the same mountain?

2. Material and Methods
2.1. Study Sites and Plot Design

All fieldwork was conducted on the Yulong Snow Mountain in the Hengduan moun-
tain range through southwestern Yunnan Province, China. Most of the sites were located
at the Lijiang Forest Biodiversity National Observation and Research Station operated
by the Kunming Institute of Botany (KIB), Chinese Academy of Sciences. We selected
two elevations (2700 m and 3200 m), and each elevation was subdivided into three sites.
The linear distance between two sites at the same elevation gradient was about 2 km.
The lower elevation locations included: Yuhu (YH), 27◦01′41.61′′ N, 100◦12′52.27′′ E,
2864 m; Yushuizhai (YS), 26◦59′58.05′′ N, 100◦11′57.44′′ E, 2706 m; Juxianzhuang (JX),
26◦59′22.13′′ N, 100◦11′50.94′′ E, 2635 m. The higher elevation locations included: Shuiku
(SK), 27◦00′07.20′′ N, 100◦10′54.72′′ E, 3238 m; Luxia (LX), 26◦59′21.73′′ N, 100◦10′24.13′′ E,
3233 m; Lubian (LB), 26◦58′42.65′′ N, 100◦10′45.44′′ E, 3180 m. See Table S1 for sampling
site details and sampling times. The meadows YS and SK are the same as described in
Zhao et al. (2016, 2019) [32,33]. The sites at high elevation are the same as in Xu et al.
(2021) [41] and Liang et al. (2021) [42]. These previous publications provided us with the
list of flowering plant species used in this study with herbarium specimens deposited
previously in KIB. Weather records and seasonal climate follow Xu et al. (2021) [41] and
Liang et al. (2021) [42]. Based on previous publications [32,33,41,42], flower visitors col-
lected previously at our sites were dominated by bumblebees, honeybees (Apis cerana), and
solitary bees. While beetles were components of minor pollinator groups following the
standard pollinator survey technique by observing and recording whenever an insect was
observed contacting the stamen(s) and/or the stigma(s) in each flower.

At each site, we setup two paralleled transects (plots). One was the meadow transect
and the second was the forest transect following Xu et al. (2021) [41]. Each meadow transect
was 50 m in length following a linear route, and 3 m in width. Each forest transect was
100 m in length following a linear route, and 3 m in width. We tried to set the meadow
transect in the meadow’s center to avoid the margin effect. The linear distance between
the meadow transect and the forest transect was about 100 m. The plant assemblage of
flowering herbs in the meadow and forest understory at high elevation followed Xu et al.
(2021) [41], but we added the flowers of native shrub species in this study. Conifers
dominated the forest vegetation at the low sites. At the higher elevation the forest was a
Pinus-Quercus assembly.

2.2. Data Collection

Sampling took place between the 18 July–15 October in 2018 and 21 May–4 October
in 2019. We conducted one survey per month, with 20–31 days intervals. Each site we
sampled 10 times over two years with four samplings in 2018 followed by six samplings
in 2019 (Table S1). Sampling was restricted to sunny or partly cloudy days. We could not
sample on rainy days. Each sampling round consisted of walking at a slow pace for a
15–60 min bout from 9:00–17:00. The average collection time was 30 min in each transect
depending on the abundance of flowering plants. The minimum collecting time along
a transect was 15 min if no insect was found and collected. Specifically, we recorded no
beetles present for seven sampling periods five times at our high elevation sites in 2019
during the last sampling in October, which is the end of the flowering season (Table S1).

We adopted a selected beetle sampling strategy collecting only specimens found in
the flowers while avoiding beetles on leaves, stems or on the ground. We did not collect
insects that did not belong to the order Coleoptera. We used a beetle specific collection
method following Wardhaugh (2013) [43] by gently beating each flower or inflorescence
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3 times with a wooden stick while holding an insect net under said flower or inflorescence.
Beetles that fell into the net were retrieved, and each specimen was stored in a small bottled
containing 100% ethanol. The plant species on which the beetle was collected was recorded.
Bottled beetles were brought to the laboratory for identification.

Voucher specimens was either identified by the first author or sent to other entomol-
ogists in China (see Acknowledgement). Many collections were novel and could not be
identified to species. When we could not identify a specimen to species we assigned it
to a morphotype. Taxonomic treatment to family followed Zheng and Gui (1999) [44].
Voucher specimens were pinned and deposited in the Kunming Natural History Museum
of Zoology, Kunming Institute of Zoology (KIZ), Chinese Academy of Sciences. Plant
specimens were identified by the second author in the field or from pressed vouchers that
were also deposited in KIZ.

The completeness of sampling was estimated by the Hill numbers method (species
richness, Shannon diversity and Simpson diversity). Using an iNEXT package on R [45], we
estimated the species coverage by specimen numbers for different elevations and habitats.

2.3. Network Construction and Analysis

Flower-visitor networks were constructed using the package bipartite [46] in R (version
3.6.2) [47]. As we focused on the influence of elevation and habitat type (forest and meadow)
on the network properties and turnover, we combined all the sampling data of each survey
accumulated over two years to fully represent beetle diversity for each site. We did not
consider the effects of season and year on plant-beetle interactions. We treated meadow and
forest transects as separate sites at each locality. To understand the structure of the plant–
flower visiting beetle network, we built a total network combining all data to provide a brief
view of the interactive topology between plants and beetles. Then, we built 12 networks
for each site (transect) to do the comparison.

Network and species-level indices commonly used in plant–insect networks, consid-
ered to provide ecologically relevant information about the structure and function of these
networks, were calculated using bipartite package. In addition to the basic information of
networks including network size, the number of interactions and the number of species
at high and low levels (beetles and plants), the following network-level indices were cal-
culated for the total network and each plant-beetle network. We used the network level
function to calculate the following indices.

• H2
′: Network generalization describes the degree of specialization among plants and

pollinators within the network [48] and ranges between 0 (extreme generalization)
and 1 (extreme specialization).

• Weighted connectance refers to the realized proportion of possible links weighted by
network size.

• Nestedness is based on overlap and decreasing fill (NODF): the extent to which
specialists interact with a subset of species that also interact with generalists.

• Niche overlap of beetles refers to mean similarity in interaction patterns between
flower visiting beetles.

• Extinction slope of beetles refers to the simulated secondary loss of beetle species
following the extinctions of plant species.

• Robustness of beetles refers to the “fragility” of beetles to losses in the other level (plant).
• Functional complementarity of beetles refers to the extent of the sharing of interactions

between beetles.

Bees and other anthophilous insects belonging to other orders (Lepidoptera and
Diptera) are regarded as the most common pollinators of indigenous plant species at
our sites [33,42]. Therefore, we assumed that the reproductive dependency of plants
on beetles was much lower than the dependency of foraging beetles on the plants they
visited. Consequently, we used a beetle-centered sampling approach to build the interacting
networks. This explains why we only calculated niche overlap, extinction slope, robustness
and functional complementarity for beetles, but not for plants.
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We also calculated modularity and species roles for the total network. Modularity Q
described the degree of compartmentalization in a network and ranged from 0 (the network
did not have more links within modules than expected by chance) to a maximum value
of 1 (all links are within modules) [49,50]. We calculated the modularity metric Q using
the DIRTLPAwb + algorithm, which searches for the maximum modularity possible [50].
As this is an optimization algorithm, the maximum modularity may vary among runs, so
we repeated them five times and accepted the highest Q value. Species roles for beetles
and plants of the total network were calculated following Olesen et al. (2007) [49]. The
within-module degree (z) is a measure of the number of connections a species had within
its own module relative to other species in that module. In contrast, the among-module
connectivity (c) informed us about how well a given species is connected to species that
belong to other modules [49]. According to their c and z-values, species were classified
as: peripherals (low values of both c and z), connectors (high c and low z values), module
hubs (high z and low c values), or network hubs (high values of both c and z).

2.4. Network Dissimilarity (β-Diversity)

We followed Poisot et al. (2012) [51] to examine the turnover of networks among
elevations and habitat types. The following indices were calculated, βS, dissimilarity in
the species composition of communities; βOS, dissimilarity of interactions established
between species common to both sets of interactions; βWN, dissimilarity of interactions
and βST, dissimilarity of interaction due to species turnover. These indices were calculated
using the bipartite package ver. 2.14 in R [46,52] as quantitative Jaccard dissimilarities
between networks.

2.5. Statistical Analyses

We used a series of two-way ANOVAs to compare the mean differences of network
indices between elevation and habitat types. The elevation (low or high) and habitat
type (meadow or forest) were analyzed as two independent variables (factors). We used
Pearson product–moment correlation coefficient to test the correlations among plant species
richness for each angiosperm family, beetle species richness and beetle species abundance.
As network properties varied mainly between elevations rather than between habitats, we
compared network turnover (β-diversity) between elevation and within elevation (between
habitat types) using Mann–Whitney rank sum tests.

3. Results
3.1. Species Identification and Community Composition

A total of 3391 flower-visiting beetles were collected at our 12 sites over two years. The
collection represented 153 morpho-species subdivided into 24 different families (Tabels 1
and S2, Figures 1–3). These specimens were caught foraging on the flower of 90 different
species representing 30 families in 22 angiosperm orders (Tabels 2 and S3, Figure 1). The
species richness of beetles varied with family. Specimens identified as members of the
Chrysomelidae accounted for 27.45% (42 species) of the catch. The Nitidulidae made up
22.22% (34 species), the Curculionidae with 6.54% (10 species), and the Coccinellidae with
6.54% (10 species). In contrast, the abundance of beetle specimens was related to species
richness (r = 0.782, p < 0.001), raising the Nitidulidae to 48.86% (1657 specimens), the
Chrysomelidae to 28.16% (955), the Crioceridae to 5.1% (173), and the Cantharidae to 4.16%
(141) as the major families. The dominant beetle species were Nonarthra variabilis Baly
(706 specimens; Chrysomelidae) and Lamiogethes sp.1 (672 specimens; Nitidulidae).
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Table 1. Classification and number of specimens representing each beetle family.

Family No. of
Species

No. of
Specimens Family No. of

Species
No. of
Specimens

Chrysomelidae 42 955 Eumolpididae 3 6
Nitidulidae 34 1657 Melyeridae 3 6
Curculionidae 10 45 Melolonthidae 2 5
Coccinellidae 10 28 Brentidae 2 2
Cantharidae 7 141 Scirtidae 2 7
Staphylinidae 7 115 Cetoniidae 1 4
Crioceridae 5 173 Omethidae 1 4
Elateridae 5 55 Attelabidae 1 1
Tenebrionidae 5 12 Buprestidae 1 1
Rutelidae 3 72 Corylophidae 1 1
Mordellidae 3 66 Cryptophagidae 1 1
Scraptiidae 3 33 Lycidae 1 1
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Figure 1. Flowers and their beetles on Yulong. Living, uncollected insects were not easy to identify to species and most
here are identified to family and/or genus. (A): Trollius yunnanensis (Franch.) Ulbr. (Ranunculaceae) and a species in the
Tenebrionoidea; (B): Hypericum bellum Li (Hypericaceae) visited by one species in the Rutelidae, and at least one species
in the Chrysomelidae; (C): Potentilla fulgens Wall. ex Hook (Rosaceae). visited by a species in the Melolonthidae; note
it is eating the petals; (D): Verbascum thapsus L. (Scrophulariaceae) visited by a species in the Alticinae (Chrysomelidae);
(E): Ligularia alatipes Hand.-Mazz. (Asteraceae) visited by Northora sp. (Chrysomelidae: Alticinae); (F): Polygonum paleaceum
Wall. ex Hook. f. visited by a species in the Tenebrionoidea; (G): Thalictrum delavayi Franch. (Ranunculaceae) visited by a
species of Galerucinae (Chrysomelidae); (H): Adenophora coelestis Diels (Campanulaceae) with pendant flowers that were
always inhabited/visited by small beetles in the family Nitidulidae; (I): Rhododendron decorum Franch. (Ericaceae) was
visited frequently by members of the family Nitidulidae; (J): Parnassia wightiana Wall. ex Wight et Arn. (Celastraceae)
visited by Northora sp. in the Alticinae (Chrysomelidae), note that its staminodes were eaten by these beetles; (K): Juncus
allioides Franch. (Juncaceae) visited by Northora sp. in the Alticinae (Chrysomelidae); (L): Pyracantha fortuneana (Maxim.) Li
(Rosaceae) visited by Popillia sp. (Rutelidae); (M): Dipsacus asper Wallich ex Candolle (Caprifoliaceae) visited by a species in
the Galerucinae (Chrysomelidae); (N): Leontopodium calocephalum (Franch.) Beauv. (Asteraceae) visited by Northora sp. in the
Alticinae (Chrysomelidae); (O): Physospermopsis delavayi (Franch.) Wolff (Apiaceae) visited by a species in the Cantharidae;
(P): Pimpinella yunnanensis (Franch.) Wolff (Apiaceae) visited by an unidentified beetle.
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Table 2. Classification and identification of plant species and the relative abundance of beetle taxa
visiting their flowers.

Order Family
No. of
Plant
Genus

No. of
Plant
Species

No. of
Beetle
Species

No. of
Speci-
mens

No. of
Visiting
Beetle
Family

Asterales Asteraceae 12 21 57 442 13
Ericales Ericaceae 1 2 37 462 10
Rosales Rosaceae 5 5 30 264 12
Apiales Apiaceae 2 3 27 336 14
Fabales Fabaceae 6 9 21 34 7
Dipsacales Caprifoliaceae 1 1 18 463 4
Lamiales Lamiaceae 4 4 17 54 4
Sapindales Rutaceae 1 2 14 39 5
Ranunculales Ranunculaceae 4 9 15 84 5
Lamiales Oleaceae 2 2 12 183 6
Malpighiales Hypericaceae 1 2 12 307 7
Gentianales Gentianaceae 3 3 12 25 6
Asterales Campanulaceae 1 1 12 87 2
Celastrales Celastraceae 1 1 10 246 9
Dioscoreales Nartheciaceae 1 2 8 20 7
Caryophyllales Polygonaceae 2 4 8 16 5
Lamiales Scrophulariaceae 1 1 7 73 3
Geraniales Geraniaceae 1 3 6 17 4
Poales Juncaceae 1 1 5 47 3
Dipsacales Adoxaceae 1 2 5 19 2
Cornales Hydrangeaceae 1 1 5 8 2
Poales Eriocaulaceae 1 1 4 41 4
Caryophyllales Caryophyllaceae 1 1 4 34 2
Ericales Primulaceae 1 1 3 65 2
Boraginales Boraginaceae 1 1 3 4 3
Saxifragales Saxifragaceae 1 2 2 10 2
Lamiales Orobanchaceae 1 2 2 4 2
Malvales Thymelaeaceae 1 1 1 5 1
Asparagales Orchidaceae 1 1 1 1 1
Commelinales Commelinaceae 1 1 1 1 1

Species in the Asteraceae (23.33%, 21 species), Ericaceae (2 species), Rosaceae (5 species),
Apiceae (3 species) and Ranuculaceae (9 species, Table 2) were the dominant plant fami-
lies harboring the highest beetle diversity in their individual flowers and/or compound
inflorescences (involucre). We found that 21 species within the Asteraceae were visited by
57 species of beetles representing 13 families. However, while two plant families, Caprifoli-
aceae and Celastraceae, were represented by only one species each (Dipsacus asper Wallich
ex Candolle and Parnassia wightiana Wall. ex Wight et Arn.), respectively, both showed the
highest beetle specimen abundance. Additionally, the Hypericaceae represented by two
species in the genus Hyperium were visited by 14 beetle species representing 307 specimens.
At the species level, Rhododendron decorum Franch. (Ericaceae) was visited by the highest
number of beetle species (36), followed by Dipsacus asper Wallich ex Candolle (18). In addi-
tion, we collected and identified 17 beetle species from flowers of Physospermopsis delavayi
(Franch.) Wolff (Apicaceae) and 16 from Pyracantha fortuneana (Maxim.) Li (Rosaceae).

The species coverage of beetles at all sites was > 90%, but species diversity was
at a middle level (Table S4 and Figures S1, S2). The number of plant species for each
family was highly correlated with the number of beetle species per plant family (r = 0.758,
p < 0.001), but plant species per family showed no correlation with the sheer number of
beetle specimens removed from their flowers (r = 0.351, p > 0.05).
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3.2. Network Structure of Plant-Flower Visiting Beetles

The total network showed strong modularity (Q = 0.632) with a Z-score of 138.29,
which was significantly different from the null model (p = 0; Figure 2). There were 13 mod-
ules detected for the total network. The total network also showed a nested structure. The
NODF was 11.9651 with a Z-score of -22.38, which was significantly different from the
null model (p = 0). One beetle species Galerucinae sp.5 (Chrysomelidae) was detected as
the network hub. Six additional beetle species were module hubs, and six species were
connectors. For plants, no network hub was detected. Ligularia alatipes Hand.-Mazz. (Aster-
aceae), Halenia elliptica D. Don (Gentianaceae) and Thalictrum javanicum Bl. (Ranunculaceae;
Figure 4) were detected as module hubs.
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Network size of 12 plant–beetle networks varied from 30 to 46 with the network size
at the low elevation being higher than that at the higher elevation (F = 8.329, p = 0.02;
Figure 3). Similarly, the number of interactions were also slightly higher at the lower
elevation (F = 5.472, p = 0.047), but no habitat difference was shown (F = 4.704, p = 0.062).
The interaction effects between elevation and habitat were also significant for the number
of interactions (F = 9.991, p = 0.013, Table 3). The number of beetle species did not show
significant differences between elevations and between the two habitat types (p > 0.05).
The numbers of plant species with flowers and/or inflorescences inhabited by beetles were
lower at the higher elevation sites compared with the lower sites (F = 36. 698, p < 0.001;
Table 3).

For the network structures, we detected a significant effect of elevation on weighted
connectance, H2, niche overlap of beetles, and functional complementarity of beetles. The
specialization of interacting (H2) was higher at lower elevation (F = 7.191, p < 0.05), and
there was also a significant interacting effect for elevations and habitat types (p < 0.05),
but no difference among habitat types. Niche overlap of beetle species showed differences
among both elevations (F = 100. 330, p < 0.001) and habitat types (F = 34.279, p < 0.001;
Table 3).
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Table 3. Network-level properties of beetle-plant networks (n = 12) from two elevations and two habitats. HL (high level of network) refers to beetles while LL (low level of network) refers
to plants.

Index Overall (n = 12) High Elevation
Forest (n = 3)

High Elevation
Meadow (n = 3)

Low Elevation
Forest (n = 3)

Low Elevation
Meadow (n = 3)

between Elevations
(F Value)

between Habitats
(F Value) Interaction

Network size 43.08 ± 4.25 37 ± 6.93 30.33 ± 1.76 58.67 ± 7.75 46.33 ± 7.69 F = 8.329, p = 0.020 F = 2.119, p = 0.184 F = 0.189, p = 0.676
No. of interaction 282.58 ± 45.44 188.00 ± 40.99 244.33 ± 101.15 500.33 ± 17.27 197.68 ± 26.27 F = 5.472, p = 0.047 F = 4.704, p = 0.062 F = 9.991, p = 0.013
No. of species HL 26.25 ± 3.11 27 ± 5.77 18 ± 2.08 36 ± 5.51 24 ± 7.77 F = 1.753, p = 0.222 F = 3.436, p = 0.101 F = 0.0701, p = 0.798
No. of species LL 16.83 ± 1.90 10 ± 1.16 12.33 ± 2.03 22.67 ± 2.91 22.33 ± 0.33 F = 36.698, p < 0.001 F = 0.286, p = 0.608 F = 0.508, p = 0.496
NODF 21.93 ± 2.74 26.10 ± 2.89 27.75 ± 9.58 16.44 ± 2.29 17.42 ± 3.07 F = 3.482, p = 0.099 F = 0.0598, p = 0.813 F = 0.00397, p = 0.951
Weighted
connectance 0.08 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.05 ± 0.00 0.06 ± 0.01 F = 39.214, p < 0.001 F = 0.471, p = 0.512 F = 1.340, p = 0. 280

H2
′ 0.56 ± 0.03 0.56 ± 0.04 0.44 ± 0.05 0.57 ± 0.06 0.68 ± 0.01 F = 7.191, p = 0.028 F = 0.00320, p = 0.956 F = 5.668, p = 0.044

Niche overlap HL 0.21 ± 0.04 0.38 ± 0.03 0.23 ± 0.02 0.15 ± 0.01 0.07 ± 0.01 F = 100.330, p < 0.001 F = 34.279, p < 0.001 F = 3.113, p = 0.116
Extinction slope HL 1.96 ± 0.12 2.20 ± 0.24 1.67 ± 0.18 1.87 ± 0.08 2.09 ± 0.38 F = 0.0337, p = 0.859 F = 0.397, p = 0.546 F = 2.34, p = 0.165
Robustness HL 0.65 ± 0.01 0.68 ± 0.02 0.62 ± 0.03 0.65 ± 0.01 0.66 ± 0.03 F = 0.038, p = 0.850 F = 0.909, p = 0.368 F = 2.229, p = 0.174
Functional
complementarity HL 264.91 ± 51.33 134.12 ± 15.63 244.10 ± 112.07 511.58 ± 32.44 169.84 ± 19.99 F = 6.448, p = 0.035 F = 3.768, p = 0.088 F = 14.313, p = 0.005
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The dissimilarity of species composition (βS) among different sites were high in general
(all values > 0.86), except for three forest sites at higher elevation (0.34–0.39; Table S5).
Consequently, dissimilarity of interactions established between species common to sites
(βOS) was extremely low due to the lower levels of species sharing. Network turnover
among sites was determined by species turnover (Table S5). Network turnover between
elevation was always higher than within elevation (among habitat types; Figure 5).
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4. Discussion
4.1. Comparative Diversity of Flower Visiting Beetles in Sub-Alpine Versus Tropical Versus
Mediterranean Communities

In this study, a high diversity of flower-visiting beetles are associated with plants of
sub-alpine communities at previously studied sites in the Hengduan Mountain. Despite
increased elevation flower-visiting beetle diversity was high and comparable to beetle
pollinator diversity proposed previously for temperate, montane ecosystems in the Mediter-
ranean babitats [36,37]. We found 153 species of beetles visiting 90 plant species in our
12 sites. The previous plant–pollinator interaction study by Zhao et al. (2019) [33] on
Yulong Snow Mountain, based on multiple samplings in one year, found 26 beetle species
accounting for only 7.3% of the guild of pollinator species. However, they also found that
most of the flower visiting beetles carried deposits of pollen grains of their host flowers on
their bodies. Our findings (above) dramatically increase the biodiversity of beetles on flow-
ers on the same mountain and at some of the same sites used by Zhao et al. (2019) [33]. We
presume that the number of beetle species that act as pollen vectors (potential pollinators)
will increase when palynological stains and microscopy are employed [9].

Evidence here suggests that flowers of plant species restricted to higher elevations may
actually offer a broad range niches producing beetle diversity hotspots that may parallel
the floral niches restricted to lowland tropical forests. Wardhaugh (2013, 2015) [4,43] and
Wardhaugh et al. (2012, 2015) [18,20] found that flowers offer an important microhabitat
encouraging beetle diversity in Australian tropical forest. A primary difference in our
study is that the majority of flowers preferred by our beetles belong to herbaceous species
excluding shrubs in the Ericaceae and other plant families. This is significant, as Yulong
Snow Mountain meadows are dominated by wind-pollinated grasses and its forests are
dominated by wind-pollinated gymnosperms and Quercus. The reproductive organs of
these plants lack nectar and colorful scented petals where beetles may conceal themselves
while they forage and mate.

4.2. Coevolution or Foraging Opportunism of Flower Visiting Beetles and Plant and Plant Lineages?

Flower visiting/pollinating beetle species and the flowers of the plant species, with
which they interact, may show a strong phylogenetic conservatism at both a macro-
evolutionary scale [6] and at the community level [36]. A particularly strong co-phylogenetic
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signal between beetles and the native Asteraceae was detected in this study and within
the plant–pollinator network in a coastal thermo-Mediterranean sclerophyllous commu-
nity [38]. Using flower visitation by nitidulid beetles (Nitidulidae) for 251 plant species
from Mediterranean montane habitats of southeastern Spain, Herrera and Otero (2021) [37]
found that flower visitation by nitidulids was related significantly to plant phylogeny.
Specifically, these beetles clustered on flowers belonging to families in the Ranuculales,
Malvales, Rosales and Asterales. However, these Mediterranean nitidulids were remark-
ably absent on flowers of plants classified in the Fabales and Lamiales. As in the work of
Herrera and Otero (2021) [37] our beetle collections also showed that their greatest diversity
on Yulong Snow Mountain was found on or in flowers belonging to families in the Asterales
(Asteraceae), Ranuculales (Ranuculaceae) and Rosales (Rosaceae), suggesting a potential
co-evolutionary relationship between flower visiting beetles and these plant lineages.

Of course, there are important differences. First, our two Hypericum species (Hy-
pericaceae; Malphigiales) attracted 12 beetle species. Their dish-shaped, yellow flowers
are multi-staminate (polyandrous), and this trait is known to attract some beetles [6–8].
Second, in contrast, this study showed that many small beetles were found in flowers of
the Fabaceae, Lamiaceae, Ericaceae and Campanulaceae. Previous studies indicated that
a combination of pollen features, including scent biochemistry and nutrients in the cyto-
plasm of grains, may drive beetle visitation to flowers belonging to atypical, angiosperm
lineages [37,53,54]. The flowers in these four families have tubular, funnel-bell shaped
corollas concealing nectar. This is an additional reward for pollen-eating beetles visiting
some angiosperms [6,9] and we did observe these insects crawling towards or congregating
at the bases of floral tubes and bells. Some beetles may be nectar robbers. Rhododendron
decorum Franch. secretes high volumes of nectar at the base of its ovary and is pollinated
by large Bombus species [55], but it was also visited by 36 beetles species, feeding on nectar,
in this study.

4.3. Effect of Elevation and Habitat on Beetle Diversity on Montane Flora

As discussed above, the diversity of flower visiting beetles was strongly associated
with specific plant species. We did not detect either a strong elevation or habitat type
effect on beetle diversity and their interaction with plants. The modularity of the plant–
beetle network appears to depend more on preferred, resident, plant species. Herrera and
Otero (2021) [37] also found that environmental factors (habitat type), elevation and/or
macroscopic floral features (perianth type, floral color, and flower massing on stems) did
not explain nitidulid visitation after statistically accounting for the effect of plant phylogeny.
The turnover of networks was more dependent on changes to beetle composition at different
site. We are reminded here, that our study compared habitats at only two elevations
both with the highest plant diversities on Yulong Snow Mountain. On this mountain,
complex topology of mountain building and vegetation turnover made the biodiversity
variation along elevation did not following the linear decreasing with the increasing of
elevation [32,33]. Zhao et al. (2016) [32] found a correlation between decreasing pollinator
diversity as elevation increased, but this trend did not apply to plant diversity. Therefore,
if in the future, when sampling sites incorporate floras above the tree line (>3900 m) we
may expect to find a decrease or a middle domain effect in the diversity of flower visiting
species of beetles.

4.4. Uncertain Roles of Flower Visiting Beetles

One of the limits of this study is that we did not discriminate among the many roles
different beetles may play in the same flowers as pollinators, or florivores, or pollen and/or
nectar thieves, or seed parasites, etc. In fact, one beetle species may play different roles
visiting flowers of different species in the same network. We preserved our insect specimens
in 100% alcohol in case we needed to do DNA extractions for species identification. This
mode of preservation washed pollen off bodies. We do not have observations of which
beetles foraged on pollen or nectar while contacting receptive stigmas. Therefore, the role
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of each beetle species as potential pollinators of any of the plant species at either elevation
remains unknown. However, previous studies by other authors indicate that some beetle
families (e.g., Nitidulidae) are greater contributors to the pollination of their host flowers
compared to species in other families [37].

We understand that a large proportion of the beetle species we collected may play
no role in the pollination of the flowers in which they were collected. Some florivorous
beetles, including the one with a large number, Nonarthra variabilis Baly (Chrysmelidae),
were found to feed heavily on the shiny staminodes of Parnassia wightiana Wall. ex Wight
et Arn.. Nonarthra variabilis is probably attracted to the nectar-mimicking staminodes in
this flower, but we never saw them eating the ovaries [56], and Chen et al. unpublished
data]. It’s also unlikely that these tiny beetles pollinate the bilaterally symmetrical and
complex flowers in the Yulong species of in Fabaceae and Lamiaceae. They are probably
nectar/pollen robbers, as they were not observed eating floral organs. However, in a study
on microbial communities in flower nectar, de Vega et al. (2021) [57] found that plants
visited by beetles supported the highest richness and phylogenetic diversity of yeasts, and
bacteria communities compared to flowers visited by pollinators like bees. This suggests
that the inhabiting of these tiny beetles in flowers may change the nectar attributes, and
consequently influence interactions between flowers and their legitimate pollinators.

5. Conclusions

In this study, our specific collections showed a surprisingly high diversity of beetles
in flowers at two relatively high elevations. As consistent with previous publications, we
found that flower visiting beetles are habitat specific and their diversity on flowers appears
to be constrained, at least in part, by plant phylogeny. Subsequently, the beetle–flower
interaction networks were highly modular, and network variation among different sites
was determined by species composition turnover. We must also add that previous research
indicates that beetle flower visitors are also sensitive to land use change. Millard et al.
(2021) [58] found a decrease in beetle abundance in the agricultural landscape relative to
the primary vegetation baseline. Beetle showed low visitation probabilities in disturbed
habitats in contrast to high visitation rates in native habitats [36]. Furthermore, climate
change is also expected to strongly affect mountain ecosystems [31,59] and this will include
beetle diversity. Suitable climatic conditions and habitat for alpine biota is declining and the
trend is expected to continue in the future [60]. Therefore, to protect this underestimated
biodiversity for future generations, conservation of natural environments and the plants
that attract these beetle species are very important.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13110604/s1, Table S1. Sample sites, transects, GPS information and sampling date. Table S2.
Beetle species and their families. The number of specimens for each species was given. Table S3. Plant
species and their families. A plant marked as inflorescence refers to a large flower display in a more
or less condensed inflorescence with many tiny flowers, including inflorescence type of Apiaceae
(Umbel) and Asteraceae (Head). Table S4. Sampling completeness estimations for different elevations
and habitats using the iNEXT method. Table S5. Network turnover among different transects (n = 12).
H and L refer to high elevation and low elevation, F and M refer to forest and meadow. Figure S1. An
example of sampling completeness (species coverage) for three forest transects at the high elevation.
Figure S2. An example of sampling completeness (species diversity) for three forest transects at the
high elevation.
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