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Thesis overview

The present Ph.D. thesis is organized as a collection of research papers published, submitted,
and in preparation.

Chapter 1. Here is introduced the knowledge about plant and arthropod interactions in
mountain ecosystems and the aims of the Ph.D. project followed by an introduction to the two
different study cases of my research. A brief overview of the two Ph.D. side projects is also
reported in this chapter.

Chapter 2, “Plant-arthropod interactions: the case study of Androsace brevis (Hegetschweiler)
Cesati (Primulaceae)”. This chapter focuses on the characterization of flower-visiting arthropod
community linked to the alpine plant species Androsace brevis, a narrow-endemic plant of
Southern-Central Alps (Italy) characterized by a short (about two weeks) and early (May-June)
flowering period. This species is particularly threatened by climate warming. The first study
(paragraph 2.1) describes the floral and pollen morphology of A. brevis, which were useful in
investigating the pollination biology of this species as well as its possible pollination strategies
and vectors. The study reported in paragraph 2.2 focuses on the development and subsequent
evaluation of two methodological approaches employed for the study of the flower-visiting
arthropod communities of A. brevis: manual sampling and video-observations. Subsequently, a
detailed characterization of the A. brevis flower-visiting arthropod community in relation with
weather conditions, was carried out selecting two A. brevis populations (Cugn Peak, Como,
Lepontine Alps, Italy; Benigni Hut, Bergamo, Orobic Alps, Italy) (paragraph 2.3). In paragraph
2.4, the pollen grains retrieved from A. brevis flower-visiting arthropod collected at Benigni
Hut for three consecutive years have been analysed from both qualitative and quantitative
point of view by light microscopy. Palynological analysis allowed to identify the pollination
network that characterize the high-altitude ecosystem during a particular period of the year as
the early season (May-June) in alpine environment, when the snow cover still present on the
ground and few plants are flowering (work in preparation). Finally, in paragraph 2.5, a specific
investigation on the high-altitude communities of Braconidae (Hymenoptera) was carried out
for the same two sites previously reported, resulting in the discovery of four new species of
Braconidae for the ltalian fauna. Additionally, this study reports the first record of the alien
species Lysiphlebus testaceipes (Cresson, 1880) in an Alpine context.

Chapter 3, “Plant and flower-visiting arthropod communities within the Stelvio National Park”.
This study applied the two methodological approaches developed with the previous project to
a broader context. The study was conducted in the Martello Valley (Bolzano province, South
Tyrol, Italy) within the Stelvio National Park. The effects of the altitudinal gradient (from 900 to
2700 m asl) and the different type of land management (from the natural grasslands to the
apple orchards) were investigated on the flower-visiting arthropod abundance and community
composition (paragraph 3.1, in preparation). Moreover, a molecular approach (ITS2
metabarcoding) has been developed as an alternative to the traditional palynological analysis
conducted by light microscopy (paragraph 3.2, submitted).

Chapter 4, “Ph.D. Side projects”. In this chapter, a new plant species (Campanula bergomensis,
Campanulaceae) and a new insect species (Oreonebria tresignore, Carabidae) for Orobic Alps
(Bergamo, Northen Italy) are characterized both morphologically and genetically (paragraphs
4.1,4.2).

Chapter 5, “Conclusions and future prospects” of the research.

Chapter 6, “Ph.D. Activities”. Here is presented the activities carried out during my Ph.D,,
comprehensive of all the papers published, submitted, in preparation, and future papers on
data collected for the Ph.D. project; all the congresses and seminaries; teaching activities and
participation in projects.
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1.1 Introduction

In terrestrial ecosystems, plant and arthropod communities interact with each other, creating
networks that are still poorly known (Guzman et al,, 2021). It is estimated that about 30%
species of arthropod visit flowers (Wardhaugh, 2015). Flowers could provide optimal sites for
arthropods to search for partners, find shelter or a safe place for oviposition, and rest for
thermoregulation, as well as to find food resources (Woodcock et al., 2014; Inouye et al.,
2015; Hernandez-Vera et al.,, 2021). In the latter case, arthropods could search for both prey
or a host to parasitise, as well as feed on floral resources such as petals, nectar, and pollen
(Kirk, 1984; Krenn et al., 2005; Abbott, 2006; Wardhaugh, 2015). However, the most well-
known and studied interactions are those related to the search of pollen and nectar by
arthropods. During the search for these nutrients, pollen grains can remain attached to the
bodies of visiting arthropods, which may act as pollinators if these pollen grains come into
contact with the receptive pistil of a conspecific plant. Arthropod-mediated pollination is very
important both ecologically and economically. About 90% of angiosperms, including many
important crops, depend on pollinators (mostly insects) for their reproductive success, and
conversely many arthropods depend on flowers for their survival (Klein et al., 2007; Aizen et
al., 2009; Ollerton et al.,, 2011; Abrol et al.,, 2012; Inouye et al., 2015; Wardhaugh, 2015;
Michez et al., 2019).

Given the importance of pollinators for the human economy (Klein et al., 2007), many studies
on interactions between flowers and arthropods have been performed in agroecosystems. The
taxa for which the important role in pollination is commonly recognised are Hymenoptera
(Apoidea: Anthophila), Diptera (Syrphidae), Lepidoptera, and Coleoptera (Vanbergen et al,,
2014; Lefebvre et al.,, 2018; Potts et al., 2021). Consequently, knowledge about pollinator
species belonging to these taxa and their ecological needs is fairly good. On the other hand,
the study of little-known flower visitors (e.g., Diptera non-syrphid, Hymenoptera non-
anthophila), which could play an important role in pollination both in natural and seminatural
ecosystems, has been neglected (Potts et al., 2010; Brock et al., 2021). Knowledge decreases
further when mountain ecosystems are considered. Here, several neglected flower visitors are
fundamental for the reproductive success of many plants (Orford et al., 2015; Brock et al.,
2021). Moreover, in mountain environments, both ongoing climate change and other
anthropogenic factors could alter the relationships between plants and flower visitors more
severely than in low-altitudes ecosystems (Prather et al., 2023). Increasing temperatures
potentially leads plants to anticipate flowering period and arthropods to anticipate the end of
wintering (Bartomeus et. al 2011; Sevenello et al., 2020), and both could move to higher
altitudes to find new suitable habitats (Chen et al., 2012). However, these phenological and
altitudinal adaptations may occur differently between plant and flower visitors potentially
resulting in phenological, temporal and spatial mismatches between them (Morton & Rafferty,
2017). The effects of these mismatches on the stability of biotic communities are still difficult
to predict. For instance, an alteration of the mutualistic relationships established between
plant and arthropods may lead to a decrease in the reproductive success of both parties or
even to their local extinction (Kudo & Cooper, 2019; Inouye, 2020, Ohler et al., 2020; Richman
et al,, 2020).

On the other hand, agricultural practices are among the main causes of the decline in flower-
visiting arthropods (Thapa, 2006; Siebold et al., 2019). The intensification of agriculture, with
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changes in both the traditional agricultural landscape and agronomic practices, affects the
biotic composition of both the lowland and mountain ecosystems (Schirpke et al. 2013). The
use of herbicides and insecticides leads to a significant decrease in the arthropod biomass,
including many flower-visitors. Consequently, serious effects may occur not only on crops
production but also on ecosystems survival (Malaspina et al., 2008; Vanberger et al., 2013).

Since the interactions between plant and flower-visiting arthropod are important within biotic
communities, it is important to increase the available data about both these interactions and
the composition of plant and arthropod communities. In particular, it is fundamental to
investigate which arthropod taxa are mostly closely associated with flowers for their own
survival and which of them are primarily involved in pollination, especially in poorly studied
mountain environments.

1.2 Aims and scopes

The Ph.D. project focused on the study of flower-visiting arthropod communities that
characterize different high mountain ecosystems. In particular, the work aimed to assess the
ecological role of flower visitors both through the study of botanical composition of pollen
transported by them and through the analysis of their behaviour on flowers.

The work was divided into two case studies:

- The characterization of Androsace brevis (Hegetschw.) Ces. (Primulaceae) visiting
arthropod community;

- The assessment of flower-visiting arthropod communities that characterise different
types of land management and how they change along an altitudinal gradient within
the Stelvio National Park (Eastern Alps, Italy).

The first case study was a pilot project. The aim was to assess the Androsace brevis flower-
visiting arthropod community with a particular attention on the identification of taxa involved
in the pollination of this plant species. This project involved the development of two methods
for data collection: i) manual sampling of flower-visiting arthropods, with palynological
analyses of pollen carried by collected arthropods; ii) video observations, with the analysis of
arthropod behavior on flowers. Androsace brevis was selected as a model species as it is a
narrow endemic alpine plant particularly subjected to the threats induced by global warming.

The second case study used the methodology developed in the previous project in a broader
context. In particular, the two approaches were used to study how the communities of flower
visitor changed among different land use types and along an altitudinal gradient, from the
most anthropized ecosystems (orchards), to semi-natural ecosystems (pastures and hay
meadows), to the natural ones (high-altitude grasslands) within the Martello Valley (Stelvio
National Park, Province of Bolzano, South Tyrol, Italy).

To study all the aspects related to the interactions between plants and arthropods, during the
Ph.D. course, it became essential to develop and evaluate different methodologies both for
data collection and palynological analysis. The first topic involved the two previously
mentioned methodologies (manual sampling and video observations). In particular, the
advantages and disadvantages presented by these methods in giving information about
flower-visiting arthropods were evaluated. The second topic focused on the efficiency of
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metabarcoding as a tool in analyze insect-carried pollen with particular interest in evaluating
the accuracy of this technique in giving exhaustive quantitative results about pollen botanical
composition. Results obtained by this molecular technique has been evaluated by comparing
them with the results obtained with the traditional method as light microscopy.

Within the study context of mountain-related plant and arthropod species, considering the
potential negative effects the ongoing climate change could have on their survival, during the
Ph.D. course, there were the possibility to characterize morphologically and genetically two
new species: Campanula bergomensis Mangili F. & Mangili L. sp. nov., (Campanulaceae) and
Oreonebria tresignore (under description) (Coleoptera: Carabidae).

Both these two species are orophile endemisms, whose distribution range is included in the
Orobic Prealps (Lombardy, ltaly). This pre-Alpine sector, as well as the southern belt of the
Alpine chain, is an important centre of endemism (Paowski, 1970; Aeschimann et al., 2004;
Graf et al., 2014) probably due to the limited occurrence of ice cover during Pleistocene ice
ages and the presence of many refugia (Bini et al., 2004).

Campanula bergomensis is related to dolomitic substrates, preferring debris cones, and
generally poorly developed soils. Its state of preservation seems to have no critical issues (Valle
et al., paper in proof).

Oreonebria tresignore is strongly related to the presence of glacier or permanent snowfield. This
ecological need leads Oreonebria tresignore to follow the glacial and periglacial areas of the
Orobic Alps resulting in a scattered distribution of its populations (Gobbi et al., 2018).

In a scenario where the effects of ongoing climate change are more and more evident in the
natural landscape, it is essential to deepen the knowledge on the flora and fauna species. A
good species ecological characterisation is fundamental if plans for species conservation will be
required.
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1.3 First case study: Androsace brevis (Hegetschw.) Ces. (Primulaceae)

The geographical origin of Androsace genus is located on the mountain chains of eastern Asia
(Boucher et al.,, 2012) from which it radiated widely across the mountain ranges of the
Northern Hemisphere, reaching Europe first and North America afterwards (Schonswetter et
al., 2003; Roquet et al.,, 2013). According to the classification proposed by Smith & Lowe
(1997), Androsace brevis belongs to the section Aretia, which also includes A. alpina (L.) Lam.,
A. hausmanniii Leybold, A. helvetica (L.) All, A. pubescens DC. In Lam. et DC, and A. vandelli
(Turra) Chiov., Androsace wulfeniana Sieber.

Androsace brevis is a chamaephyte cushion plant which grows above 2000 m asl only on
siliceous peaks and ridges characterized by both high sunlight and wind exposure (Provasi,

1922; Mangili et al., 2014). It is a narrow endemic species related to a limited area of Southern
Central Alps (Aeschimann et al., 2004) and its distribution area encompasses three Alpine
sectors: the Eastern Lepontine Alps (Como Province, Lombardy, Italy and Canton Ticino, Ticino,
Switzerland), Western Orobic Alps (Bergamo and Lecco Province, Lombardy, Italy), and
Western Rhaetian Alps (Sondrio Province, Lombardy, Italy) (Provasi, 1922; Pignatti, 1982;
Mangili et al., 2014) (Figurel.a; 1b).

-

Figure 1. a: Location of Androsace brevis on the European Alps; b: Androsace brevis distribution range in the
Southern Central Alps. c: A. brevis present distribution reflects the areas not covered by ice during the Last Glacial
Maximum. LGM shapefile source: Quaternary glaciations - Extent and chronology (Editors: Ehlers, Gibbard, Hughes,
2011).

Androsace brevis current distribution area may be shaped by the numerous climatic changes
occurred during the Pleistocene. During this period, many glacial and interglacial cycles
occurred, culminating 23,000-18,000 years ago with the Last Glacial Maximum (LGM) (Mix et
al., 2001). The presence of the ice sheet may have limited the distribution of A. brevis toward
the inner Alps and may have led to the extinction of the populations already present there. On
the other hand, the migration of the species southwards could have been limited by the
presence of reliefs with a limestone/dolomitic substrate. Therefore, the species may have
found refuge on the external siliceous peaks of the Southern Alps that were not covered by ice
during the LGM (Figurel.c). Similarly, during the last 10,000 years, warmer periods than the
present were registered several times on the Alps (Furlanetto et al.,, 2018). During these
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phases, the Southern Alps tree line went from the current 1,800-2,000 m asl to higher
altitudes. This suggest that the areas covered by ice during the glaciers advance were probably
covered by forests during the climatic optimum. Also in this case, A. brevis probably had to
cope with the formation of refuge island similarly to those present during the LGM.

The genetic variability of Androsace brevis populations is probably affected by their scattered
distribution. The study conducted by Bonelli et al. (unpublished data) highlights how A. brevis
populations located in the Rhaetian Alps sector as well as the northernmost populations located
in the Lepontine Alps, show a poor genetic variability. This could be due to geographical
isolation caused by glacial expansion. Indeed, glacial phenomena had a greater influence in
these Alpine sectors than in the more southern ones (Schonswetter et al., 2003), leading to a
limited gene flow and resulting in genetically uniform populations. On the other hand, A. brevis
populations located in the Southern Lepontine Alps as well as those located in the Western
Orobic Alps were poorly interested by the presence of glaciers. As a result, here A. brevis
populations could have remained closer to each other than the more northern ones, thus
allowing to maintain a high gene flow.

Nowadays this species faces many threats mainly related to global warming (Mangili et al
2014; Eustacchio et al., 2023). Androsace brevis seems to be extremely vulnerable to
increasing temperatures as it already grows on mountain peaks and ridges, thus being not able
to shift to higher altitudes. In addition, following the “Competitor, Stress-tolerator, Ruderal
(CSR)” theory proposed by Grime (1977), A. brevis shows a low phenotypic plasticity and a
Stress tolerator — Ruderal strategy, with the “S” trait more represented (Mangili, 2016). The
total absence of Competitive “C” trait could become a serious problem if more competitive
plant species move up from lower altitudes.

For the survival of the species, the reproductive success is a crucial issue. Molecular studies
(Bonelli et al., unpublished data), as well as pollination exclusion experiments (Eustacchio et
al., 2023), have highlighted that A. brevis prefers cross-pollination to self-fertilization, even
where populations are highly isolated or present a limited number of cushions. This species is
characterized by a very short flowering period which starts between late May and early June as
soon as the snowmelt on outcrops occurs, and lasts about two weeks (Provasi, 1922; Pignatti,
1982; Bonelli et al., 2020, Bonelli et al., 2022). In this short time interval, A. brevis must ensure
pollination which is carried out by insects (Bonelli et al., 2020). During early season, few taxa
are active and can pollinate flowers but, at the same time, very few other floral resources are
available for arthropods as a snow cover is usually still present. Androsace brevis flowers can
thus represent an important source of food for many arthropods which can act as pollinators if
they visit different plants (Bonelli et al., 2022). However, in mountain ecosystems, the early
season is a critical moment for possible mismatches between plants and potential pollinators,
as phenological and altitudinal shifts due to climate warming can occur more rapidly than later
in the season (Ettinger et al., 2021). Androsace brevis is therefore an excellent model species
for the identification of the fundamental relationships which link plants and arthropods in high
altitude ecosystems.

Given the ongoing climate warming, to understand which flower visitors are responsible for A.
brevis reproduction success could provide fundamental knowledge on how entomophilous
species living in similar environmental contexts can adapt and survive in the future.
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1.4  Second case study: Plant and flower-visiting arthropod communities
within the Stelvio National Park

In mountain ecosystems, the composition and species richness of both arthropod and plant
communities are influenced mainly by elevation and related decrease in temperatures
(Moreira et al., 2018; Rasmann et al., 2016). For instance, in Alpine context, where vegetation
cover is still continuous up to about 2800 — 3000 m asl (Nagy & Grabherr, 2009), beetles and
bees usually increase their abundance and species richness in mid-elevations (1300 — 2000 m
asl) (Kearns et al.,, 2017; Lefebvre et al.,, 2018; Pilar et al., 2020), while ants decline with
decreasing temperature (Reymond et al., 2013). Conversely, flies are well adapted to cold
environments, often dominating high-altitude ecosystems (Totland et al., 1993; Lefebvre et al,,
2018). Generally, along a wide elevation range, mid-elevation shows the highest species
diversity, as it shares species both with low and high altitudes (Kessler et al., 2000; Brehm et
al., 2007). Additionally, both bees and butterflies as well as beetles are replaced by flies in
high-mountain ecosystems (Lefebvre et al., 2018; Adedoja et al., 2020).

Another factor that influences the composition and species richness of biotic communities is
the type of land use. For millennia, the mountain landscape has been subjected to many
changes in favour of livestock farming and agriculture (Gingrich et al., 2015). These pratiques
led to the formation and preservation of two of the richest ecosystems in the world in terms of
biodiversity: pastures and meadows (Bonari et al., 2017; Faccioni et al., 2019). In the last
decades, both livestock farming and agriculture shifted mainly to the low valley areas due to
the mechanisation and intensification of production processes. Consequently, high-mountain
semi-natural ecosystems are abandoned causing a decline in plant and arthropod species
richness (Wesche et al., 2012; Jacquemyn et al., 2011; Niedrist et al., 2009; Fischer et al,,
2008). Moreover, also an incorrect management of agroecosystems negatively impacts plant
and arthropod diversity. Practices such as overgrazing, massive use of pesticides and
herbicides as well as frequent mowing can effectively alter the availability of trophic resources,
refuges, and potential nesting places (Marini et al., 2009, Bonari et al., 2017, Seibold et al,,
2019).

The study of plant and flower-visiting arthropod communities and their relationships,
considering both the altitudinal gradient and that of different land management types, is useful
to better understand how these communities change and adapt under climatic conditions and
anthropic factors (Koérner, 2007; Rasmann et al., 2016; Galman et al., 2018; Moreira et al.,
2018).

Given its great variety of environments, the Stelvio National Park (Central Italian Alps) is a
suitable area both for studying the network of interactions between plant and flower visiting
arthropod communities, and for analysing how they change in relation to altitude and the type
of land management.

The Stelvio National Park was instituted in 1935 and, with its 130,734 hectares, is the largest
national park in the Italian Alps. It is located in Eastern Alps within the Rhaetian Alpine sector
(Marazzi, 2005) encompassing Lombardy, Trentino and South Tyrol regions (Figure2.a). The
park is characterised by a wide altitudinal range (from about 600 m to about 4000 m asl) and
includes a high variety of natural, semi-natural and anthropic environments.

10
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The Ph.D. project belongs to the EU-funded projects for the monitoring of pollinators within
member States of the European Union. The project funding was provided by the Ministry of
the Environment (Directive 2020: “Le api come bioindicatore della qualita ambientale - Insetti
di valore conservazionistico, presenza, status e interazioni con specie di fitopatogeni”; “Bees as
bio-indicator of environmental quality - Insects of conservation value, presence, status and
interactions with phytopathogenic species”) which commissioned the work to the Stelvio
National Park. Subsequently, data collection and processing were assigned to two institutions:
University of the Study of Milan (UniMi) and MuSE—Science Museum of Trento. In particular,
this study is part of the project “Conoscere e proteggere gli impollinatori nel Parco Nazionale
dello Stelvio: azioni di censimento, monitoraggio, valutazione e di sensibilizzazione” (“Knowing
and protecting pollinators within the Stelvio National Park: census, monitoring, evaluation and
awareness actions”).

In agreement with the Stelvio National Park, UniMi and MuSE selected the Martello valley as
study area (Figure2.b). This valley extends for about 27 km along an altitudinal gradient
ranging from about 700 m asl of Laces town and 3,769 m asl of Cevedale Mount,
including a wide type of natural and seminatural ecosystems.

Figure 2. a. Location of Stelvio National Park in the European Alps; b. Location of Martello Valley within
the Stelvio National Park.
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Pollen and floral morphology of Androsace brevis (Hegetschw.)
Ces. (Primulaceae), a vulnerable narrow endemic plant of the
Southern European Alps
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ooe cyche of five yellow goeen anthess hedd by a groee Slaent asertnl
aronre] the mouth of the corolle tube o dhe opposite sde of the covella
Jobes ond suryomenling the stigmm. The gynoscium is sagle the stigms
develops fom & Beesn yellowe groen style which sty froes the oviey
Jocened ot the base of Bhe conolin tabe. The ovmry presents o fooe continl
placestation and contalos fve ovaldes which e azached 10 the cential
axks withour any parstion between thess (715 50 Nectaries weee not
obasrved, B deops of & viscous nbaance were presest boch ca the
uxface of the ovary and the lnnwr dde of the cosslla tebe

The sive (e = SX) of each tait of the A brovo Bower s repottnd
Below (Tulle 1), whille the cow data e teported i Sopplementacy
maatetial 53

Fizally, & wes observed thee dhe color of the cosolls moeth charges
gradhunlly froes yellow to purple during the sotheows persod. 1o partic
whar, huee main color shades cao be desnguihied (7 03 1) yellow, a1
the begianing of the Noswrring pes iod, dhe momment whes e anthees ae
Mowght sighe chwe w0 the meal 2) yelboww guaple, sfter the main
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Qoovininianans

g 2 W of the Bawwy pans (L -

Pistil Eongth, 1 = Wilth, 1 « Dameters & Limb CLak |

------- mouth (Wb, s corolix B, Corolla tebe {Cormibt
Syl ©. Caldys (Cad ), calyx S (CalLioeb), 20 calyw tube
| pACRY (CATWbE . Soybe Chay) sigwa (Sag) and pisd
OPut), ovede (OWI), sl peay (Owv) @ Ay (A0,
Rament (Pl € Distance snther - sthpme (Ao
Syl Seg), dstance mouh - stigrma (Nt Ser), dstance
ootk - ovary (NEh-Owl, datasce anther -~ ovary
(A O ) dnl Sotasn e detvers anthons (Asd Astl
Evawing by £ Evtacchio

i
| .-
{
i

Dowweriag peciod, whes stanwss begin to desonsd, tevenlng the corolls
Tube; nowd 31 prrple, ot the end of Nowering pesiod, when stamess we
compleoely boavered lewving the corolla tube viddle

4 Dwcussnag

I pedamion 10 the six categories by which pollen gonins om be cdas
sified according to thals boagest axis (e b, 1952, 1909 Heww ot ol
2006, A drevt prodoces sall pollm grasns (oagest sxis bngth angiag
from 10 to 25 ). Shape and exioe amanmitation of e pollen graes
we quite vimdle to thow of other species beloaging to the geun
Androsece wction Asetia described by 1o or ol (20100 Meowewer,
A evis presests o luger polar axis but o sieslle equatonial ooe,
revudting in & bigher P/E oo than other sgocies teportod by fave s
thons. Athough the seanll sise of the pollen giais seporsents a fnte of
atwrodpbedous podlen (Lo ol 00200, dhe mrthess are ploced completely

iside the covells tebe el e mecplology and color of the cosslla
exchide aoemophidous polinatien This wis confimed by pollinmoe
exehinion expey lmenns condiatnd i 2016 (Supplementory material $4)
wven hough Bowers do 0ot poesenn beterastyly, m known for Privde
gonan (Jond sed Webd, 1992 Wawier weel Shione. 20001, ansd anBers ave
Soconed very chose 10 the stigmn Oess than 0.5 sus agaut), this species
does met peoduce seads if ir s ot vished by pollinasers. This could
suggest the ocouremon of 3 mechaniim which avoids self-fertilizsion,
alfiough e Latter stategy is often sdvaatagroas in high-altitade m-
viroomenss becauw of low abandenor (Sel 107, 1900
Guggeek, 1995 Tomrwe Diaz o 2l 20)7; Goodwille sal Weber, 2010),
onpecially for species $iat mv chanacteriand by small and Eagrmerted
popdations (Van Rossans o ol 2004, Shan of ol 20000, Hiwever,
plants thet aatally Bive 3 snll aod scomesed poguilations say have
developal mistegies 10 cope with loeg term geoetic Bolation (1w
o Turpeinn sond Hansed, 2000 Becher ot ol 201 1} Moo of o, J019) 000
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Fig 4. o LM snovnpuagdon. Sclie bunn 5 jon o, b Podlon g0mn i oxpastion il view ot s diferens Soidd plases s g O oxpaston sl pars ¢ Pullon gy aie e podas
view shosring o tnangdar epnstonsl cuthoe; 8-£ SEM micographo. Scale hare f = Spon e« 2 (o | pux 4 Pollen oo i ogwtonal view shosving & prolsie
shuge s o poriseste conameniston; ¢ Pollen grmm in polw view, shewving o codurtion in Jonsty of puawts s the spacolpaan £ i s canes, ther toxioam i st

comapletely periocmed by the puncas (o)

Pig. 5 Sonde derwing of the Soogitnlind sectimm of A bl Doy bisnd e
s repanied @ Takds 1. Scale ber 1 mun Drawing by E Bastacchin

Mgh eutaossng abilty even n 1 of Jow poll wetivity
ke, 20000 1o weppont of thin, also other cashion plart species hat
live ia dlpine esvireoroents, sach m Slerw acanlls (L) Jacy, Savifroge
appostifolia L. an Briorichium nonem (VL ) Schisd ex Gaadia, sbow
Bcrease B seeds prodection when oo golliaanion ecoas (50 o0 0

arnd Mobes, 1992 Hermsmiur s limes, 1904 Delf anl Canoll, 2001;
Todien ot wl, 2002), In sddizion 1o produce o high smowt of et 10 be
wooe actiactive for pallinaters (ockng, 1968 Senden 1975 20l
ot o 2000), thee pecim develop diffret wateges to Bt

self polliration Foo exateple, S oconlls develops 5 variable mumber of
bersssplucdite and fecsale Sowen withis o popelation sigeovisg
fitsens i sods prodhaction (Dwrwie, 1577 Mermessets sl L, 1994

Table |
Mo vadur of dw sl of eaxh tal of A Sovvis Bosens wils imapactiwe stanled
oxton (SE) and the mamder of seamairmnents Sabes for sk wast (nl

Lo, M (s | “ -
Akt bnagth 658 082 B
Attt ety (3 L) "w .
At hrr ey Bk 134 s .
Attas 1oams dumince s "o, .
Akt snbbor Lomsure b3 e .
Calyx agh (5T (3 .
Comile Einmeren (£ e ’
Py lorgrh w () )
B O N e ) in (3] n
L e ) v - »
Mot widy s e bougth 184 o 2
et b e ] »
el amh v Db 154 ) »
A (30 L) .
Mo ey At i @ ces " T
B ] 134 " .
Yo g Lok mae 138 s 5
L (37] e .
Ovele Lismeims e (Y7 .
L et L0 o o .
Mapwes lowgth s (FH '
S bbb e (¥E) .
3o beugth s e .
Tave weien o7 (¥F] .
Dl aied Canndl 20000, whelle snthers and paitil of £ soren cipen ot
different troes (Folles o ol 200)

Uivens the low ilablry of polk w high altitinde arviron
meeats (Hodeioges, 1900 Barvetr, 20002 Kalins of 2008 Totres 08
ot al, 3001 Condwille sl Welwe, 20001 plasts ofies develep larger
Bowens 1o be mooe visble by lescts (Poctoe o0 ol 1997 Huder and

Lo, 200090 Indesd, an repocsed by Schinel (19900 the sdae of

entcnephudons planes sead 9 ik wich an oeas 0 altrede sace
they lvest mooe snergy 0 seprodactive struones. Andesace beevis
develops pelazively wnall solitwy flowers whos diametes (8 70 rr)
sisnilar 10 thoes eported by Aevchissum o1 ol (2004) for A alpina (L)
Lasm and A wulfesiona Read. & Hochat (repectively @ « <8 oen; ©
30 zama) while & 2 Larger than that of other specien belonglag to sectico
Acetia duocibuted aloog the Alptoe chain (A Amusmans Leyh, © 4
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Fig. & Dhive Sifferent cobor shndes of A bervis cnendls ey within e sanee
pleot: 1 pellow, 2 yellow purple, ¥ purple

A Advenion CLD AN, @ & <5 e A, pubesoens DG, 0 < =5 o,
A wandeli Stevnb , @ < <5 mam) Ia slpene coviessments, many oubion
ploces develop cmadl-dand Bowers which potertially woakd handy be
visibie by possible pollinesons comparsd with dhom of ofher speries
M‘hbmeM(P.—!.uuwl. PN VT
JUL0L Fee krstance, i sites whese A brovis prowes, other species st
show & keger corolla sxface (Lo, Getione acodfs L, Mrivsda Airsts
AL, Pubstlls ding (L) Delxbee, aad Moemtlls curvs L) sre prosest
and Hower in dhe o period (Booell of sl 20078 Wowever, A deevts
peoduces, on svesage, 50 flowers Jocated very diose to each ofher, and
n have patent corolla hundw whose bergth is move than twice st
of the colyx crenting & boonogeneows piok carpet with doos aging fom
yellow 00 red This pamsern of & copet of Nowers with dots is vexy
coumrnon (0 cmbhibon alpene species w1t belps dhens w0 com pete with othes
alpioe plases with baeger Bowers (Zolin ot ol 2000 Parsc b s
ared Kewler, 20100 Showing 2 caspet of flowers leads pollinaton o
spend bows gt enms gy masning froem coe fowes to anodier sessching Su
sectar s pollen and el preases gales in food ewands (Wilkeo sl
Paow, 1977; Meamich, 197% Ruamn, 190X Cares or ol 20048 Dove et al
2020). The study of A brevts Noenl mosphology did not show the pow
ete of soctaien above the gyooecihun Neverthelems, we observed 2
ndetmace adbeoent (0 the et wall of the cocells tube, above
wnder the Dcreving ws 0 hypot)
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0 « <029 mmd They munlly bead 20 e developamat of theee or o
seedk about 2.1 wen loag, 14 s wide snd 0.5 men thick (vapublished
data), bt com of Semn b froqouenstly soller than the others (Mool
ol 201 8) mad probebly oot fextile. levesting o bot of ener gy 0 develop
Big soods with a lot of stocage could] mean St A Irevas sees a K aistegy
to cope with $ie hand ssviromental cooditions ia which it lives h

fxct, in alpine coutent barger mad heavier sonds & e
Mm.mm-nmuw»wwma
Clakmns ol Brdsonm, 20000 Coomes sl Gy, 200 Saockim
- A, N0

Finadly, ool morphiodogy does mor shiow & particelar insect selective
The w of boeh sod plaal less Bhan 1w below
the coxclla sscurh nad the diswen of the mouth (0 « 0.1 man) maght
allow many fowervititiag nwcts to each boch nectar and pollm
(Comer »t Wl 19%) and pomdbly pollinate Indeed, differest
Dowes-visiting taxa, sack m families beloaging 0 Dipoecs Deacky
and Wy P Aposdeas Arthophila, me known to visit A b
ouelll o o, 2032) Aceve dng o the obuervation pexfornnd by
Bovelll wn ol 12002, our results confirm that A drevis is o pereraling
pollinated spocies, with a possible plasticity s polliaation. ladend, if
podlinaton specificity cm be sdvastsgeoas fn pland showing sestternl
popdations (We ot ol 20201 8 geseralin stiategy navy allows shating
of pollizances senong (fferent species thar fowes a2 the sme tine s s
il momece of te semco. This stissegy can be weful sho 1o
counseiact poterciad plant-polinac ssbuaraaches (Coaway etal 2005
Kdcwidaw eral, 2000 Ovtmsan, 20155 Gevwnl ot of | 2000), paticularly in
the copoent of cllmate change (Lianiye, J019)

Yuonding
This sesevurh was pestly fusded by Parco dedie Ovolin Ber pronsache

(Deliberation a. 7, 6 Pelunay 2008) 0 Mecco Caccimigs snd Mawo
Gobin

CReAT avahuorship contribumion statement

Fewa B N Medhodology, Valulvion,
ﬁr‘dnd/w.\'-nlmmmg origizal draft, lvwetigation
Marco Bonelli: Conceptoalioation, Methodology, Valdlation, Pormal
Mwmu review & oditing, lavestigation. Mario

Mehiodology,

bt ot d by speciic
(L) Lapeyr. by Aleadunsscsy b ot al 120070, In weppoct of thin, withis the
Pissdacens Lanuily. i @ common B necs u-«mdbynmud
erons deme which rebease & miguy ad Buongh L}
on e gynoechen (Frroivnd, 1960 Vogel, 1906 Sorvenn, 2000 Soode
o 2000 Mereover, the presence of mectar s supponted by the
Alferent cobor shade of the coralla moath obeerved o Sfferent Sowen
weithin the ssue cushion, which may give o sl aboot the gualiy snd
quantity of flocal sewnsds durcaghout the f) g pexiod for p L
polinmtory (Mebsppder Ackenmims o ol 1907 Asogom and Ackeszuan,
2004). Colox charges of the corolls moufh dwing mtheis wew
cbsesved alio it other Androsace spocies (Vbasn 1906, Zhasg 103
Podosan s Saieson, 19658 Saniemwn sted Paburnny, TOSKR Weans, 1990
Seladi. 220 ) s well s i E movimt. The lntier species, in particnlar,
poeserts sawlll (0 « ~6-7 nan) blee Bowers winh five yellow epigetalom
fomnices Bt bevcoaw visie whes sshens begin w0 shal polien sl
when nectnies o1 the base of B ovmry a1 00 prodhece fae aveunts of
sectae. Whes the polllastion Is concluded, the yellow color of the
fomicoes becoom pale, and fraceficsrion takoss place (0ol o ol 20020

Regarding the content of the cvary, spacies belcagiag 1o Prissdacess
wnsally develop froms Sew tons 1o busdeds of oveles and potectially e
saene mrbes of weeds per Dosws (Cootapion, 19065 Anbeibery el
SRLL 1 Andebecg. 2004). Fee Androsace species, 1o the best of o
koowladge, oaly Douglas 1 1000) sepested the presence of sis ovides in
A primadoides Dubry. A beevis stendarly shows Sve selstively lacge oveales

Valddation. lrecw Mooti:
Mhﬁ)&tf poual Peonaling 2oy
Moresa Casartellis Coserptanlization, K Marce Cacciamige:
Cooceptmli ® Supervision, Progect  sdassisiiotos,
h-lnccqﬂmhﬁm wview & editing.
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S1: Measurement of the polar axis (P) and equatorial axis (E) taken by LM at 100x magnifications and the ratio
between P and E of 40 pollen grains obtained from acetolysis of 30 anthers of A. brevis flowers collected from

Benigni Hut (Orobic Alps) and Cugn Peak (Lepontine Alps) populations.

Benigni Hut (Orobic Alps)

Cugn Peak (Lepontine Alps)

P (um) E (um) P/E P (um) E (um) P/E

1 16.82 9.80 1.72 20.96 10.15 2.07

2 18.21 11.13 1.64 19.71 9.62 2.05

3 19.91 12.88 1.55 20.63 9.87 2.09

4 17.90 10.86 1.65 17.41 10.63 1.64

5 18.99 10.92 1.74 18.86 10.81 1.75

6 19.66 11.48 1.71 18.66 10.67 1.75

7 19.42 11.26 1.72 18.82 10.62 1.77

8 18.72 10.62 1.76 18.52 9.86 1.88

9 18.23 11.06 1.65 19.13 9.82 1.95

10 19.49 11.93 1.63 19.83 10.63 1.86

11 19.64 12.00 1.64 19.92 10.27 1.94

12 20.51 11.65 1.76 18.65 9.56 1.95

13 20.53 11.51 1.78 18.35 10.88 1.69

14 20.49 11.64 1.76 18.16 9.54 1.90

15 18.82 12.08 1.56 20.57 10.79 1.91

16 19.38 11.24 1.72 17.84 9.21 1.94

17 19.18 11.45 1.67 18.54 10.69 1.73

18 19.49 12.09 1.61 18.06 11.33 1.59

19 17.75 11.61 1.53 19.63 10.03 1.96

20 19.03 10.98 1.73 19.76 9.86 2.00

21 18.69 11.73 1.59 20.97 9.95 2.11

22 18.32 11.94 1.53 19.66 9.79 2.01

23 19.62 12.41 1.58 19.17 10.36 1.85

24 18.99 10.88 1.74 17.98 10.12 1.78

25 19.39 12.37 1.57 18.73 9.73 1.92

26 18.24 11.96 1.53 18.04 9.67 1.87

27 20.78 11.96 1.74 19.27 10.37 1.86

28 18.83 11.87 1.59 18.96 9.92 1.91

29 19.34 11.87 1.63 19.51 9.93 1.96

30 19.38 11.34 1.71 19.80 10.14 1.95

31 17.55 11.55 1.52 19.41 11.15 1.74

32 20.09 11.79 1.70 19.73 8.58 2.30

33 18.46 11.28 1.64 18.87 10.81 1.74

34 18.99 11.48 1.65 19.52 10.12 1.93

35 19.70 11.32 1.74 18.29 10.61 1.72

36 19.25 12.33 1.56 19.65 9.94 1.98

37 19.67 11.19 1.76 19.65 8.87 2.22

38 19.26 11.80 1.63 19.42 9.35 2.08

39 20.43 12.18 1.68 19.23 10.29 1.87

40 19.87 11.26 1.76 19.03 10.28 1.85

Mean 19.18 11.57 1.66 19.17 10.12 1.90
Minimum Value 16.82 9.75 1.52 17.41 8.58 1.59
Maximum Value 20.78 12.87 1.78 20.97 11.33 2.30
STD 0.86 0.57 0.08 0.83 0.59 0.15
SE 0.14 0.09 0.01 0.13 0.09 0.02
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S2: Number of flowers held by each A. brevis plants. For each population considered (Benigni Hut,
Orobic Alps; Cugn Peak, Lepontine Alps), flowers held by 15 plants were counted.

Benigni Hut (Orobic Alps) Cugn Peak (Lepontine Alps)
1 2 8
2 15 20
3 142 95
4 43 24
5 4 130
6 52 14
7 33 13
8 31 9
9 57 98
10 74 205
11 43 24
12 31 11
13 47 6
14 76
15 31 13
Mean 45.4 45.2
SE 8.9 15.3
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S3: Raw data of traits for each of A. brevis flower measured.

Benigni Hut Benigni Hut Benigni Hut Cugn Peak Cugn Peak Cugn Peak

Section mm)  (mm)  (mm)  (mm)  (mm)  (mm)
Anther length 0.615 0.602 0.522 0.540 0.642 0.557
Anther width 0.180 0.305 0.202 0.381 0.253 0.203
Anther-ovary distance 1.499 1.186 1.203 1.561 1.055 1.221
Anther-stigma distance 0.085 0.122 0.135 0.168 0.163 0.169
Anther-anther distance 0.482 0.192 0.246 0.241 0.416 0.199
Calix length 3.632 2.931 2.811 3.473 3.395 4.124
Corolla diameter 7.860 9.228 9.449 7.618 8.379 10.142
Flower length 4.135 3.775 3.968 3.933 3.999 3.773
Median calix limb length 1.606 2.132 2.608 2.245 1.624 1.932
1.332 2.585 2.518 2.165 1.723 1.852

1.613 2.622 2.245 2.373 1.769 1.886

1.387 2.577 2.593 * 1.659 1.686

* * * * 1.756 1.806

Median calix limb width 1.179 0.814 1.086 0.869 0.998 1.023
0.752 1.025 0.878 0.957 0.785 0.794

0.751 0.595 1.197 1.074 0.852 0.839

1.179 1.083 1.807 w 0.977 0.972

* * * * 0.884 0.732

Median calix tube length 1.300 1.058 1.859 1.908 1.673 2.154
1.114 1.271 1.776 2.388 1.064 1.963

0.961 1.288 1.922 2.295 1.397 1.941

1.179 1.225 1.507 * 1.37 2.085

* * * * 1.516 2.108

Median limb length 3.774 3.639 3.711 4.010 4.531 4.076
3.749 4.069 4.183 3.859 4.591 4.088

3.88 4.116 3.727 2.774 4.133 4.485

3.648 3.863 4.155 3.184 4.793 4.396

3.998 4.057 3.894 3.811 4.508 4.328

Median limb width 2.621 2.263 2.359 2.558 2.896 3.327
2.046 2.642 2.701 2.393 2.272 3.027

2.681 2.497 2.680 2.337 2.529 2.803

2.924 2.555 2.524 2.002 2.144 2.711

2.344 2.596 2.469 2.504 2.293 2.610

Mouth diameter 0.933 0.767 0.675 0.644 0.854 0.673
Mouth-anther distance 0.638 0.711 0.711 0.482 0.874 0.737
0.589 0.667 0.717 0.496 0.795 0.720

0.639 0.671 0.637 0.463 0.837 0.831

Mouth-ovary distance 2.013 2.122 2.189 1.763 2.466 2.278
Mouth-stigma distance 1.059 1.158 1.026 1.229 1.106 1.047
Ovary length 0.589 0.830 0.788 0.716 0.614 0.784
Ovule diameter 0.230 0.315 0.334 0.302 0.260 0.304
Stamen filament length 0.243 0.325 0.256 0.201 0.274 0.319
Stigma length 0.125 0.159 0.170 0.165 0.161 0.201
Stigma width 0.157 0.240 0.205 0.145 0.238 0.208
Style width 0.195 0.144 0.163 0.222 0.170 0.116
Style length 0.749 0.935 0.870 0.729 0.917 0.880

*Damaged section, unable to measure it accurately.
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S4: Exclusion of pollinators effect.

To evaluate whether A. brevis needs flower visitors for reproduction, the effect of pollinator exclusion on fruit
production was tested. On Cugn Peak, in May 2016, before A. brevis anthesis, we caged 7 cushions, nailing organza
to the soil around the plant; moreover, 7 control cushions were prepared in the same way, but we cut the top of the
organza, thus allowing possible pollinators access to the flowers.

The treated and control cushions did not differ significantly in number of flower buds (treated mean + SE = 10.4 *
5.3, control mean * SE = 8.4 + 2.8; Wilcoxon rank-sum test p-value = 0.063). At the end of the season, in September
2016, these structures were removed, and we counted the seeds produced per cushion. Then, the seed/flower ratio
of control and pollinator-excluded plants were compared, showing that without pollinator access no seeds were
produced (treated mean + SE = 0.0 = 0.0, control mean + SE = 2.5 + 0.5; Linear model p-value <0.001, Fig. S4.1).

Seeds/flowers ratio

O — 0
| |
Conired Treabed

S4.1 Boxplot representing the ratio between the seeds and the number of flowers produced by the treated and the
control A. brevis plants.
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Manual sampling and video observations: an integrated

approach to studying flower-visiting arthropods in high-
mountain environments
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Simple Semmary: Our study compared two ddferet mwthods to identify the arthropods visitiog the flowen
of the vulnerable endenmic alpiee species Asdrosece brevss {Primulacese) and investigate theis behianvtoe. Using
the traditional swthod of murmal sampling we could tavoncenically identity visiting arthropods on a fine
scale and determine which wxa carry polien. Conversely, video cbservations provided information on
antheopod beluvior and activity. By integrating the eesults obtained (rom these two approaches, we
estimatnd the divessity of A beetes flower visiting arthropods and evaluated wiiich 1w could be volved
in its pollisation. Our resulss, i addition to providing mew insights on flowering plant-ardwopod
interactions in eardy sexson in the Alps. might be useful in developing effective methods of stisdyeg the

ecological relationsbups in bigh ocony

Abstract Digrite the rising interest in thotic vieractions in momntan ecovysbens, [ide is known about bigh
altitude flower-visiting arthropoda, Iy particalar, saxe the mesesrch @ these emvircosment o be limited or
underméswed by hassh condisors and logistical diffioulties, it s mandatory 20 develop effective appeoaches
that manimise possibilitios 10 gather igh-quabity date. Hevw we comparad two difSeevest methods, mvomal
smpling and video observations, to investigate the interactions between e high-mountain arthropod
community and Bowess of Anfronace brevs (Primulaceas). a vilnerable endensic alpine species with a shoet
fowering period ocausring in early We ally sasgpled Bower-vihiting asthropods acconding to
the timed cbservations method and reconded their activity on videa We assessed differences and
effectivernwss of the two approaches 10 estimate Bower visiting arthropod divessity and to identity potential
taxa rvotved @ A, breois pollination. Both mwthods proved 10 be effective and compurable in describing the
diversity of Bower visitors at a high taxonomic level. However, with manual sampling we were able to cbtaln
a fine 1 ) i for saampled astheopods and to evaluste which taa actually camy A. bravs pollen,
while video cbservations wee less invasive snd allowed us 10 assess arthsopod bebuavior and to spot rame
taxa. By combining the data obtained with these two approaches we could accurately ety tlower visiting

characterize their bebavior, and hypothesize 4 role of Hymwnoptera Apoiden and Dipteca
Beachavera i A breois pollination. Therefore, we propose integrating the two approuches as & powerful
instrumene to 1 mnteractions between Bowering plants and associated fnina that can provide aucal
informason for the conservation of vilrwrable envirormments such s high ke ecovy

Fuvots U0 11 S50 dhon 30 X0 vrments § § 120881 WA by o, el W by
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Keywoeds: Alps: Androsace breow: endemsmy flowering plasts. insect bebuvior,  plast-arthmoped
interactions: moustain ecology; pollination beclogy, polliswtors; video

L Inlroduction
Ilase ardeopod imeractions am an esseneial comgonent of errestrial ecosystems, sussaining Be on Easty
e providing vital scovyaiens seeviom. About 83% of existing Bowering spece, including many crops, am

pollinaed by arémals, mostly insects [1-3] Conversely, many arthropods depend on Bowers for their
existensce. Almost all bees (Hyvmnenoptera: Apoidea: Anhopliala) ase completely dependent cn flowering

plasts for their lfe cycle [4] and many other aehophilous ardopods—eg, fes (Diptera), thrips
(Thysanoptera), and spiders (Aranese) — exploit Oowers for multiple purposes, such as foraging, bussing,
sheltering, mating, aoud oviposition [5-8]. M ot plant - astheopod interactions can even shupe ccosyshens,

having cascading effects on thetr components [9-12]. However. these inferactions ane exposed to both natural
and antheopogenec related theeats (13, 1], In partscular, an emerging conce is the cngoing change in climate,
which can affect flowering plats, arthropods, and theer selationships @ several ways [15-19] For instance,
imate change con alver the frequency and the intersity of extreme metecrological and hydeological events,
leading to habitat Joss and fragmentation; moseover, vatations in tesnpesature can alter the tming of key
stagges both in planss (e g, flowwrisg) and arthropods (o5, emwngence period) or lead somwe species 1o migrate
sccording 10 thewr ecological needs, whie the clinwe niche for species Sat cannot migrate can shrnk or
disappenr [14,20]
In mountain ecosystemn, chemate warming & expected 1o caw difermnsial phenological and altinadinal
mummmmmm»mmuwmmmw
b on Elowering and fovewr-visiting arthaopods [21-25] Knowleldge of the actons involved
wwtial to s the jrecise mpact of chimate churge on fowering plant-arfuopad nteractions and to
mmm«mmunﬂlnwwwWw«M
etfective cormervation plans. However, despite the rining i v sk inderactions in mousdain ecosystesn
(26,2930, there s still a Jack of knowledge about Bower visiting anhropods in these rich and fragie
ecosystesro [31]. Foe instance, agart froen somw eazly weoeks [3233], ondy a few recenst studies have dealt with
Aowwe-visiting species in the Alps [31.34-41] This knowdedge gap might partly exist because mocrain
cnwironunents are often erroneously considered unpoliuted and undisturbed and becase of a perceived lack
Of shoet tenm economic interest in s topic. Moseover, mountain eevisonuments are generally characterized
by hassh and unpredictable conditions that can give rise to several logistical difficulties during fleld work,
often keting or undermining research. For nstance, working under extreme conditions, sudh as
microckimatc Entability and remoteness, entails facag nultiple constraings, such as retricted time-windows
or limited opportanities for saanpling that can severely afiect the outcomes of data collection in the feld. Theas,
when investigating ecological relationships in high mountain ecosvssems, it is mandatory 1o employ eftective
approaches that madmiae possibdities to gather high-quality data,
Flowervisiting anthropods have traditionally been morndtored by direct observations and marmal
where tzed chaservations have been proposed and weed as a standasd, repeatalie, and effective
mwthod [38 42-48]. Nonwtheless, an eswrging tecluique is video obwervation, which has been employved with
various goals and approaches to stady the flower-visiting arthropod commwanties [9,49-53] Although the
arthropods collected by manual saesglng can be & jcally sdentifiod oo 4 Brw scalle and in some cases
may affer the posibility to perform evestigations on the natire of their iteractions with the focal plant (eg.
assessing the presence of pollen on sampded specienens), artheopod belavior and activity oo plants caut be
cbnmerved or described i detail meng thin method. Convenely, fine-scale isdormation can be obtasned by
monitoring arthropod bebavior and aceviry with noninvasive and nondisraptive methods, sudh as recording
cbservations by video. Both of these approaches can provide Buight concerning pollination ecology but, to
oar knowledge, no study has compured theiz effectiveness in the of high i1 eV irOnIens.
In this ssady we therefore compare two didlerent methodological approaches (Le.. traditional manual
sampling and video oluervations) 10 mvestigate interactions Detween the highmountain arduoped
commurity and the flowers of a plat species duning the anthesis (Le, blooming period). We employed
Androsace brevts (Hegetschw.) Cesatl (Primmilacese) as moded species, an alpine plant with a very carly and
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short flowening penad. The tlowering ocouns imumediately after snowmwlt, typically bisting atout ftwo weeks
foe single plants and ranging rom two 10 three weeks for the entice population. We made @us chowe becruse
i this monsent of the seascn — whem fw trophic neouroes are available for artluopods and brw tac ane active
and Gn pollisate Oowers e potestial Evguct of mismasches between plants and astheopods could be
particulacly rolevant [24].

The present study alms 10 assess didierences and relative effectiveness of manual sampling and video
cbservations in ([) essimating dw diversity of A drevss Bower visiting arfwopods and (i) inderriog ardwopod
interactions with A brens, identifying posential baxa svolved in its polliation by mear of both palynclogical
analyses of polien jound on sampled arthropods and video analysis of their behavior. Finally, (i) we disosss
costs and benetits of the two psthodologies and bighlsehs advantages of an integratod appeoads in the context
of the high-moantain evnironnwnt

2 Materials and Melbouds

L1 Stwdy Spevies

A Freris Is & rarrow endearic conlilon plant that grows above 2000 m asl on rocky ndges and peaks in &
restricted area in the Southem Alps of Northern Haly (Lombaedy) and adjacernt Sseitzeriand. The extent of
occurrence is estimated a1 907 kov', the area of ecoupancy at 92 k', Populatioes of s species are scatiesed
wned of lunited size and, followsng FUCN criteria, iss conservation stabas in Vilnerable (VU) [54]

A brevvs usually owers between the end of May and the begawing of June. Each cuslion can produce
from a few 1o about 200 solitary Soveers hedd by 5- to 20-amum enect pedicels. The Bower (Figune 1A) is about §
mum oy, characterized by a prink corolla (ca. 8 mam in diaswter) with a yellow mosth (ca 0.9 mum in diameter)
The species is homwostylous (Le. (lowers with stvies of uniform bength) and both stigma and anthers are located
mside the corolla tube. The anthers are located sEghthy above the stigma, about 0.5 sren from the mouth of the
corolla tube,

22 Stady Site
The stdy was conducted in the Oroble Bergamasche Regional Park, a protected mountain area of the
Orvbac Alps (South-Eastem Alps) i the Alprine beogeogragbacal segion [55), in the vicinity of Sw Mowrtan
Hut “Cesare Benigri™ (Northern [taly, Lombardy, Provewe of Bergamo, UTM WSS —-RT E 5434% N
SONESTT, 222 m asl). The study area (Figure 1B) is dharacterized by the peewnce of a ssall glacial Like
ded by socky slopes with chassopintic vegetation (EU Habitats Directive, Aswex [ habetat type, code
82200, inchuding A Aeeves. The population we studied occugies an area of approximatively 70,000 s, which
indudes the platesn surrounding the hat, sastwand to the lake, and mealy rocky g aved ridges,
southwasd to the lake.

The climatic eegime in the Orobic Alps is typecally alpine, with ocsanic climase indluences prosoting
abeasdant rainfall distrbused Siroughout the year. In particular, the mwan anmual eesgenture o the study
site Is 28 °C. while on average the precipitation seglime amounts 10 2190 mam per year {extrapolated froe data
of climasc stations: "Gerola Adta Pescegalio”, 1875 m asd, 1.5 ki from the study site, observasion persod 1995
2018 “Mezzaldo Pamo San Marco®, 1824 m asl, 5.5 kan from the stady ste, cbservation persad 2004-2015; snd
“Valtorta™, 962 m asl, 5 kam from the stady sise, cbservation persod 2012-2018).

The sevow cover here ussally basts from Octobes/Novemsber 10 May/June. Soow cover was soondtored dasly
by chackang, the Mourtain Hut webcam (avallable at hitps orobisawiea cony) both 10 assess site acomsbilty
and estimate the begning of the A breows thowening season. The study was performed (numediately after
sncwrswlt, for thewe days betvown 8 ad 16 [ane 2019, concurnently with the period of mazisesm Sowering,
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Figure 1. Study species (A) and sow (B). Androsace dvens Soverns, bae 1 cm (A) and locasion of the Mowstain
Hut “Consar Boruigra” (B). Lammbuady and Italy mape woww.d- maps com, study area: Ostodoto AGEA 2012

23 Mawal Senvpliog

We mussaally wnrbd A e flower visiting anhmi,\uh acconding %o the taned-cbservationn method
[42). Each sampling session involved two researchers watching 4 single A brevs aashion for one hoar and
collecting all hower visiting anfuopods (Le, indhiduals touching a1 least one flower of the cushion). The
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researchers were aosched at opposite sides of the cushion, 30 am agurt. wearing grey dothes. This position
both enstmed a4 dear view of the Sowers and allowed a peosngt intervention, while mindmi sy dasurbanoes
for arthropods and avalding retriction of their accms to the fowens. We collactind arthsopods by mouth
aspitalor oe. $or flving insects, by placing 4 50-ml tube with the opening dowmwand over the individual and
then tapyring the tube with the it 2vede. Equipent foe et sanpling wias abio available, bt we did et
have 1o use it since we were able 1o capoure all the flower visiting arthropods by using the afosementioned
two medhods. We placed each sampled astheopod in a 1.5.mL tabe with 0% ethanol immediately after the
capture. As focal plants, we selected A brecis anliors beasing at Seast five fowen at anthunds (wan +
stanvdand error of the mean (SEM): 158 + 4.3 flowers per cushion, ranging from 5 to 30 flowers). During each
sapling day, two difierent pairs of resarchers observed two Cesdéces at the same tiee. We conducied
samping sessiores between 1000 and 1800, but not under adverse droumstances, e, during rasdall (Table
1) Overall. during fhe three sampling days, we conducted 18 sampliog sessions involving six didferent plants
(Tabile 1)

Table L Tune frasrwe and eflon of marmad samglng Dy of sanpling, tane windess, plant idestity, the sranber
of Sorcers at archesis present on e cudion, et Sie sander of samgdings perionmed are pepocied

Manual Sampling
Day Time Window  Pland N Flowers at Anthesis N Sumpling Sesions
1000-11-00
2001300 M1 2 4
Sl 219 Looism A 25 '
1530160
15:00- 160
I5faw20l9  1600-1700 x ; 3
17-00- 1800
0011 M5 8 :
Vojuw 2019 )3 05 1300 1 2
24 Paywbgical Anabyves

We performed guantitative palvnological analyses of pollen grains found on sampled arthropods to
e which taxa can cary A bresn pollen.

We vortexed each tube contaring an ethanol-peesesved specimen three times tor 30 s fo remove pollm
grains feom the arthropad body and 1o suspend polien in the ethancl. Then, we removed the specimen from
the tube and carefsdly dbaerved it under a sterecmicroscope %0 msare that no pollen grains remaioed attached
1o the artheopod body. We repeated this process ussl no pollen grass were found on any specimen, Then, we
Placed e tubes containing the suspendod pollen i a thermoblock at 65 °C so fadlitate efhanal evaporation
s comomtrate polleny, while we shigped arduopods o expert tasonaamists for marphological sdemtification
(Table S1).

We subjected the pollen sasples 1o acetolysis [56] 1o ke identilscation easier and mom accurate. We
posired L k. of the acetolysis mixture (acetic anhydndesslfuric acid sohution 9.1) into each tulw conteiring
pollen semples, we heated samgles s 100 “C for 10 min and then plced in cold waser 10 stop the acetolysis
process. Subsequently, we cendrifuped sanpdes at 13,000« ¢ for 20 min at 4 “C. We discanded supernatants and
resuspersded each pellet in distilled water. We repeated the list sharee steps (centrifugation. supematant
discanding, and pellet resuspersion) ustil the supemnatant was coopletely cean. Pasally, after the last
ortrifugation cvde and removing the sugematant, we resaspenuded the predipitated pollm in 250 ul of a
glvoerol and distilled water mixture (1:1 vov) and mounted it o microscope stides.

Moreover, during the tield work, we collected in edhanol pollen sanphes from all plam species @ Sower
within a eadius of 500 m and within a ditfesvice m altznde of +/-200 m from the study site, in order to crmate
a reference pollen library. We subjected these pollen samples to the samw protocol described above, dbtaining
& libracy Excduding 19 species (Table S2).
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We observed polien samples found on artheopods under an optical mikroscope (Liica DMRE) and
sdertatied pollens graus belonging to A Freces with the supgoet of the pollen referae libeary and pollm guides
[57-59},

25 Video Obvervabions

We video reconded the activity of lower visiting artheopods on A breoi casbiors during the same theee
days of the marmal sampling (Table 2). Dharang video cbservations, we simultansously secosded arthroped
activity oo thawe A Fravvs custions by means of three cameran (Olympus Tough TG4, Ofympans Tough TG-5,
o Olympas OM-D E-M5 equipped with Olympus M Zaiko Digatal ED 12-50 um £/3.5-6.3 EZ), eveuning the
sasw Video quality in macro-mode. Each video session Lested 1 b and inchaded thewe 15-min videos per
ankion. We selected thas timang so s to have 5 pen b oach vadeo 8o check camwera furction
and change the batteries. We mounted eadh camera on & small tripad (1> 80 cm) placed 40 am feom the focal
antbropods. During video recordisgs, researchers were 10 m away feom the canseras and svervened only to
heck cawras oe s30p e cogoing cbservation and star a eww one. As focal plants, we selected A dreos
cushions beasing af baast five flowers at asusis (mwan @ SEM: 154 £ 3.1 Bowens per cushion, sanging from 5
0 29 flowers). In total, we recoeded 123 videos on nine different A rers plants.

Table 2. Time frame and etfor of video obs Dury of samepling, iz window, plart sdentity, the ressber
of fowers at arthesis presenst on the cuduon, and the umber of smplings pecs d see peported. The
wsed for video recording & abo indicated.
Video Observations
Day Time Wisdow  Flant N Howers al Anthesis N Videos Camera
Vi " 3 Otympus Tough TG-3
8w 2019 10.00-1500 2 Hu 3 Olympus Tough 1G4
Vi pe bl Otywgrus OM-D E-M5
Vi 8 9 Olympus Tough 1G5
15Jurwe 2019 1500-1500 V5 n 9 Otympus Tough TG4
Ve " 9 Otyegrus OMD EMS
V7 8 10 Ofympus Tough TG-5
16 Jurw 2019 10.00-13.00 V8 5 10 Otympus Tough TG4
v b 10 Obtymgrus OM-D E-M5

26 Voo Analysis it Behvmwral Observutions

We condiscted video analywin tneng, the sattware BORD (version 7.7.3). BORIS is an open-souroe event-
loggng software, with which an ethogram of displays of iwsenest can be built and the behavior of swakiple
subjects tradied on the basis of the codified displavs (60]. The samw researchwr analyzed all the vadeos,
dbwervang each video mltiple timws to emmsre wplcability of divplay evalmstion and to svold misang
cbservations. As for the masssal sempling, foe the video observations, oo, we covsidered as (lower visiting
artbropods the indeviduals souching at Jeast cowe Bower per cusltion. Flower visiting astheupod activity wis
monitored froos the armval on the tirst lower until the visitor Jeft the fleld of view. As it was not possible to
assign individual identification 1o visiting arthropods, we considered every individual entering the video as
A e salbgect. Thus, during videos, we determniwd e mumber of observations of dfferees sulyocts for each
tavor, rather than the actual number of individuals, as the possibility that the same individual entesed the
Video mudtiple times could oot be excluded. The term “taxa™ defined the lowest tavomomic Jevels that could
be distengrashed with certainty i all videos, and “undesermined” was associated with those arthropads that
could not be identitied with cersainty (Le., animals ssnaller than | mm, Figuse 51) For most of the arthropods
the lowest identifiable category was the ordes, witle 0 somw cases towon was distinguishable at the suboeder
or superiacdy bevel

To infer dhe type of interaction exisang among anhropods and A drevss, we guantified the presence of
flower-visiting athuopods (1o, the rsmber of sabpacts per taxon) aned, for sach sulyect, we recorded the
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occurmence of every emtrance evendt inside the corolla tube of the flowers (hereatter “entrance” | 4 behavior that
increases the protubility of polinaton. Only when asthoopods entered the corolla tube or Eroerted their boad
or pouthparts for at bt 1 5 we did cornider the behunior m “mtrance”™. On the bass of these date, we
caloulated two different dependent vasiables describing artheopod activity on an A bads cushion: the
peromtage of vobering subpects amaong Mxe during the video (calaslied o the ratio of subjects performing at
least one entrance over the 101al subyects observed ), and the percentage of lowers entered per plant among
taxa (the muember of entered Howers by subjects over the mumsber of flowers at andhesis on the cushion).

27 Data Analysis

W assessed bebuvioral Effervnces amony arthropods using ANOVA. We buit sepurate modeds ug
the percentage of entering wilgects o the percentage of flneers evtered as 4 depencdent vanable and b s s
f2oed Lactoe. We exduded (rom the anadyses @w taxa with an iesed ickent rumber of observatons (Le, Acari,
Asrarwae, Hemigeera, Diptera Nemasooera, and Legridopteea —Figuse 2A, Table 53) We ased Tukn's post hee
test 10 perfonn palrwise comperisons among different taa. Despite its lhely tavonomic heterogenenty, the
“undetermuned” group was also consedernd i this analvses bo assess whether tava other than those identified
aw potentially involved in pollination.

To compare the mumber of taxa cbserved with the two methods (Le. marsal sampling and video
cbservations), we Duilt taxa acousmalation curves for both appeoaches by plotting the cumulative musber of
sampled toa (yaxis) against the e of sampling (v-axs) for mwmial sappling and observed taxa vs
monitoring tie Jor video observations, We bude these curves on the basis of taxa identited during videos, as
they constitiated the Joveest taxonomic catepoey %o both approaches. However, we excluded antmal
for whach sdevmfication was unreliable (wdetermaned group) from the video curve (Figare S1),. Cormenely,
foe the sampling curve we inchaded an additional taxon (Collembola), as & was uniquely found during marmal
ssrgkng. Becamne during the fint day of field woek, the Ofvergrus OM-D E-MS failed 1o record some videos
we excluded the chservatioss made with that camera from this analyss 1o ersusre comparability between the
two appeoaches. Momover, since on the first day of field work the massal sasrgling was suspended at 1630,
we did not comdder the videos recorded atter this timw for the acammulation curve. As & result, wo bkt the
sccumulation oerves by merging (wo simaanecus sessions, both for manual sampling and video
cbservations. Overall for both appeoachs, Sw cunsalative time effoet was 9 h of sampling fobmervation on 6
diffevent audoons

The number of Bowers 2t anthesés s known to influence plant atteactiveness foe polinasoes [61-61);
theredore, the mean niumber of Bowens between plasts selectad for manual sampling and video observascen
were compared. We did not find any signisicant difference ln the number of Bowers at anvhests between the
cushions chosen Sor the two appeoadies, neither when considering all plants exaosined (anpeired fese, p
0.943) mor when comparing plants wsed for acousmalation curves only (anpadmed §-test, p = 0.857)

We conducted all statistical analyses in R enviropeent (R version $.0.0).

3 Results

By mameal sampling, we collocted a total of 12 ower visitng artheopod individuals, capeuring
specimens i 39% of sessions, with a mwan + SEM of 067 = 023 sampled spedimens per session. All the
antbeopods were identified 1o family Jevel. eight (67%) 1o gerws level and five (42%) o species level The
wllected spednwss belonged %o 7 ditierent ceders (Arawa, Entomobryomorpha, Podurcencepha,
Thysaropsera. Hemiptera, Hymeroptera, and Dignesa) and 11 famabes (Talle 33 All the sampled Dijtera
belonged 10 Brachwoera (Drosoplelidae, Sphuerocenstoe, and Phocidae) and dw sampled Hyownoptera
belonged 1o Apcides (Hakctidae)
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Although we observed pollen on all collected taxa, we desected A dreoi pollen ondy on
Halictidae (Hymenoptera). The pollen of A drevds could be clearly distinguished. It & mdially
symmnetrical, isopalar. tricolporate, and prolate. The colpri are long and swrmow with a distinet margin,
The endoapertuses are clroular or sightly irregular. The omament ation of the bexine & masdy mikro-
reticulated and the ber of perforations at thw apocolprum is reduoed

Regarding video cbservations, we cbserved flower visiting stthropods in 64 videos (52% of the
recorded videos). In total, we cbrerved §54 subjocts, belonging 10 at bast 7 differast orders (Fgure
2A, Table 53 Thysancgtera, Hemngptera, Hy ptera, Diptora, Lepados A ancl at Joant
orwe order belonging to the subdass Acari. Moreover, according %o video cbservations we could
distinguish betwwen different Diptera (subonder level: Brachwoera vs. Nemasocera) asd Hyswnoptera
(supertamidy Apaides va other Hymmoptera) All non-Apaidea Hymevopeera obnerved were
winged ievsects. [n 101l 24 subjecss (5% of the total cbservations) could not be identitied with cestanty
anud ervfoee we dassifand them s “undeterminnd” (Frgume S1). Ansong the sulpects cserved, e
vast magority was represented by Thripidae (78% of all cbservations, Figure 2A), However, their
presence was highly vasiable among different aushions, with hwo of them hostisng oot of the sulgects
cbserved for this taxen (Table 53). Apast from Thrigadae, the most frequent taxa were Hysmenoptera
(N = 44 17 Apoiden and 27 other Hymepoptera) and Diptera (N « 28 26 Brachvoers and 2
Nematocera), accounting, tespecrively, for 9% and 6% of the subjects observed (Figure 1A)
Lepsdoptera, Homiptera, Aranese. and Acan visited floncers in fewer than fomr cases (Figure JA);
theretore, these taxa, as well as Diptera Nematocera, were excladed from behavioral analyses,
Hoveever, apast froen Lepidoptera, we never observed these tava entering A breivs flowers (Table 54,
Takde S5).

Both percestage of envering subjects per video and percentage of (lowers entered per plase
vasied significantly amorg taxa (ANOVA, respectively, Fa=7.37, p vabae <0001; Fi = 4175, p vahue «
0.001). In pasticular, post hoc painwise comparisons revealed that the percentage of visiting sulyects
was igher i Hynwsopsera Apoidea than in Theipidae and in both Hymenoptera Apoides and
Diptera Bracknvera than @ noevApoides Hymenop o . whe d to the
undetermined group, umo«\mmummamwwm-wm
mmawmn T&l}“o&dml&dmwwm

other taxa from the pained wdered (Faguare 2B, Table §).
mmammwmmwmmmmnwa
Diptera Beackyvera fhan in Thripides, non-Apoidea Hymenoptera, and the 4 grosp

(Mn&TﬂllhmmMthMmmﬂwdm
entered per plant betwoen Thripidae and e undetermined group, non Apoides and the
undetermined group, or Thripidae and son- Apoidea (Figure 2C, Table 4).
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Figeee 2. Resudts of video sampliing (A) and Sehavioral analysis (8.C) Imwﬁ-h-ﬂ
by of subgects observed per video for sadh taxon (the camulasive muimber of suby d

indicated above each bar). Ervor ban indicate wandand emor of the mesn. Figure (B.0) o renins
of post e pairyise comguations (Tubey’s et for Bie per cerage of eiering suljocts pex vidoo and
the geromitage of Sovwers endernd per glant, respeatively. Segineres sepresent confilence utervals oo
the dittevenaes b the Jou beturvionl paraaiters of taa couphes. Segmenas croming the
cential vertial Ene inficate sovoignificest Slferences, while noncrosing segments stanls for
significant ones. Leftadifted sepaents indicate reluction in O owan value of the betuvional
peatneter in the Bevt elerenit of tana couple. whereas sight - sbafted segments tepresent s excreme
the prwven i the fiest tavon comguresd 5 e second one. Tava paics with ne signiicant Slesences in
the mem valoe of the behavioral parasseter are reported m Mad, whide for significe differmoes,
Breen stands for tana showing & selative incresse i the belunional parameter and red stauls for those
showing a decrease.
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Table & Diflerence in bebavsoral pos 16 Sana viseting A brerts Sowvers. Results of post hee
poirvise comparisan (Tukey’s test) for aBl ponsibie tana goies aoe reporiad Tana with an nsdficent
ey of video olmer vatioes wete not inchaled in these aalvies (see Materials vl Methods) Foe

Doty The pescentage of entering solpnts per video and p tage of 1) A per plant, the
sigraficee value and difference o meas values foe ol p x v are sepocted Significant
differerwes ave i bold
Percenlage of Entering muﬁ-m
T“ ’M b "
p Valee Ditfevence p Value DN ffevence
Orhver Hymwnopters - Diptens Brackyonea 0018 033 <000t -8
Nma“ﬂ:-u.uo a0 ons <on on
Undetermiswed - Dipera Brachyoera 0001 ~042 <@t -011
Theipadae ~ Diptera Dradhyoess 0658 -on 00 008
e fetey- Ve oo o @om o
Uk 4 - Oher Hymenoy 0916 09 o781 -0
Theipsdae - Other Hymenoptera oos o o oo
Und 4 - Hymeneplers Apcides 0,008 050 0 -an
Theipedar - Hymesoptera Apotdea 038 ~0.38 <00 ~020
Thisgetar - Undetermined 0.001 o 0% 0.0

The acoanmlation oarves busk foe masesal sampling (Figare JA) and for video cbsesvations
(Figume 3B) sbowed a sznilas trend, with a decrease in the rate of acquiring new taxa at about 100
in, aned & sodeam acoamilation (7 Sor manual sapling and 9 foe video observ stions) betwoen
400 aevdt 500 fuin.
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() on 3-axss. Tiening and idemtities of Laa ace sepocted = (CL
4. Discussion

Our stady olbers nevw mskghits 5o the relationsdéps between a valnerable alpine flowering plase
and the Bowervisiting ardropod commundy and provides evidence of the importance of an
ntegrated approach when Bvestigating plant-arthropod interactioos in the flield, In parsioular in
IOUNAN environsments.

First, we conpured the information abaout the divendty of arthropods visiting A breeis provided
wmma..mwwmmmwnvm Alhough there was a
codd (et in the mrambwr of arthsopods obwerved — possibly, at least in purt, becasne of
qum;abmumdmr&w—tbmwud-‘)tw
acowmmbation curves with a similar trend, revealing a simdar arthropod diversity at order level. Thus,
the two methods proved effective and comgpurable in descritang the fower-visiton” Ehvenéty at a
High tasonomic kevel. However, when looking at a fmer scale, differences between the nformation
provided by e two approaches were evident.

On the cow band, by masvual sanpling we could sdentify the Bowervinting arthropods at a
taxonomic Jevel that conld not be achieved with video cbservations. For instance, we sampled 4
specizen belonging 1o Hymenogeera Apoidea, the best globaly hevown and stadied pollinasors. I
was possible to idertify this individaal as a Halictidao of @w gevess Lasoglossm Custis, 1833,
subgerus Disdictns Robertson, 1902 We were not able 10 determine the speces of the specimen,
however, Decause the species Delonging to this subgenus are notoriousdy dificult to identidy.
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Furthermore, the barcoding approach can hardly be applied: Dulictus is regarded as a “nightmare
wvon” due b the absence of 4 well defived barcode gap (66 However, the level of infoemation
gained is far grewter than that achievable with video observation, allowing ws to identify the subgenus
and sex of the specimen. Moceover. by manual samgling we were able to determine tamily and
soxrwtimnes species of very simall arthropods such as Collemmbola, which cannot be idetifind by video
cbservations. The finer taxonome: sesolution of sampled arthropods cbtained with this approads
made # poisille to estaldid the basis for chasacherizang the ower vaiting, commematy in dopth,
whede the taxaromsc lvel that conuld be acieved by video obwrvation provides strangh smmphified
ecological information, not considering the Large variety exiting withi the idmedfind taxa,

On the othver hand, it is important 10 note tuat the Video cbservation approach may be less of a
distusbance for visiting arthropads. Although we couldd not quantify visising asthropods by
emploving this appeoach, the large pasber of subjects chserved in videos (average of 1374 per hour
per plant) compared 8o individuals collocsd with ssarmal samphng (average of 067 per hous per
plast ) aned the simultaneous cbwervations of nultiple subjects durizg videos, never meaclued during
mansal samplings, indicate hat video recording say have a minor impaa on arhwopod visitoes
compared 80 marral sanpling. Moceover, with sunual sampling we d&d sot collect any Diptera
Nematocera or Lepidoptera, however, these taxa were cbserved in videos, albeit with a low
incdence. In conclusion, the video approach could be useful 10 spot even rase or chusive taxa. This
could be pusticularly comenimt @ mourtan eevizomments, where there are only few saapling
occasions and where, especially in early season, some taxa might be present but numesically not very
abusndant. Therefore, the ntegrated vise of video observations and masssal sampling can provide a
wmauwammmm‘muw

ormation

Another lmportant avpect that deserves 0 be highlighted is the evidece that the two
appronches provided different and relevar insights about arthropads” relitiovabips with A bresw
flowers. In particudar, we foassed on sdmfying possible pollisators accoeding to their beluvics since
pollnasion can be comadensd as cow of the most critical bictic interactions in ghe alpine scossbem,
whwre most plants depend on msects for pollination, forming complex networks of dependemcies
amwong spwcies [31] One of the main advantages of mamual sampling is the possbiiey to identdy
arthropod taxa carrying the pollen of ghe species of et sace, cbviously, not all flower visitors
are pollinaors. Nevertheless, nsuny studies about pollisation networks are based on ebservations of
flower visits and few have tested wiwiher the Bower visitors actually carry pollen [6768]. I the
present study, we demonstyated that the pollen of A. bress can be camed by Hymenoptera Apoldea.
This result suggests that this taxon can play a role in the polination of this species. However, doe to
the relatively seall dimersion of our sample, we canmot exclude fhat othver tava sy be svelved in
the polliowtion. Corversely. video observation allowed us to charactenze the bebwnvioral ecology of
the tlower visiting arfhropads, monitoring their activiey and time budget on Bowers. Video analysis
showed Hynumoptera Apoldea having a high j gr of etering subjects and the highes
percentage of esvered (lowers, a further indkcanon that these insexts are good candidates in neediating
A breoo pollination. Samilar to Hynwnopters Apoades, Diptera Beach abo shanwed hagh
perceages of entering subjects and entered foreerns. Indend, these msects are alleged 10 play 2 maor
role as pollinasors in the alpiew envirorenent [31.3239], and according 10 their behanior we can
hypothesize a pottial role of Digters Beactniorra even in fw absevsce of A Brecas pollen on the few
ndividuals we sampled. Arthgopods belongmg to other taxa sach as arachaads and non-Apoidea
Hymwnoptesa, entesed flowers cedy occasiceully, & bebuvice that, as expecied for Shese taxe, muakes
them unlikely as pollinators. Thrips shovwnd a nelatively high perorotage of entering suljocts, sandar
10 Brachyoera dipterans and Apoidea hymenopserans, but with a sigraficantly lower reamber of
MMnMMmmWaMMW»-@-MMm
potentially refloct territoriality, alvo sspported by soene ay tly aggressive meract
mumaummdmmmr«mmmwmm
cbserved in dhis tavon, pressmably associated with sating, tood, and guanding eggs [69], bt s
fopac is still lagely unexplored. video cbservations could be appled as a tool 10 shed light on these
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behavioes. Finally, some taxa were rarely cbserved approaching A. drevis fhoreers during videos and
we could sepoet thesr activity on this plast only anecdotally. Among theen, lepidoplerans alvays
entered flowess mwaltiple times, snd thus they can potectially jlay a releviodt role for A bresse
pollnason. However, we cannot discriminate whether this limited ocourmence &s die 10 their
behuvice, munly explotting other fowerning plasts, for imatance, or o 2 might depend on the low
abundance i the stady ares and/or on a reduced overlap between A, Sresis fowening and their
activiry.

In conchasion, although fusther research i needed 10 better ebacdate the potential role and
contnbution of rardy sampled and cbserved tava as pollnators of A breon; we coudd macanize data
collection efSciency in a Emited tinsw frame by egrating the two approaches proposed in this study.

5 Conclusions

observations, have proven 10 be suitable and usetul for studving plat-arthropad mteractions in a
nountain esrironmend, providing datfeseest but complemntary data. Emhhm:.-plhs
peviod smposed by the very bried A breon Bowwring period and by mountain envi
conditions, we could both accurately identity arthvopods visiting A drevts (lowers and also
characterize their beluvior by comlising our data, revealing variability amoeg i and allowing us
to lypothesize fhwir ecological roles. The integration of the two methods mesults i 4 syrwrgisc
approach that represents a powerful instrusnent 8o unravel relatioeships between flowering planes
aned associated fauna and can provade crucal ksowledge for the consesvation of vulnesable
environments such as mouRsain ecosystens

Supplementary Materials The fodlowimng are svailable onkne ot wivs mdpn com Q07540 IS L], Tadde
S Tavorvernmts wivo idetified the sagded arfuropods, Table S List of plart species in Sower present within
2 radius of 500 m and within a diffesmnce i altitude of +/- 200 o from the snudy site, Table 53 Distribetion among.
Lo of the total nusmber of observed wubjects on each A brevis plant during vidoo obnervaticos, Table S&
Viariation in beburion] passmetecs anong taa vialing A breis flowees, Tabile 55V 0 fowwr entr
amang 1axa visting A beevs Bowers, Figure ST Undetenmined arthuopods, whose tason wins nos clearly
dentifisble from video recordings.
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Table S1 Taxoncesits who ideetifiod e sanpled antheopods.

Taven Taxomomist (af filiation)

Paolo Pantini (Museo Givico di Sciense Naturali Ennico Caffi di
Bergamo - Sezione di Zoologia deghi Invertebrati. Italy)

Barbara Valle (Undversita degli Studi di Milano - Dipartimento d
Bioscienze, ltaly)

Thysanoptera Barbara Conti (Universitx di Pisa - Départimento di Scenze Agrasse,
Alimentan e Agro-amisentald, Italy)
Alice Casiraghs (Centro Mixto Universsdad de Valencia - nstituto
de Biologia Integrativa de Sisternas, Spain; Undversitat de Baroelona
- Departament de Biologia Evolutiva, Ecologia i Cléncies
Ambientals, Spain),

| Nicolas Pérez Hidalgo (Centro Mixto Universidad de Valencia -
Instituto de Biologia Integrativa de Sistemas, Spain; Museo de
Ciencias Naturales de Barorlooa - Departansento de Astropodos,
Spam)

Fabrizio Rigato (Museo Civico di Storia Naturale di Milano -
Hymanypyes Sezione & Erdomologia, Itaty)

Ardree Cappellar (Universith deghi Studi di Padova - Dipartimento
Hymenoptera, Apoidea di Agronomda, Anamali, Alimenti, Risorse naturali ¢ Ambiente,
Traly)

Dipteea Dantele Avesant (Museo di Storia Naturale di Verona - Seztone di
Zoologia, ltaly)

: Gerhard Bachli (Universitht Zirich - Enstitut fie Evolusonsbiclogie

Diptera Drosogtilin und Umweltwissenschaften, Switzesiand)

Jind#ich Rohidek (Muzeum Slyskie - Entomologické oddéleni,
Diptera, Sphacroceridae Caech Republic)

Henry Disney (University of Cambridge — Department of Zoology,
Diptera, Phosidae United Kingdom)

Table S2 List of plant species in flower peesent within a radius of 500 2 and within a diference in altitude of +/. 20 m
trom the study site. These species were sampled 10 create a rederence pollen libeary.

Species Family
Androsaoe bresis Primulaceae
Armfrosace vandelliy Pramulaceae
Amdinyllis slprcols Fabacear
Cardawine hirsuta Brassicaceae
Carex crveda Cyperaceae
Daphine striata Thymelacaceae
Drabe aizosdes Brassacacese
Erkca carmen Ericaceae
sy mowstatnt o Rosaceas
Lotus cormicadatns Fabaceae

Myosotis alpestris Boragiruceae
Polygala chamaehuyis Polygalaceae

Polygata wudgans Polygalaceae
Primula hirsuta Primulaceas
Pulsatille alpwma Rarmincolaceae
Rannmesdus sp. Rasnincolaceae
Soldanells slpie Primulaceae
Vinks biflova Viclaceae

Viols sp. Viclaceae
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Table S3. Distribastion among taxa of the total manber of cbserved sulpects 0o each A erro plant dusing video observations. The mumber of videos wily Sovwer visiting
anhropods per plent i also shoveed

3 b Total observations
N videos
Plant Day with active
arthropods > N
Diptera  Hymenoptera Lepidoptera  Thripidae Hemiptera Araneae Acari Undetermined

Vi 8§ June 2019 19 o L] 0 00 | 1 1 2
V2 8§ June 2019 23 19 16 - 05 3 0 0 12
V3 8 June 2019 P 1 0 1 0 0 0 0 0
Vi 15 June 2019 3 1 0 0 0 0 0 3 2
Vi 15 June 2019 5 1 L] 0 0 1 0 0 2
Ve 15 June 2019 1 0 0 0 0 0 0 0 1
7 16 June 2019 4 0 10 0 2 0 1 0 0
Vs 16 Jizne 2019 5 0 5 0 e 0 0 0 5
e 16 June 2019 0 2 0 0 0 0 0 0

TOTAL ol 28 “ 3 E | : i 4
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Tabe S4 Varuation in bebuviccal paranwiens among e visting A breves Oowers. The sotal number of sulpects obwerved together wish mwan value and standend error of he swan
caloulated for the pescentage of entering subyects per video and for the percrniage of floveees entered per plant are reported

Percentage of emtering subjects Percentage of flowers entered

Taxa Total observed subjects
mean SEM mean SEM
Diptera » ~ ,, 5
o ol 26 a9 005 014 002
Diptera a
Nematocera > o ° ¢ v
Eipuamoyten 17 100 0 026 0.06
Aposdea
Sythue 7 039 a10 005 001
Hymenogtera
Lepsdopiera k! 100 0 024 013
Thripidae 375 (N 00 0.06 0.00
Hemiptera 4 0 0 0 0
Araneae b 0 0 0 0
Acani 4 0 0 0 0

Undetermined b 030 o 003 001
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Table S5 Variation in flower entrance among taxa visiting A brevts Bowers. For all taxa the total number of subjects
observed is reported along with the total rumber of flowers entered during all observations and the number of entrances
por subject (mean = SEM)

Number of flowers entered
Taxa Total observed subjects
total mean SEM
Diptera Brachycera 26 N 269 0314
Deptera Nematocera 2 0 0 0
Hymenoptera Aposdea 17 53 in 0.76
Other Hymenoptera 7 3 L15 0.26
Lepidoptera 3 18 6.00 351
Thrpidae 375 1% 132 0.06
Hemiptera 4 0 0 0
Araneae 2 0 0 0
Acan i 0 0 0
Undeterndned . | 12 030 0.10

Figure S1 Undetermined arfuopods, whose taxon was not ceardy identifiable from video recordings The Sguse
represents the manimum sized individoal (inssde the sed clrcle) among the cbserved undetenmined arduopods. These
artropods were very sanall (Jess than 1men) and often only detectablle when movieg (23 out 24 subyects)
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Simple Summary: The knowledge about the flower-viniting arthropods in hegh-altitude emaron-
svents bs limited, in particulas about those occurnsg on carly fowering plants. We characterined
the flower visior community of an early flowering Mah-altibede Alpine spockes: Anbosar brevis, 2
vulnerabile cademic plant belonging 10 the Prisslacese family, which grows in the Alps above 2000 s
asl and fowers foe a very shodt period mmediately after snowmelt In addition. we tested the effect
of temperature, wind speed, and other variables on Sower-visiting arthropod activity. We Identified
diptorans {in particular, anghamyid flies) and Bymemopterans (in partsculag ants and parasitold
waspw) as the main fower visitors. Morooves we sssessed that semperatune aod time (howr of the day)
affect the Bower visiton' activity. Our study contributes to defining the composition of high-alitude
Alpine flower visitiog arthropod conumunities and sets the stige for futuse evaluation of dimate
change effects on flower-visiting arthropods in high-akitude environments in the early season

Abstract: In mosmtain ecosystems, chimate change can cause spatiotempaoral shafts, impacting the
componition of communitios and altvring fundamental biotic mteractions, such as those Evolving
flowervisiting arthropods. On of the main problems in assessing the cffects of dimase change
on athropods in these avwironments is the lack of baseline data. In particular, the arthropod
comarminities on early Bowering high-altibede plants are poorly investigated, although the carly
season s a antical moment for possible mismatches. In this study, we charactersed the flower
visitiog arthropod y on the carly Sowering high-altitude Alpiewe plant, Androsecr brrovs
(Primulaceac). In addition, we tested the offoct of abuctic facton (temperature and wind speed)
and other variables (lime, e, hour of the day, and sumber of flowers per plas) on the ocourence,
abwesdance, and diversity of this community. A drivs s a vulnerable endemic species growing in the
Central Alps above 2000 m asd and florwering Sor a very short penod lmmediately after snowmelt, thes
roprosenting a posssble focal plant for arthropods in this particslar soment of the seamon. Diptera
and Hymenoptera were the main Sower vistors, and throe mujor featuros of the comeusity emenged
an evadent prodossisance of anthossyiid flies amoeg Diptera, a sase presence of bees, and a relevant
share of parasitord wasps. Temperature and time (hour of the day . but sot wind spead and number
of Bowers per plant, atfected the flower visitors” activity. Our stdy contribanes 40 (1) defining the

ool of the Crvamne C
Artrbasion (00 1Y) Borvme fampe [/
B b T N S
on

veponition of hagh-alttade Alpme Sovwer-visiting arthropod communitas in the carly season, (2)
estabinbing how these commusitios are afiectod by enwinommental variablos, and () sctting the
suge for fuluee evaluatson of climate change cffects on flowervisiting artheopods in high-altisade
environments in S carly season
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Keywands: Androsacr brevis; Alps; baotxc interactions; Diptera Anghomyiidac; Hymwmopters; mwect
pollinaton,; mountain coosysiemma, parasitoid wasps; lessperatuse; wind speed

1. Introduction

Climate change constitutes a key threat to biodiversity [1-5] and can strongly im-
pact mountain ecosystems [6,7], affecting single species bt also causing altitudinal and
phenological shifts that can alter both the compaosition of commumities and beotic interac-
tioew [3-10]. In particular, some recent studies focussed on potential mismatches between
flowering plants and flowerassiting arthropods in mountain environments [11- 14} More
aver, climate-change-driven mismatches can impact the interactions among asthropods,
such as those between host and parasitoid or prey and predator [15), which frequently
occusr o6 fowers [16-21], but to the best of our knowledge, no studies imvestigated potential
mismatches among flower-visiting arthropads in mountain ecosystems. One of the main
problems in assessing the effects of climate change on blodiversity i the lack of robust data
about species occurrence and diversity [22]. Fusthermoee, the avatlable information comes
mestly from human-altened ecosystens and thas is not useful for drawing conclusions
about natural coes [22.23]. Therefore, it is essential to collect precise, current data to baild a
solid platform of knowledge that can help develop further comparative studies and proper
conservation plans in the near future.

The Alps are the highest and Jongest mountain range that les enterely in Europe, and
they host peculiar biodiversity, comprising several endemic plants and arthropods and
thrvatened spedies [24-29]. While a significant body of literatuze deals with plant diversity,
speckes occurrence, and phenology in the Alps (eg., [¥-35]), not many studies have
addressod the topic of flower-visiting arthropod commanitios and absotic factoes impacting
their activity in this environment [3%-45). The pavaty of information on arthropods is a
global sssue in studying mountain ecosystems (36,47 although arthropods are the most
abundant and diverse group of organisms [45,45] and play crucial roles In terrestrial
ecosystem functioning, especially through interactions with plants [S-56], In addition,
many faunistic surveys about flower-visiting arthropods are based on data that were
collected without applying standasdised and repeatable methods, making @ difficult or
even impossible to use them for future analyses and evaluations [22,36]. Finally, although
environmental variables such as temperature and wind speod can impact flower visitoes”
activity [57,55], only a few studies reported the micrometeorological conditions cocurming
during the survey, thus often preventing any evaluation of the context in which the data
were collected. This back of mformation can be particularly problematic in mountain
enwvironments where extreme weather changes and unstable conditions can be observed
even in the same period of the scason. Therefore, there is a need to collect reliable data on
arthropods in mountain ecosystems, which will be integral for future stadies assessing ther
resporse to climate change 59,401, as well as to increase our knowledge of high-altitude
flower-visiting artheopods

These considerations promped us to perform a first assessment of the flower-visiting
arthropod community in a high-altitude Alpine environment, using the narrow-endenic
plant Amfrosace breots (Hegetschw) Cesati (Primulaceae) as a model species. Climate
warming could represent a serioas threat for this species, as it &s almost impossible to shift
its range upward since the plant already lives on mountain ridges and tops. Moreover,
A brevés shows Jow competitive ability, and the upward shift of nsore competitive spedies
from a Jower altitude could represent a seriows theeat [61]. The flowenng period of A. breats
is very shoet and occun in the early scason, when snow cover is still present, except for
ndges and outcrops, and very few other floral resources are available for arthropods [45)
Iy this condext, A. berois flowers can thus represent a possible focal species for artheopods.
Moreover, the early season is particularly interesting because it is a critical moment for pos-
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sible mismatches between plants and flower-visiting arthropods [62,63] and phenological
shifts in carly speing can oocur more rapidly than later in the season [64).

Here, we presant data collected over four yearns on A breeis flower-visiting arthropads,
together with the mécrometecrclogical conditons that cccurred during sampling,

The goul of cur study was to shed light on the composition and mesponse fo enyiron-
mental variables of flower-visiting arthropods of an carly flowening high-altitude Alpine
plant, We performed an omni<comprehensive assessment considering all flower-visiting:
arthropods, not only those having a possible role as pollinators and /or interacting with
flowers for feeding activity but also those present for other purposes (e.g., for mating,
sheltering, basking, or finding a prey) or by chance, hghlighting possible blotic interactions
in which these artheopods are imvolved. Our data can be useful to develop a platform of
knowledge suttable for future evaluation of the effects of dimate change on early season
Alpine fower-visiting commusitios.

2 Materials and Methods
21, Study Species

Amfrosace breots (Figure 1a) s a narrow-endemic cashion plast that grows above
2000 m asl on rocky ridges and outcrops m a limited area in the southern Alps of rcathern
Traly (Lombandy) and swighbouring Switzerland, in fow and scattered populations of lim-
ited size. Its conservation status in Haly is vulnerable (VU) according to IUCN criteria [61]
The flowering periad is very shoet, typically lasting about 2 woeks betwoen the end of
May and the beginning of Junve. 1t occurs where the snow has just melted, while in the
imenediate vicimity, i is still peesent in patches (Figure 1b). Each plant carries from a few to
about 200 solstary flowers (ca. 4 mm long) with a pink corolla {(ca. 8 mm in diameter) and a
yellow mouth (ca. 0.9 mm in diameter); Bowers ane held by 0.5-2 om orect pedioeds [4561]

22, Study Sites

The present study was conducted in the Alpine biogeographical region [65] in the
southern Alps of northern [taly. Two sites wene selected across the A brevis distribution
range: San Jorso Pass—Cima di Cugn (S]P) in the Lepontine Alps (Coeno, Lombardy) and
Mountain Hut ‘Cesare Benigni’ (BEN) in the Orobic Alps (Bergama, Lombandy) (Figure 2)

At the first ste (S, the fieldwork was conducted on an A brevis population located
aloag the ridgelioe noeth of the San Jorio Pass and southwest of Cuagn Peak (UTM WGSS4—
32T E 512338 N S112905, 2193 m asl), close to the Mountain Huts ‘Rifugio San Jorso” and
Capanna delle Aquile’. The site is characterised by a continental climate without a dry
season (66} In particular, the mean annual temperature is 6.2 “Cwith a minimum of ~19°C
in February and & madmum of 160 °C in August. The average annual raindall amosints to
about 1800 mm, mostly concentrated in the equinoctial monghs (extrapolated from data of
the climatic stations: ‘Cavangna’, 1100 m asl, 8.9 ken from the study site, observation period
212-2020; Poclezza’, 280 m asl, 134 km from the study site, observation period 2014-2020;
‘Garzeno’, 653 m asl, 8.1 km from the study site, observation period 2013-2000),

At the second site (BEN), Jocated within the Orobie Bergamasche Regional Park, the
fieldwork was conducted near the Mountain Hut ‘Cesare Benagnd” (UTM WGSS4—32T
E 54349 N 5096577, 2222 m asl). The site is charactertsed by a temperate climate with a
husnid sumener [66]. In particular, the mean annsal temperature & 33 °C, with a minimam
of 42 °C in February and a maxamum of 11.4 “C in July; the average annual raanfall
amounts to about 1800 mm, distributed throughout the year (extrapolated from data of
the cimatic statsons: ‘Gerola Alta Pescegallo’, 1875 m asl, 1.5 km from the study site,
cbservation period 201 2-2000; ‘Mezzoldo Passo San Marco’, 1824 m asl, 5.5 km from the
study site, observation period 2012-2020; 'Valtorta®, 982 m asl, 5 km from the study site,
abservation period 2012-2020).
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Fgere 1. Anbrosscr oo (8) and soow cover during its flowering at the Mountain Hut ‘Cesase
Benigni” in the Ovobsc Alps (Bergamo, Lombandy) on 51 May 217 (b)
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Figwre 2. Study sites (a) and their location in the Alps (b) and in Eueope (€)

Snow cover usually lasts from October/November to May/June at both sites, al-
though the snow generally melts in SIP about 1 week sooner than in BEN. To evaluate
the accessibility of both sites and estimate the full flowering period of A Iveavs, smow
cover was monitored daily by the Mountain Hut ‘Cesare Benignl' webcam (available at
hitps. / fomblemeteo com / (accessed on 1 Apreil 2022))

The fieldwork was conducted for 2 years at each site (S]P: 2016 and 2019, BEN: 2007
and 2018) during the A drevis flowering period. During the ficldwork period, a maamum
of 13 entomophilous plants other than A, Iveos were flowering at the study sites

2.3, Sawpling of Floser-Visating Arfheopods

For each vear and site, two focal plants of A. brevds, more than 5 m apart and bringing
mare than 20 flowers at anthesis each, were randomly selected. On these plants, flower-
visiting arthropods were sampled accoeding 10 the timed-observation method [67], as
described in Bonelli et al. [45]. Briefly, two ssmultaneous sampling sesssons, lasting 1 h,
were conductod, with two dafferent pairs of operatoes observing the bwo focal plants during
the same time windows (Table 1). Time windows were interspersed with a break lasting
from 30 1o 60 min, to reduce the disturbance to flower-visiting artheopods and o ensure
the independence of data points obtained from the same plant on the same day. The
operatons collected in A% ethanol all fknwer-visiting arthropods (e, individuals tosching
at least one Bower of the plant). The operators were crouched at opposite sides of the
plant, 50 ¢ apart, thus having a clear view of the Bowers while minimising disturbances
for the flower visitors. Each year, we conducted two days of sampling, with four pairs
of sampling sessions per day, for a total of 16 h of timed observations per veas, except
for 2019 at SJP, when the extreme meteorological conditsons (e, hailstorm) hampered
the tiekdwork. In total, we performoed 54 sampling sessions, corresponding to 54 h of
flower-visiting arthropod sampling by timed cbservations (Table 1), Achdeving these total
cumulative hours of timoed observations should be conssdened relevant since the amount
of time available for sampling s constrained by multiple factors: the very short flowering
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porad, occurring when snow cover & stll partially peesent and microclimatic instability is
possible, and the remotencss of the sites.

Table 1. Flower-visiting arthropad samphing by timed cbservatons. Year, site, day, time windows,
mamber (N) of sampling sesssoon, hosrs (h) of timed obwervations per year, and number (N) of Sowers
at anthesis present per plant (etiers Sicate the identity of the plant) are nported.

Site

hof Timed N of Flowers at

N of Sampling
ey Tiame Windows Sesmore Observations per Year  Anthesls (per Plant)

25 May 2016

3012
B0 M
1530-1630

17301850 " © (AX 109 (1)

2 May 2016

NA-12%
-0 3
1530-16.30
1730- 1830

1001200

My R230-DN »

HO0-1500

15301630 1 V(R 5M

110021200
12.30-13.3%0

1 June 207 HOO-1800 )

1530-16.30

¥ June 2018

BO0-14.00
HI-1530 8
16001700

NN " B %G)

10 June 2018

wasaas
11451245
13 15-14.15
HAS-1545

W11

4 June 2019 1200-13.00 o 3 0(HLE S M

15001600

Duiring the timed observations, we recorded the air temperature at ground level neas
the selected plants and the wind speed at 50 am from the ground using data loggers
(Timytag Plus 2) and thermo-anemoeneters (LaCrosse Technalogy EA-3010U), respectively
Moreover, to increase the volume of data on flowervisiting arthropods, free observation
sampling was conducted on the same days and sites of timed observation sampling bat at
Jeast 10 m away from focal plangs that were corsidened for the timed observations. In this
case, operatons walked froely in the study site, observing many different A, bresss plangs,
and collecting in 70% ethanol all the arthropods they saw on flowers. These data were not
considerad in any statistical analysis and were only used 10 provide a broader description
of the flower visitors” diversity.

24, Identification of Flosver-Visating Arthropods
The ethanol-preserved speamens were shipped for morphological sdentification to
expert tooncenists (Table S1), who were allowed to keep them for private or institutional

collections. For insects whose morphological identification was particularly chaBlenging or
bascoding,

not possible (Table S2), modecular identification was performed through COL
The arthropods were rinsed in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
.1 mM NagHPOy, 1.8 mM KH, PO, pH 7.4), and the genomic DNA was extracted using
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the CTAB protocal [65], as adapted to insect sampdes by Bonelli ef al, [69] then, a fragment
of the mitochondrial COE gene was amplified. The primer sets used and their references,
PCR conditions, and the size of the amplicons are reported in Table S2. A commercial
service provider (Eurofins Genomics, Vimodrone, Italy) purified and sequenced the PCR
products. All sequences were uploaded %o GenBank (Acosssion numbsers are provided in
Table S2). The resulting sequences were queried against the GenBank database (NCBI)
using the basic local alignment search tool (BLAST) and against the Barcode of Life Data
System (BOLD) using the identification engine with a species-level option. Species identity
was assigned when the similanty statistic (the pumber of nucheotide identities between the
query and reference) was > 9%

2.5, Statistical Amalyses
Differences in the mean of the micrometeorological data among the four yeans of

sampling were assessed with ANOVA for wind speed and Krushal-Wallis test for tempera-

ture (as for emperature, ANOVA assumptions were not fulfilled: residuals not normally
distributed, Shapiro-Wilk test p < 0.05). The influence of micromwteoralogical conditions
(i, temperature and wind speed, as means of the values reconded during the sampling
session) on Bower visitors” presence (Le, presence /absence of sumpled specimens during
the sampling sessiom), diversity (e, the total number of different families sampled during
the sampling session) and abundance (Le., the total numbser of sampled specimens dunng
the sampling session) was tested using gencralised linear models (GLMs) with bimomial
(for presence) and Patsson (for diversity and abundance) distribution. The time (both lincar
and quadratic terms) and the number of Bowers per plant were ineluded as covariates in
the model, while the site was included as a fived factor, Time was indicated as the hour
of the day, expressed in minutes lasting from midnight to the middle of the conssderced
sampling session {e.g., foe a sampling session performed in the time window 11301230,
time was indicated in the model as 720 min, hat is time in minutes from midnight to the
middie of the time window-1.e., 1200). Each data point corresponds 1o a single sampling
session (Table 1); therefore, all dependent and independent variables were cakulated foe
each sampling sessbon. All continuous independent varables were standardised before
analyses with a mean of 0 and a standard deviation of 1. The same analyses were performed
corsidering both all the flower visitors sampled during the timed observations and only
the flying visitors (defined as the arthropods with functional wings); the analyses on fiying
artheopods were performed to test whether the varables (eg., wind) affect their activity
specifically. The ‘gin’ and “dropl” functions from the stals package [70] were used o perform
the analysis and obtain the povalue for each independent vaniable considered, and the eisrey
package [71] was used to generate plots. Before running the models, we calculated Pear-
son’s correlation coeflicient between all pairwise combinations of independent variables
using the ‘cor’” function from the stats package V] Corrclation coeffickents were always
«<10.7); hence, all the independent variables were keplt in the modeds. Model

were evaluated through a likelibood ratio test and by calaulating the pseudo B2, performed
with the ‘amocs’ function from the stats package [70] and with the 12’ functicn from the
performunce package, respectively [72]. All statistical analyses wore perfoemed in an R
enwironement (R version 4.1.0).

3. Results

All sampled speamens were identified to order level, 99% to family, $4% to genus,
aned 71% b species level (Tables 53 and S4),

During the timved observations, 140 arthropods were sampled, with 26 = 0.3 captures
per bour (mean + SEM), for a total of 9 ceders and 33 famibses (Table 2 and Table S3), with
26 identified species (Table S3).
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Table 2. Arthropods sampled by timed observations: ramber (N) of sampled specimens, captures per
hour (mean 1 SEM) and mamiber of orders and Lamilies, reported for cach year and site and overall

SIF 216 BEN 217 BEN 2018 SjP 2018 Tetal
N of sampled specimens = " » 33 140
Captures per hour {mean = SEM) Is+ 08 09 £ 03 224056 LB R 26203
N of orders 5 o 5 7 9
N of families 7 9 9 ” Ei]

The two mwost abundant taxa sampled during timed observations were Diptera (43%)
arsd Hymenoptera (35%), followed by Hemiptera (8%), Thysanoptera (5%), and Coleoptera
(3%); other arthropod orders were cach represented by about 1% of the total individuals
sampled (Figure 3a, Table S3). In particular, Diptera and Hymenoptera seprosented mane
than half of the flowerwvisiting arthropods for all years and sites (Figure b).

Araneae Collembola
1%

Diptera
43%

(b)

SJP 2016
BEN 2017
BENoB B 'm

SyP 2019 I .

0% 20% 40% 60% 80% 100%

Figare 3. Artheopods saarpled by timed cbwervations: overall () and yeasly composition at the two
sites (b) of the flovwer visiting arthropod community 10 ceder kevel
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Among Diptera, 45% of the species belonged to the family Anthomytidae, followed by
Sphacrocertdae (13%), Sclaridae (12%), Chironomadac (107%), and Choropidae (57%), whike
Agromnyzidae, Anthomyzidae, Ceadomyisdae, Drosophilidae, Lonchopteridae, Phoridae,
and Sepsadae were each represented by less than 5% of the sampled Diptera (Table S3).
Regarding Hymenoptera, the samplod specimwns belonged to the families Formicidae
(45%), Bracorddae (26°%), and Eulophidae (6%); the sample rates for Ceraphronidae, Encyr-
tidae, Figitsdae, Ichneusmonidae, Mogaspilidae, Mymaricue, Preromalidae, Sccionidue, and
Torymidae were all bess than 5% All the identified Hemiptera belonged to Aphididae, and
all Thasanoptera to Thripidae. Coleoptera were reprosenited by Chrysomelidae, Cocanelli-
dae, Meloidae, and Staphylinidae (25% each, one specimen each family). For Collembola,
Procopiera, and Araneae, a single specimen was sampled for each order, belonging to the

families of Entomobryidae, Ectopsocidac, and Linyphiidae, respectively.
In addition 1o the arthropods sampled during tinsed cbservation, moee than 100 fower

visitors were sampled during free observations (24 in 2016 at ST, 25 in 2017 at BEN,
61 in 2018 at BEN, and four in 2019 at S|P (Table S4). They belonged to eight onders
(Arancae, Collembola, Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, and
Thysanoptera), and 30 families, with 28 identified spocies (Table S4). By applying this
method, we could identify 1 order (Leptdoptera) and 13 families of Bower visitors not
detected during timed observations: Diptera Ephydridie, Muscidae, Syrphidae, and
Scathophagidae; Hymenoptera Andrenidae, Apadae, Halictidae, and Tenthredinidae;
Coleoptera Cantharidae and Curculionidae; Lepidoptera Nymphalidae, Hemiptera Cie
cadellidae; Araneae Theridildae.

Overall, considering both tinwd and freo cbservations, 254 flower-visiting arthropods
belonging to 10 orders and 47 families were sampled.

Thwe daily pattenss of temperatuse (Figare Slaceg) and wind speed (Figume STb.dfh)
vaned between samplings; however, no significant difference was observed in mean
temperature (Kruskal-Wallis test, p = (L1295; Figure SH) and mean wind spoed (ANOVA,
p = 0.0561; Fgure S1)) among the four years.

The models relating micromeseorological conditions to Bower visitons” presence, abun-
dance, and diversity showed better performance than null models and good Rsguared
values (Table 55),

The temperature had a significant, positive effect on the presence (7 = 1788, p < 0.001),
diversity (x; = 1038, p < 0.01) and abundarce (x?; = 2049, p < 0.001) of flower visitors
(Figure 4a~<), while the wind speed did not significantly affect any of the dependent van-
ables corsidiennd (presence: X1 = 008, p = 0775; diversity: 10y = 014, p = 0.705; abundance
X'y = 019, p « 0.666) (Figure 4d- 0 Regarding covariates, the quadratic time showed a
sigraficant effect on the peesence 0y = 4.51, ;<nmw¢wmoe.-mp<ons)
of flower visitors but not on their divensty (x*; = 096, p < 0.326) (Figure 45-1), whereas the
nueber of flowers did not have any dmﬁamdmcmhpm(x’, = 068, p = 0421),
dn\'nity(x’. = 000, p = 0.999), and abundance (x7; = 0.09, p = 0.764) of lower visitors
(Figuae 43-1). The site significantly affected their presence (%) = 388, p < 0.05), diversaty
(%) = 28.57, p < 0.001), and abundance (x*) « 3032, p < 0L.001). Also considering only
the flying flower visitors, temperatune had a significant effect on the dependent variables
consadered (presence, diversity and abundance), whereas wind did not have any significant
effoct (Table S6).
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4. Discussion

This research provides new insights into the fower-visiting arthropods of an early
flowering high-altitude Alpine plant (Amdresece brears), taking into consideration the effect
of ablotic factors (femperature and wind spoed) and other variables (tinwe and namber of
flowers) on their occurnonce, abundance, and divensity,

The most abundant order of flower visitors (Le, all the arthropods occurring on
A brevés flowers) was Diptera, nearly half of which were flies belonging to Anthoeyiidae.
This family was repeesented almost entisely by Paregle coerulescens (Strobl, 1893) and Delis
platurs (Meigen, 1826) The first irsect is a common high-altitude species in central and
southern Ewrope; the second one lives in temperate arcas throughout the world and is
known o feed on flowers 73], Therefore, the flower visits by Anthomyiidae can be due
1o trophic activity, as actually observed on A. brevks, and In previous reports on other
plant species 74,75, Moneover, anthomyiid flies may visst Bowers for thermoeeegulation,
spendingtize oo sun-exposed flowers, as reported in the literature for other anthophilous
Duptera [76,77). This thermoregulatory behaviour can be particularly relevant in cold
ewironments [ 5], and cimate change might negatively impact it, leading %o fewer visits to
flowers in the case of higher temperatanes, thus reducing the pollination that Anthomy iidae
can provide [42]. The other dipteran familics were represented at lower percentages (<15%)
among them, Sphaeroceridae wore the most abundant, and all specimwns but oo belonged
1o two speckes: Lepfovent atemost (Roadani, 1880) and Spefobis of, dumipes (Meigen, 1830)
The former is mamly considered a synanthropic species, and its presence could be due
o mountain huts at the sampling sites; however, both species were observed in burrows
of mammals [79]. Here, too, however, their presence on flowers could be due to basking
or trophic activity, even though the latter seems 10 be less likely as they prefer to feed
on decaying ceganic matter of andmal or plant origin [S0]. The second most abundant
order was Hymenoplera, with species belonging to two groups: ants and parasitosd wasps.
Among them, the most represented family was Formicidae, and in particular Formica lemani
Boadroit, 1917, an active predacious, aphidicolous, and nectarivorous species, whose
workers forage on the ground, flowers, and plants [43,51,52]. In the Alps, this species is
common i the grasslands above the tree line, where carbobywdrates are a limiting resource,
and therefore, ants can visit Bowers to Jook for these important nutrients [8354], We
also detected many families of parasitobd wasps, whose adults can visit flowesrs 1o feed
on nectar [85.50]. Moreover, considening that all specimens identified at sex level were
females, it ks possible that they were searching foe a host, In particular, the most abundast
family was Braconidae, with almost all species belonging to the subfamily Aphidiinae,
which are exclusive parasitobds of aphids [£7]. Ameong Henvplera, we found only winged
forms of aphids, most of which belonged to the genus Cingrs Curtis, 1835, Owing to the
very early moment of the scason, it is likely that aphids reached these mountain sites as
scroplankton, as demonstrated in ofher Alpine environments [35], In our case, aphads could
represent an important feeding resource for predators sach as £ kmand [84]. Regarding
Thysanopsera, all samples belonged 1o Thripadae, which may use flowers as shelter and
mating sites, as well as food resources [94-91] Although their presence and abundance
seemn to indicate a nedevant role of this taxon in the context of this Alpine envirosment,
it &s difficult to draw any conclusions about the biotic interactions in which they might
be imvolved. Indeed, very few studies have investigated their rode in natural ecosystems,
but they are well known as economically significant crop pests, and, in this context, it
was suggested that their presence on plants can impact the behaviour and performance of
other visiting insects [92). The presence of Coleoptera on A breots flowers was very Hmated
and therefore probably accidental in most cases. Therefore, the arthropod community
assockabed with A. dreavs Bowers seems quite complex, despite the carly flowenng scason,
with potentially interesting biotic interactions with the plant as well as among insects.

Considering the general abundance pattem, our research highlights the dominance
of flies among the high-altitude flower visitors, as already found in other studies on the
Alps 36,57,41,42,95 54 ] and hypothesised as a global feature [55]. However, theee peculiar
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aspects emerge from our work, Fisstly, among fies, we found an evident predominance
of Anthomyiidae. This pattern was already observed at higher altitudes [ 3,357,939 but
not at the same elevation at which we operated, where Muscidae and Empididac seem
to peedominate [ %] However, we did not detect these two latter families, except fora
single specimen of Muscidae, This result highlights the pecaliarity of the early season
flower-visiting community. Secondly, bees (Hymenoptera: Apoidea: Anthophila) were
not collected during tinsed observations, but only a few specimens were found during the
free observations. Their presence s, therefore, rare in this period, while later in the season,
they are more common at these altitades, though not as abundant as flies [36], Even for
bees, our early season pattern seems 1o recall what happens at higher altitudes, where the
presence of these insects is very lmited [36] Indead, a global switch from boes to flies
along dlevation gradients suggests that temperature may be a limiting factor for bees in
high-altitude habitats, a pattern that, in the future, could be impacted by climate change,
with unknown effects on fly communities alecady present at higher elevations [95] Finally,
we identified a considerable share of parasitotd wasps, This finding did not emenge froen
previous studies in the Alpine environment. Indeed, most of the studies did not look for
this taxon, and even when parasitoid wasps were corsidened, they were not detected in
large numbers [37], with the partial exception of kchneumonidae [12,95].

These findings underline the importance of § ang future rch efforts also on
neglected taxa such as flies and parasitoid wasps and not only on well-nvestigated taxa
such as Hymenoptera Aposdea Anthophila, Diptera Syrphidae, and Lepidoptera, which
certaindy play a fundamental role in mountain ecosystems, but which in sonw contexts—
such a8 ours—sewm 1o be poorly represented. Although bees, even when numerically
limited, can play an important role as polinators due 10 their efficency in pollen dispersal,
other taxa might also represent keystones of biotic interactions and be strongly threatened
by dimate charge. For instance, despite the importance of flies as pollinators, especially
in mountain environments [95), these insocts have received little consideration in the
Hterature |77,97]. Moseover, little & known about parasitosd wasp-flower interactions and
their interdependence, as anly very few observations of parasitold-flower interactions have
been reported |86, although they might have crucial rodes in ecosystem functioning that
could be affected by climate change [%5].

In addition to describing the flower-visiting arthropod community of an early flow-
ering high-altitude Alpine plant, our study provides new insights into how mécromete-
arological conditions (e, temperature and wind speed) and other variables (ie, time
and number of flowers per plant) affect the presence, diversity, and abundance of flower-
visiting arthropods. As expected in a cold enwironment during the carly season, where
femperature constitutes a limiting factor for flower-visitor activity, this variable had a
significant, positive effect on the presence, diversity, and abundance of Bower-visiting
arthropods. However, although in the present context higher temperatures can increase
the activity of the flower-visiting arthropods, climate warming could impose mew physio-
logical corstraints in the futune [%9], limiting their performance at elevated semperatunes
cumrently not occurring in the mountain environment during the early season. We did not
observe any significant effect of wind speed on the presence, diversity, and abundande of
flower-visiting arthropods. To the best of our knowledge, our study is the first in which the
effect of wind on flower visitors in the Alps was rvestigated, although the effect of wind
speed on the activity and flight of insects has been evaluated in some peevious papers, with
mixed results [57,100-106]. Even though cach taxon and species might respond differently
to microctimatic conditions, it is passible to hypothesise that arthropods capable of living
in an extreme environment might be somehow adapted to the wind, However, during
our Beldwork, the wind speed was always lower than 44 m/s, and no extreme wind
conditions occurrod, Therefore, we cannot rule out that lagher wind spoed could affect the
flower visitors” activity since a nonlinear response of arthropods to wind speed cannot be
excluded [100). Moreover, as the wind speed can change rapadly, with gusts and sudden
variations, especially in extreme environments such as mountain nidges, it maght be inter-
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et b mone accurately evaluate its effect on flower visitons' behaviowr through video
cbservations [45]. The number of flowers per plant did not affect any of the dependent
variables considered; this might seem quite surprisang, as other studies highlighted its
positive effect on Bower visits [107-109]. However, owing to the number of flowers in the
plants studied (always > 20), we could not detect whether plants with fewer flowers would
receive fewer visits; indeed, the posative effect of the number of flowers on the number of
visits per plamt might be moee pronounced for low flower numbers and less marked for
plants with many flowers [110]. Regarding the daily pattern of flower-visiting arthropod
activity, we observed a significant effect of guadratic timwe on both Sower visitors” presence
and abundance but not on ther diversity. This bamodal pattem, i our case with a reduction
in presence and abundance in the central hours of the day, has also already boen observed
in some other studses in different environments for many brachyceran flies (the group to
which most of the A. brevis diteran flower visitors belonged), and also for same boes, ants,
and beetles [77,111-114). However, dimate conditions can infleence this pattern |77] which
might, therefore, potentially be affected by cimate change, The lack of effect of guadratic
time on diversity might suggest that the time influences the activity of arthropods, bat it
does not have a differential effect on the detected fower-visiting taxa, These corssderations,
although preliminary, could represent a starting poent for assessing the variables that can
impact the activity of Alpine early season flower-visiting communitios.

In conclusion, this study contributes to our understanding of the composition and
fesponse Lo environmental variables of high-altitude Alpine Bower-visiting arthropod
communi ties in the carly scason. These communities can impact ecosystem function and
stability not simply due to pollination but also because arthropods are part of complex
biotic interactions that, If modified, can lead to secondary extinctions [115], with effects
also Fater in the season [116] This rescarch also paovides baseline data, collected using
replicable and standandised methods, that can be useful for further studies on the ofects of
climate change at high altitudes, the inpact of which on arthropods can be considerable
but ts still largely undear and unkmown [11,60,117).
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Table $1. Taxomormests who idenafied the sampled arthropods and thewr alfiation
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Diptara. Sphaeroceridee mmlwdtmmmmww
Dipters, Syrphides Dunivle Sommaggo (Departiment of Agricuitural and food S Jrrwersity of Sclog:
Bologna, it )
Hemigtars, Aschenamiyncha Dwvidde Scaccini [Department of Agronamy Food Natural Resources Anumals and [maronment,
_mdrurmum | X
Hemipters, Sternorrbyncha Lidia Lissonta | Dy of food Emve M and N al S¢h Usversty of
{2026, 2017, 201%) Mian, Raly)
Hempters, Stersorriyndhe Alce Casiraghi (Department of Evolutionary Bology Ecofogy and Environmental Sciences,
(2019 University of Barcelona, Soam; institute for ntegrative Systens Salogy, Universty of
Valencia, Span)
Ncolas Péres Hdalgo P for Irtegrative Sy Bdogy, Univeruty of Valencis, Spen,
Arthroped Department, Museus of Natural Sclences of Barcelona, Span)
Hymenspters (2016} _MNM(WGWM#M#!MMWM
Hymenspters (2017, 2018 2009)  Falrivo Rigato (Sezore & £ hogia, W Ot o S1ofia Natur ade, Mo lan, aly)
Hymensptera, Apoides (2046) Marco Bonelh
Mauro Godbe
Hymencpters, MWWJMM MW‘MMM
{2007, 2009 Erwicament, University of Padua, Padua, Htaly| ) )
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Table S1. Flowes wating actheopods wmpled during the timed chuervations. S8 and year, specimen 1D, order, famiy, perus, species, stage (Asadult, Jepoverdle) and repositony s
reported Blank knes mean that tascnomic ienti fcation was not achiewed Nomenclature b according to Faena Eeropaes | 1204,

Site and Yeur 0 Oeder Family Gema Species Autheor Stage Mepoanory®
SIP2016 A0l Pwocogrera  Ecoprocdie  Emopsocus __Mclachian, 1859 _A XU
Sr016 A2 Oipteca Decacphidise A MusE
SIP2016 A3 Oigtera Sphaeroceridie  (eptocera Leptacero coenosa _[Rondani, 1680} AWM
IF2016 L) Dipe Sgh Waw  Lep Lep no (Rendan, 188 A W™
SIP016 A5 Digtera Sclaridae A MusE
ol G Oipteca Anthomysidse A MUsE
SIP2016 M7 Oipreca Sphaeroceridae  Spelfobie Spelobdia of. dunipes Meigen, 1830) A MUSE
SIP2016 L] Diprera Chironomsdae A MUSE
34P016 A0 Oigters Phorides Mepssels  Megamnla rifiees Meigen, 3504) A MUt
SIP2016 Al Hemgten Aptstetin Chaitopthonus Kook, 1854 A LN A
SIP016 AT Mymencpters  [ulophidae Soryucopen Forster, 1856 A LU D
SIP16 AN Hymencpiers Bracorsdee  Aphidh - Nees, 1818 A W
P16 AND  Hymenop Oraconic Aphiches Aphichus ervi Hakday, 184 A___Weas
SIP2016 ANt Hymenoptera  Eulophidae Borpscopes Forster, 1856 L L
X016 AN Mymenog Sraconid Aphidh Aphichas arvi Malday, 1834 A W
SIF2016 ANE  Hemgtens  AphiSdee Cneve Curts, 1835 A UNMA
P06 ANDT My o Formicid For F 3 gatva Tettecstect, 1AW AT Una D
SIP2016 ANDE  Dipteta Sezindie A MusE
P16 ADG  Diptera Sehaerocendae  Spelobe Speioba of. cuvpes Meigen, 1830 A MU
SIP2016 AAND  Hymenopers  Bracoridse  Aphid Apdvicius eny Habday, 1838 AW
SIP016 AT Daptera Sphaeroceridan  (eptocers Leptooera coenona (Rondani, 18804 A b
SIPN016 AALD  Mymenop Ich dae  Aclostes Forsier, 1869 A N
SIr2016 AALS  Mymencoters  Culopiudes Sorpcoput Foewter, 1854 A U b
SIF016 M Diptera Sciaridae A MuUSE
016 AALS  Dipters Sclaridas ) B Must
SIP016_ B0la  Hymeroptera Formickdae  Formws Formica (Serviformeca) femand Bendrok. 1917 A___Unnas
SIr2016 01 My P ¥ d. formu f (Sereformua) femaey Bondron, 1917 A LS &
SIP2016 B0ic  Wymenopters Formickdae  Fomics _Formnico (Serviformicat femaey Baendrok, 1917 A___UNMB
|r016 802 Homptorns Aptedidaen Cneva Curtia, 1835 A LS A
SIP2016 803 Oipera  Lloschogteridae R R O DO A MUSE
SIF016 04 Hy . Formicids ’ ¥ (Servformecal femany Bondron, 1907 B LA B
SIP016 805 Mymeropiera Formickdae  Formice Formico (Sereiformeca) femaey Bondron, 1917 A___UNMSB
SIr016 06 Dipteca Chiroramides A MUt
SIF016 L) Oipteca Soh & Leptocers Lep I (Rondand, 18804 A ™
P16 009 emgtes  Aphicides Cers Qurth, 1835 A__UNWIA
SIP016 810 Hempte Aphitetie Cneve Curms, 1835 B LS A
SIP016 Lk iy o Forme Fon Farma (Sevvformust femacs Bondrok, 1937 A LN D
SIP016 812 Hymeropiera  Formicidee Forme Fosonca (Sevvifor o) feman Bondrow, 1917 A U B
SIP016 L1 y Ly " o Choredas Fakday, 1833 A N
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SIP2019 MOL  Oiptera  Phoridee  Phoro _latrede, 1756 AKX
92019 Hoe Hy " .| d A M
SIP2019 _H03  Hymenopiera  Megaspidoe e o z SN, A MN
ur019 HO4 Chptara Sciarick A A Aystpenna (Meigen, 1804) A BARCOOING
SIP2019 W05 Mempters  Aphsides  Brodveowdvs  Van Der Goo, 1913 A__NPH-pc
SIr2019 Moo Oiptera s d Austrom o A hysip (Meigen, 1804} A AARCOOMNG
SIP2019 o7 Dipeera Chiroromsdae  Povormhociocivs Parovthociodius cf. nudpenns (effer, 1908) A Muse
SIF2019 Ho8 Hymenoptera  Bracomdae A MSN
SIP2019 H10 Thysarogters  Thipdae Theips Theigs wilpotasimas Hakday, 1336 B N
32019 M1 Mymenopters Ercyrtidae AN
SIP2019 Wiz Hymenopiera  Presedralidee A SN
72019 W13 Wymenopters Ceraph A__MM
SIP019  Mis Hymenopiera A MN

* Repostory e AC - pe Adnano Cazmuok -~ Pervanal Colection (Raly)l: CCU Depa of & abie Crop Production, Catholc University of the Sacred Meart (talyl; MC -
pe: Mol Carmy « Personal Collection (Crech Republich M3 - pc: Marcela Skubvavi < Pertonal collection (Crech Repobicl; MSN: Entomaiogy Section, Milsn Natural Nintory Messum
(tabyh MALSE - Iy rch and My Collections OMce Chmate and Loology Unit, MUSE ~ Sclence Museomn (Italy), NPH = pe. Nicolls Pices Mdalgo « Perscnal Callection (fpain), S\
Department of Ercomology — Shesan Museun (C2ech Reputiic), UC Departrerne of Zoology, University of Cambinidge (United Kingdomy, UN: Deparament of Sology and £cology,

Universty of N§ [Serbiak UNBI A: Department of Food Envronmental and Nutritional Sciences, Univeruty of Milan (maly) UNIVI B Department of Iosclences, Universty of Mdan
(taby) UNIPY: Depar of Agnoulture food and [ Unaveniity of M (Ralyl UT Degartment of [volutionary Biolagy and Envieonmaental Studes, Unisersty of Jurkh

(Switzecland). ¥ = winged gyne
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SPI016

BEN0L)
BEN2017
HENOLY
BEN0Y7
BEN2OLY
BEN2017
BENOYY
BEN20LT
BENOLY
nen017
BENOLT
BINOLT
BEN2OLY
BEN2OLY

© Od. ’-\N [rs Specien Auther
016VOL  Mymencptera  kKhnewmonddse  Prodles  Probles (Momdlaparss) couiculans  Khataim, 2007
2016V02  Owptera Mhoridae m Mepauele nufipes

2008y P s daw Aphats Aphatus erv Mabday, 1834
20165 Diptera __Anchomvydae

20UV06  Mymencpters  Torymidse Tory Tory boudy Boucel, 1954
2016V07 Memiptera  Aphididae Cinara Cents, 1835
WIEVEE  Mymencptera  Braconidae A Aphatus ern Hakday, 1834
0V vymencplers  Apices Oombuy Sombus kpidk (isnseun, 1738)
2016V10 Owoers Muscdse el Rebinesu- Desvody, 1830
2UVI1_ Hymencp Torymid Tory Tarymas baudyw Bouced, 1954
20LEVI2  Dagoera Scur rae y T
JWWOT tepdopters  Nymphabdae Aglas Aglos wtcoe - (Lmnaeus, 1758)
20NV Hymencptera  Edophidas Necressnss  Mecrernss of. coscann (Walker, 183%
2016WO04 Hymencoters  Asides Bombes Sombus kpdevan (Lisnaeus, 1754
20L6W06 Hymencptera  Torymidee Tanyme T boudys Beoucet, 1954
WIEWOT Coleopter; CQurcubond Orchestes Orchestes (Sobun) ogv (Lmnaeus, 1758)
NS Hymencplera  Torymidae Toryrmes Tarymus boudys Beuced, 1954
200D Hymencp Torymid Tory Torymus boudye Doucet, 1954
VW0 Goleopowra  Staphwinidae  Amphihrowms Amphichroum canabcuanam (Erkhson, $840¢
2014W11 Caleop Curculondass  Orch Orchestes (Sokun) opv (Lsnaeus, 1758)
WIEWI2 Memigeera  Aphidudae Cinara o Certa, 1835
0101 Coleopters Melowdee Meloe Metow | Meloe| wolsceus Marsham, 1802
N17V02  Hymencpters  Apsdae Bombes Sombus protoram (Usnaeus, 1761}
J0IIVO3  Thywcopters  Thwipides Thrigs e vulpstinsin Hakday, 1856
2017V04  Memigoera  Aphididae
20175y P 5 o Apbaiy Aphae Malday, 1834
WITV06 _ Digeera Acchomybdae  Oela Oelo platuro (Meigen, 1826)
201707 Owpters Acthomyides  Poregle Poregie coerufescens (Stecbl 1893}
017V08 Pymenoptera  Hakktidae Losogiossum Curts, 1833
WIIVOD  rymencpters  Hakctides Lovogionssm Curtin, 1833
017VI0  Ovprera Anctomybdae  Pegoplito  Pegopions destva (Meigen, 1326)
01VI0  Osptera Acctomgedias  Pegoplcta Pepopista oertva Meigen, 1826
201Va1 _ Cighers Anthomytdes  Pegopbofo  Pepopiots orsivg [Meigea, 1826)
0VI2 Dters Aschonryadae

017VI1  Ogters Athomysdas  Pegoplefa  Pegopicts cestve (Maigen, 1826)
217VI4  Oigprera Asthomyidae  Pegophitn Pepogiens oestve (Meigen, 1826)
017VIS  Ogtera Arthomyecdas  Japhee Zaphne frontots (Zetteniteck, 1K18)
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BEN2OLT

017WO1 Mymencptera Braconidae Aphdus  Aphidas ovenoe
201TWO2 Hemipter s \phadd, fuloch

WITW3 Tiysanopeers  Tivipidee Thegs Theios volpetissimus
201TWOE Thysaropters  Theipidae Mngs Thnga vulpctauma
01TW05 Tysanapeera  Tivipidae Theigs Thries satoci :
203 TWO0E Onphera Chicropedae Chcwmello Orcinella (Osewvetic) frit
201TWOT Tiysanopnera  Thvipidee Thrigs TAips vulpetissions
200TVWE Diprern Aethormrpdae  Deba Dk platuro
2017VVOR Mymencpters Beaconid Aphicay _Aphidu ervi
201301 Dipoera Acthomryidee  Zophee Zaphoe frontote
V02 Hymenopters Fetdae

2WLEV03 My o Formiodae Myrroics Myrma Emodt
VL Ararese Unyphicae  Bcthiphontes Scshyphentes senger
JOLEVOS  Ovpoers Acthomryidae Dl Debia plature
VIO Dipters Arttomyices  Peregle Poregie conriexcens
2014V07  Oignern Acttomyidae  Paregle Poregie corudescens
201508 Umyphic Agmeco s -
201810 Ogeers Actomysdee  Paregle  Poregie coerubexcens
2018W01 Captera Archomysdse  Dela Dol platurn
01802 Oipners  Asmhomyidae  Dela Oeks platury
WO Mymencptera  kh 4

JOLEAOL Oiptera _ Syrphidae Scoeva Scnevs dgrots
20LEWOS ry P Formiod. Myrme Myrmica wiimodn
WLIW0E Aranede Unyphbdae Agmeno

2014WOT Optera Acthommyides  Oela Ol platurs
200W0S Oiptera Acthomyidas  Owla Dol platurs
HWEWI0 Diptera __Aecromyedae  Dela Oeka platuro
200aW11 Optera Astrormysdae [ Ol platury
2018W1) Coleop Staphrylnid, Philosthay Phalonthun (Phulosther) fripidas
20UIWIL Ougoers  Asttomyidae  Paregle Poregle coevuiescens
201EWIS My o Kkh 4

20LEWIE Dignera Anthomyidse  Delo Deba platuro
20MWIT Oiptera Arthomysdae  Dela Db platuro
20LEWLE Oigoera _ Schridae Conymnaptera  Conmaplera trepvda
2NV Oigoera Sciridee Corynaptera  Cormoplens bepds
W20 Oipters Achomyides  Zaphor Zaphae fronfote
2008W21 Digtera Acthomryidae Dok Deles platury
20IW22 Dipters Arctomytdae  Paregle Poregie comuiexens
20LAWIE Dptern Acthomryidas  Paregle Poregie corrlescrns
20L5W24 Oipters Arttomyicae  Paregle Paregie cor\iescens
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BEN2013 201W26 Ogeera  Asthomyyidae  Delo _Dels plstoro (Meigen, 1326) A MUsE
BEN2OLS 20LWIT Optera i dae ! A BARCOOING
BEN2OLS 20LEW2E Dipners. Acchomyidse  Peregle Poregie coevisescens (Swebl, 1893} A MusE
BEN2OLE 20U8W29 Optera Arthomrgidas  Poregle Poregie coerfescens (Stecbl 1893} A MUSE
BEN2OLE 20IIWI0 Aarese Therididae AL F_ UNMAB
BEN2OLS J01EW3I1 Oxptara Asttomyidae Dol el platurs (Metgen, 1826) A MUt
BEN2OLE 20LIWI2 Dvprers __Anchomyidae  Dedr Deks platuro (Meigen, 1826) A MUSE
BEN20LZ 20LEWIS Oiptera Ahomyidee Dol Deka platuro (Meigen, 1826) A MUSE
Lot 20I8V0] Chgters _Aettomytdes  Oeko _Delo ploturs (Metgen, 1826) A MUR
BENXOLE 2013VE00 Dipnera Acthomyidee Dol Dela platurs (Meigen, 1826) B MUSE
BINDLE 20IVIS00 Digters Attomybdse  Oels Delo plyturo (Metgen, 1876) A MR
BEN2OLE 20L3VS08 Oiptera Acttomyedee Dela Dol plature (Meigen, 1826) A MUSE
BINOI8 LV Ciptera Actomyldse  Oeko Rels plature (Melgen, 1826) A MU
BENOLE 201306 Ovpoera Acthomyidae Dol Deba plature (Meigen, 1826) - MUSE
BINXOIS WLIVSOT Dipters Avctomybdes  Oedo Delo plotoro (Metgen, 1826) A___MUSE
BEN0LE 2018VIS08 Oigtera Asttomyidae Dol Db platury (Meigen, 1826) A MusE
BINO1S _2018VIS09 Ohprers Aktomyidae  Oelo Oels plstarn (Meigen, 1826) A MUt
BEN2OLE (20LEVISI0 Digtera Arttomyidae  Dela Ol platury (Meigen, 1826) A MusE
0INOLS 2018VS1] Oaptera Aeromysdae Dol Dok pigturn (Meigen, 1826) A MU
BENXOLE 20L8VIS1X Oipera Aschornryedae Dol Oeka platurs (Meigen, 1826) A MusE
N0 WHVIS1) Oipters Actomyidee  Oela Oels platurn (Metgen, 1826) LI
BEN2OLE JOLEVISIS Oiptera Aethoryidae  Paregle Puoregle coeridescens (Swchl, 193} A Must
SEN2OM 20L8VIS 36 Ovptera Syphicise fratofn Erintaks smds (Fallen, 2517} B 05 - pe
BENOLE F0LIVISIT Mermigtera Ocadeladae ) NS A
BEN2O 2018518 Optara Asthormpedes  Dvla Dol platurs (Mergen, 1826) A MUt
AEN2OW 201820 Daptera Asthomyicas Paregle Poregie convidescens (Seeobl 1803} A MUt
SIP2019 W01 Coleoptera  Cantharidae  Conshods  Contharss {Conthanis) ngvicens Mifler, 1766 A Must
Lr019 201902 riymencotera  Testhredinkdse  Doleres Parger, 18000 A MN
SIP2019 _20IVO3 Mymencptera  Ardieniiae  Andene  Andreno bipponce Zettersiedt, 1838 A W0
SIr2019 201V08  Owptera Arthomysdas Deda Dol platury (Meigen, 1826) ~ [ )

* Reposiony acromyms: AC — pc: Adriand Cazosoh - Personal Coliection (maly), S — pe: Daniele SOmmaggio - Personal Collection (Italy] MSN: Marcela Skutvavi - Personal coliection
(Coech Repuddc); MUSE: Reseanch and Museum Collections Otfce Oimate and foalogy Unit, MUSE - Soence Museum (Ralvd UN: Degartment of Sialogy and Ecology, Univer sty of Nd
(Serbial UNMI A Department of Food Emdronmental and Notritional Scences, Universty of Slas (Italy], UNIVE B: Departrrent of Sicsdences, Ushrnty of Miles (taly]; UNIFD.
Depiartrment of Agronaemy food Natural Resources Asimals and Esvironmment, Univer ity of Padova (aly]; UNPL Departsent of Agrcultere Food and Emasonment, Universty of Poa
Drady)
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Temperatue

Presence

ri* 966 peoooy *
¥)+022.9+063

Tirme (quedratic) Ki=235 00128
Number of flowers '+ 002, p s 0485

©' =555 pe0DS*

Owversiny

Xis W peoon*
X'\ #0090, p « 0.965
X'y =256 p~010%
Xi*00%.ps 071
Ki=2524 pe0OOL®

ri*1982 p<oool *
l‘.'n”‘"m
> 520 pe0os®
¥'1+007.p 078
= 1703 p <000 *
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Plant-pollinator interactions during early season in Alpine
ecosystem: a three-year study focusing the narrow endemic
plant Androsace brevis (Hegetschw.) Ces. (Primulaceae)
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Abstract
Despite the importance of plant-pollinator interactions for ecosystem survival, many

knowledge gaps occur, particularly for mountain environments. Here, the ongoing
climate warming is expected to cause phenological and spatial shifts in many species,
leading to mismatches between plants and pollinators, potentially negatively impacting
their fitness.

To increase the knowledge about plant-pollination interaction, qualitative and
quantitative analysis of pollen carried by flower visitors are essential to provide
comprehensive information on arthropod taxa involved in pollination and the
importance of different plant species as trophic sources for flower-visitors.

This three-year study aimed to identify the flower-visiting arthropod community and
pollinators of the early-flowering alpine species Androsace brevis (Hegetschw.) Ces.
(Primulaceae), and to evaluate how they change over years. Androsace brevis was
selected as its flowering period is closely related to snowmelt and it is vulnerable to
climate warming due to its inability to shift to higher elevations making critical the
mismatches with pollinators.

Fieldwork was conducted within the Orobic Alps (Northern Italy, Lombardy) using A.
brevis population located near the Benigni hut at 2.222 m asl. Using the timed-
observation method, all the A. brevis flower-visiting arthropods were collected and
stored in ethanol. Pollen grains from each specimen were retrieved from their body,
identified, and counted using a light microscope to establish the plant-pollination
networks for each year.

Results highlight that Androsace brevis flower-visiting arthropod community shows a
high taxonomic diversity, but it changes over years both in taxa composition and
arthropod abundance. Among the three years, Diptera Anthomyiidae and Hymenoptera
Apoidea Anthophila resulted to be the primary pollinators of this plant species, as well
of most of the other flowering species observed within the study area.

Further long-term study could be useful to better understand the web of interaction

between plants and pollinators and how they evolve under climate warming.
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1. Introduction

Many arthropods depend on flowers for their survival and most of the flowering plants
depend on animals — mostly insects — for their pollination (Ollerton et al., 2011; Abrol et
al., 2012; Inouye et al., 2015; Wardhaugh, 2015; Ollerton, 2017). The effects of the
dependences between plants and pollinators are not limited only to the actors directly
involved in these interactions, but can indirectly affect the broader ecological network,
impacting on the whole ecosystem survival (Vazquez et al.,, 2012). Indeed, plant-
arthropod interactions play a crucial ecological role in supporting both natural
ecosystems as well as human food security (Fontaine et al., 2006; Brodie et al., 2014;

Lucas-Barbosa, 2016; Ollerton, 2021; Benvenuti, 2022).

Despite the global importance of plant-pollinator interactions, the knowledge about
their complexity is not homogeneous among different ecosystems, and many
knowledge gaps still occur, particularly in mountain ecosystems. Indeed, most
pollination-networks were studied in agricultural context, while mountain
environments, such as Alpine ones, have been poorly described (Vizentin-Bugoni et al.,
2018). This knowledge gap might partly exist because mountain environments are often
erroneously considered both unpolluted and undisturbed as well as because of the
probable perceived lack of short-term economic interest in this topic (Bonelli et al,,
2022). Moreover, Alpine research presents logistical constraints, as the limited duration
of the growing season, the difficult access to study sites, and the occurrence of extreme

meteorological phenomena (Inouye, 2020).

However, Alpine ecosystems contain peculiar plant and arthropod communities
characterized by the presence of also endemic species (Fenaroli, 1973; Aeschimann et
al., 2011, Martini et al.,, 2012; Graf et al., 2014) which contribute to provide
fundamental services both for ecosystems survival as well as aesthetic and cultural
values (Tomitaka et al. 2021). In these environments, about 78% of plant species
depend on arthropods for pollination (Ollerton et al., 2011; Lefebvre et al., 2018), and
the interactions which link plants and pollinators to each other, even if poorly known,

are complex (Bascompte et al., 2003).

In alpine areas, the high variability in environmental variables (such as variation in

temperatures, humidity, wind speed, length of light period, and persistence of snow
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cover), highly influence the length of the vegetative season. Many entomophilous plant
species develop few large flowers or many small flowers to be as attractive as possible
to potential pollinators (Proctor et al., 1997; Zoller et al., 2002; Cartar et al., 2004;
Harder & Johnson, 2009; Parachnowitsch & Kessler, 2010; Dixit et al., 2020). However,
the unpredictable occurrence of anomalous weather phenomena can alter the length
both of plants flowering and the activities of flower visitors, especially if these extreme
phenomena become more and more frequent over years, as it is occurring for
increasing temperatures in the context of climate warming (Rottler et al., 2019).
Increasing in seasonal average temperatures leads plants and flower-visiting arthropods
to change their phenology or to migrate toward higher altitudes searching for more
suitable habitats (Inouye, 2020; Gérard et al., 2020). Both phenological and spatial
adaptations to new environmental conditions may not be equal between plants and
flower visitors, thus leading to potential serious mismatches between the two parties
with a decrease in their fitness (Morton & Rafferty, 2017). These mismatches are
expected to mostly occur in particular times of the years, such as the early season. In
this period, flowering of entomophilous plants is closely related to the snowmelt and,
with higher spring temperature, they are expected to flower earlier than now (Inouye,
2000; Augspurger, 2013). Increasing temperatures could lead also to alterations in the
period of activity of pollinators, potentially bringing to deleterious consequences on the
plants reproductive success. By the same way, changes in flowering period could
represent a serious threat for the arthropods that depend on flowers for their survival

(Morton & Rafferty, 2017).

In this context, the identification of pollination networks could be used as tool to
understand plant—pollinator associations, and so to evaluate the ecological service
provided by flower-visiting arthropods in the ecosystems survival. The identification of
pollination networks is nowadays mainly based on recording flower-visitation rate of
arthropods, rather than recording clearly defined effective pollination event (Ballantyne
et al., 2015; Cuartas-Hernandez & Medel, 2015; Traveset et al., 2016; De Manincor et
al., 2020). However, qualitative and quantitative palynological analysis of pollen grains
transported by flower visitors are fundamental to provide comprehensive information

about both the importance of different arthropod taxa in plants pollination and the
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importance of different plant species as trophic resource for flower visitors (De

Manincor et al., 2020; Bonelli et al., 2020).

In this work, we aim to characterize the main pollinators of an early season flowering
species in an Alpine context through a three-year study, using the narrow endemic plant
species Androsace brevis (Hegetschw.) Ces. (Primulaceae) as model species. Moreover,
we aim to assess how the structure of pollination-networks established between the

early season flowering plants and flower-visiting arthropods varies over the years.

2. Materials and methods
2.1 Model species

Androsace brevis (Hegetschw.) Ces. (Primulaceae) is an Alpine perennial cushion plant
narrow-endemic to the Southern European Alps. This species grows only above 2000 m
asl in a limited area of Northern Italy and Switzerland. According to IUCN criteria, its
conservation status is vulnerable (Mangili et al. 2014, Bornand et al., 2016). The choice
of A. brevis as model species for this study, is based on its phenology. Androsace brevis
flowering occurs immediately after snowmelt and lasts about two weeks between the
end of May and the beginning of June, being among the first species flowering in its
geographic-altitudinal context (Bonelli et al., 2022; Eustacchio et al., 2023). Moreover,
this species depends on insect pollination for reproduction (Eustacchio et al., 2023). The
floral morphology of this species has been described in detail by Eustacchio et al.

(2023).

2.2 Retrieving and palynological analyses of pollen carried by flower-visiting

arthropods

Quali-quantitative palynological analyses of pollen grains carried by A. brevis flower
visiting arthropods were performed to investigate which of these visitors can act as
pollinator.

The pollen was retrieved from the body of flower-visiting arthropods collected in 2017
and 2018 on A. brevis reported in Bonelli et al. (2020) and from flower-visiting

arthropods collected in 2019 reported in Bonelli et al. (2022). For this study, only pollen
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retrieved from specimens sampled in A. brevis population located in the vicinity of the
Mountain Hut “Cesare Benigni” (UTM WGS83 — 32T E 543496 N 5096577, 2222 m asl)
in the Orobic Alps (Bergamo, Lombardy, Northern ltaly) were analyzed. The site is
described in detail in Bonelli et al. (2020) and Bonelli et al. (2022). Flower-visiting
arthropods were sampled on flowers according to timed and free observation methods

(Gibson et al., 2011; Bonelli et al., 2022) (Tablel).

Table 1. Timed observations conducted for flower-visiting arthropod sampling. Year, day, A. brevis cushion
code, number of flowers in anthesis, and time window are reported.

Year Day Cushion code Number of flowers in anthesis Timed window

11.30-12.00
12.30-13.30
14.00-15.00
15.30-16.30
11.30-12.00
12.30-13.30
14.00-15.00
15.30-16.30

31 May 2017 GE 37; 25

2017

1June 2017 CC; EE 37; 25

13.00-14.00

14.30-15.30

16.00-17.00

17.30-18.30
2018 8.45-9.45

10.15-11.15

10 June 2018 FF; GG 33; 36 11.45-12.45

13.15-14.15

14.45-15.45

9 June 2018 F, G 33; 36

10.00-11.00
12.00-13.00
14.00-15.00
15.30-16.30
2019 15.00-16.00

15 June 2019 LM 5,10 16.00-17.00
17.00-18.00
10.00-11.00
12.00-13.00

8 June 2019 J; K 30; 28

16 June 2019 N; O 8, 14

The samples collected during free observations performed in 2019 are described in
Supplementary Material S1 as they are not reported in Bonelli et al. (2020). Arthropod
sampling was conducted as reported in Bonelli et al. (2022). The collected arthropods
were immediately placed individually in 1.5 mL safe-lock tubes with 70% ethanol, thus
preserving the pollen carried by arthropods. All the collected samples subdivided at
family level are reported in Supplementary Material S2. Each tube containing the
ethanol-preserved specimen was vortexed three times for 30 s to remove pollen grains

from the arthropod body and to suspend pollen in the ethanol. Then, the specimen was
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removed from the tube and observed under a stereomicroscope to check that no pollen
grains remained attached to the body. If necessary, the process was repeated until no
pollen grains was found on the specimen. Then, the tubes containing the suspended
pollen were put in a thermoblock at 65 °C to accelerate ethanol evaporation and

concentrate pollen.

Finally, pollen retrieved from the same arthropod taxon were merged according to
Table2, thus obtaining 27 samples. In detail, the pollen material was merged at order
level for orders represented by less than 15 specimens. For two orders (Diptera and
Hymenoptera) a finer level of detail was applied. Diptera were divided considering
separately the pollen from Anthomyiidae (as they were the most abundant family and
represented the vast majority of collected Diptera), while pollen from other families
(each represented by equal or less than 3 specimens) was merged. Regarding
Hymenoptera, Apoidea were divided at family level due to their well-known role in
pollination. Moreover, Formicidae were kept separated because of their peculiar
morphology and ecology compared to “other” Hymenoptera (all winged parasitoid

wasps).

Table 2. Flower-visiting arthropod specimens from which the carried pollen was retrieved, reported per
taxon and year.

Taxon 2017 2018 2019 (pe-lr-?c:ilon)
Diptera Anthomyiidae 10 70 1 81
Diptera (other) 3 9 3 15
Hymenoptera Apoidea Apidae 1 0 0 1
Hymenoptera Apoidea Halictidae 2 0 2 4
Hymenoptera Formicidae 2 3 0 5
Hymenoptera (other) 5 4 2 11
Hemiptera 4 1 2 7
Coleoptera 2 2 0
Thysanoptera 9 1 3 13
Oribatida 1 0 0 1
Araneae 0 5 2 7
Collembola 0 1 3
Total (per year) 39 96 18 153

The pollen samples obtained for flower-visiting arthropods were subject to acetolysis

to better observe the pollen morphology (Erdtman, 1960; Bonelli et al.,, 2020),
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mounted on microscope slides in glycerol-water mounting medium and observed
under an optical microscope (Leica DMRB). The pollen was counted and identified both
by comparison with literature data (Moore et al., 1991; Beug, 2004; Eustacchio et al.,
2023) and with a pollen library created ad-hoc. The latter was made by collecting in
70% ethanol pollen samples from all plant species observed in flower during the A.
brevis flowering period (Supplementary Material S3), within a radius of 500 m and
within a difference in altitude of +/-200 m from the study site. We subjected these
pollen samples to the same protocol described above, obtaining a pollen library for

reference use.

2.3 Pollination-network analysis
The data from qualitative and quantitative palynological analysis were analysed
through bipartite pollination networks, with the functions implemented in the R
package igraph (Csardi & Nepusz, 2006; R Core Team, 2018). The pollen counts were
transformed in percentages, allowing to compare data from different years, sites, and
number of sampled specimens among taxa. Plant-arthropod interactions were
investigated in both directions, plotting two types of networks: from the perspective of
arthropods, where the line thickness represents the percentage of pollen of different
plant taxa found on an arthropod taxon, and from the perspective of plants, where the
line thickness indicates the percentage of pollen from a plant taxon found on different
arthropods taxa. Moreover, the percentage of entomophilous and anemophilous pollen
carried by arthropods were evaluated, to better investigate the role of different taxa as

pollinators.

3. Preliminary Results
A total of 3064 pollen grains were counted and identified (Supplementary Material S4).
Androsace brevis pollen was observed only on Diptera Anthomyiidae family (2017 and
2018), Hymenoptera Apoidea (2017 and 2019), “other” Hymenoptera (2017), and
“other” Diptera (2017) (Figurel).
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Figure 1. Relative abundance of A. brevis pollen grains (outer circle) observed for each arthropod taxon
sampled during 2017, 2018, and 2019 (inner circle).

The pollination-networks are well-structured and arthropod taxa involved varied
among the 3 years analysed. In 2017, Hymenoptera Apidae and Diptera Anthomyiidae
showed the highest number of botanical taxa within the pollen transported
(Figure2.A), among which pollen of Primula hirsuta was the most abundant. This
species showed a high relative abundance also within the amount of pollen observed
for Hymenoptera Halictidae. Looking at the network from the perspective of plants
(Figure2.B), Apidae collects and transports the highest number of grains of almost all
the plants observed within the pollen. Only Leuchantemopsis alpina entrusted its

pollen exclusively to Anthomyiidae.

In 2018, no Hymenoptera Apoidea were sampled, and Anthomyiidae were the taxon
with the highest number of grains, which were mainly represented by Primula hirsuta
(Figure2.C). High variety of plant taxa also occurred within the sample "other Diptera"
which included pollen retrieved from Sciaridae, Chironomidae, Scathophagidae,
Drosophilidae, Syrphidae, and Chloropidae. Similar to what was observed for Apidae in
2017, in 2018 most plants were visited and pollinated by Anthomyiidae. Indeed, the
network observed from the perspective of plants, showed that almost all the grains of

the various botanical taxa were transported by this family of Diptera (Figure2.D).

In 2019, different taxa of arthropods (Anthomyiidae, Halictidae, Collembola —
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Entomobryiidae, Tullbergidae, Onychiuridae — and Thripidae) carried pollen from
many different plant taxa. The taxa with the greatest number of interactions are the
halictids, which carry mainly pollen of Rosaceae and Androsace (Figure2.E). Also in this
case, Apoidea and Anthomyiidae seem to be fundamental to the reproductive success

of many plants, compared to other arthropod taxa (Figure2.F).

Subdividing pollen in relation of the main pollination strategy adopted by the plant
taxon to which pollen belongs, entomophilous (e.g., Androsace brevis, Primula hirsuta,
Fabaceae,) and entomophilous/anemophilous (e.g., Kalmia  procumbens,
Polygonaceae) pollen type represent almost all the grains observed for Hymenoptera
Apoidea (Apidae and Halictidae) and Diptera Anthomyiidae (Figure3). The relative
abundance of these two types of pollen decreases considering other arthropod taxa (in
order: “other” Hymenoptera, Hemiptera, Thysanoptera, “other” Diptera, Coleoptera,
Araneae, Collembola, and Hymenoptera Formicidae) on which the anemophilous

pollen type (e.g., Poaceae, Pinaceae) increases.

~

o } Observed polen type
B Ancmoprious

Emomoptelous/
Anemophilous

Emomoptilous

Relatuve Polen Abundance

Arthropod Taxas

Figure 3. Relative abundance of pollen grains counted and identified for each arthropod taxon merging
the data collected among the three years analysed. Pollen grains were divided in relation of the main
pollination strategy of the plant taxa.
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Figure 2. Resulting plant-pollinator networks of each analysed year represented from two different point
of view. A;CE: networks from the perspective of arthropods. The line thickness represents the
percentage of pollen of different plant taxa found on an arthropod taxon; green dot size represents the
annual abundance of pollen counted for each plant taxon. B;D;F: networks from the perspective of plants.
The line thickness represents, as a percentage, on which arthropod taxa we found the pollen of each
plant taxon; blue dot size represents the annual abundance of arthropod counted for each taxon.

92



Chapter | 2.4

4. Preliminary discussion

Although the sampling effort was focused on a single plant species during a particular
moment of the season, resulting pollination-networks are well structured, with many
arthropods carrying numerous pollen grains belonging to different plant taxa. The
qualitative and quantitative information obtained through palynological analysis made
it possible to observe which plant taxa were visited most by the different arthropod

taxa sampled.

Characterizing the main A. brevis pollinators, it has been observed how the arthropod
taxa that carry the highest amounts of its pollen, potentially acting as pollinators, are
mainly Hymenoptera Apoidea (Apidae and Halictidae), represented by a male of
Bombus pratorum (Linnaeus, 1761) and three female of Lasioglossum Curtis, 1833, and
Diptera Brachycera (Anthomyiidae), represented mainly by Paregle coerulescens
(Strobl, 1893) and Delia platura (Meigen, 1826), as reported in Bonelli et al. (2020;
2022). For both Apoidea and Anthomyiidae, A. brevis appears to be the second most
visited species following Primula hirsuta, which may be subject to a higher visits-rate
due to its greater frequency in the study area and the presence of a bigger floral
display (Eustacchio et al., 2023). Overall, Androsace brevis and Primula hirsuta result to
be the principal food resources on which the diet of Apoidea and Anthomyiidae is
based during the early season. Moreover, both these two flower-visiting taxa are
responsible of the transport of almost all the entomophilous plants identified,
becoming therefore fundamental for the reproductive success of these plants. In
particular, Apoidea collected also pollen of entomophilous plants not observed in
bloom at the elevations where fieldwork was conducted, but probably were booming
at lower altitudes (e.g., Pedicularis). This observation highlights how much Apoidea,
especially bumble bees, are able to move for longer distances respect to other
arthropods (Maebe et al., 2021). Although the abundance and frequency of Apoidea
tends to decrease with altitude (Lefebvre et al., 2018), their activity as floral visitors
remain fundamental to the reproductive success of many entomophilous plants, even
during the early season, given their ability to fly and forage when temperatures are still

low (Lefebvre et al., 2018).
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Regarding Anthomyiidae, D. platura and P. coerulescens are two common species
related to high mountain ecosystems and to temperate areas of Northen Hemisphere
and, occasionally, they feed on flowers searching for nectar and pollen (Boucher et al.,
2021). Especially during the early season, the trophic resources could be limited within
the environment and temperature could change repetitively in few minutes (Hagvar &
Klanderud, 2009). Flower visiting by Anthomyiidae could therefore be linked both to
the search for food and to thermoregulation activity. In the latter case, it is well known
how dipterans are used to rest on flowers to thermoregulate, in a behaviour known as
'‘basking' (Faheem, 2004; Van der Kooi, 2019). Indeed, flowers maintain a constant
warmer microclimate compared to the surrounding environment as it is essential for
the plant both for the formation of nectar and pollen and for the optimal functioning
of the flowers (Van der Kooi et al., 2019). Moreover, A. brevis, as many other Alpine
plant species (e.g. Silene acaulis, Eritrichium nanum), produces an average of 50
flowers for plant creating a homogeneous apparent carpet (Eustacchio et al., 2023).
This flowering pattern allows cushion plants to be highly attractive to flower-visitors,
especially when temperature is low, as arthropods can search for nectar and pollen
both spending less flight energy and obtaining greater profit in food rewards than in

case of single-flower visits per plant (Kunin, 1993; Cartar et al., 2004, Dixit et al., 2020).

In “other” Diptera group, “other” Hymenoptera, Hemiptera, Thysanoptera, Araneae,
Coleoptera, Hymenoptera Formicidae, and Collembola, A. brevis pollen was not
observed (in exclusion of very few grains in “other” Diptera and “other” Hymenoptera
taxa collected in 2017). For these taxa, the abundance of pollen belonging to
entomophilous plants decreases becoming similar, or even lower, than the abundance
of pollen grains of anemophilous plants. This result highlights how these taxa are not
strictly interested in nectar or pollen seeking, but presumably visit flowers for other
reasons. For example, Araneae, Coccinellidae, Formicidae, and “other” hymenopteran
(parasitoid wasps), could search for a prey or for a host (e.g. aphids) in which to lay
eggs (Zikic et al., 2017; Guariento et al., 2018a; 2018b); Thysanoptera may use flowers
as mating site or as a nest for their colonies as well as a place where search for food
(Kirk, 1984; 1984; McFarlane et al., 2015). These observations suggest that these taxa

play a marginal role in pollination of alpine plants, and the pollen grains carried by
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them were probably collected randomly walking on the ground or on the flowers.

Monitoring the same study area for three consecutive years, allowed us to observe
how flower-visiting arthropod community change over years both in taxa composition
and arthropod abundance. Only two families were recorded during all three years:
Anthomyiidae (Diptera) and Thripidae (Thysanoptera); but their abundance was very
different over years: Anthomyiidae abundance ranged from 1 specimen in 2019 to 70
specimens in 2018, while Thripidae abundance ranged from 1 specimen in 2018 to 9
specimens in 2017. These differences could be mainly due to the different persistence
of snow cover on the ground observed among years, more than for anthropic
environmental pressure as anthropic activities are very limited in the area. In 2017 and
2019 the surface of land covered by snow was larger than in 2018, potentially
influencing the type and abundance of flower visitors. Anthomyiidae larvae, for
example, develop in moist soils where excrements provided by cattle, sheeps and
goats are present (Lefebvre et al, 2018). The persistence of snow on the ground, may
inhibited the emergence and the activity of this taxon during 2017 and 2019. On the
other hand, the higher abundance of Thripidae within flowers during the years with
high snow cover could be linked to the use of flowers as shelter site and refugia as this
taxon can wait for favourable temperatures inside the corolla tube of A. brevis
(Woldemelak, 2008). The presence of Hymenoptera Apoidea only in 2017 and 2019,
let us to hypothesise that this taxon increases its foraging area (till 9.9 kilometres in
case of Bombus terrestris (Linnaeus, 1758)), when food resources surrounding the nest
location are scarce or when bad weather conditions occur (Pyke et al., 2011). These
reasons, together with the short alpine vegetative season, also lead bees to be more
generalist in choosing floral resources than at lower elevations or warmer
environments (Obeso, 1992; Pyke et al.,, 2011). This change in behaviour, that is
fundamental to ensure bees own survival and the survival of their colonies, especially
for Apidae, make this taxon very important not also in the reproductive success of
plants living within the same population, but potentially also in creating and
maintaining a pollen flow between displaced plant species populations (Dreisig, 1995;

Westphal et al., 2006; Kremen et al., 2007; Cranmer et al., 2012).

Diptera Muscidae and Empididae were not observed in this study, despite these
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families are usually very common flower-visitors in temperate high-altitude
environments (Lefebre et al., 2014; Tiusanen et al., 2016; Lefebvre et al., 2018;
Martinez-Diaz et al., 2023). Also Diptera Syrphidae were low represented in this work,
as only two specimens belonging to Scaeva dignota Rodani, 1857 and Eristalis similis
Fallen, 1817 were sampled in 2018. The low abundance of pollen grains retrieved on
their bodies indicates that they are not central pollinators of A. brevis, neither of other
plant taxa. This result highlights how during the early season the floral visitor
community may be represented by a subset of taxa compared to those that can be
observed later in the season. In support of this, our results are in accordance with the
observations reported by Lefebre et al. (2018), where among the most common Alpine
flower-visiting arthropods above 2000 m asl, Syprhidae are present but less abundant
than Anthomyiidae in early season, while Muscidae and Empididae start their activity
few weeks later. By the same way, Apidae are confirmed to be the most active flower

visitors early in the season together, in our case, with Halictidae family.

During this particular time of the season, such a varied composition over the years in
flower-visiting arthropod community, highlights how pollination is entrusted to
“inconstant” and “fortuitous” arthropod taxa. To cope with this occurrence, A. brevis,
as well as most of the plant species observed flowering during this period, shows
different adaptations as: 1) a generalist strategy regarding pollinators (Eustacchio et
al.,, 2023); 2) high longevity of plants (Ostman, 2018). These strategies could be
fundamental in a changing climate as they allow both to share pollinators with
different plant species, potentially find new flower visitors in the future, and to cope
with the possible absence or limited occurrence of flower visitors during some year, so
helping to contrast critical plant-pollinator mismatches (Callaway et al., 2002; Kikvidze

et al., 2005; Ostman, 2018; Gerard et al., 2020; Inouye , 2020).

The possible consequences of climate warming may lead to a marked alteration of the
type of floral resources and the floral visitor communities (D’Al0 et al., 2021). The first
issue is mainly represented by the migration of low-altitude plant species as well as by
the alteration of soil composition characterizing alpine environments. In particular,
higher temperatures increase the microbial activity, leading to a high release of micro-

and macronutrients as nitrogen, phosphorus, sulphur, and other minerals, which in
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high quantities, could represent a serious threat for alpine nutrient-poor soil adapted
species (Margesin et al., 2014; Cavicchioli et al., 2019; Dorji et al., 2020; Xu et al., 2020;
D’Al0 et al, 2021). The second issue is mainly linked to the changing need of
arthropods in visit flowers. The need in visiting flowers to thermoregulate as well as to
supplement the diet with nectar and pollen, could decrease for those arthropods not
closely related to floral resources to survive, such as Anthomyiidae and other
Brachycera typical of high altitudes. Regarding Hymenoptera, increasing temperature
could increase the abundance of Apoidea, leading both to an increase in competition
for food resources and to increase the selectivity in choosing flower type (Galen,
1999). Moreover, a change in the flower composition and an increase in floral

resources could decrease the visitation rate on each single plant.

In conclusion, in a scenario where composition of flower-visiting arthropod
communities highly changes in function of environmental parameters mainly linked to
weather conditions, the attractiveness of alpine-adapted plants could be different
between years depending on the type of active arthropods. In this highly variable
context, the effect of the ongoing climate warming on both the stability of alpine
ecosystems and the survival of plant and arthropod communities, could be hardly
predictable. However, a long-term study could be useful to better understand these
complex interactions between plants and arthropods and how they evolve under

climate change.

This work will include additional output as:

- analysis of pollination networks using parameters as “nestedness” and
“weighted NODF” to describe the specialization of plant-arthropod interactions
(Almeida-Neto & Ulrich, 2011; Almeida-Neto et al., 2008);

- Comparison of pollination networks identified among years and potential links

with weather conditions using generalised linear models (GLMs)

Funding This research was partly funded by Parco delle Orobie Bergamasche (Deliberation n. 7, 6
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Supplementary Material

Supplementary Material S1. Flower-visiting arthropods sampled during the free observations
during year 2019 in Orobic Alps population (Benigni Hut) of Androsace brevis. Specimen ID,
order, family, genus, species, stage (A=adult, J=juvenile) and repository (UNIMI=UNIMI B:
Department of Biosciences, University of Milan — lItaly); MSN=Entomology Section, Milan
Natural History Museum — Italy) reported. Blank lines mean that taxonomic identification was
not achieved. Nomenclature is according to Fauna Europaea (De Jong et al., 2014). List of
taxonomists*.

ID Order Family Genus Species Author Stage Repository
VBO1 Thysanoptera Thripidae Thrips Thrips vulgatissimus  Haliday, 1836 A UNIMI B
VB0O2 Diptera Anthomyiidae Paregle Paregle coerulescens Strobl, 1893 A UNIMI B
VB03 Hymenoptera Braconidae A MSN

VCO1 Araneae Gnaphosidae J UNIMI B
VD01 Hymenoptera Halictidae Lasioglossum Curtis, 1833 A UNIMI B
VD02 Thysanoptera Thripidae Frankliniella Trybom, 1895 A UNIMI B

* ARACHNIDA: Araneae=Paolo Pantini (Zoology of Invertebrate Section, Civic Museum of Natural Science Enrico Caffi,
Bergamo, Italy); HEXAPODA: Collembola=Pietro Paolo Fanciulli (Department of Life Sciences, University of Siena,
Siena, ltaly), Barbara Valle (Department of Life Sciences, University of Siena, Siena, Italy; NBFC, National Biodiversity
Future Center, Palermo, ltaly); Diptera, Anthomyiidae=Verner Michelsen (Natural History Museum of Denmark, University
of Copenhagen, Copenhagen, Denmark); Hymenoptera, Apoidea=Andree Cappellari (Department of Agronomy, Food,
Natural Resources, Animals and Environment, University of Padua, Padua, Italy); Hymenoptera, Braconidae: Vladimir
Ziki¢ (Department of Biology and Ecology, University of Ni§, Ni§, Serbia), Zeljko Tomanovi¢ (Department of
Invertebrate Zoology and Entomology, University of Belgrade, Belgrade, Serbia); Thysanoptera: Barbara Conti
(Department of Agriculture Food and Environment, University of Pisa, Pisa, Italy).
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Supplementary Material S2. Flower-visiting arthropods from which the carried pollen was
retrieved, reported per family and year.

Order Family 2017 2018 2019 Total
(per family)
Braconidae 4 1 5
Figitidae 1 1
Mymaridae 1 1 2
Hymenoptera Eulophidae 1 1
Ichneumonidae 2 2
Formicidae 2 3 5
Apidae 1 1
Halictidae 2 2 4
Sphaeroceridae 1 1
Phoridae 1 1
Chloropidae 1 1 2
Drosophilidae 1 1 2
Diptera Anthomyiidae 10 70 1 81
Syrphidae 2 2
Scathophagidae 1 1
Agromyzidae 1 1
Sciaridae 3 3
Chironomidae 1 1 2
Staphylinidae 1 1
Coleoptera Meloidae 2 2
Coccinellidae 1 1
) Aphididae 4 2 6
Hemiptera Cicadellidae 1 1
Thysanoptera Thripidae 9 1 3 13
Linyphidae 4 1 5
Araneae Gnaphosidae 1 1
Theridiidae 1 1
Tullbergidae 1 1
Collembola Onychiuridae 1 1
Entomobryidae 1 1 2
Oribatida 1 1
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Supplementary Material S3. Flowering species observed both within a radius of 500 m and a
difference in altitude of +/-200 m from the study site among 2017, 2018, and 2019.

Nomenclature is referred to Pignatti, (2017)

Family Species Author
Asparagaceae Muscari sp.
Asteraceae Homogyne alpina (L.) Cass.
Leucanthemopsis alpina (L.) Heywood
Boraginaceae Eritrichium nanum (L.) Schrad. ex Gaudin
Mpyosotis alpestris F.W.Schmidt
Brassicaceae Arabis bellidifolia Crantz
Cardamine hirsuta L.
Draba aizoides L.
Caryophyllaceae Silene acaulis (L.) Jacq.
Cyperaceae Carex curvula All.
Ericaceae Erica carnea L., 1753
Kalmia procumbens (L.) Gift & Kron & P.F.Stevens ex Galasso, Banfi & F.Conti
Fabaceae Anthyllis alpicola Brigger
Lotus corniculatus L.
Gentianaceae Gentiana acaulis L.
Gentiana verna L.
Iridaceae Crocus vernus (L.) Hill
Liliaceae Gagea serotina (L.) Ker-Gawl.
Poaceae Festuca luedii (Markgr.-Dann.) Foggi, Gr. Rossi, Parolo et Wallossek

Polygalaceae

Polygala chamaebuxus

Polygala vulgaris

L.
L.

Primulaceae Androsace vandellii (Turra) Chiov.
Primula hirsuta All.
Soldanella alpina L.
Ranuncolaceae  Pulsatilla alpina (L.) Delarbre
Ranunculus sp.
Rosaceae Geum montanum L.
Potentilla aurea L.
Saxifragaceae Saxifraga moschata Wulfen
Thymelaeaceae Daphne striata Tratt.
Violaceae Viola biflora L.

Viola hirta/thomasiana

Viola sp.
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Supplementary Material S4. Resulting qualitative and quantitative analysis of pollen retrieved from flower-visiting arthropods collected on Androsace
brevis in 2017, 2018 and 2019. Family and lower taxonomic level reached in pollen identification is reported. Pollination strategy of plant to which pollen
grains identified belong is also reported: E=Entomophylous strategy; A=Anemopbhilous strategy; B=Both Anemophilous and Enthomophylous strategy.
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Arthropod Arthropod taxa
Order
2017 Dip Anthomyiidae 1 0|33 1 olo|lo|o|o|o|o o|o|lo|o|4 0o 6 o0|0|0|11 3 o|6 0 o0|O0]|2|0]2
Dip Chloropidae;
Chironomidae; o olo o|lo o|o|o|o|o|lOo|O Oo|O|O|O|5 0 9 o|lo|o0o|2 o o0|0 o ofl0|O]|O]1
Agromyzidae
Hym Apidae o0 o|s6 0|0 o{32|2]|0|0]|0|0 25|{0|26|2|5 0 6 0|0|O0|148 1123 5|7 0 0 |47]| 1|0 |30
Hym Halictidae o o|lo o|lo olo|lo|o|o|o|o of|oflo|o|l2 o 1 oflolo|o 32 o|lo o0 o|lo|2|0]o0
Hym Formicidae 0 ololo]o 0 1 0 1 0 0|0
Hym Braconidae; o o|lo o|lo o|o|4]lolo|o|lo o|lo|o]lo|l2 o 7 ololo|2 4 olo o oflo]1lo]lo
Mymaridae
Hym Aphididae o olo o|lo o|o|o|o|o|lo|Oo olo|o|o|lO 0 o o|o|o|l0o o o0o|0o o oflo0|O]|O]oO
Col Meloidae o olo o|lo o|o|o|o|o|lo|lOo olo|o|o|lO 0 o of|o|o|l0o o o0o|0O o oflo0o|oO]|O]oO
Thy Thripidae o o|lo of|3 o|6|2]0oflo|lo|lo olo|lo|o|3 0o 7 o|loflolo 2 0|4 o oflo0|o0]|o0]2
Cmb Oribatida o olo o|lo o|o|o|o|o|lo|Oo olo|o|o|lO 0 o o|olo|lo o o|0o o oflo|o|oO]oO
2018 Dip Anthomyiidae o0 10/17 o|1 o|6|76|0|0|0|17 0o|0|1(32|8 0 10 o|8|0|29 321 9|24 0o 0|9 |12]| 0139
Dip Sciaridae;
Chironomidae; o 0|3 o3 of|1|3|olo]o|1 o|lo|2]2|5 1 1 olo|lo|lo o 3|2 o ofl3]1lo0]2
Scathophagidae;

Drosophilidae;
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Cmb
Ara

Syrphidae;
Chloropidae
Formicidae

Ichneumonidae;
Mymaridae;
Figitidae
Auchenorryncha
Coccinellidae;
Staphylinidae
Thripidae

Entomobryidae

Linyphiidae;
Theridiidae
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2019

Di

p
Dip

Hym

Hym

Hem
Thy
Cmb

Ara

Anthomyiidae

Drosophilidae;
Sphaeroceridae;
Phoridae
Halictidae

Braconidae;
Eulophidae
Aphididae

Thripidae

Entomobryidae;
Tullbergidae;
Onychiuridae
Linyphiidae;
Gnaphosidae

10

187

47

21

204

15
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Braconidae (Hymenoptera) in the Central Southern Alps: the first
Alpine record of the alien parasitoid Lysiphlebus testaceipes
(Cresson) and new species for Italy
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om Alps: the first Alpine pecond of the alim parasitold Lyaphioh o (Crpssca) and ew species for [taly.

Despite the ecolopical importmce of parasnodd wanps for the stabuity of Alps ecosystens, the availadle knowl.
edpe about besconad winps r these convuoaments bs still very kol Here, we explooad the diversity of Alpéne
bescornd parmitoids in the Southern Centeal Alpn. We secorded 18 wes Of bracoesd nurm.nmu
dﬁ-ﬂyw‘-hpﬂmnmh&:muhh o Lynphichas sexto-
nwl(]mﬂnlh&hmuhgala“ﬁmﬂbmwndl—&l“mo(h
speches. The second most drverse subfamly was Microgastrizae with two detected spocies, while one species wan
recarded froes each of the sublamies Alysitnne. Braconisae, Cheloninae and Baphonmae. Four beacoakd species
footn the sablaily Apludinse - Apbidina Mirravioruw Stary, Aodalio schivtichels (Stan), Hurderse avgpon.
vty (Stay') and Mooociomss orvpadin (Haliday) - see sew sooonds 0 (he fonns of Ialy. This work contribates
10 the knowlodge of bracosid divenity in e Alps. Morcover, il cas be o starting point both o explore cossplex
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INTRODUCTION

Rescarch om Alpine ecosystens s related 10 the com-
sarvation md natural prolection of unigue Beodiversity
ot high altitedes. Exploring Alpine biodiversty can lead
to an understanding of s ecosysiem funcecas, aod 10
predict possible theeats from ghobal clmate changes
(Kdaxam, 2001 Eaxaxonon of o/, 2014) Farasitoid
Imsects consist of the dominam component of lerrestrial
ccosystems beloaging 1o mnophic asocuntons which
inclode host plants and usually host msects feeding oo
those plasts (Gooerax 1994). Due %0 the high degree
of plamt endommes = the Europeass Alpw (MPNcierm
of @l, 2021; Pakpony, 2022), Alpime cconysicms might
comoguently sspport umque tritrophic associations and
pamitond divendty (Saai ef al, 1975 Pexasacono and
Trm Ay, 198%),

Im recent decades, many sew species of bracosid pa-
rasitoud wasps (Hymenoptera: Beacoaidac), mamly from

Europe (STart o al, 1971 « western Furope; Hatwa,
1992 - pondem Eweope: Stany of af, 1998, Tonoaowond
and Koarssaos, 2002, Tosasond eral, 2002, 2004,

Bowrvvt 1 Onaher 00 Asasted I8 Sconambne Y)Y

2007; Kaoari mearos of af, 7004 - south-castem Furo-
pes Lozan o @l 2010 - southemn and central Furope:
Haonixa o al, 2014) However, despise the ecological
importance of paraseosds for the stabality of Alps ecosy-
stomms { Keas o af, 2005), the available knowledge abosa
braconid wasps on these mountains is stll very hasitod
(Suami o @l 1975 Kenas or @l 2005 Bosaray o ol
2022).

The goal of our reseasch is 10 detect pew braconid
species for Alpise ecosystems. this could lead 1o ftu.
e conservation programs and 1o 3 decper usderstan-
ding of the boote neractions occurmnng in hese fragi-
le environments, cspecially wader presssre of climatic
cAanges. Owr rescarch oo bracomd dnenily focused
on the Contrall Southern Alps and it 1 related %0 2 bro-
ador rescarch on the coalogy of the vulnerable nasrow
ondomac plant Andsece bty (Hiegetschw ) Cosa-
1 (Presslaceae). Thas plant is one of e fow floral re-
sources available for arthropods m the carly scason -
when snow cover is still present - and braconsds have
been identified among its most abendant flower visitors
(Bosaes er al, 2020; Boxran ef @l 2022), therefore
it serves s a pood statisg point 10 search for braconid
species and o investigate their rede in high mowatain
ecologieal peoworks.
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MATERIALS AND METHODS

The too investigatod sites bost two different repee-
scatative populations of Andrmsace Arevis, within its di-
stribution raoge (Exsmocing ef af , 2023). The fest site
15 i the Lepontine Alps (Cemo, Lombandy, ltaly) on e
Cugn Peak (UTM WGSSS-32T E SI2338 N S112905,
2193 m asl), while the socond site o in the Ovebic Alps
(Bergame, Lossbandy, [taly) near the Mowsstain Hue “Ce-
sare Boogni™ (UTM WGSE4-32T E 543496 N 5096577,
2222 m ) A more detailed descripticn of $e two se-
Toctod sites is givem in Bosen s of af (2020) aad Bosran
of al (2022). Timed-obscrvation samplings on A bvvvis
Bowers were performed in May-June from 201610 2021,
More isformation about the sampling effort and methods
are reportod by Bostraref al (M022). Finally, so incresse
the semount of available data, a further period of sampling
was perfonmsed by sweepisg 0 Juse-July 2022 in both
sites. As the Cugs Peak site is more easily sccessible, in
thas e we alvo sampled plases infosod with apbods, o
they mre posuble hoats of Aphidiinae. Plants were identi-
fied on-site dunng Seldwork. Plant parts, mainly lerves
infested with aphids, and aphad mummics were tranafer-
red 10 plastic contaimers with perforated lids and kepl we-
der laboratory conditions until the parsstosd emergence.
Some colloctod wingod and adult aphids were
preserved in 70% ethyl alcobol and later identificd by a
specialist in the laboratory. After emergence, parasitoids
were fived in 96% ethyl akobol and preserved for later
cxaminations. Beacossds were dentifiod wsing existing
identdicatson keys (S, 1973 Tomus of al., 1986, To-
MaNove of ol 2015). Additionally, morphological ides-
tficaticn of some specimens has been confiemad by bar-
coding COI gene — Aphudins ervi Haliday (OQO29512),
A sclimitvoheks (Stay) (OQOZIS08), A, scbwkintiamicus
Luzhetzla (0QO29509, OQOXS10), Davervtiolls mapae
(M'fotosh) (OQU29511). The extermal momphology of
the specimens was studied using a ZEISS Discovery VR
stercomicroscope. Aphidiinae specimens are deposated
in the collection of the letisute of Zoology. Faculty of
Haology, University of Belgrade, Serbia. The rest of the
parisitcid specimens are siored at e Faculty of Sciences
nnd Mathematics, University of Nd, Serbia.

RESULTS

A ol of I8 parsesosd species were recveded, with
fowr specios new 10 the (aema of ltaly sad with the firt
recoed of e alicn specics Lyspbebwr ferdaceiper (Cres-
son) in the Alps,

The overview of the recorded bracomids is given be-
low. For each species, collection data amd gonoral hiclo-
gical distributsons are reportod. Reconds marked with an
asterisk |*] repeesent new species for the Ralias fauna,
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Abbeeviations for legaors: MB = Marco Bonelli, 2T =
Zehko Tomanovid.

Subfmmaly Ahvsinse

Aspilota fascicornis (Hudiday, 1535)

Mariu exavsrn: 17, Cugn Peak (Lepontine
Alps, Como, Lombardy, Italy), 2194 m, 01402 VI1.2022,
leg. 2T (sweeping).

Risianks: Recorded masaly s parasaosd of Awlela
Aeraciei (L) (Dipaera: Tephritudac ), a0 repocied by Fross
(1924), and Spuagphors derpatstomm (M) (Diptora:
Fhorsdae) (Ye, 2019) but also of necrophagous dipte-
rans (Frenouox of @l 2013),

Desremonion: Furope (vs Acirmounc, 2014),

Subfamily A phidii
Aphidiny svewae Halslay, 1534

Muosa exavmaex 3o, Moustain Hut “Cesare Be-
mign™ (Orebic Adps, Bergamo, Lombardy. haly), 2222
e, ILVCOLVE 2017, feg. MB (collected ex A ryvis
Bowers),

Reaaxxs: Polyphagous parasitood of vanious aphid
species, of which the mast important are pea aphid -
Acyrthomipon pésam (Haers), cose apbad - Mocrogvam
e (L), groen peach aphid -~ My persicae (Sulzen,
mod mammy specwes of cereal aphods e.g., Rhopiosypbom
padi (L), Siuolvion avenae (F.) and Schizaplis graoienm
(Rosdani) (Tosaxonid ¢ o, 2021),

Dresriess 'non: Palacarctic (Vax Actmrsaeac, M4y
intreduced to Africa (Burundi) and Amenca (Brazd, Chi-
le, United Stes of America) (PeSatvin-Casz of ol
2007,

Aphidius ervi Haliday, 1534

Mursis exavinin: 80, Cugn Peak (Lepoatne
Alps. Como, Lombardy, Italy), 2199 m, 25-26 V2016,
feg. MHE (collected ex 4. beevis flowers); 1, Mowstain
Hu “Cesare Bessgni™ (Orobic Algs, Bergaeso, Lombar-
dy, hady), 2222 m, 0LVI.2017, kg MB (collectad ex
A beevir flowers ke 15, Mountain He “Cesare Bemgni™
(Orobic Adps, Bergamo, Lombardy, Italy), 2222 m, 01+
D4.V1 2022, leg. MB (sweeping); 2 sad 2.7, Cugn Peak
(Lepoatine Alps, Como, Lossbardy, ltaly), 2194 m, 0]-
02.VIL2022, bog. 2T (sweeping).

Riscaxks: Thes & a polyphagous species recorded on
sppronimasely 120 hoats weoeldwide. Among them, pea
aphid A poaem, and English grain aphad - 5 avesae,
wre very common hosts (Y, 2009), The host range for
this parasitoid is desplayed is Zoad ez ol (20171
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Destmsmion:  cosmopolitan (X ACHTTREREG,
2014).

*Aphidives Merociorum Stary, 1962

Marra axaunse: 17, Cugn Peak (Lepostise
Alrs, Coma, Lonshasdy, 1taly), 2194 m, 02.VI1.2022, Jeg.
2T (emergoed Fom Nasoworio sp. collected on Hicracim
L

Riaaxgs A specialred aphid parsdtond of the genus
Nasononsa Mordvilko, $al mainly attacks Hierociam
spp. (Tosanonic of af , 2008)

Des s rioos: Europe (van Acwroessa, 2014)

*Aphidius scldmieseheki (Stary. 1900)

Mugesiar pxasisen: 17 and [, Mountain Hot “Ce-
sare Beniges™ (Orobic Adps, Bergamo, Lombandy. laly),
2222 pe, 0104V 2022, leg. MB (swecpmg).

Rimearss A mosoplagous parssitond Sat develops in
Flasoliam odtesivant (Walker) 2 spruce-feading aphid on
Abiex ol Mill, Picea abiey (L) H, Kant, P pangeny
Engelm, and P xitchesris (Bong ) Carr. (Staxs, 1973
Tosanonw® of al, 2020),

Destwmmmion: Furope (Crech Repablic, Germany,
Huagary, Serbia, Slovakia, United Kingdom), Asa ([n-
dia. Pakistan) (van Acuiessenc, 2014; Das and Cien-
KmAanAKrl, 2025)

Aphidins wrticee Haliday, 1534

Murria a1, Cugn Peak (Lepostine
Alps, Como, Lombardy, luly), 2194 m, 26.V2016, leg.
MB (collected ex 1. Arnves Bowers),

Riatagss: An oligophagous passsitoid prmsanly rels-
tod 80 e aphad hosts of the genera Mocronghum Passe-
rini, dcyrtherdehon Moedvilke, but sl Amphoruphora
Buckton, Macrlophrmm Mordvilko, ete. (Javmoon of of
2016),

Desouscnos: Holarctic, Oriental, Occania (W
Actroumne, 2014)

Aphidins wzbehismanicus Luerki, 1960

Moarexia pxasuseo: 15 and |7, Cugn Peak (Lepoa-
tse Alpe, Como, Lombandy, Tialy), 2194 m, 4.V1L2021,
leg. MB (collected ex A, Annir Bowers).

Rincaxss: Thas oligophagous specios attacks aphids
that mfont covcals, such as I¥wrapiir Airenbeng, Mito-
polophiem Hille Ris Lambers, Rbepalocipbwm Koch,
Schizaphis Bormer, Sipba Passonai, Siobvon Mordvilko
(Ko et ad, 20010

Desoamonion:  Palacarctic, Nearctic, Neotropical,
and Oneatal (vay Acurexsn, 2014 intreduced in Ar
gentioa, Heazil, Chale, and USA (Staxy, 19931

Digereviella rapac (M 'Intosh, 1855)

Mursia axasisio: 17, Cugn Peak (Lepoatioe
Alps. Como, Lombandy, Iraly), 2198 m, 26 V2018, bkeg.
MB (collected ex A. frevis flowers).

Rvarks: The peimuary host foe 1. rapae 1 the aphnd
Hrevicoryme deansscue (1) from culivaied and unculti-
vated crocifers (Pur ef @l 1999; Kasruraros of ol
2004),

Dexremonion:  Pabseasctic, Orental, Neotropical,
Oceana, Afrotropecal (VAN ATk, 2014 introdu-
ood %0 North Amenica, and Australia (Baix of af , 2004)

*Harkeria angustivalves (Stary, 1959)

Marmar exammsen: 6 and 17, Cugs Peak (Lepon-
tise Alps, Como, Lombandy, [taly), 21948 e, 02.VI1.2022,
feg. 2T (emerged foomn Nusowovie sp. collected on M-
P 5. ).

Riavarks: Like Aphudiug Arermciormm, J st
vier is 2 specializgd sphid parssatosd of Nusowovia spp.
(Tooeanaovy ef al, 2008).

Desirmst non: Europe (vas Acurimsero, 2014),

L yvipilebus comfasus Tremblay of Fady, 1978

Muau xoossane 17720 and 257, Cugn Pak
(Lepontine Alps, Como, Lombardy, Raly) 214 m,
02.VI1.2022, feg. 2T (emerged from Krackycomdes cor
i (L) colloctod on Clrstum spvinaséesimum (L) Scop.).

Ristarks: Genetically and  smoepbologically, this
polyphagous species s very choae 10 the below men-
tioned Lysiphledus fadarsm (Mandall)y It has 2 lgely
overlapping bowt range wath /. fulwrnm. Europeas popu-
Tatioms are mosdly ascxual: this findssg o ooe of the few
sexual popelstions of L. confisas in Europe (Toaanovy’
o wl, 2008)

Desrastnon: Palacarctic, Oniental (N Acieris-
mwes, 2004 Tosasomd of af, 2008).

Lysiphlebus fabarwm (Marshall, 196}

Marsia raunare 2060 and 417, Cegn Peak
(Lepoatine Alps, Como, Lombardy, buly), 2194 m,
02.VIL2022, leg. 2T (emerged from 8. cunfuf collected
00 Candsory acanthoides L), 10, Cugn Peak (Lepoatane
Alps, Como, Lombardy, laly), 2194 m, 02V 2022, keg.
2T (emenged from B canfur collected on € apvwanta-
maw)

Reaarks: This ix one of the most polyphagous Aphi-
diinae, found on over 100 sphid hosts from many geoers
ond the most common fysphlebus species m European
crop and moa-crop habita. L Gabanow bs very promising
potential agent for the ological comtrol of many agri-
culnural pest aphids. Most important host of £ faharmm
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in agroccosystems ts Aphis craconons Koch, oo locerne,
chover, bean; 1. gouypal Glover, om cocumber, potase, 4
Sabor Scopoli, vn com, bean, beet, pannip: A Adsed van
der Goot, on nepberry, blackborry: A pomi De Geer and
Ihsaphis plasegines (Tasserin) on apple; Frochywoas
dus helichnad (Kalsenboch) sad 5. schwared (Bomer) on
peach: Myzur persicar (Sulzer) on poppens (Toaaxovy®
of @l 201%),

Desrromrmion:  Palscarctic, Australasia, Occasa,
Oriental (o Aciniokmexo, 2004; Tomanond of af,
201%).

Lysiphlebus restaceipes (Cresson, 18%0)

Murkial xasusetx 145 and 157, Cuga Peak
(Lepontine Alps, Como, Lombardy, laly) 2194 m,
02.VIL2022, feg. ZT (emerged from 8. cundui collected
on . acantholdes k. 1967 and 937, Cugs Peak (Leponti-
ne Alps, Coma, Lombardy, Raly), 2194 m, 02V, 2022,
leg. 2T (emerped from M. coard collected on € sy
RIESTLTE N

Rinearss 1o already soted that thes s 30 allochtho-
nous and potentially invasive species in Europe, which
stanted spreading on the cast of the continent from e
Maditerraneas where competes Wil native Zysgvhlodus
species (MITRond of al, 201 3; 21K5¢ ot d , 2015) (Fig. 1),

Destmmonos: Holarctic, “

s Aciroumrc, 2014; Tosasonic of al,, 201%).

* Monoctemwas crepidfis {Haliday, 1534)

Marsaa rxassen: 20 and 27, Cugn Peak (Lepos-
e Alps, Comso, Lombardy, Traly), 2194 m, 02 V112022,
g 2T (emerped from Nl sp. collected on Fe-
Pochom ).

Riaearis Another spocies that & peamanly refated 10
reprosentatives of the gosus Navewoviar ¢.g., V. Aidouign
(Muosley), N pulocelioe (Bomer) msociatod with frere-
civn spp.. Crepis spp. and several other plaats froos e
farily Asteeacese (Tosasomd of af,, 2008).

Desriame mion: Palacarctic (WaN Actimrissa, 2014)

Subfamily Bracossae
Bracow infercexsor Necs, 1834

Marsaa sxauom: 1, Cogn Peak (Lepostine
Alps, Como, Lombardy, [taly), 2194 m, 01402 VIL2022,
teg. 2T (xwoeping).

Kreanks This species & ectoparasitoid recors
ded as geseralist on coleopierans such as Khynchr
fex docchuor L (Anclabadac), many weonls: Aficns-
farvaus Hochbuth, soveral Anthosomus Germar, ¢.g.,
A powarsn (L), A pedicufanus (L), A. sorty Genmar,
Apiow Heetet spp, Liews Fo spp. (Curculionsdac), then
wme Teodheodinidae (Hymenopiera), from the genus
Pomtain Costa, abo Tomiosdse, eg, Sparnpamothis
Hibacr spp. (Yo, 2009).

D nos: Pelacancts (van Acsiinaxd, 2014)
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Fug. | - Lateral view of s female Lasyvblefu destocviipes
recorded from Lepostane Alps

Subfenily Chelominas

Ascoparter varipes Wessael, 1535

Muaria sxavin: 1, Cugn Peak (Lepontoe
Alps. Comao, Lombardy, Italy), 2194 m, 0402 VL2022,
leg. ZT (sweeping).

Ristanks: Ths egg-larval parasitold amacks microlke-
pidopeera, e g, Torncidae, prasuanily several species of
the genn Cinfin Habocr, but also Eadothenas Stepbens,
wd Epimotie Huboer, (Tostas, 1976; Carrx and Hor-
MANN, 1997),

Desrrast nos: Palaesectic (van Acuresaesc, 2014)

Sublamady Euphormas
Pygostolus falcatus (Nocs, 1534)

Maoaa exavman: 17, Cugn Peak (Lepoatne
Alps. Como, Lombandy, Ttsly), 2194 m, 01402.VIL2022,
teg. 2T (swoeping).

Risvakks: 7' folcatur parasitizes Colooptera Curcu-
loaidae, prasandy Phyllobies Genmae, snd Sitoms Ger-
mar, e.g. S Mveatr (LS Mapidufus (F ) and S Bames
rults Stepbess (Loax and Hotowway, 1961).

Destrascmon: Holaectse (Nan AcHimsad, 2014)

Sublamily Ms ;
Sathon falcstuy (Nees, 1834)

Mupaa exasno: 15, Cugn Peak (Lepoatine
Alps. Como, Lombardy, ltaly). 2194 m, 01402.V11.2022,
leg 2T (sweeping).

REMARKS: This species by boen resead from lepidop-
terma karvae of Evpvahecta succemtwriatr (L) (Goometri-
dae), Hellinsa avteodactyius (Zeller) (Mesophonidac),
Apvemen kaserinia (Hufnagel), 4. monegivpa (Hufnagel),
Noviwa (L) (Noctusdae), Simantbedo npuliforms (Cler-
o) (Sesticdac) (Wa Liaes, 1983),
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Desrmmmion: Palacarctic, Onestal (WS Acierie-
e, 2014).

(yptapamieles fulvipes (Haliday, |834)

Muemar exasiven: 27, Cugn Peak (

Alps, Como, Lombardy, lraly), 2194 m, 0102.VIL2022,
leg 2T (sweeping).

Rissanks Vory impoctant natural enemy of the pypsy
moth, Lywantria disper (L) and the yellow il Ewv
proctiy sty (Fisali) (Ercbedac) pests in orchards and
Soreate. This parsstosd is alwo recondad from meee than
30 moctinds (Yi, 2019),

Dasasnon: Holasctie (o Acuniosexo, 2014)

IMSCUSSION

We conducted our sample quike carly m the scason,
which can be 3 critical momest for possible climate
chamge-driven mismatches @ biotic inleeactions (Kupo
and Cootes, 2019, Erviovcam of af , 2021, we found 18
specios of braconid parasitosds from 6 subfammbies (Aphi-
diinae (12), Alysiinae (11 Braconimae (1), Cheloninae
(1), Esphorinse (11, Microgastrmae (2).

With respoct to Aphadimas, Dajphledur destacoipes
was introduced from Cuba t0 Moditserrancan France in
1973, %o conmrol citrus aphids (Staxy o o, 19832). [n a
relatively ahort pertod, L. resmaceipes specad in the coastal
arca of the Maditerrancan, including Noeth Africa (Stany
of al, 19KS; Satay Cano and Miconesa Sava, 1997
Koo rarwaroes ef al, 2008 Havreka of ol , 20010 M has
been detected s many Jocalities i southem and central
Hady i citres plastations { TRt Ay of al, 1978). 1. festa-
ceipey abo started o imvads the interior of the Iberian Pe-
ninsula and the Pyresces (Poxs e al, 2004; Soaxy ot al,
2004), and later i Souh-castern Ewsope (Serbua) aloag
the river valleys (Nifava s Rafea Morava) (2’ et al,
201 5) adapting 10 pew sphid hosts. After its introdoction
m Ewrope, /. fexsaceipes bas aoquired over 30 aphid bo-
sts (Staxy e @, 19880 Koo Lsnaros ef ol 2004; To-
MANoVE @f ol 2009). Due 1o the specad and adoption of
new aphid Bosts and competition with mative paravitoids,
dospite the cffoctiveness of this specics as heocomtrol
agent, the EPPO excladed it from the positive bist of beo-
logical control ageess (EPPO, 2009, EPPO, 2021). Here,
to the best of our know ledige, we detect this specics for
the first time in the Alps, and this is the first recond of 1.
festaceipes over 2000 m asl in Evcope (S1axy eral, 20048;
Mimwovi of al, 2003; Zooxd et al, 2015), providing new
imsights on the possible invay of @as species. In
our samples, L feskcaper dominalos i @ bost e
ge pattem of X comibw apbids co Canfuny sad Crrmam
plasts in some samples over mative Lisgiedur parasi-
tolds (L. comfrnus md L fobermm), The spreading of 1.
fertacviper onver fraple Alpine ecosystems could lead 1o
A megative mmpact on the structere of mative parasitoid
clionmng.

Regarding L. confooin, 1t is interesting %o note thee
it consists predominantly of asexual popelations throo-
ghout Europe, excope for a fow sevsal popelations in
southeastern Europe (Greece) and northern Europe (Fin-
land). We have detecsed addinonal sexual populations
from the assocration of 8. candud Clrsinom spénusissivem
i the Lepoatine Alps. £ flviruw consists of asexual and
sexual populations throughout the Palscarctic (Tomavo-
wiC et ol , 2018). ks the Lepontine Alps, we alvo detectod
asexuad popslation of L. fafverwm dominated by females.
These findngs may be helpfial for future studies 8 eva-
huate the Goton invelvad in determumng the deivers of

mmﬂmm;xo-

mwmmm—mwm
in 1the investigated arca of Alpine ccosystoms. Acconding
to Fauna Eseopea (v Acsimxsexc, 2014) and the avai-
lable literamre, we recorded four new Apdhdiaas spe-
cies 10 [raly ~ dpisbors Aevociornae, 4. sohimiticheli,
Harkerin angranvaliou, and Mowmocionus crpidis. Ac-
coeding 10 Stary (1970) 4, hiveociornm, M. ampustival-
vr, and M. cnpadily Belong 10 the Grunal complexes of
Euwropean decaduous foreats and represent 2 member of
the purasnosd guhds of Narowovie aphids on /Merocram
plaats, 4. schimitschok belongs 0 West — Furasian Co-
niferous Forest faunntic complexes (Stank. 19700, Based
on literature data. we could assert that all four species
are mosstain Gumistic elemenss in the southern Europe
(Kt nmmaros of al, 2004). 1t is worth noting that 4.
sohimirschols has so far beea recoeded in caly a few Eue
ropean countres (AN ACiuere, 2014) It is a specitic
permsitond of Elasedinm abictiwen aphads on Mices wees.
Although these parasitoid species are sot directly rela-
16d b pest apbids in agroccosystems, @ is knows that AL
cropvelin parastiecs Naonona niblaipn on kettuce (To-
saNon® of o, 20083, Other recorded specios aoe widely
species in crop aad noe-crop habitats (o, 4. avesee,
A ervi - coreal andd bepume aphids; A ichebisonions -
ocreal apbads: [) rapoe - aphids ca Brassicaccae and
vegetables; [ febarue - aphids oo varkows vepetables,
legumes and orchands), All these parasitosd species can
regulate aphed population density In agroccosystenms 1o a
greates of lesser extent (Ko Luratos of of, 2004; To-
AN o il 2009).

I addition 1o Aphiidinae, five other species of Hea-
conidae, keown v widely datnibuied in Berope, were
detoctod

Aspvlota frscrcormis (Alvistna) s widely distrbo-
ted on B¢ Furopean continent aad belongs 1o the tnbe
Alyssima, a5 well as 1o the group of genera called the
“Aspifotasgroop™ (van Actimeoexa, 1958 Yy, 2009
This speokes 1s associated with cyclomhaphoss dipteran
bosts, parasitizing their plant-feeding larvae (s,
1975 Fscimm of ol 2004), as well a5 mecrophagous
dipterans 0 weban bictope (Frrnesackx of al, 2013)
Hracow iwvroessor (Besconinse), a geseralist parasitoid,
w cae of sbout 80 Hracon specass sababiosg laly (v
ACHnrm RG, 2014), Ascogauer varipes is & solitary en-
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doparasitoid that, like other members of the subfamily
Cheloninae. parasitizes the eggs of microdepidoptera, and
leaves the host when it is in the larval stage. A parasitoid
of weevils, Pygosrofus falcanis (Euphonmae) & cac of
the four species of this genus registered in Europe. In ad.
dithon 10 this species, 1 mwitiarioslane (Ratzeberg) and
P sticnivns (F.) are adio ksown %0 be peesent in the (-
04 of Iialy. Microgastninae ae¢ 2 very diverse subfamily
of braconads both in Exrope and in the workl They are
solitary and gregarioas parasitoids of exophytophagous
and mining caterpdlans. Therefore, some of them, such
Cotera glomerais (L) have been investigated as matural
ageots for the beological control of Pleris (Scheank) spp.
Due 10 its long evipositor, Sathon folcates is speciali-
red for parasitizing concealed microlepidoptenn kirvae,
whale Gitypapanteles fiovipes, ke other msembers of this
diverse geoms, which have a selatively shoet ovipositor,
5 adapted to oviposition i exposed bosts such as many
members of Erebidae, Geometridae, Lasocampidae of
Noctuidae (Y1, 20090 All recondad brmoosads not trophi-
cally connoctod with aphads discussed Bere arc imsportant
meehens of parmitond complenes, associatod wilh thar
dipteran, lepidopteran and coleopeeran Bosts (Y, 2009).

The detectod spevies likely do not reflect the diversity
akng the whole season peesont in the roscarched arga, al-
though there 1s no recent chocklist of Braconsdae for [raly
with which to compare it and especially there is mot a¢ all
a checklist for the Alps. However. apart from the relati-
vely wellstudied subfamily Aphidiinae for the temaory
of Ity (Staxy, 1965), the other sublmilies are scarce
i data. Based 00 ol reports that Bave not been vernified,
the checkiot of lalian Beaconkds consists of 8606 species
(Braoasasco o al, 1995), which i low, cotadeting Be
goograptscal position of ltaly and its diverse leerain.

Thas work contrdutes 1o the knowledge of braconid
diversity in the Alps. Providing new data, espeially foe
the pocely mvestigated carly season, can be relevant 1o
gam now Gunistic knowlodgo about parmatoads which
may have a main role m Alpine ecosystems. Moreover,
it can peovide a3 hasclioe o explore comphex tntrophec
Interactions that may be threatened by chmate change
and the role of eanly flowenng alpine plants ca braconid
diversity.
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Abstract
Decline in pollinators due to anthropogenic activities is acknowledged in many

ecosystems, including Alps. Here, seminatural habitats as meadows and pastures, which
host a high plant and arthropod biodiversity and are recognized as biodiversity hotspots
of pollinators as bees and hoverflies, are highly threatened mainly by changing in land
use. Despite threats affecting flower-visiting arthropod communities, little is known
about their ecology and how they are impacted by environmental changes, especially in
mountain environments.

This two-year study (2021-2022) aims to investigate the impact of elevation and land
use (orchards, hay-meadows, pastures, high-altitude grassland) on the composition,
abundance, and diversity of flower-visitor communities in mountainous environments,
including a focus on the impact on species richness of wild Hymenoptera Apoidea and
Diptera Syrphidae.

Sampling plots were located along the Martello valley (Stelvio National Park, Italian Alps)
along an altitudinal gradient (900-2700 m asl) and surveyed from May to August. Four
plant families (Asteraceae, Fabaceae, Ranunculaceae/Rosaceae) were selected as
models for sampling flower-visiting arthropods. Bayesian multivariate Generalised Linear
Mixed Models were applied to assess the influence of environmental parameters
(elevation, plant family, land use) both on abundance of all flower-visitors and species
diversity of wild bees and hoverfly.

Results highlight a high abundance of Coleoptera and Thysanoptera in environments
located above the tree line, suggesting that pollination may be performed by more taxa
than those commonly studied. Diversity and abundance of Apoidea decreases with
increasing elevation, being replaced by hoverflies and flies. Arthropod taxa are affected
differently by land use types: Brachycera, Hymenoptera wasps, and Hemiptera are
associated with high managed land uses (orchards and hay meadows), whereas wild
Apoidea and Coleoptera are favoured by lower intensity management.

These results could give fundamental knowledge for conservation management
organizations to maintain and promote a high biodiversity in plant and arthropods

communities.
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1 Introduction
Plants and arthropods share a long evolutionary history, during which many and varied
interactions developed. In particular, the Angiosperm radiation offered to arthropods
the possibility to exploit the resource constituted by the reproductive structure of this
plant group, the flower. It has been estimated that about 30% of arthropods visit flowers
for various purposes, such as foraging, hunting, sheltering, thermoregulating, mating,
and laying eggs (Kevan & Backer, 1983; Cooley, 1995; Wardhaugh, 2015). The flower
visiting arthropods can act as pollen vectors thus being involved in plant pollination, a
fundamental process for the functioning of natural and agricultural ecosystems. It has
been estimated that about 80% of wild plant species and 75% of crops are directly
dependent by insect pollination for fruit set (Potts et al., 2010). Among the most
common and studied arthropod flower visitors there are insects belonging to the orders
Hymenoptera, Diptera, Coleoptera and Lepidoptera, but also other orders such as
Thysanoptera, Hemiptera and Orthoptera comprehend flower visiting species even

though their role in pollination is less investigated (Wardhaugh, 2015).

In the last years, insect population declines were reported worldwide (Sanchez-Bayo &
Wyckhuys, 2019; Wagner, 2020) and particular concern is raised about the possible
consequence of pollinator declines (Van der Sluijs, 2020; Chaptou et al., 2021; Janousek
et al.,, 2023). Even if the knowledge about this topic is still incomplete and scattered
(Montgomery et al., 2020; Wagner, 2020; Weisser et al., 2023), it is possible to identify
the anthropogenic pressure as the origin of the main drivers of insect decline. These
drivers include climate change, alien species, pests and pathogens, electromagnetic
pollution, use of pesticides, land use intensification, and degradation, fragmentation,
and loss of habitats (Potts et al., 2010; Sanchez-Bayo & Wyckhuys, 2019; Inouye, 2020;
Wagner; 2020; Harvey et al., 2023). These diverse factors can interact and contribute to
undermine the state of health of insect populations, and it is impossible to identify a
sole cause of decline; however, it is widely recognised that the alterations in a land use
practice is one of the main factors impacting on flower visiting communities (Sanchez-

Bayo & Wyckhuys, 2019).

Considering Alpine ecosystems, agriculture and livestock farming/breeding have been
practiced in the European Alps for millennia (Gingrich et al., 2015; Gilck & Poschlod,

2019). Traditionally, subsistence farming was combined with livestock breeding in this
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region, often involving transhumance to pastures located above or at the tree line
(Gingrich et al.,, 2015; Glick & Poschold, 2019). This agro-livestock system was
characterized by traditional, low-input practices that led to the creation and
maintenance of seminatural habitats such as meadows and pastures (Faccioni et al,,
2019). Nowadays, these two semi-natural mountain ecosystems are the most common
habitats in the Alps and are listed among the ecosystems with the highest biodiversity in
the world (Bonari et al., 2017), also recognized as important hotspots for flower-visitors
(Jones et al., 2019). Due to their important role in species conservation, these habitat

types are protected by the European Union Habitats Directive (92/43/EEC).

In the Alps, grazed and mowed areas also exhibit the highest biodiversity of the two
insect taxa widely recognized as major pollinators in mountain natural and semi-natural
ecosystems: bees (Hymenoptera Apoidea Anthophila) and hoverflies (Diptera Syrphidae)
(Vuji¢ et al., 2022; Praz et al., 2023). Bees are the taxon that has developed the closest
relationship with flowers, with almost all species totally depending on floral resources
for their lifecycle (Michener, 2007), and they are considered the main pollinators on a
global scale (Potts et al., 2010), although this may not be true in specific habitats and for
particular plant species. The importance of hoverflies in mountain ecosystems is known
(Lefebvre et al., 2018; Sommaggio et al., 2022) as they replace bees with increasing
altitudes and play an important role as pollinators of flowering plants within high-

mountain ecosystems.

However, starting from the latter half of the 20th century, many socio-economic and
technical factors, including the expansion of urban areas, increased tourism,
abandonment of less favourable areas, and agricultural intensification, contributed to
altering the traditional alpine landscape (Faccioni et al., 2019). Particularly, agricultural
intensification, which primarily occurred in the lowest valley areas, and the
abandonment of more remote or less easily accessible areas (e.g., steep slopes) had a

significant impact on the preservation of mountain ecosystems (Monteiro et al., 2011).

Despite the increasing threats to flower-visitor communities, especially in mountain
environments, little is still known about their ecology and how these communities
change or are impacted either by different land uses or altitude considered. For

example, it is still unclear which taxonomic groups are most affected by the
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anthropization of natural ecosystems and what consequences this decline will have on
the ecosystem stability (Seibold et al., 2019). Due to variations in size, mobility, and
functional traits among arthropod species, different land use types can have varying and
at times contradictory impacts on different flower-visiting taxa (Tscharntke et al., 2005).
Further studies investigating the influence of environmental conditions on flower-
visiting arthropod communities are fundamental, particularly for developing effective
conservation policies that aid in preserving Alpine vulnerable and increasingly
endangered ecosystems, which are undeniably significant to humans as well. Indeed,
the interest of pollinators is not purely conservationist, as the services provided by these

arthropods are crucial for the health and sustainability of mountain agroecosystems.

The present study aims to investigate the impact of altitude increase and different land
uses on the composition, abundance, and diversity of floral visitor communities in a
mountainous environment. Special attention will be given to understanding how these
variables affect the abundance and species richness of Hymenoptera Apoidea

Anthophila and Diptera Syrphidae.

2. Material and methods

2.1 Study area and sampling sites

The study area is situated within the Stelvio National Park, which is renowned as one of
the largest protected areas in Europe. With a total area of 130 km?, it is also the largest
protected area found in the Italian Alps. In particular, the Stelvio National Park is located
in Eastern Alps within the Rhaetian Alpine sector (Marazzi, 2005) encompassing
Lombardy, Trentino and South Tyrol regions. The Park is characterised by a wide
altitudinal range (from about 600 m to about 4000 m asl) and includes a variety of

natural, semi-natural and anthropogenic environments.

The study was conducted within the Martello valley (Bolzano, Trentino-Alto Adige, Italy).
The valley faces north-northeast and extends for about 27 km along an altitudinal
gradient ranging from about 700 m as| of Laces town and 3,769 m asl of Cevedale
Mount. Following the Koppen-Geiger classification, four climate types can be
distinguished from low to high altitudes of this valley: Dfb (warm-summer humid

continental climate), Dfc (subarctic), ET (tundra), and EF (ice cap). Mean annual
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precipitation ranges between 600-700 mm in the lowest part of the valley, to 1500 mm
over 2000 m asl (Provincia Autonoma di Bolzano, 2008). The mean annual temperature

ranges between 4 °C and -1 °C along the valley (Provincia Autonoma di Bolzano, 2008).

Excluding the portion of the valley without vegetation (rocky outcrops, debris areas, and
ice-covered areas), most of the valley is occupied by forests and grasslands. Cultivated
areas are concentrated in the lowest portion of the valley as well as urban areas which

are low represented.

Within this valley, like in many other Alpine areas, the dominant forms of open land use
are pastures, hay meadows, high-altitude grasslands, and apple orchards. Pastures can
be found at different altitudes and are primarily grazed by cows and goats. Hay
meadows are abundant between 900 m and 2000 m asl. They are mowed once to three
times a year, depending on the weather conditions, and receive weekly irrigation. Above
2000 meters, high-altitude grasslands prevail. These are natural ecosystems grazed
exclusively by wild animals. Apple orchards, particularly in the eastern Alps, are a
widespread agricultural crop. Due to grafting, pruning, and training techniques
employed in these orchards, they can be classified as "open" ecosystems, as grass cover
is maintained between the rows and mowed approximately once a month. The use of
phytochemical treatments in these crops adheres to the Agrios directive

(https://www.agrios.it).

Taking into consideration the most representative vegetation types along the altitudinal
gradient, excluding crops, meadows and pastures, the valley can be divided into three
main zonation levels: montane (low valley: 700-1600 m asl), subalpine (middle valley:
1601-2300 m asl) and alpine (high valley: 2301-3000 m asl). Whitin the montane level,
the vegetation cover consists of mixed deciduous (beech forests) and coniferous forest
(spruce forest). The subalpine level is characterized by coniferous forest (spruce, larch,
and Swiss stone pine forest). The alpine level is situated over the tree line, where the
vegetation cover is represented by high altitude grasslands (Ufficio Pianificazione

territoriale e cartografia — GeoCatalogo (http://www.buergernetz.bz.it)).

Considering this altitudinal zonation and the most common “open” land use types
occurring within the valley, the fieldwork was conducted within 14 sites diversified for

altitude and land use (Tablel; Figurel):
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- Low valley: 900 — 1600 m asl (2 apple orchards, 2 pastures, 2 hay meadows);

- Middle valley: 1600 — 2300 m asl (2 pastures, 2 hay meadows);

- High valley: 2300 — 2700 m asl (2 pastures, 2 alpine grasslands).

Table 1. Identification data of selected sites within the study area.

Sampling site Sector Land use Elevation Longitude (E) Latitude (N)
ID (masl) (UTM WGS84 —32T) (UTM WGS84 —32T)
BME1 Low valley Apple orchard 978 639099.747 5160372.847
BME2 Low valley Apple orchard 1019 639088.817 5160005.165
BPA1 Low valley Pasture 1000 639101.940 5160267.616
BPA2 Low valley Pasture 1313 637206.532 5159232.948
BPR1 Low valley Hay meadow 1007 639008.745 5160163.524
BPR2 Low valley Hay meadow 1335 636515.198 5157903.354
MPR1 Middle valley  Hay meadow 1713 632678.709 5153213.361
MPR2 Middle valley ~ Hay meadow 1895 631112.586 5150456.005
MPA2 Middle valley Pasture 2281 631006.136 5151523.120
MPA1 Middle valley Pasture 2246 629529.646 5150562.143
VPA1 High valley Pasture 2343 631355.137 5152310.066
VPA2 High valley Pasture 2524 631080.304 5153022.357
VPR1 High valley  Alpine grassland 2611 630958.424 5153413.361
VPR2 High valley  Alpine grassland 2683 630850.650 5153557.103

Figure 1. a. Stelvio National Park in the European Alps; b. Martello valley (black square within the Stelvio
National Park (green area); c. Selected sampling sites along the Martello valley: sites located in the low
valley (yellow), sites located in the mid valley (blue), sites located in the high valley (red). Dots: apple
orchards; triangles: pastures; squares: hay meadows; stars: alpine grasslands.
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2.2 Sampling of flower-visiting arthropods

Sampling of flower-visiting arthropods was conducted during the plants growing season
(from May to August) of 2021 and 2022. A total of 11 fieldwork sessions were
conducted (Table2). During each fieldwork session, sampling sites were surveyed once,
if possible. Indeed, total number of surveys of sites located above 1600 m asl and sites
managed as hay meadows is lower due to both the seasonal differences in the
beginning of flowering and the frequency of summer mowing. In both cases, sampling
of flower-visiting arthropods is impossible due to the absence of flowers. The surveys

were performed between 9:00 and 18:00 in non-rainy days.

‘g,

Table 2. Total of surveys conducted during the 11 field-work sessions “®”: site surveyed; “X”: site not
surveyed because of mowing, “0”: survey not conducted because flowering season was not started yet.

2021 2022

< - =X - = = > = - = =

Sampling site ID o
BME1 ° ° ° ° ° ° ° ° ° ° °
BME2 ° ° ° ° ° ° ° ° ° ° °
BPA1 ° ° ° ° ) ) ) ° ° ° °
BPA2 ° ° ° ° ° ° ° ° ° ° °
BPR1 ° X ° . ° X ° X ° ° °
BPR2 . X ° ° ° . ° X ° . X
MPR1 o ° ° . ° X ° ° X ° °
MPR2 o ° ° ° ° X ° ° ° X .
MPA1 o o . ° ) ) ) ° ° ° °
MPA2 o ) ° ° ° ° o ° ° ° °
VPA1 o o . ° ) ) ) ° ° ° .
VPA2 o o ° ° ° ° ) ° ° . .
VPR1 o ) ° ° ° ° ) ° ° ° °
VPR2 o o ° ° ° ° ) ° ° . .

Flower-visiting sampling was conducted on the most common entomophilous plant
families found at all the surveyed sites. Families that exhibited different flower
morphology and phenology were also considered, as they could potentially influence
the choice of flowers by arthropods (Ollerton, 1996; Waser, 1998). The selected families
were Fabaceae, Asteraceae, and Ranunculaceae or Rosaceae. These last two families
were chosen as substitutes for each other because they did not consistently flower

throughout the entire vegetative season. However, the floral morphology of the
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selected species within these two families was comparable, as Rosaceae and

Ranunculaceae species with an actinomorphic symmetry were chosen.

During each survey, one species for each plant families was selected. The species

selected was the most representative in terms of area covered by flowers:

- Asteraceae: Aster alpinus, Cadruus nutans, Centaurea stoebe, Crepis vesicaria,
Jacobea abrotanifolium, Leontodon hispidus, Leucanthemopsis alpina, Leucanthemum

vulgare, Pilosella officinarum; Scorzoneroides helvetica, Taraxacum officinale;

- Fabaceae: Anthyllis vulneraria, Lotus corniculatus, Medicago lupulina; Trifolium

alpinum, T. montanum. T. pratensis, T. repens, Vicia sepium;

- Ranuncolaceae: Ranunculus acris, R. bulbosus; Rosaceae: Geum montanum,

Potentilla aurea, P. neumanniana.

Flower-visiting arthropods were collected in according to the timed-observation method
described by Gibson et al. (2011) and adapted by Bonelli et al. (2020). Two pairs of
operators stood at least five metres apart from each other simultaneously conducted a
15-minute sampling on the same species. During this time window, all the flowers
situated within a 20 cm diameter circle were observed and any arthropods that made
contact with the flowers were collected. The operators were crouched about 50 cm
away from the observed plants to minimize disturbance to the flower visitors and

ensure clear visibility of the flowers.

At the end of the first 15-minute time window, the plant family was changed, and the
sampling session was repeated. This process was then repeated for the last remaining
family after another 15-minute time window. At the end of this first cycle, a second
cycle was then repeated in the same manner (Figure2). The entire observation period

for each plant family for each survey within each site, amounted to 1 hour.

Each collected arthropod was stored individually in collection tubes containing 70%
ethanol and then preserved at 4 °C. The specimens preserved in ethanol were
photographed using a stereoscope (Leica M50 equipped with the camera Leica 1C90 E)
and then identified by expert taxonomists to the lowest possible taxonomic level. The

list of taxonomists is reported in Supplementary Material S1.
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2.3 Analyses of flower-visiting arthropod communities

The collected arthropods were subdivided in accordance with their taxonomical order.
Hymenoptera and Diptera were further subdivided according to their phylogenetic

position and different biology.

- Diptera: specimens were divided into three taxa: Diptera Nematocera, Diptera
Brachycera, and Diptera Syrphidae. Brachycera and Nematocera were divided
considering their phylogenetic position in according to literature (Bertone & Wiegmann,
2009). Additionally, since Syrphidae adults feed only on pollen and nectar, this family

was kept separate from other Brachycera.

- Hymenoptera: specimens were divided into five taxa: wild Hymenoptera Apoidea
Anthophila, Apis mellifera Linnaeus 1758, Hymenoptera Formicidae, Hymenoptera
wasps, and Tenthredinoidea (Hymenoptera: Symphyta). Apis mellifera were kept
separate from other bees as it is a manages species which could presents particular
ecological and floral needs. Formicidae were kept separate from other Hymenoptera
Aculeata as workers, mainly visiting flowers, are wingless (Holldobler & Wilson, 1990).
Wasps includede all those Hymenoptera Apocrita that are neither Formicidae nor

Anthophila.

For all subsequent statistical analysis, only taxa presenting at least 50 collected
specimens were considered, excluding Thysanoptera. This order was not taken into
consideration as specimens behave differently from other flower visitors. Indeed, they

commonly exhibit a gregarious habit and individuals spend long periods hidden on

127



Chapter | 3.1

flowers and inflorescences (Lewis, 1973). The presence of Thysanoptera on flowers can
more correctly be referred to 'staying' behaviour rather than to 'visiting'. Therefore, the
observed abundance on flowers of this order on flowers does not have the same

ecological meaning as that observed for other flower-visiting taxa.

2.4 Factors related to abundance and diversity of arthropod communities

To assess the factors related to abundance and taxonomic diversity of different groups,
we used two Bayesian multivariate Generalised Linear Mixed Models (GLMMs) (Burkner,

2017).

In the first model, the counts of the eight most common flower-visiting arthropod taxa
sampled on each plant family, for each survey, and for each site were employed as
dependent variables (“Wild” Hymenoptera Apoidea, Coleoptera, Hymenoptera
Formicidae, Hymenoptera wasps, Hemiptera, Diptera Nematocera, Diptera Brachycera,
Diptera Syrphidae). Each dependent variable was assumed to follow a negative binomial

distribution.

For the second model, we employed the Shannon entropy (package 'hillR', Chao et al.,
2014) to calculate the taxonomic diversity of major pollinator groups (wild Hymenoptera
Apoidea and Diptera Syrphidae). The diversity of wild bees and hoverflies obtained for
each survey and for each site, were then used as dependent variables. Each dependent

variable was assumed to follow a lognormal distribution.

In both models, we tested the effect of the following independent variables:
management (expressed as “sum-to-zero” constraints: managed land vs alpine
grassland; apple orchard vs grassland; hay meadow vs pasture), elevation (expressed as
continuous variable), and the plant family considered. The number of flowers observed
for each plant family during each survey and the day of sampling (expressed as number
from the begin of the year) were included as covariates in the model, while the site and

the year were considered by including them in the models as random factors.

Before running the models, all the continuous independent variables (i.e., elevation,
number of flowers, and day of sampling) were scaled to a mean of 0 and a standard

deviation of 1, to improve convergence and allow the comparison of effect sizes. Models
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were built with Stan, using the R package ‘brms’. The Posterior probabilities of
parameters were sampled by running three Markov chains Monte Carlo, each for 4,000
interactions. The first 2,000 iterations were discarded as burn-in, and a thinning of 2 was

applied to obtain a total of 1,000 posterior samples for each chain.

3. Preliminary results

A total of 4538 specimens were sampled. All specimens were identified to order level,
38% to family, 26% to genus, and 25% to species level. The collected specimens
belonged to 12 different orders. The most abundant order was Thysanoptera (57.35%)
followed by Diptera (22.62%), Hymenoptera (10.38%), Coleoptera (7.29%), Hemiptera
(4.04%), Lepidoptera (0.36%), Araneae (0.34%), Acari (0.20%), Orthoptera (0.20%),
Collembola (0.18%), Dermaptera (0.05%), and Neuroptera (0.05%). The abundance of
specimens belonging to each order sampled throughout the entire field seasons is

reported in Supplementary material S2.

3.1 Distribution of the sampled flower-visiting arthropod

Taking into consideration the four types of land use distributed along the altitudinal
gradient, in low valley Thysanoptera is the most abundant order, representing over 40%
of specimens among all the types of land use (Figure3.a). Regarding the other most
abundant orders, hymenopterans are well represented within pasture (20.9%) and hay
meadows (13.6%), while their abundance decrease in apple orchards (4.8%). Beetles are
well represented within pasture, where 15.1% of specimens belong to this order, while
their relative abundance is low in apple orchards and hay meadows (1.0% and 2.1%,
respectively). The relative abundance of dipteran is similar in both pastures and hay
meadows, as well as in apple orchards (12.7%, 12.4%, and 10.1%, respectively).
Regarding hemipteran, they are more abundant within pastures (9.3% of collected
flower visiting arthropods) than in hay meadows and apple orchards (3.1% and 1.6%,

respectively).

In mid valley, the abundance of dipteran prevails in both hay meadows and pastures,

representing over 55% of the collected specimens (Figure3.b). In the first, dipterans are
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followed by Thysanoptera, which represents 25% of the samples, while in pastures they
are followed by hymenopteran which represent 12% of the collected specimens. Both
beetles and hemipteran have similar relative abundances in pastures and hay meadows
(2.9% and 4.9% for Coleoptera, respectively; 4.8% and 7.8% for Hemiptera,

respectively).

In high valley, pastures show a high presence of Thysanoptera, representing over 50% of
the collected flower visitors, followed by dipterans (23.8%), beetles (13.6%), and
hymenopterans (6.0%) (Figure3.c). Whitin high altitude grasslands, beetles become the
most common flower visiting arthropods, as more than 50% of the collected specimens
belong to this order, followed by dipteran (23.8%), hemipteran (3.9%) and
hymenopteran (1.3%).
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Figure 3. Abundance of the sampled orders divided for altitudinal gradient (A. low valley, B. mid valley, C.
high valley) and for land use.

Observing the abundance of most representative arthropod orders (Thysanoptera,
Diptera, Hymenoptera, Coleoptera, Hemiptera, and Lepidoptera) throughout the
vegetative seasons of 2021 and 2022, it is evident that there is no consistent pattern

between the two years (Supplementary Material S3).
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Excluding Thysanoptera, which are currently being identified, 98.82% of the specimens
belonging to the most abundant order of floral visitors (Coleoptera, Diptera, and
Hymenoptera) were identified at family level (Supplementary Material S4), 71.97% of
the specimens were identified at genus, and 71.27% at species level (Supplementary

Material S5).

The most represented family of Coleoptera is Dasytidae, accounting for over 50% of the
beetles, followed by Nitidulidae (15.65%). The first family was mainly observed in
pastures and grasslands located in high valley, while the second one was predominantly

observed in pastures of low valley.

Muscidae is the most abundant family of Diptera, comprising 39% of dipterans, followed
by Syrphidae (24.06%) and Chloropidae (11.65%). The relative abundance of both
Muscidae and Syrphidae remains consistent across different types of land use along the
altitudinal gradient. Muscidae are most abundant in pastures of high valleys, while
Syrphidae reach their peak in pastures of mid valleys. Chloropidae are highly

represented in low valley led uses, particularly in apple orchards.

Regarding the Hymenoptera order, over 50% of the specimens belong to the family
Formicidae, followed by Apidae (14.62%). Ants are primarily found in low valley land
uses, especially in hay meadows, but their relative abundance among hymenopteran
remain high also in mid valley. The presence of Apidae within the hymenopteran flower-
visiting community is higher in low valley land uses than in higher valley, with a peak in

apple orchards.

3.2 Influence of environmental parameters on flower-visiting arthropod abundance

Regarding the factors that influence the abundance of different flower-visiting arthropod
taxa, the data revealed that increasing altitude has a negative influence primarily on the
the abundance of wild Hymenoptera Apoidea (Est + SE = -1.42 + 0.27; 95% Cl [-2.02, -
0.91], 100% probability of being negative), Hemiptera (Est + SE = -0.42 + 0.20; 95% CI [-
0.82, -0.05], 98.40% probability of being negative), and Hymenoptera Formicidae (Est +
SE = -1.08 £ 0.61; 95% CI [-2.41,+0.05], 97.17% probability of being negative). On the

other hand, Diptera Brachycera non-Syrphidae abundance is influenced positively by
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increasing altitude (Est + SE = +0.27 + 0.18; 95% ClI [-0.09, +0.91], 93.33% probability of

being positive) (Figure4, Supplementary Material S6).

Regarding the influence of different type of land use on the abundance of analysed taxa,
managed environments (apple orchards, pastures and hay meadows) have a positive
effect on the abundance of Diptera Brachycera (Est + SE = +0.19 + 0.12; 95% Cl [-0.06,
+0.42], 93.93% probability of being positive) and Diptera Syrphidae (Est + SE = +0.23 +
0.14; 95% CI [-0.06, +0.49], 95.07% probability of being positive). However, they have a
negative influence on the abundance of Coleoptera (Est + SE = -0.67 + 0.25; 95% ClI [-
1.16, -0.19], 99.30% probability of being negative) compared to natural environments

(high altitude grasslands).

Apple orchards positively affect the abundance of Diptera Brachycera (Est + SE = +0.17 *
0.13; 95% CI [-0.10, +0.42], 90.60% probability of being positive) and Diptera Syrphidae
(Est + SE = +0.28 £ 0.15; 95% CI [-0.03, +0.58], 96.40% probability of being positive). On
the other hand, they appear to have a negative impact on the abundance of wild
Hymenoptera Apoidea (Est + SE = -0.39 + 0.17; 95% CI [-0.75, -0.05], 98.23% probability
of being negative), Coleoptera (Est + SE = -0.37 + 0.28; 95% Cl [-0.94, +0.18], 92.47%
probability of being negative) and Hemiptera (Est + SE = -0.22 + 0.15; 95% CI [-0.53,
+0.08], 93.03% probability of being negative).

Hay meadows positively affect the abundance of Diptera Syrphidae (Est + SE = +0.58 +
0.27; 95% Cl [+0.24, +0.92], 99.63% probability of being positive) and Diptera
Nematocera (Est + SE = +0.78 + 0.56; 95% Cl [-0.26, +1.97], 93.57% probability of being
positive). On the other hand, they have a negative impact on the abundance of wild
Hymenoptera Apoidea (Est + SE = -0.46 £ 0.23; 95% ClI [-0.95, -0.05], 98.10% probability

of being negative).

Taking into consideration the abundances of the analysed taxa collected on each
observed plant family, the Asteraceae family appears to be more attractive than

Rosaceae/Ranunculaceae and Fabaceae for almost all flower visiting taxa.
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Figure 4. Visualisation of the probability of direction for the parameters of a Bayesian regression model for
the abundance of each flower-visiting arthropod considered. Posterior distributions (light blue, violet and
brown) of effects (the x-axis) with the illustration of indices of Null-Hypothesis Significance Testing
(vertical dotted line). Left-shifted areas indicate a negative effect of the parameter considered, whereas
right-shifted areas represent a positive effect of the parameter considered.

Altitude and the type of land use have different influences on the species diversity of
wild Hymenoptera Apoidea and Diptera Syrphidae. The species diversity of wild Apoidea
is negatively affected by both increasing altitude (Est + SE =-0.11 + 0.03; 95% CI [-0.16, -
0.05], 100% probability of being negative) and environments with a high level of
management (Est + SE = -0.04 + 0.02; 95% CI [-0.07, -0.00], 97.50%% probability of
being negative for hay meadows; Est + SE = -0.05 + 0.02; 95% CI [-0.09, -0.01], 98.83%
probability of being negative for apple orchard). On the other hand, the species diversity
of syrphid seems to increase with a higher level of management in the environment (Est
+ SE = +0.10 £ 0.03; 95% CI [+0.04, +0.15], 99.77% probability of being positive for hay
meadows; Est + SE = +0.04 + 0.02; 95% Cl [-0.01, +0.08], 95.50% probability of being

positive for managed environments) (Figure5, Supplementary Material S7).
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Figure 5. Visualisation of the probability of direction for the parameters of a Bayesian regression model for
the species diversity of wild Hymenoptera Apoidea and Diptera Syrphidae. Posterior distributions (light
blue, violet) of effects (the x-axis) with the illustration of indices of Null-Hypothesis Significance Testing
(vertical dotted line). Left-shifted areas indicate a negative effect of the parameter considered, whereas
right-shifted areas represent a positive effect of the parameter considered.

4. Preliminary discussion

This study aimed to evaluate how both land use type and elevation influence the

composition of Alpine flower-visiting arthropod communities.

The observed composition of mountain flower-visiting arthropod communities in this
study is consistent with findings from other studies conducted in Alpine contexts
(Losapio et al., 2016; Wagner, 2016; Lefebvre et al., 2018; Bonelli et al., 2022). Indeed,
Diptera, Hymenoptera, and Coleoptera, are the most common flower-visiting
arthropods in Alpine environments, while Lepidoptera represent a very low percentage
(0.5%) of mountain flower visitors (Wagner 2016; Lefebvre et al., 2018). In this study,
over 50% of flower-visiting arthropods sampled were Thysanoptera. As observed by
other authors (Pelikdn, 1996; Steinwandter & Seeber, 2023), the highest relative
abundance of this order was observed in low valley land areas, decreasing along the
altitudinal gradient, and disappearing above 2400 m asl. The presence of Thysanoptera
as alpine flower visitors is also reported in other studies conducted in high mountain
environments located above 2000 m asl (Bonelli et al., 2020; Bonelli et al., 2022).
However, there are no studies reporting their presence on flowers above this elevation,
even though their altitudinal range reaches 3000 m asl, where they can be found as soil
fauna near the glacier forehead (Sierka et al., 2008; Steinwandter & Seeber, 2023).

Nevertheless, most ecological information about Thysanoptera focuses on their
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pathogenic interest in agronomic contexts (Reitz et al., 2020; Gulzar et al., 2021), while
knowledge about their ecology and ecosystem services in natural and mountain
ecosystems is scarce. Generally, Thysanoptera abundance is strongly influenced by
gregariousness phenomena, as they spend a long time on flowers exhibiting behavior
that differs from other flower visitors. Many species use flowers as refuges for the entire
colony, as well as for searching for a partner, oviposition, and feeding on floral products
such as pollen and nectar (Kirk, 1984; Kirk, 1985; Varatharajan, 2016). The importance
of Thysanoptera as pollinators is recognized for many tropical tree species in Africa,
Australia, South-Eastern Asia, and Neotropics (Gottsberger et al., 1980; Hansman, 2001,
Frame & Durou, 2001; Kato et al., 2008; Danieli-Silva & Varassin 2013). However, the
potential role as pollinators also in Alpine context is still underestimated and poorly
studied (Annand, 1926; Ananthakrishnan, 1993; Mound, 2005). The limited knowledge
about the ecological role of Thysanoptera in Alpine natural and seminatural ecosystems
highlights the importance of conducting more studies on this order to better understand

its ecological role.

In relation to the increase in elevation, this study confirmed that Diptera Brachycera
(Syrphidae and non-Syrphidae) tend to replace hymenopterans (Apoidea: Anthophila) as
the most common flower-visitors, as reported also in other studies conducted in the
Alps (Miller 1880; Zoller et al., 2002; Losapio et al., 2016; Wagner et al., 2016; Lefebvre
et al., 2018; Sieber et al., 2018) and hypothesised as a pattern repeated at global scale
(McCabe et al., 2021). This replacement is also reflected in the species richness. As
observed in previous works, wild bee species richness decreases with altitude, as few
species are adapted to the alpine climate. On the other hand, syrphids species richness
is less affected by increasing altitude as there are many species that adapted to high

mountain conditions (Lefebvre et al., 2018; Inouye, 2020; Sommaggio et al., 2022).

In this study an increase in beetles within ecosystems located above the tree line up to
2700 m asl was observed. Beetles became the most represented order within high-
altitude grasslands, accounting for about 53% of the flower-visiting arthropods sampled,
followed by dipterans (about 40%). This finding contradicts the results of many studies
conducted in alpine contexts, which reported a decrease in flower-visiting beetles above
1400-1600 m asl (Arroyo et al., 1982; Warren et al., 1988; Gdémez-Murillo & Cuartas-
Herndndez, 2016; Lefebvre et al.,, 2018; Zhao et al., 2019; Adedoja et al.,, 2020).
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However, in high-altitude grasslands, all the specimens were identified as Dasytes
alpigradus Kiesenwetter, 1863. This species is commonly found in alpine grasslands of
the Central and Eastern Alps (Liberti & Focarile, 2005; Steinwandter et al., 2022). Both
males and females of this species are known to mate as well as search for nectar and
pollen on flowers. (Liberti, 2020). The presence of Dasytes alpigradus has also been
recorded in another study conducted in an alpine environment (Lefebvre et al., 2018),
albeit with limited abundance. This genus is recognized as an important pollinator in
various environments (from low land to mountainous one) and is involved in the
pollination of different plant species (Mawdsley, 2003; Hoebeke & Wheeler, 2013; Maggi
et al., 2021), suggesting that this genus could play a fundamental role as pollinator even
in alpine contexts. Among Diptera, the most common families were Muscidae and
Syrphidae. Almost all the Muscidae specimens were identified as Coenosia obscuricula
(Rondani, 1871), while most of Syrphidae were identified as Eupeodes lapponicus
(Zetterstedt, 1838). Both species are common in alpine and temperate areas. Regarding
Coenosia obscuricula, there is no literature available on its ecology to the best of our
knowledge. As other species belonging to Coenosia genus, they should be predators and
their diet should be based on many little arthropod species (Yohan et al., 2017). In high-
mountain environments, they may also visit flowers to seek a warm place for
thermoregulation and supplement their diet with high-nutrient nectar (Lefebvre et al.,
2018). The second most observed dipteran species is typically found in coniferous
forests (Picea/Abies) up to the Larix zone (above 2000 m asl in the Alps). Its presence is

favoured when land management is limited or absent (Hussain et al., 2018).

Considering the flower-visiting arthropod community that characterizes apple orchard
land use, it appears to have a positive influence on the presence of those taxa, such as
hymenopteran wasps and dipteran syrphids, which rely on aphids either as hosts for
larvae development or as a source of food (Hirose, 2006; Vollhardt et al., 2008; Speight,
2011). At the same time, apple orchards have a negative impact on the presence of
Hemiptera. This pattern could be attributed to a balanced ecosystem management,
probably facilitated by the presence of grassed inter-rows. As reported in previous
studies (Herz et al., 2019; Cahenzli et al., 2019), a grassed inter-row can enhance the
population of natural aphid enemies, thus providing biological control for this common

crop pest. In this study for example, the species Episyrphus balteus (De Geer, 1776) was
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found to be abundant among Syrphidae. This species could be considered both an
important pollinator during the adult stage, and fundamental in the biological control of
aphids during the larvae stage (Tenhumberg, 1995; Hong & Hung, 2010). Regarding
hymenopteran wasps, specimens are currently being identified, which prevents a
comprehensive evaluation of community composition. However, a grassed inter-row
could also promote non-aphid crop pests, such as the beetle Phyllopertha horticola
(Linnaeus, 1758) (Ruther, 2005). The studied apple orchards exhibited a high relative
abundance of specimens belonging to this species. This presence was likely promoted
by the abundance of mow-adapted plant genera such as Taraxacum and Trifolium within
the inter-row. Especially Trifolium, is one of the most suitable plant genera for the
development of P. horticola, as larvae primarily feed on its roots. Conversely, adults are
phytophagous and are considered agricultural pest as it feed on leaves, flowers, and
developing fruit of many crops, from lowland to mountain environments (Hann et al,,
2015). Another phytophagous family well-represented in apple orchards, was the
Chloropidae dipteran (Nartshuk, 2014). The collected specimens are currently being
identified, preventing us from investigating the ecological role they have within different
mountain ecosystems. The presence of wild Apoidea within apple orchards was found to
be low. Wild bees, together with honeybees, are essential for the pollination of apple
flowers, indeed, the abundance of these pollinators, increase the apple flowering period
(Delaplane & Mayer, 2000). However, our work indagated the presence of wild bees
within this land use after the flowering period of apple trees. During the two-year
fieldwork, only eight wild bee specimens from seven species (Dufourea dentiventris
(Nylander, 1848), Bombus lapidarius (Linnaeus 1758), Lasioglossum cupromicans group,
L. calceatum (Scopoli, 1763), Hylaeus annulatus (Linnaeus, 1758), Bombus
lucorum/terrestris) were collected. A comparison with a sampling conducted during the
apple flowering period could be useful to better evaluate the impact of this crop on the
wild bee community. Nonetheless, our results suggest that intensive management
negatively affects both the abundance and species richness of wild Apoidea. One factor
that could impact native pollinators and flower visitor species richness in highly
managed agroecosystems is the decrease in plant diversity, which is crucial for the
foraging activities of pollinators and an important food source for flower visitors

(Richards, 2001; Steffan-Dewenter et al., 2005; Nicholls & Altieri, 2020). In addition to
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low vegetation diversity, the use of pesticides, commonly employed in fruit crops, could
also influence the composition of abundance and diversity of bee communities

(McKerchar et al., 2020; Pardo & Borges, 2020; Gomez et al., 2022).

Finally, we compared the flower-visiting arthropod community of pasture and hay
meadows. Some previous studies investigated the effect that grazing and mowing have
on the composition of flower-visiting arthropod communities (Zurbrigg & Frank, 2006;
Sjodin et al., 2008; Lazaro et al., 2016; Bussan et al., 2022), but the results are mixed.
Moreover, the influence of land management in alpine contexts has rarely been
investigated. Generally, overgrazing and frequent mowing are deleterious for the health
of these ecosystems, leading to vegetation variability and availability to decrease,
altering the type of arthropod community. However, within the Martello valley, this
problem seems to not be present as pastures are not overgrazed (about 1.6-1.8
cattle/hectare (www.agricoltura.provincia.bz)), and meadows are mowed 2-3 times at
yeas in the lowest sector of the valley (up to 1600 m asl), and 1-2 times in the middle
sector (up to 2400 m asl). On one side, the two uses of land present some similarities.
The most common taxa sampled in hay meadows and pastures are Diptera Muscidae
(mainly represented by Thricops genus), Hymenoptera Formicidae (mainly represented
by Myrmica rubra (Linnaeus, 1758) and Forminca lemani Bondroit, 1917 within
pastures, and by Lasius niger (Linnaeus, 1758) within hay meadows), and Hemiptera.
The genus Thricops is known to be very common in mountain ecosystems characterized
by a boreal and temperate climate. Adults are known to be frequent flower visitors of
various species as they feed on pollen and nectar (Pont, 1993; Dlusskii, 2002; Vikhrev &
Sorokina, 2009) making them potential important pollinators in these environments.
Regarding Formicidae, all the observed species are predators of a wide variety of
invertebrate, especially aphids, but they are also frequently observed to feed on nectar
(both from floral and extrafloral nectaries) (Petal, 1967; Schiestl & Glaser, 2012;
Guariento et al., 2018a; Guariento et al., 2018b). Although ants were present in both
land uses, they appear to be more common in pastures than in hay meadows. This could
be related to the preferences of certain species for nesting in low covered or bare
ground (Hutchinson & King, 1980; Pontin, 1963), as in the case of Formica lemani. This
species is particularly common in open fields above the tree line, where vegetation

cover is lower compared to meadows in the mid and low valley (Guariento et al., 2018a;
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Guariento et al., 2018b). Regarding Hemiptera, a detailed analysis of the genera and
species composition of pastures and hay meadows communities is not currently
possible as the samples are still being identified. Generally, this order was observed in
higher abundance in hay meadows than in pastures. As observed also by other authors,
this could be due to their tallgrass prairies preferences (Morris, 1971, Morris, 1973;

Korosi et al., 2012).

Excluding the most shared taxa, pastures and hay meadows present some differences in
the composition of Coleoptera, wild Hymenoptera Apoidea, and Diptera Syrphidae
communities. Regarding Coleoptera, the most abundant families observed in pastures
are Dasitydae (Dasytes alpigradus) and Nitidulidae (Meligethes). In hay meadows, the
most represented families are Apionidae, Chrysomelidae (mainly represented by
Neocrepidodera peirolerii (Kutschera, 1860)), and Buprestidae (mainly represented by
Anthaxia quadripunctata (Linnaeus, 1758)). Among Apoidea, the most represented
family both in pastures and hay meadows is Halictidae, mainly represented by
Lasioglossum morio (Fabricius, 1793), followed by Apidae (Bombus pyraeneus Pérez,
1879, and Bombus lapidarius (Linnaeus, 1758)) in pastures, and by Andrenidae
(Panurgus banksianus (Kirby, 1802)) in hay meadows. About Syrphidae, the most
represented genera in pastures are Eupeodes (E. corollae (Fabricius 1794), E. lapponicus
(Zetterstedt, 1838)) and Scaeva (S. selenitica (Meigen,1822)), while within hay
meadows, they are Eristalis (E. tenax (Linnaeus, 1758)) and Parasyrphus (P. annulatus

(Zetterstedt, 1838)).

These differences in the composition of Coleoptera, wild Apoidea, and Syrphidae
communities between pastures and hay meadows may be related to the sensitivity of
these three taxa to the consequences of mowing and their ecological needs throughout
their entire life cycle. For example, the most represented genus of Coleoptera within
grazed areas of low valley was Meligethes. This genus relies on flowers for its entire life
cycle, with both larval and adult stages inhabiting flowers. This potentially results in high
population density on a single flower, where they mainly feed on pollen and occasionally
on pistils and carpels (Freude et al., 1967; Utelli & Roy, 2001; Ouvrard et al., 2016; Piesik
et al., 2013). Meligethes, along with many other beetle genera that feed on nectar and
pollen, typically have low flying ability and activity (Kevan & Baker, 1983; Steinwandter

et al., 2017). The removal of the aerial part of the vegetation can certainly cause many
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issues for these types of flower visitors, especially during the larval stage when they are
unable to quickly leave flowers. On the other hand, within hay meadows, the most
represented beetles are not closely dependent on flowers for their survival, which may
make them less influenced by mowing and the absence of flowers. For example, the
most abundant species sampled within hay meadows primarily feed on petals, nectar, or
leaves during the adult stage, while their larvae grow in the soil or in trees by feeding on
roots or wood (Montagna, 2009, Kofler, 2011; Rheinheimer & Hassler, 2018; Ruesink et
al., 2023). Wild Apoidea and Syrphidae, showed different land use preferences. On one
side, wild Apoidea showed the highest abundance and species richness in low managed
environments such as pastures. On the other hand, Syrphidae showed to be less
influenced by the level of management (Persson et al., 2020), exhibiting, however, a
preference for mowed grasslands. Despite both bees and hoverflies abundance and
diversity being enhanced when plant species richness is high (Vellend, 2008; Frind et
al.,, 2010; Nicholls & Altieri, 2013), these differences could be due to their different
ecological needs and tolerance to stress (Persson et al., 2020). For example, most wild
bee species are used to nesting underground in the soil (Féldesi et al., 2016; Liczner &
Colla, 2019; Neumdller et al., 2022). Frequent passages of lawnmowers could impact
the ability of wild bees to nest underground, as the soil becomes too hard or compacted
(Sardifias & Kremen, 2014; Antoine & Forrest, 2021). By choosing to nest in low-stressed
environments, wild bees are likely to select foraging areas close to the nest. Except for
bumblebee species capable of flying long distances, the maximum foraging area for
most wild bee species ranges between a radius of 150 m and 600 m from the nest
(Steffan-Dewenter et al.,, 2002; Jauker et al.,, 2013). Therefore, the type of foraging
habitat is highly influenced by the nest's location. Additionally, over 50% of the collected
bees within hay meadows were Apis mellifera Linnaeus,1758. Such a high abundance of
honeybees compared to other bee species draws attention to the potential impact that
this species may have on wild bees. As several authors have reported (Shavit et al,,
2009; Mallinger et al., 2017; Henry & Rodet, 2018; Ropars et al., 2019; Valido et al.,
2019; Angelella et al., 2021), honeybee can negatively affect the presence of wild bees,
especially when the number of colonies in high. Therefore, it is important to carefully
evaluate the beekeeping practices, especially within protected natural areas, to ensure

the survival of wild Apoidea (Henry & Rodet, 2018; Gonzalez-Varo & Geldmann, 2018;
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Alaux et al., 2019). However, the limited number of honeybees sampled during the
concluded field season does not allow for a sufficiently robust statistical analysis of the
possible impact this insect may have on wild bee communities. Regarding Syrphidae, all
the most abundant species collected in pastures and hay meadows, are characterized by
an aphid-feeding larval stage (Speight, 2011). However, the higher abundance of
Hemiptera within hay meadows, could have influenced both the species richness of
syrphids and their abundance within this type of land use. Moreover, syrphids are
common flower visitors, and during the adult stage, they usually do not show a
preference for a particular habitat (Speight, 2011). Unlike bees, they are not limited to
the nest position and can freely fly among different habitats in search of suitable place
for feed and oviposition (Foldesi et al., 2016; Walcher et al., 2020). In addition, many
syrphid species prefer to visit white flowers belonging to Apiaceae family (Speight,
2011). Given the high abundance of Apiaceae observed in hay meadows during
fieldwork (e.g. Pimpinella major, Heracleum spondylium, Daucus carota, Carum carvi,
and Aegopodium podagraria) compared to pastures, it is possible that the high
occurrence of Syrphidae in hay meadows could be influenced by the higher presence of

this plant family here than in pastures.

Finally, all the most represented arthropod taxa analysed, preferred to visit Asteraceae
family rather than Fabaceae, Ranunculaceae, or Rosaceae. This result could be related
to the various advantages that the Asteraceae family provides to flower visitors. For
example, Asteraceae species typically produce a substantial amount of nectar per flower
and develop capitulum inflorescences, which offer a generous reward to the visitor
(Wroblewska et al., 2016). The abundance of nectar encourages the visits of many
species, such as Apoidea, which maximize their efforts in searching for food by choosing
flowers closely located flowers. Additionally, Coleoptera and Syrphidae are also
encouraged to visit due to the nectar availability (Freude et al., 1967; Utelli & Roy, 2001;
Pleasants, 1989; Patterson et al., 2000; Speight, 2011). Furthermore, the floral
morphology of the Asteraceae species in the study area does not show a selective trait

thus favouring the visit of many insect species (Torres & Galetto, 2002).

In conclusion, this study contributes to provide new knowledge about the composition
of flower-visiting arthropod communities within different land uses and along an

altitudinal gradient in Alpine context. In this study, it was confirmed that as altitude
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increases, the diversity and abundance of Apoidea tends to decrease, gradually being
replaced by Brachycera, which play an important role in the pollination of alpine flowers.
However, our study also observed a significant abundance of Coleoptera and
Thysanoptera as floral visitors in environments located above the tree line. This
highlights how the role of pollinators may be performed by more taxa than those
commonly studied and investigated. Therefore, it is important to increase research
towards these neglected taxa as they could be crucial in the pollination network of high-

altitude ecosystems.

This study highlighted that different levels of ecosystem management have varying
effects on different arthropod taxa. Specifically, Diptera Brachycera, Hymenoptera
wasps, and Hemiptera are more closely associated with land uses that have a high level
of management, such as orchards and hay meadows, whereas wild Apoidea and
Coleoptera are primarily favoured by lower intensity management. This study provided
new knowledge necessary for an assessment of how mountain environment
management can impact flower-visiting communities. Given the great variability in the
management practices of meadow areas adopted in different alpine regions, it is
important that conservation management organizations, such as natural parks, strive to
maintain a high degree of environmental diversity to promote a high biodiversity of both
animal and plant species. Finally, the presence of honeybees will need to be investigated
to evaluate the possible negative effects that this domestic species may have on wild

bee communities.

This work will include additional output as:
- Principal Coordinate Analysis (PCoA) of flower visiting arthropod community in
relation to different land uses and elevations considered in the study using the R

package vegan (Oksanen et al., 2022).

Founding: The study is part of the project “IMPOLLINET — Knowing and protecting pollinators within the
Stelvio National Park: census, monitoring, evaluation and awareness actions” coordinated by the Stelvio
National Park in collaboration with the University of the Study of Milan (UniMi) and MuSE—Science
Museum of Trento. The project funding was provided by the Ministry of the Environment (MATTM),
under Directive 2020 “Bees as bio-indicators of environmental quality - Insects of conservation value,
presence, status, and interactions with phytopathogenic species”.
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Supplementary material S1. Taxonomists who identified the sampled arthropods and their affiliation.

Taxon Taxonomist (affiliation)

ARACHNIDA

Araneae Paolo Pantini (Zoology of Invertebrate Section, Civic Museum of Natural Science
Enrico Caffi, Bergamo, Italy)

Oribatida Massimo Plumari (Museo Civico di Lentate sul Seveso, Lentate sul Seveso, lItaly)

HEXAPODA

Collembola Barbara Valle (Department of Life Sciences, Universita degli Studi di Siena, Siena,

Italy; NBFC, National Biodiversity Future Center, Palermo, Italy

Coleoptera, families

Coleoptera, Apionidae
Coleoptera, Buprestidae

Coleoptera, Byturidae

Coleoptera, Cantharidae
Coleoptera, Cerambycidae

Coleoptera, Chrysomelidae
Coleoptera, Coccinellidae

Coleoptera, Curculionidae
Coleoptera, Dasytidae
Coleoptera, Elateridae

Coleoptera, Malachidae
Coleoptera, Mordellidae

Coleoptera, Oedemeridae
Coleoptera, Scarabeidae
Coleoptera, Scraptiidae
Coleoptera, Staphylinidae

Coleoptera, Tenebrionidae

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Enzo Colonnelli (Indipendent taxonomist, Roma, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Gianfranco Liberti (Indipendent taxonomist, Milano, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Giulia Magoga (Department of Agricultural and Environmental Sciences -
Production, Landscape, Agroenergy, University of Milano, Milano, Italy)
Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Enzo Colonnelli (Indipendent taxonomist, Roma, Italy)

Gianfranco Liberti (Indipendent taxonomist, Milano, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Gianfranco Liberti (Indipendent taxonomist, Milano, Italy)

Enrico Ruzzier (Department of Agronomy, Food, Natural Resources, Animals and
Environment (DAFNAE), University of Padova, Legnaro, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Enrico Ruzzier (Department of Agronomy, Food, Natural Resources, Animals and
Environment (DAFNAE), University of Padova, Legnaro, Italy)

Adriano Zanetti (Civic Museum of Natural History, Lungadige Porta Vittoria, Verona,
ltaly)

Daniele Debiasi (Research and Museum Collections Office, Climate and Ecology
Unit, MUSE— Museo delle Scienze, Trento, Italy)

Dermaptera

Marco Bonelli

Diptera, families

Diptera, Anthomyiidae

Diptera, Chloropidae

Diptera, Faniidae
Diptera, Muscidae
Diptera, Phoridae

Diptera, Syrphidae

Daniele Sommaggio (Department of Life Sciences, University of Modena and Reggio
Emilia, Modena and Reggio Emilia, Italy)

Verner Michelsen (Natural History Museum of Denmark, University of Copenhagen,
Copenhagen, Denmark)

Paula Riccardi (Center for Integrative Biodiversity Discovery, Museum fir
Naturkunde, Leibniz-Institute for Evolution and Biodiversity Science, Berlin,
Germany)

Andrzej Grzywacz (Nicolaus Copernicus University in Torun, Faculty of Biological
and Veterinary Sciences, Department of Ecology and Biogeography, Torun, Poland)
Daniele Avesani (Zoology Section, Civic Museum of Natural History of Verona,
Verona, Italy)

Ronald Henry Lambert Disney (Department of Zoology, University of Cambridge,
Cambridge, United Kingdom)

Daniele Sommaggio (Department of Life Sciences, University of Modena and Reggio
Emilia, Modena and Reggio Emilia, Italy)

Hymenoptera, wasp families
(2021)

Filippo Di Giovanni (Department of Agriculture Food and Environment, University of
Pisa, Pisa, Italy)
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Hymenoptera, wasp families
(2022)
Hymenoptera, Apoidea

Hymenoptera, Braconidae

Hymenoptera, Formicidae

Hymenoptera, Ichneumonidae

Hymenoptera, Thentrediinae
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Vladimir Ziki¢ (Department of Biology and Ecology, University of Nig, Ni$, Serbia)

Andree Cappellari (Department of Agronomy, Food, Natural Resources, Animals
and Environment, University of Padua, Padua, Italy)

Maurizio Mei (Department of Biology and Biotechnology “Charles Darwin”, Sapienza
University of Roma, Roma, Italy)

Vladimir Ziki¢ (Department of Biology and Ecology, University of Ni§, Nig, Serbia);
Zeljko Tomanovié¢ (Department of Invertebrate Zoology and Entomology, University
of Belgrade, Belgrade, Serbia)

Francesco Pietra (Department of Biosciences, University on Milano, Milano, Italy)
Cristina Castracani (Department of Chemistry, Life Sciences and Environmental
Sustainability, University of Parma, Parma, Italy)

Enrico Schifani (Department of Chemistry, Life Sciences and Environmental
Sustainability, University of Parma, Parma, Italy)

Filippo Di Giovanni (Department of Agriculture Food and Environment, University of
Pisa, Pisa, Italy)

Daniele Sommaggio (Department of Agricultural and Food Sciences, University of
Bologna, Bologna, Italy)

Lepidoptera

Melania Massaro (Zoology of Invertebrate Section, Civic Museum of Natural
Science Enrico Caffi, Bergamo, Italy)

Orthoptera

Marco Bonelli

Thysanoptera

Gregorio Vono (Department of Agriculture, Mediterranea University of Reggio
Calabria, Reggio Calabria, Italy)
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Supplementary material S2. Number of specimens collected in 2021 and 2022 for each land
management type within each altitudinal sector on the valley.

Low valley Mid valley High valley
Year Order Apple orchards Pastures Hay meadows Pastures Hay meadows Pastures Hay meadows
2021 Diptera 105 47 110 138 164 26 57
2021 Hymenoptera 49 80 149 24 17 12 1
2021 Coleoptera 10 60 23 4 14 15 89
2021 Thysanoptera 729 127 513 13 42 97 0
2021 Hemiptera 12 25 17 7 19 0 3
2021 Lepidoptera 3 4 2 3 2 1 0
2021 Orthoptera 0 0 3 0 0 0 0
2021 Dermaptera 2 0 0 0 0 0 0
2021 Neuroptera 0 0 0 0 0 0 0
2021 Collembola 2 1 0 1 1 0 1
2021 Aracnidae 1 3 2 0 1 0 0
2021 Acari 0 0 0 1 0 2 1
2022 Diptera 22 23 72 84 66 46 36
2022 Hymenoptera 12 35 50 15 5 6 2
2022 Coleoptera 2 23 8 5 6 26 36
2022 Thysanoptera 301 92 485 7 57 62 0
2022 Hemiptera 8 26 28 8 13 6 6
2022 Lepidoptera 0 0 1 0 0 0 0
2022 Orthoptera 0 1 0 4 0 1 0
2022 Dermaptera 0 0 0 0 0 0 0
2022 Neuroptera 2 0 0 0 0 0 0
2022 Collembola 0 0 0 0 2 0 0
2022 Ragni 1 3 1 0 1 2 0
2022 Acari 0 0 2 0 2 0 1

Supplementary Material S3. Relative abundance of most represented arthropod orders sampled during
field work of 2021 and 2022.
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Supplementary Material S4. Families relative abundance of the most represented orders (Coleoptera,
Diptera, and Hymenoptera) collected during the fieldwork. “ND”= family not identified.

Coleoptera Low valley Mid valley High valley
Family Apple Orchards Pastures Hay meadows Pastures Hay meadows  Pastures Grasslands
Apionidae - 2.38 29.03 - - - -
Buprestidae - 8.33 16.13 - - - -
Byturidae - 5.95 - - - - -
Cantharidae 7.69 - 12.90 - - 2.44 0.79
Cerambycidae - - - - 4.76 - -
Chrysomelidae - 2.38 6.45 33.33 33.33 - 0.79
Cryptophagidae - - 3.23 - - - -
Coccinellidae - - 3.23 - 4.76 - -
Curculionidae 15.38 - 6.45 11.11 - - -
Dasytidae - 20.24 - 22.22 - 97.56 96.06
Elateridae - - 3.23 - 9.52 - -
Meloidae 7.69 - - - - - -
Mordellidae - - 3.23 - - - -
Nitidulidae 23.08 54.76 6.45 - - - -
Oedemeridae 7.69 1.19 3.23 - - - -
Scarabeidae 38.46 3.57 - 22.22 14.29 - -
Scraptiidae - 1.19 3.23 - - - -
Staphylinidae - - - - 9.52 - 2.36
Tenebrionidae - - 3.23 - - - -
ND = = = 11.11 23.81 = =
100.00 100.00 100.00 100.00 100.00 100.00 100.00
Diptera Low valley Mid valley High valley
Family Apple Orchards Pastures Hay meadows Pastures Hay meadows  Pastures Grasslands
Agromyzidae 2.84 1.16 - - 0.44 - 1.03
Anthomyiidae 2.84 6.98 6.84 16.80 5.26 8.33 9.28
Atelestidae - - - 0.40 - - -
Bibionidae = = = 1.20 2.63 = =
Cecidomyiidae 2.84 - 0.53 0.40 - 1.39 1.03
Ceratopogonidae - 1.16 - - - - -
Chamaemyiidae - - - 0.40 - - 1.03
Chloropidae 31.91 22.09 10.53 8.80 5.70 1.39 4.12
Conopidae - - - 0.40 - - -
Dolichopodidae - 1.16 - 0.80 0.88 1.39 2.06
Drosophilidae 2.84 4.65 0.53 - - - -
Empididae - 1.16 - 0.80 0.88 - -
Ephydridae - - 1.05 - - - -
Fanniidae - - - - 0.44 - -
Hybotidae 2.13 1.16 0.53 0.40 0.88 - 1.03
Lauxanidae - - - - 0.44 = =
Lonchopteridae - - - - 0.44 - -
Milichidae - - - - 0.44 - -
Muscidae 14.89 38.37 29.47 49.20 40.35 65.28 44.33
Phoridae 4.96 1.16 - 4.00 351 - 6.19
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Polleniidae - - - - 0.44 - -
Psilidae - - - 0.40 0.44 - -
Sarcophagidae - 1.16 - 0.40 - - -
Scathophagidae - - - - 0.88 - -
Sciaridae 3.55 2.33 2.63 1.60 6.58 1.39 8.25
Sepsidae - 2.33 0.53 - 0.44 - -
Simuliidae 7.09 - 0.53 - - - -
Sphaeroceridae - - 0.53 - - - -
Syrphidae 21.99 13.95 42.63 12.80 28.07 20.83 21.65
Tachinidae 1.42 1.16 1.58 0.80 0.44 - -
Tephritidae - - 1.58 - 0.44 - -
ND 0.71 - 0.53 0.40 - - -
100.00 100.00 100.00 100.00 100.00 100.00 100.00
Hymenoptera Low valley Mid valley High valley
Family Apple Orchards Pastures Hay meadows Pastures Hay meadows  Pastures Grasslands
Andrenidae 1.54 0.83 4.48 2.44 - - -
Apidae 23.08 9.17 15.92 12.20 27.27 = =
Braconidae 4.62 0.83 1.99 4.88 - 5.26 -
Chalcicoidea - 0.83 - - - 5.26 -
Chalcidoidea 1.54 - - - - - -
Colletidae 1.54 0.83 = = = = =
Cynipidae - - 0.50 - - - -
Diapriidae 1.54 0.83 - - - 5.26 -
Eulophidae - - - - 9.09 5.26 -
Eulphidae - - 0.50 - - 5.26 -
Figitidae - 1.67 - - - - 25.00
Formicidae 36.92 46.67 67.16 51.22 27.27 42.11 -
Halictidae 6.15 21.67 4.98 7.32 - 5.26 5-
Ichneumonidae - - - - 4.55 - 25.00
Ichneumonidae 1.54 1.67 - - - - -
Megachilidae = 9.17 1.49 = 4.55 = =
Mymaridae - 0.83 0.50 - 9.09 - -
Platygastridae 3.08 1.67 - 9.76 - - -
Pteromalidae 3.08 0.83 - - - - -
Scelionidae 9.23 1.67 1.00 4.88 4.55 - -
Tenthredinidae - 0.83 1.00 2.44 4.55 - -
Torymidae - - - - - 5.26 -
ND 6.15 - 0.50 4.88 9.09 21.05 -
100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Supplementary Material S5. Abundance of specimens identified at least at genus level collected for each land use and altitudinal sector within Martello Valley in 2021 and 2022.
BME: low valley apple orchards; BPA: low valley pastures; BPR: low valley hay meadows; MPA: mid valley pastures; MPR: mid valley hay meadows; VPA: high valley pastures; VPR:

high valley grasslands.

Year  Order Family Genus Species Author BME BPA BPR MPA MPR VPA VPR
2021 Coleoptera  Buprestidae Anthaxia (Anthaxia) Anthaxia (Anthaxia) podolica Mannerheim, 1837 0 2 0 0 0 0 0
2021 Coleoptera  Buprestidae Anthaxia (Melanthaxia) Anthaxia (Melanthaxia) helvetica (Stierlin, 1868) 0 2 0 0 0 0 0
2021 Coleoptera  Buprestidae Anthaxia (Melanthaxia) Anthaxia (Melanthaxia) quadripunctata (Linnaeus, 1758) 0 1 3 0 0 1 0
2021 Coleoptera  Byturidae Byturus Byturus ochraceus (Scriba, 1791) 0 1 0 0 0 0 0
2021 Coleoptera  Cantharidae Cantharis Cantharis livida Linnaeus, 1758 1 0 1 0 0 0 0
2021 Coleoptera  Cantharidae Malthodes Malthodes cfr. fuscus 0 0 1 0 0 0 0
2021 Coleoptera  Cantharidae Rhagonycha (Rhagonycha) Rhagonycha (Rhagonycha) fulva (Scopoli, 1763) 0 0 2 0 0 0 0
2021 Coleoptera  Cerambycidae Brachyta Brachyta interrogationis (Linnaeus, 1758) 0 1 0 0 0 0 0
2021 Coleoptera  Chrysomelidae Cryptocephalus Cryptocephalus transiens Franz, 1949 0 1 1 0 0 0 0
2021 Coleoptera  Chrysomelidae Cryptocephalus Cryptocephalus violaceus Laicharting, 1781 0 0 0 2 0 0 0
2021 Coleoptera  Chrysomelidae Gastrophysa (Gastrophysa) Gastrophysa (Gastrophysa) viridula (De Geer, 1775) 0 0 0 0 2 0 0
2021 Coleoptera  Chrysomelidae Neocrepidodera Neocrepidodera peirolerii (Kutschera, 1860) 0 0 0 0 5 0 0
2021 Coleoptera  Coccinellidae cfr. Ceratomegilla cfr. Ceratomegilla notata 0 0 0 0 1 0 0
2021 Coleoptera  Coccinellidae Coccinella (Coccinella) Coccinella (Coccinella) septempunctata (Linnaeus, 1758) 0 0 1 0 0 0 0
2021 Coleoptera  Dasytidae Clanoptilus Clanoptilus affinis subsp. subconcolor (Pic, 1911) 0 1 0 0 0 0 0
2021 Coleoptera  Dasytidae Danacea Danacea nigritarsis subsp. alpina Pic, 1894 0 10 0 0 0 0 0
2021 Coleoptera  Dasytidae Dasytes Dasytes alpigradus Kiesenwetter, 1863 0 0 0 1 0 5 90
2021 Coleoptera Elateridae Agrypnus Agrypnus murinus (Linnaeus, 1758) 0 0 1 0 0 0 0
2021 Coleoptera  Elateridae Ctenicera Ctenicera cuprea (Fabricius, 1775) 0 0 0 0 2 0 0
2021 Coleoptera  Nitidulidae Meligethes Stephens, 1830 1 40 1 0 0 0 0
2021 Coleoptera  Oedemeridae Oedemera Oedemera gr. virescens 0 0 1 0 0 0 0
2021 Coleoptera  Oedemeridae Oedemera (Oedemera) Oedemera (Oedemera) podagrariae (Linnaeus, 1767) 1 0 0 0 0 0 0
2021 Coleoptera  Scarabeidae Phyllopertha Phyllopertha horticola Linnaeus, 1758 5 0 0 1 2 0 0
2021 Coleoptera  Scarabeidae Trichius Trichius fasciatus Linnaeus, 1758 0 2 0 0 0 0 0
2021 Coleoptera  Staphylinidae Eusphalerum 0 0 0 0 0 0 1
2021 Coleoptera  Tenebrionidae Cteniopus Cteniopus sulphureus (Linnaeus, 1758) 0 0 1 0 0 0 0
2022 Coleoptera  Buprestidae Anthaxia (Melanthaxia) Anthaxia (Melanthaxia) quadripunctata (Linnaeus, 1758) 0 2 1 0 0 0 0
2022 Coleoptera  Byturidae Byturus Byturus ochraceus (Scriba, 1791) 0 4 0 0 0 0 0
2022 Coleoptera  Cantharidae Cantharis Cantharis fibulata Markel, 1852 0 0 0 0 0 0 1
2022 Coleoptera  Cantharidae Malthodes Malthodes trifurcatus Kiesenwetter, 1852 0 0 0 0 0 1 0
2022 Coleoptera  Chrysomelidae Cryptocephalus 0 1 0 1 0 0 1
2022 Coleoptera  Cryptophagidae cfr. Atomaria 0 0 1 0 0 0 0
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2022 Coleoptera  Dasytidae Clanoptilus Clanoptilus affinis subsp. subconcolor (Pic, 1911) 0 5 0 0 0 0 0

2022 Coleoptera  Dasytidae Danacea Danacea nigritarsis subsp. alpina Pic, 1894 0 1 0 0 0 0 0

2022 Coleoptera  Dasytidae Dasytes Dasytes alpigradus Kiesenwetter, 1863 0 0 0 1 0 25 31

2022 Coleoptera  Nitidulidae cfr. Meligethes 0 1 0 0 0 0 0

2022 Coleoptera  Nitidulidae cfr. Meligethes 0 3 1 0 0 0 0

2022 Coleoptera  Oedemeridae Oedemera (Oedemera) Oedemera (Oedemera) flavipes (Fabricius, 1792) 0 1 0 0 0 0 0

2022 Coleoptera  Scarabeidae Oxythyrea Oxythyrea funesta (Poda, 1761) 0 1 0 0 0 0 0

2022 Coleoptera  Scarabeidae Phyllopertha Phyllopertha horticola Linnaeus, 1758 0 0 0 1 1 0 0

Year  Order Family Genus Species Author BME BPA BPR MPA MPR VPA VPR

2021 Diptera  Fanniidae Fannia cf. Fannia novalis 0 0 0 0 1 0 0
2021 Diptera  Muscidae Coenosia 2 0 1 17 1 17 24
2021 Diptera  Muscidae Coenosia Coenosia ambigua Séguy, 1923 0 0 0 0 0 1 0
2021 Diptera  Muscidae Coenosia Coenosia obscuricula (Rondani, 1871) 0 0 1 2 0 16 24
2021 Diptera  Muscidae Coenosia Coenosia pedella (Fallén, 1825) 0 0 0 14 0 0 0
2021 Diptera  Muscidae Coenosia Coenosia styriaca Hennig, 1961 0 0 0 0 1 0 0
2021 Diptera  Muscidae Coenosia Coenosia verralli Collin, 1953 2 0 0 0 0 0 0
2021 Diptera  Muscidae Drymeia 0 1 0 5 5 2 0
2021 Diptera  Muscidae Drymeia Drymeia alpicola (Rondani, 1871) 0 0 0 2 1 1 0
2021 Diptera  Muscidae Drymeia Drymeia brumalis (Rondani, 1866) 0 1 0 0 3 0 0
2021 Diptera  Muscidae Drymeia Drymeia hamata (Fallén, 1823) 0 0 0 3 0 1 0
2021 Diptera  Muscidae Helina Helina annosa (Zetterstedt, 1838) 0 0 0 1 1 0 0
2021 Diptera  Muscidae Helina Helina obtusipennis (Fallén, 1823) 0 0 0 0 0 0 1
2021 Diptera  Muscidae Helina Helina quadrum (Fabricius, 1805) 0 0 1 0 0 0 0
2021 Diptera  Muscidae Helina Helina reversio (Harris, 1780) 0 0 0 0 2 0 0
2021 Diptera  Muscidae Hydrotaea 0 0 1 0 1 0 0
2021 Diptera  Muscidae Hydrotaea Hydrotaea albipuncta (Zetterstedt, 1845) 0 0 0 0 1 0 0
2021 Diptera  Muscidae Phaonia Phaonia alpicola (Zetterstedt, 1845) 0 0 0 0 0 0 1
2021 Diptera  Muscidae Phaonia Phaonia angelicae (Scopoli, 1763) 6 0 0 0 0 0 0
2021 Diptera  Muscidae Phaonia Phaonia consobrina (Zetterstedt, 1838) 0 0 0 0 0 1 0
2021 Diptera  Muscidae Phaonia Phaonia hybrida (Schnabl, 1888) 0 0 0 6 5 0 0
2021 Diptera  Muscidae Phaonia Phaonia meigeni Pont, 1986 0 0 0 0 1 0 0
2021 Diptera  Muscidae Phaonia Phaonia serva (Meigen, 1826) 0 0 0 2 6 0 0
2021 Diptera  Muscidae Thricops 12 30 47 71 54 2 5
2021 Diptera  Muscidae Thricops Thricops cunctans (Meigen, 1826) 12 28 33 18 32 0 3
2021 Diptera  Muscidae Thricops Thricops innocuus (Zetterstedt, 1838) 0 1 9 8 5 0 0
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2021 Diptera  Syrphidae Sphaerophoria Sphaerophoria scripta (Linnaeus, 1758) 2 0 4 0 1 0 0
2021 Diptera  Syrphidae Syritta Syritta pipiens (Linnaeus, 1758) 1 0 8 0 0 0 0
2021 Diptera  Syrphidae Syrphocheilosia Syrphocheilosia claviventris (Strobls, 1910) 0 0 0 0 1 0 5
2021 Diptera  Syrphidae Xylota Xylota caeruleiventris Zetterstedt, 1838 0 0 0 0 1 0 0
2021 Diptera  Syrphidae Xylota Xylota jakutorum Bagachanova, 1980 1 0 0 0 2 0 0
2022 Diptera  Conopidae Zodion Zodion cinereum (Fabricius, 1794) 0 0 0 1 0 0 0
2022 Diptera  Psilidae Chamaepsila Chamaepsila nigra (Fallén, 1820) 0 0 0 1 0 0 0
2022 Diptera  Scathophagidae Scathophaga 0 0 0 0 2 0 0
2022 Diptera  Syrphidae Cheilosia Cheilosia pagana (Meigen, 1822) 0 0 1 0 0 0 0
2022 Diptera  Syrphidae Chrysotoxum Chrysotoxum bicinctum (Linnaeus, 1758) 0 0 0 1 0 0 0
2022 Diptera  Syrphidae Chrysotoxum Chrysotoxum fasciatum (Mdller, 1764) 0 0 1 0 0 0 0
2022 Diptera  Syrphidae Episyrphus Episyrphus balteatus (De Geer, 1776) 1 0 6 1 0 0 0
2022 Diptera  Syrphidae Episyrphus Epysyrphus balteatus (De Geer, 1776) 0 0 0 0 1 0 0
2022 Diptera  Syrphidae Eristalis Eristalis similis (Fallen, 1817) 0 0 0 0 0 1 0
2022 Diptera  Syrphidae Eristalis Eristalis tenax (Linneus., 1758) 0 1 16 1 0 1 0
2022 Diptera  Syrphidae Eupeodes Eupeodes corollae (Fabricius, 1794) 0 3 0 0 0 0 2
2022 Diptera  Syrphidae Eupeodes Eupeodes lapponicus (Zetterstedt, 1838) 1 0 6 2 3 3 10
2022 Diptera  Syrphidae Eupeodes Eupeodes luniger (Meigen, 1822) 0 0 0 2 0 1 0
2022 Diptera  Syrphidae Eupeodes Eupeodes nitens (Zetterstedt, 1843) 0 0 0 1 0 0 0
2022 Diptera  Syrphidae Melanostoma Melanostoma mellinum (Linnaeus, 1758) 0 0 1 0 0 0 0
2022 Diptera  Syrphidae Meliscaeva Meliscaeva auricollis (Meigen, 1822) 0 0 2 0 0 0 0
2022 Diptera  Syrphidae Parasyrphus Parasyrphus annulatus (Zetterstedt, 1838) 0 0 2 0 1 0 0
2022 Diptera  Syrphidae Parasyrphus Parasyrphus lineolus (Zetterstedt, 1843) 0 0 0 0 1 0 0
2022 Diptera  Syrphidae Parasyrphus Parasyrphus vittiger (Zetterstedt, 1843) 0 0 1 1 1 0 0
2022 Diptera  Syrphidae Pipiza Pipiza notata Meigen, 1822 0 0 0 1 1 0 0
2022 Diptera  Syrphidae Platycheirus Platycheirus albimanus (Fabricius, 1781) 0 0 0 1 0 0 0
2022 Diptera  Syrphidae Scaeva 2 1 1 3 15 8 2
2022 Diptera  Syrphidae Scaeva Scaeva pyrastri (Linnaeus, 1758) 0 0 0 0 0 1 0
2022 Diptera  Syrphidae Scaeva Scaeva selenitica (Meigen, 1822) 1 1 1 3 15 7 2
2022 Diptera  Syrphidae Sphaerophoria Sphaerophoria interrupta (Fabricius, 1805) 0 2 1 1 0 0 0
2022 Diptera  Syrphidae Sphaerophoria Sphaerophoria scripta (Linnaeus, 1758) 0 0 7 0 3 0 0
2022 Diptera  Syrphidae Syrphus Syrphus ribesii (Linnaeus, 1758) 0 0 0 1 1 0 0
2022 Diptera  Syrphidae Syrphus Syrphus torvus Osten Sacken, 1875 0 0 2 4 0 0 0
2022 Diptera  Syrphidae Syrphus Syrphus vitripennis Meigen, 1822 0 0 5 2 0 0 0
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Year  Order Family Genus Species Author BME BPA BPR MPA MPR VPA VPR
2021 Hymenoptera Andrenidae Andrena Andrena fulvago (Christ, 1791) 1 0 0 0 0 0 0
2021 Hymenoptera Andrenidae Andrena Andrena haemorrhoa (Fabricius, 1781) 0 0 1 0 0 0 0
2021 Hymenoptera Andrenidae Andrena Andrena thoracica (Fabricius, 1775) 0 1 0 0 0 0 0
2021 Hymenoptera Andrenidae Panurgus Panurgus banksianus (Kirby, 1802) 0 0 6 1 0 0 0
2021 Hymenoptera Apidae Apis Apis mellifera Linnaeus, 1758 12 1 12 0 6 0 0
2021 Hymenoptera Apidae Bombus Bombus lapidarius (Linnaeus, 1758) 1 5 0 0 0 0 0
2021 Hymenoptera Apidae Bombus Bombus monticola Smith, 1849 0 0 0 1 0 0 0
2021 Hymenoptera Apidae Bombus Bombus pascuorum (Scopoli, 1763) 0 0 1 0 0 0 0
2021 Hymenoptera Apidae Bombus Bombus pyrenaeus Pérez, 1879 0 0 0 4 0 0 0
2021 Hymenoptera Apidae Bombus Bombus sylvarum (Linnaeus, 1761) 0 0 2 0 0 0 0
2021 Hymenoptera Apidae Bombus Bombus terrestris/lucorum 0 0 1 0 0 0 0
2021 Hymenoptera Braconidae Alysiinae 1 0 1 0 0 0 0
2021 Hymenoptera Braconidae Aphidius 0 1 0 0 0 0 0
2021 Hymenoptera Braconidae Asobara 2 0 0 1 0 0 0
2021 Hymenoptera Braconidae Aspilota 0 0 0 0 0 1 0
2021 Hymenoptera Braconidae Coelinidea 0 0 1 0 0 0 0
2021 Hymenoptera Braconidae Dacnusa/Chorebus 0 0 1 0 0 0 0
2021 Hymenoptera Formicidae Camponotus Camponotus ligniperda (Latreille, 1802) 0 1 0 0 0 0 0
2021 Hymenoptera Formicidae Formica Formica clara Forel, 1886 0 4 0 0 0 0 0
2021 Hymenoptera Formicidae Formica Formica exsecta Nylander, 1846 0 0 0 4 0 0 0
2021 Hymenoptera Formicidae Formica Formica fusca Linnaeus, 1758 0 0 4 0 0 0 0
2021 Hymenoptera Formicidae Formica Formica lemani Bondroit, 1917 0 1 0 11 6 5 0
2021 Hymenoptera Formicidae Formica Formica rufibarbis Fabricius, 1793 0 0 1 0 0 0 0
2021 Hymenoptera Formicidae Formica Formica sanguinea Latreille, 1798 0 3 0 0 0 0 0
2021 Hymenoptera Formicidae Lasius Lasius emarginatus (Olivier, 1792) 2 0 0 0 0 0 0
2021 Hymenoptera Formicidae Lasius Lasius niger (Linnaeus, 1758) 12 0 96 0 0 0 0
2021 Hymenoptera Formicidae Lasius Lasius psammophilus Seifert, 1992 2 5 0 0 0 0 0
2021 Hymenoptera Formicidae Myrmica Myrmica rubra (Linnaeus, 1758) 0 24 9 0 0 0 0
2021 Hymenoptera Formicidae Tapinoma Tapinoma subboreale Seifert, 2012 0 1 0 0 0 0 0
2021 Hymenoptera Formicidae Temnothorax Temnothorax unifasciatus (Latreille, 1798) 0 1 0 0 0 0 0
2021 Hymenoptera Formicidae Tetramorium Tetramorium immigrans Santschi, 1927 0 4 0 0 0 0 0
2021 Hymenoptera Formicidae Tetramorium Tetramorium indocile Santschi, 1927 0 1 0 0 0 0 0
2021 Hymenoptera Halictidae Dufourea Dufourea alpina Morawitz, 1865 0 0 0 0 0 1 0
2021 Hymenoptera Halictidae Dufourea Dufourea dentiventris (Nylander, 1848) 1 0 0 0 0 0 0
2021 Hymenoptera Halictidae Halictus Halictus simplex Bluthgen, 1923 0 2 0 0 0 0 0
2021 Hymenoptera Halictidae Halictus Halictus subauratus (Rossi, 1792) 0 1 0 0 0 0 0
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2021 Hymenoptera Halictidae Halictus Halictus tumulorum (Linnaeus, 1758) 0 1 0 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum albipes (Fabricius, 1781) 0 1 0 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum calceatum (Scopoli, 1763) 2 0 0 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum cf. fratellum 0 0 0 0 0 0 2
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum cupromicans group 1 0 1 2 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum laticeps (Schenck, 1870) 0 1 0 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum leucozonium (Schrank, 1781) 0 2 0 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum morio (Fabricius, 1793) 0 2 2 0 0 0 0
2021 Hymenoptera Halictidae Lasioglossum Lasioglossum zonulum (Smith, 1848) 0 0 2 0 0 0 0
2021 Hymenoptera Ichneumonidae Diadegma 0 2 0 0 0 0 0
2021 Hymenoptera Ichneumonidae Stenomacrus 1 0 0 0 0 0 0
2021 Hymenoptera Megachilidae Chelostoma Chelostoma campanularum Kirby, 1802) 0 1 0 0 0 0 0
2021 Hymenoptera Megachilidae Chelostoma Chelostoma florisomne (Linnaeus, 1758) 0 2 0 0 1 0 0
2021 Hymenoptera Megachilidae Heriades Heriades truncorum (Linnaeus, 1758) 0 0 3 0 0 0 0
2021 Hymenoptera Megachilidae Hoplitis Hoplitis leucomelana (Kirby, 1802) 0 1 0 0 0 0 0
2021 Hymenoptera Megachilidae Megachile Megachile lagopoda (Linnaeus, 1761) 0 1 0 0 0 0 0
2021 Hymenoptera Megachilidae Osmia Osmia gallarum Spinola, 1808 0 6 0 0 0 0 0
2021 Hymenoptera Tenthredinidae Dolerus Dolerus nitens Zaddach, 1859 0 0 0 0 1 0 0
2021 Hymenoptera Tenthredinidae Tenthredo Tenthredo arcuata Forster, 1771 0 1 2 0 0 0 0
2021 Hymenoptera Tenthredinidae Tenthredo Tenthredo mioceras (Enslin, 1912) 0 0 0 1 0 0 0
2022 Hymenoptera Andrenidae Panurgus Panurgus banksianus (Kirby, 1802) 0 0 2 0 0 0 0
2022 Hymenoptera Apidae Apis Apis mellifera Linnaeus, 1758 1 1 14 0 0 0 0
2022 Hymenoptera Apidae Bombus Bombus humilis llliger, 1806 0 2 0 0 0 0 0
2022 Hymenoptera Apidae Bombus Bombus lapidarius Linnaeus, 1758) 0 1 1 0 0 0 0
2022 Hymenoptera Apidae Bombus Bombus lucorum/terrestris 1 0 0 0 0 0 0
2022 Hymenoptera Apidae Bombus Bombus pascuorum (Scopoli, 1763) 0 1 1 0 0 0 0
2022 Hymenoptera Braconidae Chorebus 0 0 1 0 0 0 0
2022 Hymenoptera Braconidae Synaldis 0 0 0 1 0 0 0
2022 Hymenoptera Colletidae Hylaeus Hylaeus annulatus (Linnaeus, 1758) 1 0 0 0 0 0 0
2022 Hymenoptera Colletidae Hylaeus Hylaeus confusus Nylander, 1852 0 1 0 0 0 0 0
2022 Hymenoptera Formicidae Formica Formica fusca Linnaeus, 1758 0 0 0 1 0 0 0
2022 Hymenoptera Formicidae Formica Formica lemani Bondroit, 1917 0 0 0 4 0 2 0
2022 Hymenoptera Formicidae Formica Formica rufibarbis Fabricius, 1793 0 1 0 0 0 0 0
2022 Hymenoptera Formicidae Lasius 0 0 1 0 0 0 0
2022 Hymenoptera Formicidae Lasius Lasius alienus (Foerster, 1850) 0 2 0 0 0 0 0
2022 Hymenoptera Formicidae Lasius Lasius niger (Linnaeus, 1758) 7 0 15 0 0 0 0
2022 Hymenoptera Formicidae Myrmica Myrmica rubra (Linnaeus, 1758) 0 8 4 0 0 0 0
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Supplementary Material S6. Summary of Baesyan generalised linear model to assess the abundance of
arthropod taxa in relation of different parameters. Columns for effects and estimated parameters are:
“Estimate”: posterior mean estimate; “Est. Err”: standard error of the posterior mean; “I-95%": lower limit
of the 95% Bayesian credible interval; “u-95%”: upper limit of the 95% Bayesian credible interval; “Rhat”:
Gelman-Rubin convergence statistic; “Bulk_ESS”: bulk effective sample size for the estimate; “Tail ESS”:
the tail effective sample size of the estimate, and “pd”: Probability of Direction meaning the probability
that a parameter is strictly positive or negative.

Family: MV (negbinomial)
Links: mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
mu = log; shape = identity
Formula: Coleoptera ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Formicidae ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Hym.wasps ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Hemiptera ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Nematocera ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Brachycera ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Syrphidae ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Wild.Apoidea ~ management + apple_orchard + hay_meadow + bot_family + n_flowers + altitude + day + (1 | sito) + (1 | y)
Data: data (Number of observations: 287)
Draws: 3 chains, each with iter = 2000; warmup = 1000; thin = 1;
total post-warmup draws = 3000
Group-Level Effects:
~site (Number of levels: 14)
Estimate Est.Error 1-95% CI u-95% Cl Rhat Bulk_ESS Tail_ESS

sd(coleotteritot_Intercept) 0.67 0.35 0.1 1.49 1 680.00 582
sd(formicidaetot_Intercept) 1.22 0.5 0.52 2.42 1.01 1070.00 1378
sd(vespetot_Intercept) 0.38 0.28 0.01 1.09 1.01 816.00 960
sd(emitteritot_Intercept) 0.35 0.2 0.03 0.82 1.01 887.00 958
sd(nematoceritot_Intercept) 1.22 0.56 0.38 2.55 1 1007.00 1650
sd(brachiceritot_Intercept) 0.32 0.15 0.04 0.67 1 441.00 303
sd(sirfiditot_Intercept) 0.28 0.19 0.01 0.72 1 775.00 1324
sd(apselvtot_Intercept) 0.34 0.28 0.01 1.05 1 1109.00 1790

~year (Number of levels: 2)
Estimate Est.Error 1-95% CI u-95% Cl Rhat Bulk_ESS Tail_ESS

sd(coleotteritot_Intercept) 0.93 1.23 0.01 4.19 1 1138.00 1578
sd(formicidaetot_Intercept) 1.19 1.25 0.04 4.57 1 1222.00 1455
sd(vespetot_Intercept) 0.87 1.16 0.02 4.03 1 1146.00 1595
sd(emitteritot_Intercept) 1.25 1.27 0.13 4.86 1 1138.00 1220
sd(nematoceritot_Intercept) 1.38 1.2 0.11 4.62 1 1466.00 1389
sd(brachiceritot_Intercept) 0.96 1.04 0.05 3.8 1 1116.00 1562
sd(sirfiditot_Intercept) 1.83 1.35 0.44 5.45 1 2003.00 2312
sd(apselvtot_Intercept) 1.24 1.27 0.08 4.75 1 1466.00 1172

Population-Level Effects:
Estimate Est.Error |-95% Cl u-95% CI Rhat Bulk_ESS Tail_ESS pd

Coleoptera Intercept -0.52 0.92 -2.79 097 1.00 1718 1137  77.50%
Formicidae Intercept -2.48 1.05 -4.72 -0.56 1.00 2130 1772 98.90%
Hym.Wasps Intercept -1.82 0.76 -3.78 -0.39 1.00 2102 1164 98.27%
Hemiptera Intercept -0.93 0.97 -3.31 0.86 1.00 2056 1827 89.93%
Nematocera Intercept -1.92 1.1 -4.26 0.24 100 2358 1733 96.37%
Brachycera Intercept 1.08 0.79 -0.79 266 1.00 1755 1325 93.53%
Syrphidae Intercept -0.22 1.2 -2.94 208 1.00 1843 1726 56.00%
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Wild.Hym.Apoidea Intercept -1.32 1 -357 063 1.00 1850 1689 93.40%
Parameter Estimate Est.Error 1-95% Cl u-95% Cl Rhat Bulk_ESS Tail_ESS pd
Coleoptera Management -0.67 0.25 -1.16 -0.19 1.00 1426 1483 99.30%
Coleoptera Apple Orchard -0.37 0.28 -0.94 0.18 1.00 2070 1832 92.47%
Coleoptera Hay Meadows -0.25 0.32 -0.85 0.42 1.00 1968 1671 80.77%
Coleoptera Fabaceae -1.03 0.35 -1.71 -0.34 1.00 3677 1814 99.87%
Coleoptera Ranunculaceae-Rosaceae  -0.73 0.31 -1.33 -0.14 1.01 5110 1802 99.33%
Coleoptera N Flowers 0.06 0.02 0.02 0.1 1.00 4190 2165  100%
Coleoptera Altitude -0.42 0.36 -1.14 0.26  1.00 1552 1219 90.90%
Coleoptera Day -0.69 0.16 -1.02 -0.38 1.00 5161 2278  100%
Formicidae Management 0.36 0.53 -0.65 151 1.00 1840 1512 76.70%
Formicidae Apple Orchard -0.23 0.43 -1.13 0.61 1.00 1744 1628 72.73%
Formicidae Hay Meadows -0.46 0.51 -1.5 0.5 1.00 1879 1740 83.60%
Formicidae Fabaceae 0.06 0.41 -0.73 0.84 1.00 3420 2356 56.87%
Formicidae Ranunculaceae-Rosaceae  -0.65 0.44 -1.53 0.18 1.00 4533 2524 93.70%
Formicidae N Flowers 0.06 0.02 0.01 0.11  1.00 3440 2103 99.07%
Formicidae Altitude -1.08 0.61 -2.41 0.05 1.00 1462 1360 97.17%
Formicidae Day -0.77 0.18 -1.14 -0.43 100 5579 2332 100%
Hym.Wasps Management 0.24 0.22 -0.18 0.68 1.00 2482 1744 88.67%
Hym.Wasps Apple Orchard 0.23 019 -016 061 101 2372 1785 90.27%
Hym.Wasps Hay Meadows -0.03 0.25 -0.53 0.45 1.01 2669 1745 55.17%
Hym.Wasps Fabaceae -0.02 0.33 -0.69 0.62 1.00 4194 2611 52.53%
Hym.Wasps Ranunculaceae-Rosaceae -0.4 0.38 -1.18 032 1.00 4767 2294 85.97%
Hym.Wasps N Flowers 0.04 0.02 0 0.07 1.00 3826 2451 96.83%
Hym.Wasps Altitude -0.18 0.28 -0.76 032 1.00 2547 1809 75.90%
Hym.Wasps Day 0.14 0.14 -0.14 0.43 1.00 5559 2670 83.53%
Hemiptera Management -0.04 0.15 -0.35 0.26  1.00 2430 1950 62.40%
Hemiptera Apple Orchard -0.22 0.15 -0.53 0.08 1.00 2422 1655 93.03%
Hemiptera Hay Meadows 0.13 0.17 -0.21 049 1.00 2159 1530 80.40%
Hemiptera Fabaceae 0.32 0.23 -0.13 0.75 1.00 3529 2270 92.43%
Hemiptera Ranunculaceae-Rosaceae  -0.39 0.26 -0.91 0.12 1.00 5270 2335 93.83%
Hemiptera N Flowers 0.01 0.01 -0.01 0.04 1.00 4177 2096 84.73%
Hemiptera Altitude -0.42 0.2 -0.82 -0.05 1.00 2122 1644 98.40%
Hemiptera Day -0.04 0.09 -0.22 0.14 1.00 6508 1931 68.63%
Nematocera Management 0.17 0.44 -0.69 111 100 1965 1908 65.93%
Nematocera Apple Orchard 0.45 0.44 -0.43 135 1.00 1826 1710 86.27%
Nematocera Hay Meadows 0.78 0.56  -0.26 197 100 1887 1457 93.57%
Nematocera Fabaceae -0.08 0.43 -0.9 0.78 1.00 3407 2352 57.03%
Nematocera Ranunculaceae-Rosaceae  -0.38 0.47 -1.28 0.56 1.00 3999 2412  78.37%
Nematocera N Flowers 0.02 0.02 -0.02 0.07 1.00 3686 2410 82.63%
Nematocera Altitude 0.18 0.64 -1.19 141 1.00 1808 1776  64.07%
Nematocera Day -0.14 0.18 -0.51 0.19 1.00 5223 1742  78.90%
Brachycera Management 0.19 0.12 -0.06 042 100 1649 1433 93.93%
Brachycera Apple Orchard 0.17 0.13 -0.1 042 1.00 1956 1563 90.60%
Brachycera Hay Meadows 0.17 0.15 -0.12 0.47 1.00 2207 2009 89.50%
Brachycera Fabaceae -1.11 0.17 -1.44 -0.77  1.00 4599 2376  100%
Brachycera Ranunculaceae-Rosaceae  -0.35 0.16 -0.67 -0.03 1.00 5426 2213 98.23%
Brachycera N Flowers 0.04 0.01 0.02 0.06 1.00 3983 2736 100%
Brachycera Altitude 0.27 0.18 -0.09 0.62 1.00 1894 1668 93.33%
Brachycera Day 0.15 0.08 0 0.3 1.00 5635 2355 97.33%
Syrphidae Management 0.23 014  -006 049 100 2232 1543 95.07%
Syrphidae Apple Orchard 0.28 0.15 -0.03 0.58 1.00 2658 1879 96.40%
Syrphidae Hay Meadows 0.58 0.17 0.24 092 1.00 2835 2041 99.63%
Syrphidae Fabaceae -1.96 0.29 -2.56 -1.41 1.00 4357 2483  100%
Syrphidae Ranunculaceae-Rosaceae -0.1 0.23 -0.54 0.35 1.00 4816 2437 67.87%
Syrphidae N Flowers 0.04 0.02 0.01 0.07 1.00 4293 2522 99.67%
Syrphidae Altitude 0.14 0.2 -027 052 100 2191 1682 77.50%
Syrphidae Day 0.23 0.11 0.03 0.44 100 4853 2271 98.90%
Wild.Hym.Apoidea Management -0.14 0.27 -0.66 0.4 1.00 2931 1830 72.50%
Wild.Hym.Apoidea Apple Orchard -0.39 0.17 -0.75 -0.05 1.00 2977 2275 98.23%
Wild.Hym.Apoidea Hay Meadows 046 023 -095 -0.05 100 2532 2274 98.10%
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Wild.Hym.Apoidea Fabaceae
Wild.Hym.Apoidea Ranunculaceae-Rosaceae
Wild.Hym.Apoidea N Flowers
Wild.Hym.Apoidea Altitude
Wild.Hym.Apoidea Day

Family Specific Parameters:

-0.9
-0.82
-0.01
-1.42
0.17

0.34
0.35
0.02
0.27
0.13

-1.56
-1.51
-0.05
-2.02
-0.08

-0.25
-0.15
0.04
-0.91
0.42

1.00
1.00
1.00
1.00
1.00

4000
5260
3777
2582
5107
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2511
2251
2233
1833
1889

Estimate Est.Error 1-95% ClI u-95% Cl Rhat Bulk_ESS Tail_ESS

Shape_Coleoptera
Shape_Formicidae
Shape_Hym. Wasps
Shape_Hemiptera
Shape_Nematocera
Shape_Brachycera
Shape_Syrphidae
Shape_Wild Hym. Apoidea

0.48
0.42
1.96
2.16
0.57
1.42
0.93
1.14

0.09
0.09
7.45
1.28
0.32
0.2
0.19
0.56

Draws were sampled using sampling (NUTS). For each parameter, Bulk_ESS

and Tail_ESS are effective sample size measures, and Rhat is the potential

scale reduction factor on split chains (at convergence, Rhat = 1).

0.33
0.27
0.45
0.99
0.23
1.06
0.63
0.5

0.68
0.62
6.67
5.01
1.37
1.85
1.37
2.5

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

4263
4167
2478
4102
3537
5571
4905
3803

2218
2477
1331
1453
2019
2170
2268
1873

99.60%
99.07%
59.33%
100%
90.47%
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Supplementary Material S7. Summary of Baesyan generalised linear model to assess the diversity of Diptera
Syrphidae and Hymenoptera Apoidea communities in relation of different parameters. Columns for effects
and estimated parameters are: “Estimate”: posterior mean estimate; “Est. Err”: standard error of the
posterior mean; “I-95%”: lower limit of the 95% Bayesian credible interval; “u-95%": upper limit of the
95% Bayesian credible interval; “Rhat”: Gelman-Rubin convergence statistic; “Bulk_ESS”: bulk effective
sample size for the estimate; “Tail ESS”: the tail effective sample size of the estimate, and “pd”: Probability
of Direction meaning the probability that a parameter is strictly positive or negative.

Family: MV (lognormal, lognormal)
Links: mu = identity; sigma = identity
mu = identity; sigma = identity
Formula: Shannon_Apoidea ~ Management + Apple_orchard + Hay_meadows + Bot_Family+ N_Flowers + Altitude + Day + (1 | site)
+(1 | year)
Shannon_Syrphidae ~ Management + Apple_orchard + Hay_meadows + Bot_Family+ N_Flowers + Altitude + Day + (1 |
site) + (1 | year)
Data: data_agg_div (Number of observations: 287)
Draws: 3 chains, each with iter = 2000; warmup = 1000; thin = 1;
total post-warmup draws = 3000
Group-Level Effects:
~site (Number of levels: 14)
Estimate Est.Error |-95% Cl u-95% Cl Rhat Bulk_ESS Tail_ESS
sd(ShannonAd_lIntercept) 0.05 0.02 0.01 0.1 1 698 703
sd(ShannonSd_Intercept) 0.03 0.02 0 0.09 1 953 743

~year (Number of levels: 2)

Estimate Est.Error [-95% Cl u-95% Cl  Rhat
sd(ShannonApoidea_Intercept) 0.47 0.77 0 2.72 1 482
sd(ShannonSyrphidae_Intercept) 0.73 1.04 0.03 3.64 1.01 597

Bulk_ESS Tail_ESS
1170
1209

Population-Level Effects:

Estimate Est.Error |-95% Cl u-95% Cl Rhat Bulk_ESS Tail_ESS  pd
Shannon Apoidea (Intercept) 0.08 0.42 -0.83 1.13 1.01 598 742 76.30%
Shannon Syrphidae (Intercept) 0.14 0.65 -1.35 1.54 1.00 973 750  74.83%
Parameter Estimate Est.Error 1-95% Cl u-95% Cl Rhat Bulk_ESS Tail_ESS  pd
Shannon Apoidea Management -0.04 0.02 -0.07 0.00 1.00 1386 1521  97.50%
Shannon Apoidea Apple Orchard -0.05 0.02 -0.09 -0.01 1.00 1570 1790 98.83%
Shannon Apoidea Hay Meadows -0.04 0.02 -0.08 0.01 1.00 1479 1587 95.23%
Shannon Apoidea Fabaceae -0.05 0.03 -0.10 0.01 1.00 3634 2427  95.60%
Shannon Apoidea Ranunculaceae-Rosaceae -0.04 0.03 -0.10 0.01 1.00 3398 2347  94.83%
Shannon Apoidea N Flowers 0.00 0.00 0.00 0.00 1.00 3345 2607 59.23%
Shannon Apoidea Altitude -0.11 0.03 -0.16 -0.05 1.00 1250 1455 100.00%
Shannon Apoidea Day 0.02 0.01 0.00 0.04 1.00 4375 2192 94.70%
Shannon Syrphidae Management 0.04 0.02 -0.01 0.08 1.00 1824 1956  95.50%
Shannon Syrphidae Apple Orchard 0.00 0.03 -0.05 0.05 1.00 1876 1554 53.73%
Shannon Syrphidae Hay Meadows 0.10 0.03 0.04 0.15 1.00 2396 1749  99.77%
Shannon Syrphidae Fabaceae -0.20 0.05 -0.30 -0.11 1.00 3054 2363 100.00%
Shannon Syrphidae Ranunculaceae-Rosaceae 0.04 0.05 -0.06 0.14 1.00 3414 2251 77.67%
Shannon Syrphidae N Flowers 0.01 0.00 0.00 0.01 1.00 4057 2357  95.97%
Shannon Syrphidae Altitude 0.01 0.03 -0.05 0.07 1.00 1476 1873  63.43%
Shannon Syrphidae Day 0.02 0.02 -0.03 0.06 1.00 4177 2053  77.47%
Family Specific Parameters:
Estimate Est.Error 1-95% Cl u-95% Cl Rhat Bulk_ESS Tail_ESS

sigma_Shannon Apoidea 0.18 0.01 0.16 0.19 1 2721 2162
sigma_Shannon Syrphidae 0.33 0.01 0.3 0.36 1 4130 2077

Draws were sampled using sampling (NUTS). For each parameter, Bulk_ESS

and Tail_ESS are effective sample size measures, and Rhat is the potential

scale reduction factor on split chains (at convergence, Rhat = 1).
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Abstract

To unravel complex plant-pollinator networks, it is essential to be able to obtain
qualitative and quantitative information about the composition of insect-carried pollen.
This information can be gathered by light microscopy identification of pollen grains, but
this process can be time-consuming and requires trained specialists. In this context, ITS2
metabarcoding can be a powerful tool, providing a high taxonomic resolution in
identifying taxa represented in a pollen sample. However, a possible critical point of this
approach may be its quantitative reliability in estimating the relative abundance of
pollen taxa, especially when ITS2 is used as a single-marker. The aim of this work was to
test the qualitative and quantitative reliability of ITS2 metabarcoding approach in
assessing the composition of pollen carried by insects. Pollen samples consisting of a
limited number of grains were retrieved from different bee families collected in different
environments. The NGS reads obtained by ITS2 metabarcoding were compared, at
family level, with the pollen grain counts obtained by light microscopy. Moreover, the
proportion of NGS reads belonging to plants in flower occurring in the sampling area
was evaluated at genus level. The results highlighted a good correlation between the
relative abundances obtained with metabarcoding and microscopy, and a good accuracy
of metabarcoding in providing quantitative results independently of bee taxon and
pollen taxa composition. Moreveor, this study indicates that ITS2 metabarcoding can
also be applied when the available amount of pollen is a constraint, a crucial point in the

perspective of an actual evaluation of pollination networks.

Keywords: bees; plant-pollinator networks; palynology; pollination; single-marker
metabarcoding
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1. Introduction

The complex interactions between plants and insect pollinators play a vital role in the
sustenance of terrestrial ecosystems and the maintenance of their biodiversity
(Garibaldi et al., 2011; Potts et al., 2016; Ollerton, 2017). In the last decade, many
studies focused on these interactions (e.g., Geslin et al., 2013; Jedrzejewska-Szmek and
Zych, 2013; Olito and Fox, 2015; Lefebvre et al., 2018; Walton et al., 2020). However,
most of these studies are based on flower-visitation networks, under the assumption
that all the flower visiting species are true pollinators or, at least, that the frequency of
visits by a taxon is indicative of its role in pollination (Cuartas-Hernandez and Medel,
2015; Traveset et al., 2016; De Manincor et al., 2020). As a matter of fact, a flower
visitor can be defined pollinator only when it transfers viable pollen from one flower to
the receptive stigma of a conspecific one (Zhao et al., 2019). Moreover, the frequency of
visits by a taxon is not always correlated to its impact on plant pollination (King et al.,
2013). In this context, networks based on the pollen actually carried by flower visitors
may offer more comprehensive insights into the roles of different insect taxa in
pollination and their visitation history (De Manincor et al., 2020). Moreover, pollen-
based networks should provide both qualitative and quantitative information about the
composition of the pollen carried by flower visitors (e.g., Devoto et al., 2011; Banza et
al., 2015; Pornon et al., 2016; Lang et al., 2018; Bell et al., 2019; Macgregor et al., 2019;
Bleha et al., 2021; Bonelli et al., 2020). This information would allow to evaluate which
pollinator species are fundamental for the success of plant reproduction and to identify
which plant species could serve as important trophic resources for flower-visiting

species (De Manincor et al., 2020).

Pollen grains are commonly identified through traditional microscopy methods, mainly
based on morphological characters such as shape and exine ornamentation (Li et al.,
2004; Del Pozo-Banos et al., 2015; Kailas et al., 2017; Pospiech et al., 2019). These
features are observable using light microscope (Feds et al., 2010; Umber et al., 2022),
scanning electron microscopy (Li and Flenley, 1999; Jones and Bryant, 2014; Bahadur et
al., 2018), and transmission electron microscopy (Grote et al., 2000; Soares et al., 2021).
Morphological identification of pollen is widely employed in different research areas,

such as aerobiology (Mercuri, 2015), archaeology (Yang et al., 2018), paleobotany
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(Dunker et al., 2021), forensic science (Mildenhall et al., 2006), melissopalynology (Von
Der Ohe et al., 2004), and plant-pollinator interactions (e.g., Gaona et al., 2019; Bonelli
et al., 2020; Bleha et al., 2021; Weinman et al., 2023). However, identification and
quantification of large amounts of pollen material by microscopy are time-consuming
processes that require specialized training (Bell et al., 2017). Moreover, for many taxa,
microscopy proved to be effective and reliable for the identification of pollen only at the
family level, while the taxonomic assignment at genus level often proven challenging or
even impossible in many cases (Lindbladh et al., 2002; Galimberti et al., 2014; Hawkins

et al., 2015; Kraaijeveld et al., 2015).

An alternative to this approach is represented by the DNA metabarcoding. DNA barcode
and high-throughput sequencing enable comprehensive identification of unknown taxa
within a mixed pollen sample by comparing the obtained DNA sequences with a
references database (Evans and Kitson, 2020; Leidenfrost et al., 2020). This approach

can be particularly useful when several pollen samples must be analysed.

The most used DNA barcodes for pollen analysis include plastid genome regions such as
ribulose-1,5-biphosphate carboxylase (rbc/) and trnl-trnF intergenic spacer (trnl), or
nuclear genome regions as ribosomal Internal Transcribed Spacer 1 (ITS1) and Internal
Transcribed Spacer 2 (ITS2) (Lowe et al., 2022; Omelchenko et al., 2022). Among these,
rbcl is rarely used alone but is often combined with other barcode loci to increase
species discrimination (Hollingsworth et al., 2011; Tommasi et al., 2021; Lowe et al.,
2022). ITS1 has lower amplification efficiency and taxonomic resolution compared to
ITS2 (Gous et al., 2019; Omelchenko et al., 2022). trnL and ITS2 markers are commonly
used individually or together in a multi-locus analysis (BontSutSnaja et al., 2021;
Carneiro de Melo Moura et al., 2022; Polling et al., 2022). Many authors agree that trnL
exhibits poor taxonomic resolution, often failing to go beyond the family level
(Kraaijeveld et al., 2015; Leontidou et al., 2018; Richardson et al., 2019; Baksay et al.,
2020). In contrast, ITS2 demonstrates high resolution in identifying plants, at least at
genus level, if adequate reference databases are available (Keller et al., 2015;
Richardson et al., 2015a; Richardson et al., 2015b; Gous et al., 2019; Richardson et al.,
2019; Stallman et al., 2019; Milla et al., 2022). In view of these considerations, ITS2

seems to be a good marker for pollen analysis when genus-level resolution is required.
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However, a possible limitation of ITS2 metabarcoding may be its quantitative reliability,
as the effectiveness of this marker in estimating the relative abundance of pollen taxa in
mixed samples is still debated, especially when used as a single-marker (Kraaijeveld et

al., 2015; Smart et al., 2017, Stallman et al., 2019; Polling et al., 2022).

Considering the advantages of single-marker analysis over multi-marker analysis (i.e.,
economic efficiency and time-saving), understanding the quantitative reliability of ITS2
alone in assessing the relative frequency of plant taxa in pollen mixtures is an important
aspect to be elucidated. To the best of our knowledge only few studies tested the
quantitative efficiency of ITS2 metabarcoding for pollen retrieved from insects,
obtaining mixed results (Keller et al., 2015; Richardson et al., 2015a; Richardson et al.,
2015b; Bansch et al., 2020; Wizenberg et al., 2023). Moreover, most of these studies
considered only pollen from the honeybee (Apis mellifera Linnaeus, 1758), collected by
using pollen traps installed at the entrance of the hives. Bansch and colleagues (2020)
also considered Bombus terrestris (Linnaeus, 1758), another social bee species, for
which, however, only the pollen of two plant taxa was identified. All these studies were
performed in agricultural landscapes, while there is a lack of studies in natural and

seminatural environments.

The aim of the present study was to evaluate the reliability of ITS2 in assessing the
presence and relative frequency of plant taxa in the pollen carried by various social and
solitary bee species (Hymenoptera: Apoidea: Anthophila) collected across diverse Alpine
environments characterized by different land use (apple orchard, pasture, hay meadow,
alpine grassland) and altitudes (from about 1000 to 2700 m a.s.l.). This heterogeneous
context guaranteed a significant variability in the taxonomic composition of pollen loads.
Taking into consideration that the available amount of pollen can be limiting factor for
some insect species and environmental contexts, ITS2 metabarcoding was performed on
pollen samples consisting of a limited number of grains, much lower than in previous

works.

In detail, (i) the taxonomic composition and relative abundance of pollen loads obtained
with ITS2 metabarcoding and light microscopy were compared at family level, and (ii)
the proportion of NGS reads belonging to plants in flower actually occurring in the

sampling area was evaluated at genus level.

172



Chapter | 3.2

2. Material and methods
2.1 Sampling area

The sampling area is located in the eastern European Alps within the largest Alpine
protected area in ltaly: Stelvio National Park (figure 1.a). The bee sampling was
performed in the Martello Valley (Bolzano, South Tyrol, Italy) (figure 1.b) within seven
environment types that differ for the combination of land use (apple orchard, pasture,
hay meadow and alpine grassland) and elevation (low, mid, and high valley) (table 1). For

each environment type two sampling sites were selected (figurel.c, Table S1). The size

of each sampling site was of approximately 1,500 m?.

Figure 1. a. Stelvio National Park in the European Alps; b. Martello valley within the Stelvio National Park
(green area); c. Selected sampling sites along the Martello valley: six sites, characterized by three different
land uses, were located in the low valley (yellow), four sites, characterized by two different land uses,
were located in the mid valley (blue), four sites, characterized by two different land uses, were located in
the high valley (red). Dots: apple orchards; triangles: pastures; squares: hay meadows; stars: alpine
grasslands.

Table 1. The seven selected environment types for the bee sampling performed in the Martello valley.

Altitudinal sector

Low valley Mid valley High valley
900 — 1600 m asl 1601 — 2300 m asl 2301 —3000 m asl
Apple orchard X
9”;, Pasture X X X
©
L.% Hay meadow X
Alpine grassland X
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2.2 Bee sampling and in-field blooming plant checklist

The bee sampling was conducted in the framework of a broader project on pollinators in
Alpine environments (IMPOLLINET). In detail, bees (Hymenoptera: Apoidea: Anthophila)
were collected during six sampling sessions conducted between late June and late
August 2021. Each sampling site was surveyed once during each session. Bees were
collected by free observation sampling (Bonelli et al., 2022); specifically, four operators
freely walked within each site for 15 minutes, collecting all the observed bees in the
area. Each specimen was then stored separately in collection tubes with 70% ethanol

and preserved at 4 °C.

After every sampling session, a checklist of plants in flower was compiled by two
botanists for each site. This checklist included all the entomophilous plant species in
flower observed within and in the proximity of each site, covering an area of
approximately 2,000 m? (Table S2). The resulting checklist was helpful for morphological
identification of pollen material, and it was fundamental in verifying the genus-level

results obtained with metabarcoding.

2.3 Pollen collection and quantification
Each bee sample was vortexed for at least 30 seconds to remove all the pollen from the
insect pollen-carrying structures and body (Bonelli et al.,, 2020). Then, each bee
specimen was observed under the stereomicroscope to ensure the successful removal
of all pollen. If necessary, the aforementioned process was repeated. Therefore, each
bee specimen was transferred into a new collection tube and identified by expert
taxonomists at the species level. The collection tubes containing the pollen were
maintained at 65 °C to facilitate ethanol evaporation until the suspension volume was

less than 30 pl.

Pollen grains from bees belonging to the same family and collected in the same type of
environment (i.e., same land use and altitudinal sector), were merged into a single
sample as reported in table 2. Since Apis mellifera is a managed species, specimens

belonging to this species were kept separated from other Apidae.

174



Chapter | 3.2

Table 2. Specimens collected during the six sampling sessions. “Total specimen”: number of bees from
which pollen was retrieved or each group; “Pollen sample code”: Progressive number of resulting
collection tubes from merged pollen material.

Total Pollen
Land use Sector Collection date Species Family } sample
specimens
code
30-VII-2021 Andrena cf. fucata Andrenidae 1 1
05-VII-2021 Apis mellifera Linnaeus, 1758 Apidae 1 2
Apple orchard  Low valley
05-VII-2021 Hylaeus confusus Nylander, 1852 Colletidae 1 3
05-VII-2021 Lasioglossum morio (Fabricius, 1793)  Halictidae 1 4
Pasture Low valley 29-VII-2021 Andrena hattorfiana (Fabricius, 1775)  Andrenidae 1 5
28-VI-2021 Bombus pascuorum (Scopoli, 1763) Apidae 1 6
Hay meadow Low valley
28-VI-2021 Lasioglossum zonulum (Smith, 1848)  Halictidae 1 7
29-VI-2021 Andrena rogenhoferi Morawitz, 1872 Andrenidae
2 8
29-VI-2021 Andrena fulvago (Christ, 1791) Andrenidae
29-VI-2021 Apis mellifera Linnaeus, 1758 Apidae
03-VII-2021 Apis mellifera Linnaeus, 1758 Apidae 3 9
Pasture Mid valley
30-VII-2021 Apis mellifera Linnaeus, 1758 Apidae
30-VII-2021 Bombus pyrenaeus Perez, 1879 Apidae
30-VII-2021 Bombus monticola Smith, 1849 Apidae 3 10
30-VII-2021 Bombus lapidarius (Linnaeus, 1758) Apidae
08-VII-2021 Apis mellifera Linnaeus, 1758 Apidae 1 11
28-VII-2021 Bombus mesomelas Gerstaecker, 1869 Apidae
08-VII-2021 Bombus ruderarius (Muller, 1776) Apidae
Hay meadow Mid valley 08-VII-2021 Bombus hortorum (Linnaeus, 1761) Apidae 5 12
08-VII-2021 Bombus pyrenaeus Perez, 1879 Apidae
08-VII-2021 Bombus ruderarius (Muller, 1776) Apidae
29-VII-2021 Bombus mendax Gerstaecker, 1869 Apidae
29-VII-2021 Bombus pyrenaeus Perez, 1879 Apidae
High valley 4 13
29-VII-2021 Bombus terrestris/lucorum Apidae
Past
asture 29-VII-2021 Bombus ruderarius (Muller, 1776) Apidae
03-VII-2021 Dufourea alpina Morawitz, 1865 Halictidae
2 14
03-VII-2021 Dufourea alpina Morawitz, 1865 Halictidae
Alpine grassland Highvalley 26-vi11-2021  Bombus pyrenaeus Perez, 1879 Apidae 1 15

To estimate the number of pollen grains in each pollen sample, the volume of the

suspension was measured, and three samples (1 pl each) were withdrawn and put on

slides to count pollen grains by light microscopy. The mean number of pollen grains

contained in 1 pl of suspension was used to estimate the total amount of pollen grains

in the initial suspension.

Despite some studies have reported that at least 10,000 pollen grain are required for

both optimal DNA extraction and quantification (Swenson and Gemeinholzer, 2021;
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Omelchenko et al., 2022), our preliminary experiments (unpublished data) showed that
200-500 pollen grains were enough to obtain high-quality DNA, successful amplification
of the ITS2 gene, and accurate taxonomic identification. Therefore, for each pollen
sample, two subsamples consisting in a suspension containing approximately 500 pollen
grains were prepared: one was used for microscopy analysis and one for DNA extraction

and ITS2 metabarcoding analysis.

2.4 Light microscope analysis
Each subsample prepared for light microscopy was subjected to acetolysis according to

Erdtman (1960). After the last centrifugation step, the resulting pellet was resuspended
in a mixture of 100 pl glycerol and distilled water in a 1:1 ratio (v:v). Microscope slides
were mounted and sealed with wax for the subsequent pollen identification and
counting. This process was carried out using a Leica DM — RD microscope equipped with
ruler and a Leica MC170 HD camera (Leica Camera AG, Wetzlar, DE). Pollen was
identified to the lowest possible taxonomic level following published pollen guides
(Moore et al., 1991; Buchner and Weber, 2000) and the image database “PalDat”
(Buchner and Weber, 2000). Any morphotypes that could not be unambiguously

identified at species level were grouped together at the genus or family level.

2.5 ITS2 metabarcoding and bioinformatic analysis

Each subsample prepared for metabarcoding analysis was placed at 56 °C to facilitate
the complete evaporation of ethanol. Then, genomic DNA was extracted from pollen
samples using a modified version of the CTAB (Cetyl Trimethylammonium Bromide)
protocol (Doyle and Doyle, 1987) reported in Bonelli et al. (2019). Briefly, 50 ul of
extraction buffer (1.4 M NaCl; 20 mM EDTA; 100 mM Tris pH 8.0; 2% CTAB) and 5 pl of
20 mg/ml proteinase K were added to each sample, then sporopollenin were
mechanically disrupted by using pre-sterilized pestles and samples were left in a water
bath at 56 °C overnight. One volume of chloroform was added to samples which were
then centrifuged at 11,500 x g for 5 min at 4 °C. Supernatant was collected and, DNA
was precipitated by two successive washes in ethanol, each one followed by a

centrifugation at 1,300 x g at 4 °C for 15 and 5 min, respectively. Lastly, the pellet
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containing the DNA was resuspended in 30 ul of molecular biology grade water. The

amount of DNA was determined by Qubit (Invitrogen™ Qubit™ 4, Carlsbad, CA, USA).

After DNA extraction, two libraries were prepared from each sample to obtain two
technical replicates (replicate A and replicate B). The ITS2 region was amplified using the
pair of standard DNA barcoding primers reported by Bansch et al. (2020): ITS2-S2F
forward: 5 — ATGCGATACTTGGTGTGAAT — 3’ (Chen et al., 2010), ITS4-R reverse: 5’ —
TCCTCCGCTTATTGATATGC — 3’ (White et al., 1990) with Illumina overhang sequences
appended. These primers generate ITS2 amplicons with an expected length of ~340 bp.
The parameters of the thermocycler (Applied Biosystems ProFlex PCR System,
ThermoFisher Scientific, Waltham, MA, USA) were set as follow: initial denaturation at
94 °C for 3 min, 32 cycles of 94 °C denaturation for 20 s, annealing at 56 °C for 20 s, and
extension at 72 °C for 40 s, and a final extension step at 72 °C for 5 min. ITS2

amplification products were checked on 1% agarose gel.

After the first PCR, the following steps of the Next Generation Sequencing (NGS)
pipeline were performed by Genomix4life S.R.L (Baronissi, Italy). The ITS2 amplicons
were purified, and a second PCR step was applied to integrate relevant flow-cell binding
domains and unique indices (Nextera XT Index kit; lllumina, San Diego, CA, USA). The
obtained libraries were then sequenced on the MiSeq platform (Illumina) in a 2 x 250 bp
paired-end mode. The raw sequence underwent quality control analysis using FastQC

(Andrews et al., 2010).

Bioinformatic analysis to determine the taxonomic composition of the pollen samples
was performed using QIIME2 v.2022.2 (Bolyen et al., 2019). To obtain Amplicon
Sequence Variants (ASVs) the raw reads were processed with the dada2 algorithm
(Callahan et al., 2016) implemented in QIIME2 (trunc-len-f = 230, trunc-len-r = 230,
max-ee-f = 2, max-ee-r =2). A naive Bayes classifier (Bokulich et al., 2018) was trained on
the PLANITS reference database (Banchi et al., 2020) and then used to obtain the
taxonomic assignment for each ASV (confidence threshold = 0.8). The concordance of
the two technical replicates, both in terms of identified ASVs and taxonomic
composition, was assessed using the QIIME2 plugin g2-quality-control. For the

comparison with light microscopy data, the datasets from the two technical replicates
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were collapsed at the genus and family levels and then merged by averaging the

abundance of each taxon in the two replicates.

2.6 Analysis to compare family-level pollen composition obtained by DNA
metabarcoding and light microscopy

A comparison of pollen composition, both in terms of presence-absence and relative
abundances, has been carried out for each sample using the R software v.4.2.2 (R Core
Team, 2022). The comparison between light microscopy and metabarcoding was
performed at the family level, since it was the lowest rank for which taxonomic
identification obtained with light microscopy was available for all pollen grains. Pollen
loads diversity and composition was compared using different indices: Shannon’s
entropy (Shannon and Weaver, 1949) and Pielou’s evenness (Pielou, 1966) were
computed to estimate alpha diversity, while beta-diversity dissimilarities were estimated
using Jaccard (Jaccard, 1908) and Bray-Curtis indices (Sorensen, 1948). The Wilcoxon
signed-rank test (Wilcoxon, 1992) was used to detect statistically significant differences
in the alpha diversity estimates, while the Mantel test (Mantel, 1967) was used to test
for differences in the dissimilarity matrices. Linear regression and the Pearson
correlation coefficient (Pearson, 1895) were applied to measure the linear correlation
between the relative abundances obtained with the two different methods (light

microscopy and metabarcoding).

2.7 Analysis to compare genus-level pollen composition obtained by DNA
metabarcoding with the checklist of plants in flower

To evaluate the reliability of the method, the relative abundance of plant genera
detected by DNA metabarcoding was compared with the list of plant genera in flower
observed in field. It was not possible to operate at species level, since several of the
species identified by DNA metabarcoding are not present within the South Tyrolean wild
flora (referred to Bartolucci et al., 2018) (e.g., Geum aleppicum, Euphrasia cuneata,
Trifolium uniflorum, Sambucus canadensis, Cucurbita ficifolia). To mitigate the potential
for contamination, all genera detected through metabarcoding with a relative

abundance below 0.5% were filtered out. Moreover, the optimal habitat (Pignatti et al.,
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2017-2019) of those genera identified with molecular method but not observed in
blooming during the in-field observations was checked to evaluate the metabarcoding
identification reliability. In particular, the different types of vegetation cover within a
radius of 500 meters from the center of each plot were identified using the Land Use
Map  (Ufficio  Pianificazione  territoriale e cartografia —  GeoCatalogo
(http://www.buergernetz.bz.it)) on QGis software (version 3.30.1). Those genera whose
ideal habitat was present among the identified types of vegetation cover were
considered as potentially present. The genera identified with metabarcoding were
divided into three groups: “detected” (if the genus was present in the in-field
observation); “undetected potentially present” (if the genus was not present in the in-
field observation but its optimal habitat was identified within a radius of 500 meters);
“undetected not present” (if the genus was not present in the in-field observation and
its optimal habitat was not present within a radius of 500 meters). Finally, for each
pollen sample, the relative abundance of NGS reads for “detected”, “undetected
potentially present”, and “undetected not present” genera was calculated to evaluate

the identification reliability of the method.

3. Results
3.1 Overview of the results obtained from palynological analysis conducted by
light microscopy and metabarcoding

A total of 8,573 pollen grains were counted across fifteen samples using light
microscopy (average per sample: 571; min: 104; max: 1,557); 99.78% of the grains were
identified to family level, 35.70% to genus level, and 1.96% to species level, for a total of

23 plant families, 19 genera, and 9 species detected (Table S3).

A total of 878,976 paired-end reads (average per sample 29,299; min 10,261; max:
49,636) were obtained from the sequencing. A total of 721,564 sequences (average per
sample 24,052; min 8,168; max: 41,965) corresponding to 727 ASVs (amplicon sequence
variants) were obtained. 98.7% of the reads were assigned at least to the taxonomic
level of family (90.9% of the ASVs), 95.4% to the genus level (85.3% of the ASVs), and
30.0% to the species level (50.0% of the ASVs) for an amount of 33 families, 84 genera,

and 74 species detected.
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For each pollen sample, sequences obtained for technical replicates were very similar
(average of shared sequences per sample = 95.3%, SEM = 1.26%) and they provided
consistent results in terms of the relative abundance of taxa, regardless of the

taxonomic level chosen (Fig. S1).

3.2 Quantitative comparison of pollen composition obtained by microscopy and
metabarcoding analysis

Overall, DNA metabarcoding analysis detected more plant families, genera, and species
than microscopy. While nineteen families were identified by both methods, the
molecular approach detected fourteen additional families, and microscopy identified
four unique families (Table S4). Notably, six of the families detected only by
metabarcoding (Amaryllidaceae, Cistaceae, Cucurbitaceae, Cupressaceae, Cyperaceae,
and Rutaceae) had very low abundances (less than 50 reads each) which may suggest
that their presence is not accurately representative of the sample and could be due to
artefactual factors (e.g., contamination of the pollen loads with non-pollen DNA).
Additionally, each of the four families identified only by microscopy (Gentianaceae,
Orchidaceae, Onagraceae, and Pinaceae) was represented by few pollen grains (less
than 20). Thus, the inability of metabarcoding in detecting these families may be due to

the insufficient amount of DNA or to a suboptimal amplification.

Table 3. Alpha diversity estimates for morphological and molecular pollen identification.

Morphology (light microscope) Molecular (ITS2 metabarcoding)
Pollen sample code N. of families Shannon Pielou N. of families Shannon Pielou
1 2 0.08 0.08 7 0.46 0.16
2 2 0.08 0.08 6 0.07 0.03
3 6 1.38 0.54 6 0.20 0.08
4 1 0 0 9 0.13 0.04
5 8 1.16 0.39 22 2.68 0.60
6 6 131 0.51 8 1.24 0.41
7 10 2.16 0.65 15 2.17 0.56
8 2 0.08 0.08 11 0.29 0.08
9 3 1.06 0.67 7 1.03 0.37
10 9 1.71 0.54 11 1.01 0.29
11 1 0 0 13 0.60 0.16
12 4 1.48 0.74 10 1.30 0.39
13 4 0.41 0.20 12 1.16 0.32
14 3 0.16 0.10 13 0.92 0.25
15 2 0.14 0.14 11 0.70 0.20
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The alpha diversity estimates obtained with the two methods for the same sample
differed (table 3). However. the results of the Wilcoxon signed-rank test showed
significant differences only in the number of plant families detected (W = 1.5, p-value =
0.0002), while no significant difference was recorded for both the Shannon’s entropy (W
=40, p-value = 0.28) and the Pielou’s evenness (W = 52, p-value = 0.68). The Mantel test
applied to dissimilarity matrices for the two methods (microscopy and metabarcoding)
showed a significant correlation when using the Bray-Curtis index (rho = 0.65, p-value =
0.001) while no significant correlation could be identified with the Jaccard index (rho =
0.17, p-value = 0.16), probably due to the presence of low abundance families uniquely

identified by a single method.

From a quantitative point of view, the plant family relative abundance obtained by
microscopy analysis was positively correlated with the estimated relative abundance
obtained by ITS2 metabarcoding (linear regression: R? = 0.74, p-value < 2.2 X 1016;

Pearson: coefficient = 0.86, p-value < 2.2 X 107®) (figure 2).

melabarcoding
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Figure 2. Linear regression representing the correlation between plant family relative abundance obtained

with microscopy and metabarcoding.

More in detail, plant family relative abundance obtained by light microscopy and DNA
metabarcoding was similar in almost all pollen samples independently from bee taxon,

land use and altitude (figure 3), with pollen families showing discrepancies of no more
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than 25% of relative abundance between the two methods for each sample, except for

Halictidae (hay meadows located in low valley) and Apis (hay meadows located in mid

valley).
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Figure 3. Relative abundance of pollen families obtained by light microscopy (LM) and /TS2 Metabarcoding
(MB) for each bee taxon sampled in the seven environments in which sampling was conducted. Relative
abundance of each pollen family identified by metabarcoding is the mean of NGS reads obtained for the
replicate A and the replicate B. Relative abundance of each pollen family identified by microscopy is the
result of pollen count.

3.3 Comparison of pollen composition obtained by metabarcoding with the
checklist of plants in flower

The comparison of metabarcoding data with the list of plants observed in the field
showed a good correspondence for each pollen sample (figure 4). The majority of NGS
reads observed in each sample were attributed to flowering plant genera recorded
within the studied environment, with an average abundance of 93.6% falling into the
category of "detected" genera. Additionally, on average, 3.6% of the reads belong to
genera not recorded during fieldwork but potentially present due to suitable habitats in
the vicinity ("undetected potentially present"). Conversely, an average of 1.7% of the
reads belong to genera not detected during field activities and not expected to be
present in the environment ("undetected not present"). Furthermore, approximately 1%
of reads in each sample were excluded due to being assigned to genera with a relative

abundance lower than 0.5%. The pollen sample that showed the greatest discrepancy
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was that from Bombus collected in low valley hay meadow environment. In this sample,
pollen belonging to Symphytum represented more than 50% of the pollen grains, while
this genus was not observed blooming during in-field observations, but its habitat was
nearby. Moreover, for this pollen sample a similar relative abundance of Symphytum was

detected with light microscopy (Table S3), thus excluding an error of DNA

metabarcoding in the taxonomic assignment.
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Figure 4. Comparison between genera identified by metabarcoding and in-field observation (percentages refer to
identified genera NGS reads abundance). In-field detected genera (green), in-field undetected but potentially present
genera (yellow), and in-field undetected and not present genera (red).

4. Discussion

This work aimed to evaluate the accuracy of ITS2 metabarcoding in providing
guantitative insights into the composition of pollen loads carried by bee taxa collected in

different environmental contexts.

To evaluate the effectiveness of this method, the family-level pollen load composition
obtained through ITS2 reads has been compared with that obtained counting pollen
grains identified by light microscopy. Similar analyses have been conducted in few
previous works yielding mixed results. While previous studies have generally agreed on
the qualitative superiority of metabarcoding due to its higher sensitivity and deeper
taxonomic resolution (Keller et al., 2015; Richardson et al., 2015a; Richardson et al.,

2015b; Wizenberg et al., 2023), the quantitative concordance of the two methods is still
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debated. Some studies have shown no correlation between the relative abundances
obtained with the two methods (Richardson et al., 2015a; Richardson et al., 2015b)
while others indicated good correlations (Keller et al., 2015; Wizenberg et al., 2023). In
this study an evident correlation (Pearson coefficient = 0.79) between the results
obtained with ITS2 metabarcoding and light microscopy was found. Also considering the
single samples, the relative abundances of plant families recorded with the two
methods were very similar in more than 85% of the samples (13 out 15). As stated by
Wizenberg et al. (2023), a multi-locus analysis might increase the accuracy of a
guantitative characterization. However, this also implies an increase in the analysis costs
(Wizenberg et al., 2023), that may not be justifiable if a sufficiently detailed picture of
pollen composition can be obtained using a single marker. Therefore, an accurate cost-
benefit analysis should be conducted to choose the most appropriate approach,

considering the desired outcomes.

Given the quantitative reliability showed by DNA metabarcoding in estimating the
relative abundance of plant families in pollen mixtures, it would have been interesting to
evaluate whether similar results can be obtained also at the genus level. However, the
low taxonomic accuracy achievable with light microscopy due to the natural
morphological variability of pollen grains (Galimberti et al., 2014; Hawkins et al., 2015),
the small subtle features that diversify closely related taxa (Richardson et al., 20153;
Zavada and Hackley, 2022) as well as the incomplete reference databases for mountain
plants (Buchner and Weber, 2000; Bosch et al., 2009), made a direct evaluation not
possible. Nonetheless, the comparison of plant genera identified by metabarcoding with
in-field plants in flower showed that also the genus-level accuracy of ITS2 taxonomic
assignment ITS2 is quite high, as all the detected plant genera are present in the flora of
the sampled area. Moreover, the proportion of NGS reads belonging to plant genera
shared with plants in flower occurring in each environment was high too, with the
highest discrepancies not exceeding 10%. A specialized ITS2 database for plant species
presents within the selected sampling area would further enhance the accuracy of
genus-level assignment as well as to enable a more precise identification of pollen to

species level (Banchi et al., 2020).
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Another noteworthy finding of this study is that ITS2 metabarcoding is applicable even
in contexts where the limited amount of available pollen represents a constraint. As
stated before, the reliability of ITS2 metabarcoding in providing quantitative information
about the composition of the pollen load carried by bees was tested by few previous
studies (Keller et al., 2015; Richardson et al., 2015a; Richardson et al., 2015b; Bansch et
al., 2020; Wizenberg et al., 2023). However, in these works the DNA was extracted from
a quantity of pollen ranging from 15 mg to 10 g, where each gram can be estimated to
contain from about 500,000 to 90 million grains (Pitsios et al., 2006; Anderson et al.,
2014). We instead used samples consisting of approximately 500 pollen grains
(weighting approximately between 0.0055 mg and 1 mg). This is a crucial point to
consider in the perspective of an actual evaluation of pollination networks, as dealing
with this quantity of grains can be a common situation in pollen-based networks
(Alarcén, 2010; Devoto et al., 2011; Orford et al., 2015; Urbanowicz et al., 2017). These
findings suggest that ITS2 metabarcoding may be employed also for the analysis of
pollen carried not only by bees, but also by other flower-visiting taxa (e.g., Diptera,
Coleoptera, Lepidoptera) not having specialized structures for the accumulation of
pollen grains and thus often carrying less pollen than bees (Larson et al., 2018). Despite
this, also these flower visiting insects can play a fundamental role in plants pollination in
different environmental contexts (Abrol, 2012; Orford et al., 2015; Wardhaugh, 2015;
Lefebvre et al., 2018; McNabe and Cobb, 2021; Requier et al., 2023).

In conclusion, this study offers novel insights into the applicability of ITS2 metabarcoding
techniques for characterizing the family-level composition of low quantities of pollen
carried by insects, not only qualitatively but also in terms of taxa relative abundance.
results could be useful to support researchers in choosing the most appropriate method

to construct reliable quantitative pollen-based networks in different ecological contexts.
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Supplementary Material
Table S1. Identification data of selected sampling sites within the sampling area.

Sampling Elevation Longitude (E) Latitude (N)
site ID SECtor  nasl)  Management 1y weGss4-32T)  (UTM WGS84 - 32T)
BME1 Low valley 978 Apple orchard 639100 5160373
BPA1 Low valley 1000 Pasture 639102 5160268
BPR1 Low valley 1007 Hay meadow 639009 5160164
BME2 Low valley 1019 Apple orchard 639089 5160005
BPA2 Low valley 1313 Pasture 637207 5159233
BPR2 Low valley 1335 Hay meadow 636515 5157903
MPR1 Mid valley 1713 Hay meadow 632679 5153213
MPR2 Mid valley 1895 Hay meadow 631113 5150456
MPA2 Mid valley 2281 Pasture 631006 5151523
MPA1 Mid valley 2246 Pasture 629530 5150562
VPA1 High valley 2343 Pasture 631355 5152310
VPA2 High valley 2524 Pasture 631080 5153022
VPR1 High valley 2611 Alpine grassland 630958 5153413
VPR2 High valley 2683 Alpine grassland 630851 5153557

Table S2. Checklist of all the entomophilous plant species observed in flower during the in-field surveys

within a radius of 30 meters for each land management type.

Low valley

Mid valley

High valley

Species

Author

Apple
orchard

Hay Hay

Pasture meadow |Pasture meadow

High altitude

Pasture  grasslands

lAdoxaceae

\Sambucus nigra
Apiaceae

Aegopodium podagraria
Carum carvi

Daucus carota
Heracleum sphondylium
Imperatoria ostruthium

Mutellina purpurea

Oreoselinum nigrum
Pimpinella major
Pimpinella saxifraga
IAsteraceae
\chillea millefolium
chillea moschata
Wchillea tomentosa
IAdenostyles alliariae
IAconitum napellus
Antennaria dioica
Arnica montana
\ster alpinus
Bellis perennis
Carduus defloratus
Carduus nutans
Carlina acaulis
Centaurea stoebe
Cirsium heterophyllum
Crepis aurea
Crepis biennis
Erigeron alpinus
Erigeron annuus
Erigeron uniflorus
Hieracium murorum
Homogyne alpina
acobaea abrotanifolia
acobaea carniolica
Lactuca perennis

L.
L
L.
L.
L
L

(Poir.) Reduron,

Charpin et Pimenov

Delarbre
(L.) Huds.
L.

L.

Waulfen

L.

(Gouan) A. Kern.
L. em. Skalicky
(L.) Gaertn.

X

X

X

X X X X

>
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Leontodon hispidus
Leucanthemopsis alpina
Leucanthemum vulgare
Matricaria chamomilla

Pilosella aurantiaca

Pilosella glacialis

Pilosella officinarum
Pilosella piloselloides

\Scorzoneroides helvetica

ISolidago virgaurea
Taraxacum officinale
Tolpis staticifolia
Tussilago farfara
Berberidaceae
Berberis vulgaris
Boraginaceae

Echium vulgare
Myosotis alpestris
IMyosotis laxa
Brassicaceae

\rabis glabra
Biscutella laevigata
Capsella bursa-pastoris
Cardamine amara
Cardamine resedifolia
Erysimum odoratum

Erysimum rhaeticum

Rorippa sylvestris
ISinapis arvensis
Campanulaceae
Campanula barbata
Campanula persicifolia
Campanula rotundifolia
Campanula scheuchzeri
Campanula trachelium
Phyteuma betonicifolium
Phyteuma
lhemisphaericum
ISoldanella alpicola
Caryophyllaceae
Cerastium arvense
Cerastium fontanum
Cerastium holosteoides
Dianthus sylvestris
Minuartia verna

ISilene acaulis

ISilene alba

Silene dioica

Silene nutans

Silene vulgaris

Stellaria media
Gypsophila vaccaria
Chenopodiaceae
Blitum bonus-henricus
Cistaceae
Helianthemum
nummularium
Hieracium glanduliferum
Convolvulaceae
Calystegia sepium
Crassulaceae

\Sedum rupestre

ISedum sexangulare
\Sempervivum
arachnoideum
\Sempervivum montanum
Dipsacaceae

L.

(L.) Heywood

Lam.

L.

(L.) F.W. Schultz et Sch.
Bip.

(Reyn. ex Lachen.) F.W.
Schultz et Sch. Bip
Vaill.

(Vill.) Sojak

(Merat emend. Widder)
Holub

L.

Weber

(All.) Sch. Bip.

L.

L.
F.W. Schmidt
Lehm.

(L.) Bernh.

L.

(L) Medik.

L.

L.

Ehrh.

(Schleich. ex Hornem.)
DC.

(L.) Besser

F.K. Mey.

L.
Baumg.
Fr.
Waulfen
(L.) Hiern

(L.) Jaca.

(Mill.) E.H.L. Krause
(L.) Clairv.

L.

Moench) Garcke
) Vill.

(
(
(L.) Sm.

L
L
(L.) Rchb.
(L.) Mill.
Hoppe

(L.) R. Br.

L.
L.

L.

>

>

X X X X
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Knautia drymeia
IScabiosa columbaria
Ericaceae
\Arctostaphylos uva-ursi
Erica carnea
Kalmia procumbens
IRhododendron
ferrugineum
Vaccinium myrtillus
Euphorbiaceae
Euphorbia seguieriana
Euphrasia alpina
Euphrasia minima
Fabaceae
Anthyllis alpicola
Wstragalus alpinus
stragalus onobrychis
Hedysarum hedysaroides
Lathyrus sylvestris
Lotus corniculatus
Medicago lupulina
Medicago sativa
Melilotus indicus
Trifolium alpinum
Trifolium badium
Trifolium montanum
Trifolium pratense
Trifolium repens

Vicia cracca

Vicia sepium
Gentianaceae
Gentiana acaulis
Gentiana brachyphylla
Gentiana nivalis
Gentiana verna
Geraniaceae
Geranium robertianum
Geranium sylvaticum
Hypericaceae
Hypericum perfoliatum
Juncaceae

uncus jacquinii
Lamiaceae
Ajuga pyramidalis
Ajuga reptans
IAtocion rupestre
Bartsia alpina
Clinopodium acinos
Clinopodium alpinum
Glechoma hederacea
Lamium album
Prunella grandiflora
Prunella vulgaris
ISalvia pratensis
Thymus praecox
Lentibulariaceae
Pinguicula leptoceras
Liliaceae

Gagea serotina
Onagraceae
Epilobium angustifolium
Epilobium montanum
Orchidaceae
Coeloglossum viride
Nigritella nigra
Orobancaceae
Pedicularis kerneri

Heuff.

(L.) Spreng.
L.

(L.) Gift, Kron et P.F.

L.

L.
Neck.
Lam.

Jacq. el DC.

Brugger

-

L.) Schinz et Thell.

L) All.

oo

—

Schreb.

oo

Vill.

=alis

.) Raf.

[

.) Kuntze
.) Kuntze

—

—r

L.) Scholler

or -
o,
N

Rchb.

(L.) Ker Gawl.

(L.) Hartm.
(L.) Rchb.

Dalla Torre

IRhinanthus alectorolophus (Scop.) Pollich

Papaveraceae
Chelidonium majus
Plantaginaceae

X X X X

>

>

>

X X X X X X X X

>

X X X X

X X X X

>

X X X X

>

< X X X X

=<
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Plantago lanceolata
Plantago media
Poligonaceae
Bistorta officinalis
Polygalaceae
Polygala vulgaris
Polygonaceae
Polygonum aviculare
IRumex acetosa
Rumex acetosella
Rumex alpinus
Primulaceae
IAndrosace obtusifolia
Primula farinosa
Primula glutinosa
Ranunculaceae
Pulsatilla alpina
Ranunculus acris
Ranunculus bulbosus
Ranunculus kuepferi
Ranunculus montanus

Thalictrum aquilegiifolium

Trollius europaeus
Rosaceae

\Alchemilla vulgaris
Fragaria vesca

Geum montanum
Geum rivale

Geum urbanum
Potentilla argentea
Potentilla aurea
Potentilla grandiflora
Potentilla neumanniana
Potentilla recta

Rosa canina
Rubiaceae

Galium anisophyllon
Galium mollugo

Galium pumilum
Santalaceae

Thesium alpinum
Saxifragaceae
Saxifraga aizoides
ISaxifraga bryoides
Scrophulariaceae
Veronica arvensis
Veronica bellidioides
Veronica chamaedrys
Veronica serpyllifolia
Solanaceae

\Solanum dulcamara
IThymelaeaceae
Daphne striata
Urticaceae

Urtica dioica

Delarbre

LI

All.
L.
Waulfen

(L.) Delarbre

L.

L.

Greuter et Burdet
Willd.

L.

L.

S.S.

[

Rchb.
L.
L.

Vill.
L.
Murray

L.

[

r-or

Tratt.

>
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Table S3. Morphological identification at lowest possible taxonomic level and quantification of pollen

grains collected from sampled bees.

Low Valley Mid Valley High Valley
Aplle orchard Pasture|[Hay meadows| Pasture Hay meadows| Pasture [High grassland

Code \ 1 2 3 4 5 6 7 8 9 10| 11 12 |13 14 15
_ E _ 3|_ 3|3 3
3 2 » |5 .1z 2 5|2 BB :
Family Taxon s <3 2 2B|le s 21 2|2 8 @
Sscelsle 2l g gls szl
s T 2 2| 5 T 2|l T zBlT T |T 2 o
£ 28 25|18 2|8 2 8% 2|82 <
Apiaceae Apiaceae sp.1 0 3 1 0 1 0 0O]l]0 0 0O 0 0 0 0
Apiaceae Apiaceae sp.2 0 0 0 O 0 40 0 |0 O o0} O 0 0 0 0
Asteraceae Asteroidea 50 0 4 3| 20 0 7 14 4 3 0 24 |2 2 11
Asteraceae Cichorioidea 776 0 20 919| 1 0 0 |589 840 1 |346 25 2 233 1
Betulaceae Alnus 1 0 0 O 0 0 0|1 2 0] 0 0 0 0 0
Betulaceae Betulaceae 0 0 o0 1 0 0 7 0 0O O 0 0 0 O 0
Boraginaceae Symphytum sp. 0O 0 0 O 0 510 O 0 0O O 0 0 0 O 0
Boraginaceae Echium vulgare 0 0 0 O 0 93 0o|l0o O 0] O 0|0 O 0
Boraginaceae  Eritrichium cfr 0 0 0 O 0 0 0J]0 0 OO 0 0 0 0
Brassicaceace Rorippa sylvestris 0O 0 0 O 0 0 60 | O 0O O 0 0 0 O 0

Campanulaceae Phyteuma sp. 0 0 0 O 0 0 0|0 0 1 1 1 |261 0 1544
Cariophyllaceae Silene acaulis 0 0 0 O 0 0 0|0 O 0] O 0|0 1 0
Caprifoliaceae Caprifoliaceae 0 0 0 0] 107 0 0|0 O 0] O 0 0 0 0
Ericaceae Rhododendron ferrugineum/| oo ol o | 1 o |1 2 12|l 1 oo o 1

Vaccinium myrtillus
Fabaceae Vicia sp. 1 0 15 0 0 63 0|0 O 0] O 0 0 0 0
Fabaceae Fabaceae 0 0 0 O 2 77 1 |0 688 336| 0O 1311 0 0
Fabaceae Lotus cfr. 0 0 0 O 0 0 0|0 O 0] O 0 0 0 0
Fabaceae Trifolium sp. 0 352 4 O 0 0 0|0 O 0] O 0 0 0 0
Gentianaceae Gentiana sp. 0 0 0 O 0 0 0 0O 0 20| O 0 0 0 0
Cupressaceae Juniperus communis 0 0 0 O 0 0 0 0O 0 O 0 0 0 0 0
Lamiaceae Thymus sp. 0 0 0 O 1 0 2 lo 0o o} O 0 0 1 0
Lamiaceae Teucrium cfr. 0O 0 0 O 0 0 0O]0 0 1 0 0 0 0 0
Oleacea Fraxinus sp. 0O 0 0 O 0 0 8 0 0O O 0 0 0 0 0
Onagraceae Epilobium montano 1 0 0 O 0 0 0OJ]l]0 0 0O 0 0 0 0
Orchideaceae Nigritella nigra 0 0 0 O 0 0 0O]l]0 0O OO 0 0 1 0
Orobancaceae _UPfrasiasp/ o000 o0o|lofo ofo o o|lo 420 o0 0
Rhinanthus sp.

Pinaceae Picea abies 0 0 0 O 1 3 2 0 2 1 0 0 0 0 0
Plantaginaceae Plantago sp. 0 0 0 O 1 0 0O]l]0 0 0O 0 0 0 0
Poaceae Poaceae 1 0 2 O 1 0 0 0 0 1 0 0 0 0 0
Primulaceae  Androsace sp. 0 0 0 O 0 0 0 0O 0 O 0 0 0 O 0
Primulaceae  Soldanella pusilla 0 0 0 O 0 0 0O]l]0 0O OO 0 0 1 0
Ranunculaceae Ranunculaceae 0 0 0 O 0 7 6 1 0O o0 0 0 0 O 0
Ranuncolaceae Aconitum napellus 0 0 0 O 0 0 0 1 0 1011 O 0 0 0 0
Rosaceae Rosaceae 6 0 9 O 0 33 10 |0 0 1021 O 0 2 0 0
Rosaceae Geum urbanum 0 0 0 2 0 0 0 0O 0 O 0 0 0 0 0
Rosaceae Potentilla sp. 0 0 0 O 0 0 0OJ]l]0 0 0O 0 0 0 0
Salicaceae Salix sp. 0 0 0 O 0 0 0O|l]0 0O O] O 0 0 0 0
Saxifragacea  Saxifragacea 0 0 0 O 0 0 o|lo o 0] 1 0|0 O 0
ND ND 2 0 1 O 2 4 1 1 2 1 2 0 0 3 0

Total 838 355 137 925| 137 | 836 104 [598 1540 580| 351 105 (268 242 1557
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Table S4. Qualitative and quantitative results of morphological and molecular analysis. “NGS reads”

Chapter | 3.2

column reports the mean of reads between the two technical replicates for each sample.

Morphology (LM) Molecular (ITS2 metabarcoding)
Plant family Pollen grains  Mean rel. abund.  NGS reads Mean rel. abund.
Apiales;Apiaceae 45 0.00472640895 3377.0 0.009999910494
Asparagales;Amaryllidaceae 0 0.00000000000 3.5 0.000012618410
Asparagales;Orchidaceae 1 0.00027548209 0.0 0.000000000000
Asterales;Asteraceae 3887 0.42472850826 110912.5 0.313794907602
Asterales;Campanulaceae 1808 0.13197521050 44530.5 0.115226152821
Boraginales;Boraginaceae 603 0.04808612440 24289.0 0.052420598393
Brassicales;Brassicaceae 60 0.03846153846 2853.0 0.019239285353
Caryophyllales;Caryophyllaceae 1 0.00027548209 12.0 0.000035847620
Cucurbitales;Cucurbitaceae 0 0.00000000000 26.5 0.000128586489
Cupressales;Cupressaceae 0 0.00000000000 315 0.000093903803
Dipsacales;Adoxaceae 0 0.00000000000 4463.5 0.031229144977
Dipsacales;Caprifoliaceae 107 0.05206812652 9356.5 0.027489606746
Ericales;Ericaceae 18 0.00188986888 48.0 0.000127670610
Ericales;Primulaceae 1 0.00027548209 261.5 0.001012179311
Fabales;Fabaceae 1553 0.16511408286 90059.0 0.193036505555
Fagales;Betulaceae 12 0.00483686886 1473.0 0.007806292908
Fagales;Fagaceae 0 0.00000000000 450.0 0.002959024775
Gentianales;Gentianaceae 20 0.00229885057 0.0 0.000000000000
Lamiales;Lamiaceae 5 0.00215909391 29.5 0.000199954923
Lamiales;Oleaceae 8 0.00512820513 1.5 0.000003629105
Lamiales;Orobanchaceae 42 0.02666666667 15833.5 0.043013550948
Lamiales;Plantaginaceae 1 0.00048661800 8821.0 0.062046122042
Lamiales;Scrophulariaceae 0 0.00000000000 111.0 0.000326120488
Malpighiales;Hypericaceae 0 0.00000000000 297.5 0.000874061669
Malpighiales;Salicaceae 0 0.00000000000 75.5 0.000369902800
Malvales;Cistaceae 0 0.00000000000 315 0.000106356040
Myrtales;Onagraceae 1 0.00007955449 0.0 0.000000000000
Pinales;Pinaceae 9 0.00220942635 0.0 0.000000000000
Poales;Cyperaceae 0 0.00000000000 21.0 0.000102878267
Poales;Poaceae 5 0.00165435104 249.5 0.001424766620
Proteales;Platanaceae 0 0.00000000000 33475 0.010959657110
Ranunculales;Ranunculaceae 116 0.01623652840 8429.5 0.022624081183
Rosales;Rosaceae 250 0.06607930136 25161.5 0.066541459395
Rosales;Urticaceae 0 0.00000000000 561.0 0.001416835134
Sapindales;Rutaceae 0 0.00000000000 48.0 0.000209245018
Saxifragales;Crassulaceae 0 0.00000000000 624.5 0.001830312199
Saxifragales;Saxifragaceae 1 0.00018993352 213.0 0.000719169410
Undetermined/Unassigned 19 0.00409828657 11.5 0.000084041290
Undetermined Streptophyta 0 0.00000000000 4767.0 0.012535620491
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Figure S1. Qualitative and quantitative comparison of the two technical replicates. x-axis = relative
abundance of taxa in the replicate A; y-axis = relative abundance of taxa in the replicate B. Colours
correspond to different taxonomic levels (1=kingdom, 2=phylum, 3=class, 4=order, 5=family, 6=genus).
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Campanula bergomensis (Campanulaceae), a new plant species
from Bergamo Prealps (Northern Italy)
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Campanula bergomensis (Campanulaceae), a new species from Bergamo Prealps
(Northern Italy)
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Abstract

A new speties of Conprannls (Camrpasmiaceae), C. ergomensds g nov, o &escedad feom the Bergamo Prealps (Ovobic
Prealips, Lombardy, Northera Italy), based on both morpbelogical sad molecular evidence. The new species was comadered
in the pt m an solated populatios of C. ceapitona, which presetts 20 castern Apine &stnbution. C Sergowentds s
morpbologically well dstinguishable from C. cespitosas oa the number of flowers ia the racemonse inflorescence, the corolla
hape, and the whitishyellow pollen serface with many spulae. Ocoetically, the presence of an imertion of §5.bp in the
Ll F sequences o very chancrenistic. Further studses ase scoded 10 betier defiae the pliylogesenic relaticnshe ancag the
theve closely relwted species, C. dergomennts, . coxpiosa and €. cocNearifolla. C Sergomennts inhabits dolomm: debris
cones al low clevations. The specics is rarge-sestnictod asd 1 severely thresesad by busan scuviies. Thesefore, it o wegent
10 adopt protection aad conservation measeres for the new species.

Key words: Beaodversay. Compomnde cespirosa, Eademium, Gepetscs. Morpbology

Introdoction

The Bergamo Prealps (Lombardy. Northern Italy), kocated in the scuthwestera portion of the Eastern Alps, are known
a5 & blodwversity hotspot, due 1o 1he very high number of sarrow endenuc species (Merxmiller, 1954; Fenarols, 1973
Acschimann es al., 2011, Mastin er of., 2012), the haghest @ the Alps (Aeschimann er ol 2004), This high rate
of endemism is caused by the complex geomorphological and climanc history of this Alpine sector (Cesati, 1848,
Giscomim, 1943; Kz & Reschwein, 1959, Pitschassan & Resigh 1959) The proximity of this ares 10 the mangias of
the Quatemary ice sheet allowed the formation and maintenance of refagia ( Tribsch & Schiaswetier, 2003). Currernly,
its central position foems a bridge betwoen the western and eastern Alpine floras, under a fivourable chmatic condition
chamctenzed by mild winters and high sumumer peecipusation (Marnes o o/, 20021

20 dcoepond by npelo Troke: 2 Feb 20, paiNihed. 20 Feb. 20N
Licessed snvder Creative Commons dributon-N.C. 4.0 Internations’ ey Corvathecommon ovg Mooy bnene/ 4 0
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Amoag the Alpine gesera. Campanuls L. has the highest number of endessc species (Aeschimann ef o, 2004). In
the Bergano Prealps this & underlined by severs] endensic Camponwla taxe C ratners Perp, € dlaninoddes Moren, C.
carioa Schiede ex Mert. & W.DJ Koch subip. pederulo Podlech, (Martini o af., 2012), C marniet/ F Fen., Pistanmo,
Perwezs & Cellin. (Fenaroli er al., 2013). Azother endemic s C. cespirose Scop.. an eastern Alpine species with two
dustingt panges, sonth and south of the Alpine chain (Pawlowsia, 1970 from the Viessese 10 S Steyy Alps in the
nocth, md from Slovenia to the river Adige m the south. Bis presence in the Bergamo Prealps was first observed by Rota
(184Y), Bergamaschi (1853), Chenevasd (1915), and later confirmed by Hess of ol (1967), Ravaza (2007), and Mastini
o @l (2012) (Fig. 1) Swsprisingly, despite all Shese coafinmed reconds, the peesence of thes species in the Bergamo
Prealps s reported oaly in local flores (Martim e¢ @/, 2012), bat if is missing from naticaal or ilerzaticaal fons.
T8 Bact, & 10 00t peponted & the Bergamso Prealps o Acschasars of of. (2004), Pigaaati (1982, 2017-2019) sad in the
most recent updased checklist of the Mtaluw flom (Bartoluca ef of,, 2018). Considenag the high degree of endemism
of Cangamula in the Alps and the poorly known ocomrence of C. cesprtose in the Bergamo Prealps, in addition o
the significam distanco detween these populations from the rest of 2 dstnbution range. we decided 10 funher study
this taxce o Lombardy. Based on sultiple piytogeogmphic, morphologcal and genetic evidence, we concluded that
the populations from the Bergamo Prealps represent a species new 1o science, which we propose to name Campanle
Dergonwaris

g

ﬁ%

FIGURE 1, Dotrivation of Campanda Sevpomenan (his squares) sad C copios (pees aad ped sqamm) Rad sqeares odicae the
£00d4 where C coyp susples fox peoct lysis weve collocted. Canograpluic grid is takes o Eleadoctfer and Moo (1965)
Btiogragtec dats of C. copeiess aoe: Andoostta of ol 2000 (Veneto, Taly), Matind o af 2023 (Fricke Venezia Gradia, Baly), Wilals o
af. 2014 (Al Adige, Daly), Jopan of @ 2001 (Skovemia), Mt of of. 1052 and Stzadinger of ol 2000 (Austia)

' 133 |
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Materials and methods

The moephologresdl analysis of Camypvanule bergomensds wis performed on samples collected s three valleys (Table
1) from each valley, 40-50 individuals {130 in total) were collected. The morpbological comperison with the closely
related species C cespitosa was performed using 10-20 indviduals of this species from three different sites (50

ANEW SPECIES OF CAMPANULA FROMITALY Phytossor 637 (2) © 2028 Magmolia Press « 121
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total) (Table 1). For leaf trait meassrements, individuals were collected sad preserved in mostened blotting paper until
traits weve meksured,

For the polles analysis mad companson. at Jeast 1 flowers in fall anthesis from each population sampled of €
bergomensis aed C. cespirosa were collected and dried (Table 1), For C. cespirasa, the pollen from an berbarmm
specunen was also cluded (Table 1)

Forthe pemetic malyses, C. herpomensis sumples weze collected in summes 2022, [sorder 1o perform detailod genetic
companson with the chosely related C cespitona, the lamer was sampled in three &flerent aseas within its Sstributivn
rege (see Fig 1), Samples of C cochlmviifolia, a species closely related 1o C. cespitona, were also collected (Table
1). For geaetic analysis, five specimens of each mvestigated species were sampled (four €. cochleanifofia) (Table
1) From each speciene S 1o 15 young leaves were collected, Specamens weee preserved i plastic bags hermetcally
closed and filled with silica gel %o redoce moésture and debydrate the Jeaves. Bags wese then preserved mnder cool and
dry conditioas.

TABLE 1. Sareplitg dutes foe sopbelogical and genetic asadysis. =" iadicates missng dsts. * saseples Sroes Val Resia
(D) are from Merbarivm ¥. Martini of Maseo Frivkwo di Storia Naturale Udize (1taby) (g, ¥. Martini)

Sompleg  Senpliagdair Sanpleg  Seaple

speiien Comty e :": Cote o plant Sor polion  dute bur  ADyfee

v Serpholegy  wwrphalogy  grmeticn e ey

Toly, Lonbards Soapovnins JBXI1 V5 & Froee A0 M NI 2004 NI

Tl Lobardy Onses (80, Yol des Dk TS0 M0 M DD Ak N2 B0
C Mvgamenis

Iy, Losbardy Climone (DG} Vatle Cabooes SISTE Ay 2000 ISAsg NI TAsg X2 BOI

Tuly, Loty Onoee 0BG Valle & Trie " TAw N BG4

Taly, Vewete  Comme & Anperze (BL)L Pawo T Oy 1290 MM oY 108 N
tuly, o

z . Forma (VD). Ville del 230 Barrase o . Mefharmen *
Tuly, Fred.
N ek Secxm (VT 172e 1Amg 2000 -

Seppads Prevecasw GL| Puve auw
Inly, Vistz 10851090 -
C cvpvrasa . R

Inly Treemso  Prassees Ses Masoo (TN) WM Caud 1401500 ZAmy 200 -

TAng 2022 CePi-S

& Zage Kahaerl Db S s, Pyoiel

G 2 ::I.qplmm 141020 I8 Aug 2000 Crli-5

Anstea, Torbmeh, Lot Pam. Onlant | Obwodeomt | N

Commtas  Kotchack Mmom Pickm Puss 5o : ko diet s o
C evcomigole Ialy. Lombaedy Botemes (300, Pass dedio St he - . 110 2008 CoVad

Seeds from specumens from Val det Dadi weee collected in the field on 14th September 2019 i order %o cultivate
he new specios ex sitw in “Citsh Studi™ Botamical Garden (University of Milsa), 450 sceds were soun in the tropical
greeniouse on 26 Jamury 2021, alough caly 14 seodlings perminated and, ca 3 October 2023, caly two plases had

Following the method proposed by Pierce of @/ (2013 ), the CSR (competitive-stress soderant-ruderal) strategy was
cakulated fov the pew species using three leaf parmmeters: Jeaf dry mamer costent (LDMC), specific Jeaf area (SLA)
and Jeaf area (LA). In pacticular, 150 cauline and 30 basal leaves were measured Som samples from Val Dei Dad, Val
i Fruce and Val Cabrosis (Table 1)

Light Microscopy (LM) aad Scamning Electron Microscopy (SEM) observations were conducied using pollen
praems acesolyzed according to Bonell e o (2020). The meastirements of acetolyzed pollen, mosted in glycerine
Jelly, were taken in M with a 100x imesersion obyective ks oa a Leica DM-RD microscope equipped wuh a Leica
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MCI70 HD camera (Leica Camera AG, Wetzlae. DE). For pollen grain shape, P (polar axis). E (equaorial dismoeter),
and P/E matho, S0 polien grains i equasceial view were measwred and amalyzed %o each populaticn (Eusacchio of
al_, 2023). The measuwrements were performed with kmage) software (Schoesder of ., 2012). For SEM observations,
acetolyzed and air-dried polles was sputtered with 2 25.am layer of godd in argon plasma (AGAR Automatic Spatter
Coater Mod B7341, Scientific Limited, Stasited, UK) equipped with & quanz crystal thickoess momton. At Jeast 30
polien grains m equsorial and polar view were observed under the electron microscope (Moded Leo- 14130, Zeiss Inc.,
Thomwood, NY, USA) Palynological terminology follows Rodonds e @, (2004), Pyt e af. (2007) and Hesse ot af,
(2009,

DNA was extracted withm two months from sample collection. Gesomic DNA was extracted sd punfied using
DNeasy Plat Pro Kit (QIAGENC, Germantonn, MD, USA) stmisg from 10 mg of &y keaves For the genet
analysis two plastidal markers were PCR-amplified and sequenced. For the PCR amplification of maek’ and rnl.-F
penes primers from Crowd o ol (2014) were wsed. Amplifications of plastidal genes were performed with the following
PCR ¢yches: an inatial denaturation step a1 96 “C for 90 5, followed by 34 cycles at 95 °C for 30 5, 50 °C for 60 », asd
72 °C for 50 5, and a final exnession step of 20 min at 72 *C. Amplification peoducts were checked on a 1.5% agacose
pel and sequenced by an external sequeacimg service provider (Eurofims Genomics. Raly). using the sune two prissers
23 used for snplificanion.

Prior to phylogenetic analyses, sequence electropherograms were vismally mspected using Benchling (Benchimg,
2003) 10 detect miv-calls. Besides the soquences from C bergomeanis sod €. copritose generatod by ws, we added
all taxa with peblicly avadable mark and rnl. sequences incinded m e J clade (the one with €. cespinosa) from
the pinviogenetic tree in Crowl of o (2014). To furher complement the piylogenstic recoastroction, € Aavkinslony
and C. larsocarpa were added at the time the amalyss was condacied. they were witlun the fast four species with
the highest total aligament scoce after a puclectsde blast aganst Compassly (XIA40568; crpantsm field) using
BGS ol oF sequence a3 a query. Jasfone mentane wias wsed as culgroup. Alignments weee performed wing Muscle
included in AliView V1,28 (Larsson, 2014) Afer manual triunming of vpatream aad downstream usaligned portioss,
maltialignments bedl from mack and mel-F sequences were manmlly merged to build a concmenated plastidul
dataset. Phylogenetic analyvses were rum using MEGA v11.0.03 (Tamwura e o, 2021} The best substimtion model
was estimated usiag the appropriase MEGA fusction. A mavesam likelibood (ML) tree was coastracied with the
following parameters: General Time Reversible model {ganuma dustribused with invanant sses), four discrete gamma
<ategories. we all sites, 5000 bootstrap replications (all other options were lef! o default paramseters). Single-aucleotide
polymorphic snes (SNPs) in the malralignesest were coumed using the SNP-sites v2.5.1 1ool (Page er o, 2016}, Small
insertions deletions (mdels) were counted by visual inspection of the alignments. For both vanant types, a variat was
coumted if occumsg  Jeadt @ one spocies of Be meltalignmest. GenBank accession mmbers of sequences used i
this ssady are repocted in Tabde S1a in supplementary materal.

Resulis

The analysis of meephological trants mdicates a clear sepanation between € hergowersts and the closely related
species C. cenpiiona (08 SECT0 00 LAXOBOMIC relanondegs),

New sequences and trace files penerated s tes work dave beens uploaded to GenBank (Table S1b in supplessentary
material). The alsgnment of owl.F sequences from all specees comsidered revealed the peesence of an $1bp (base pair)
losg tandem repest i the C. bergomeniis accessions. A total of 194 SNPs and 3 indels were identified companag the
mark seguence of all species. For ind.-F, SNP aumber was lowes (96), but a higher sumber of indels was detected (17).
The genetic variants sdmiified in these sequences allowed a phylopenetic reconstruction (ML tree) whach provides
2 robust suppont for comsidering the three relwed groups C bemgoonensés (99 booesarap vadue; Fig. 2, paeple vemcal
line). €. cespirosa (95 bootstrap value; Fig. 2, blue vertical line) and €. cochfearyfolia (96 bootstrap value: Fig. 2,
proen vertical hno) as distinet spocies. On e otber band, alihough C ceipirose 3ad €. cochinariGfie spocies aoe
cloarly separaied, theyr relationship rermasss unresolved doe 10 Be low Bootstrap value (40) of thewr ancestral node.
l=sportantly, the significant bootstmap valve sopporting the C bergomenais group (99) suggests its separation from the
ofber two related entifaes. The congruence amosg e morphological, genetic and geographic evidence supports the
recopunon of C. Dergotveniés &5 2 SpECies Dew 30 science.
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0.0
FIGURE 2 M1 phylogoaetic recomstriction of ook Compansls w9 7 doction & expluned 1o the meBod sxction
Dootsrag vakaes aoe i0own 00 ek Bode. JI0ow monine s selacted s the outgoop.

Taxomomy
Cempanula dergomensis F. Mangill & L. Mang@ll sp. nov. (Figs. 3.5)

Description:—Pesennial herd, (4-) 10-20 (-30) cm mall, with sscemding-erect, ghbeous of sparsely hairy. squate-
cross-section stems, with strong. horizontal crecpiag rhizomes from which a rosetie of leaves develops (Fag. 3A-
C; Fig. 4). Roots robust, bemched a0d elongated underground. Basal leaves foeming rosettes, with 10-20 mm loag
petioles, lamina ovad-rthombold 9-12 x 6-7 mm, glabrous, margin weakly tooded, sometimes spasely hagy, ofien
witheread during semmer anthesis (Fig. 3A-D: Fig. 4) stem leaves numerous, sessile. limear-laaceohite. acute. (7-)
15-21 (-30) mm, glabrous, musgen entire, ot lower poenion of stam ¢lose sogethor, thes spaced and decreaiag upwards
(Fig 3A, Fig. 4) [adlorescence a mcesse with 2-4 flowers, supporied by long peduncles (Fig. 3A:; Fig. 4). Calyx
ghabrous, with Iaciniae 2-3 mm slightly larger than the tebe and appoessed (0 the cocolla (Fig. 3E. Fag 4) Buds and
Dowers pendulous; corollia (9-) 11-12 (-14) mm, bemispberical-campantilase, not constricted in upper part, light blue
(Fig. 3E-F, Fag. 4); mifld sugma not protruding. Fresh pollen coloe whitish, becoeung yellow when drying ont; masere
potien grains suboblate (P/E~ 0.87), released a5 free monads of medium size (30 pum); grams radally symumnetnc,
isopolay, triporate and zonopormie (Fig. Sk sectum discontiomous with el (Sackoess arcund 0.20 pm) and [umina;
spizalae present, shovter than 3 jum; sometames gramsbes peesent; onamentation ragulate.micsoreticulate and echaate
{Fig 5) Capsule pendulons, ovoid, dhiscent. Soeds abowe 0.9 mm loag (Fig. 3G Fig. 4).

Type:—ITALY, Val Boelezza BG, Clusooe, Poate dells Sedva, Val Cabeosza, sentiero di foadovalle, 625 m,
ghmione ricco & cakase, 15.VINL2007, Leg. Perico, 18 Ape. 2021 (holotype BER!: isotypes in BER!: paratypes ibidem
15. VL2007, leg Perico ), (Fig. 6).

Synonyms:—Cawgnmnuls cespitena sensy Mantind o1 af. (2012), oo Scop, FIL Camsiol., ed. 2, 1- 143 (1770)
Campanwla rovndiolie pro parte sensu anct. {1 bergomensis, mon L., Sp. P11 163 (17583),

Phenelogy. —Flowering froes mid-July %o smd-Augest.

Habitat and ecology - Camgemly hergomersts grows oa dolomutic debns cones, ledges of rough grassled,
penenally o poorly devekoped and well-draised soils (Fig. JB). Is elevational distribution ranges from 450 to 1250 m
a.51. The area of occurrence is characterized by an asaual sversge tesspenmure of 11 °C & Cluscne (data from Ufficso
Idrografico del Po, 1958-1982%) and miny clumate (1500 mlYy in Clusone: Ceriani & Carelli, 1990). The species
is pasticularly associated with wide and flat debris cones, an uwmusual peomoephological feature m the Lombardian
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Prealps. C bergomensis can be found oa the edge of Pavo sago Turma vegetation (with dwelawciver ovalis Medik
Sexleria coerulea (1) Axd., Calawagreans varia (Schnad. ) Host, fierociow 8., Dy octopetals 1., Globwlaria
cordielia L), where the slopes are sparsely vegetated. C hergomensis shows a SR sttegy (daf traits and CSR graph
are reported in supplementary material in Table S2 and Fig. SI, respectively)

Distribution range:—Canpannly bergomensic 0CCWS 10 o few acens of the Ovobic Prealps. within the doeders of
Bergamo Province (Lomberdy, ltaly). (Fig. 1. 7)

A

7w 1 - 1 !
: s bododd .t
FICURE 3, Marpbologionl feanmes of C. Svpossensrs A plass Sabonus (soade bar § o) B the plasr &1 115 babstat. C winder Babius. D
bead shapes (pcale Bar | cop) BT fower Sape and Seb polles cokr (scale tan | cod O seeds on millsnetre poper to show shape sad

e
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Campanula bergomensis sp. nov.
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apraphis; B~ SEM msrogapia. A Polles graiss m Uee monad
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Etvimelogy:— The epithet refers 10 the Province of Bergamo (called “Bergomum™ m Roman antiquety), where all
ksown populstices of the pew species are found.

Taxomomic remarks—Morphodogical and genetic evidence support Canpams bergomensis 25 a species sew
10 science. [ particalar, it is mocphologically distinguished from C. cegritosa for baveag 1) the mcemose inflorescence
with Jess flowers compared 10 C. cegpirosa (2-3 and 6, oo average. respectively: Fig. % and Fig. S2): 2) the shape of the
corolla (ot constricied at the apex, like in C cepiose); and 3) the whisssh.yellow pollen surface with many spinalse,
instead of punk and with few spmulae like in €. cespivosa (Fig. §). Genetically, C. bergosennds s well-distinguished
from. thowgh close 10 both €. cespirose and €. cochlearigfolia (Fig. 21 which bave been consistently recovered as sister
species (Mmnsion ef al. 2012 Crowl of ol 2014, 2016). AlSough morpbology weuld sugpest Bat C. borpomensis is
closer 10 C. cespioona than 0 €. cochlearny@lia. which is macroscopically very different, our penetic data are not 3o
clear in confirming the phiylogenetic relatioasips amoag these three closely relatod species and further mvestigations
are needod. posubly ineludisg (he comparmson of more genes.

Discusslon

Blogeographic comslderations

Among the three closely related species, C. cocklearyGita, lias the widest distnbution range, being s South- European
cgoplyte, which inchudes @at of Cangranule horgomessis and C. coapitosa, The co-occurrence of C. cochlnarifolio
and C. bergomewsis was documented in phytosociologaal releves froas Val de Dadi (Ravazzi, 2007), [n contrast, €
bergomensis and C. cespitosa have clearly sepamted distribution ranges, the first being peeseat caly in & few sies
of the Bergamo Prealgs (Centrad-Southers Alps), the second accuming @ the Eastern Alps, at least 100 ko apeet
(e westernmost record is from Moate Finonchio—Folgaria, TN Prosser er al., 2019). The two disunct. though
closely related species C bergomenids and C. cvipiross may have originated in ssodation resulted {roas the Plestocens
loe Ages, a well-knowa dnver of soch distributional pattern in the Alps, partacslarly important in the wnglacsated
penpheral areas (Meruniller, 1954, Schiaswetier er af,, 2003). However, a pee-ghacial angin has been suggested Sor
some endennes Taxa occurring in the sasse aea a8 a resull of e ke Tertary dsmantling of 2 cace contmuous southern
Prealpine karstic platform characterized by limestone dolomitic substrate (Bini, 1978, Ravaza, 2007). The ocourrence
of C berpomensis ca poculiae carbonate lasdforms, such as flat asd wide dobeis cones, uncommon in the Ceafral
Prealps but detinctive m the Eastern Alps, may support that knpothesis, In addition. Crowl er af. (2016) dated the
split betwoen C cexpisony aod C. cochleariifofia between 0.3 asd 4.6 million years: Bes range, although wide, would
sapport this hypothesis.

Threats

Soeme populstions of Campanule bergomensis grow withia & protected area of the Natura 2000 Network, Habitat
Directive, Ja particular, populations of Val Baclone, Romentaceck. Vil dei Mulind (Colle di Passeraia), Mone Samer ace
included in the SAC (Special Area of Conservation ) “Val Sedomia, Valzuno, e Pazzo della Presolana™ (IT2060005); Val
Nossana popudation Is incheded in SAC “Vil Nossaga—Cima di Grem™ (IT2060009). The mamn threst 1o C bergomenais
is cucresntly the bugh frequency of motcecycles on mad off the trasks, and also off-trail, = alll the valleys where the bepest
populations of the new species subsist (Val di Tede, Val di Moate Viaro, Val Righenzolo, Val des Dadi). The frequent
passage of mosmntain bikes and motorcycles severely dsqupts the stabulity of the debris conoids where €. bergomensis
grows. Less cntacal is the episodic kydro-geodogical theead due 10 sudden floods cansed by beavy precipitation events
(Ravazn et @/ 2007), The TUCN conservation stanss of the new species is under evaluation.
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Table S1: a) GenBank accession numbers of online sequences used for genetic comparison; b) GenBank
accession numbers of sequences produced for this study.

a)

matK TrnL-F

A Genebank | Genebank

Species name ] ]
accession accession
number number
Jasione montana EU713247.1 | EF088782.1
Campanula carnica LT706651.1 | KI512670.1
Campanula hawkinsiana LT706717.1 | EF213146.1
Campanula scheuchzeri MZ204490.1 | EF088762.1
Campanula rhomboidalis LT706738.1 | KJ512689.1
Camoanula rotundifolia LT706721.1 | MH509299
Campanula marchesettii KJ512581.1 | KJ512686.1
Campanula fragilis EU713321.1 | FJ426580.1
Campanula arvatica EU713344.1 | JF747591.1
Campanula lasiocarpa JN571947.1 | AB219602.1
TrnL-F matK
Sample . Genebank | Genebank
species name . .
IDs accession accession
number number

BG5 OR670347 OR641997
BG2 OR670348 OR641996
BG4 C. bergomensis sp. nov., OR670349 | OR641998
BG3 OR670350 OR641999
BG1 OR670351 OR642000
CeP2 OR670352 OR641984
CeAl OR670353 OR641995
CeP3 OR670354 | OR641994
CeS4 OR670355 OR641988
CeP1 OR670356 OR641991
CeA2 OR670357 OR641993
CeA5 OR670358 OR641990
CeP5 C. cespitosa OR670359 OR641986
CeSl1 OR670360 OR641985
CeS2 OR670361 OR641983
CeS3 OR670362 OR641987
CeS5 OR670363 OR641981
CeP4 OR670364 | OR641992
CeA3 OR670365 OR641989
CeA4d OR670366 OR641982
CoVv4 OR670367 OR642003
CoV3 C. cochleariifolia OR670368 OR642001
CoV5 OR670369 OR642004
CoV2 OR670370 OR642002
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Table S2: leaf traits of Campanula bergomensis.
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i Leaf Fresh Weight| Leaf Dry Weight | Leaf Area T Leaf Fresh Weight | Leaf Dry Weight Leaf Area
(mg) (mg) (mm?) (mg) (mg) (mm?)
Val di Frucc 2.3 - 13.724 | Val dei Dadi 2 - 8.637
Val di Frucc 2.1 0.6 14.527 |Val dei Dadi 1.8 - 9.246
Val di Frucc 2.2 - 16.572 | Val dei Dadi 7.4 2 33.015
Val di Frucc 2.1 0.9 12.452 |Val dei Dadi 2.9 0.9 13.55
Val di Frucc 1.2 - 9.19 Val dei Dadi 3.2 0.5 14.364
Val di Frucc 1.6 - 11.531 |} Val dei Dadi 1.9 0.7 8.997
Val di Frucc 2.9 1.1 19.463 Val dei Dadi 2.5 1 13.137
Val di Frucc 3.1 1.2 16.756 | Val dei Dadi 3.2 - 15.926
Val di Frucc 2 0.5 12.679 Val dei Dadi 4.5 1.3 17.422
Val di Frucc 1.7 - 13.51 Val dei Dadi 2.8 - 10.933
Val di Frucc 3.9 0.8 18.588 |Val dei Dadi 3.7 1 13.729
Val di Frucc 2.8 1.1 15.49 Val dei Dadi 1.6 0.6 9.248
Val di Frucc 1.4 0.7 8.044 Val dei Dadi 3.6 0.9 16.877
Val di Frucc 2.4 0.8 14.805 JVal dei Dadi 0.9 - 6.509
Val di Frucc 2.7 1.1 20.138 |Vval dei Dadi 1.9 - 10.16
Val di Frucc 3.3 0.9 16.089 |Val Cabrosna 1 0.4 8.515
Val di Frucc 3.5 1 15.106 [Val Cabrosna 1.3 - 8.7
Val di Frucc 3.5 1.1 21.009 [val Cabrosna 1.8 0.6 10.503
Val di Frucc 1.8 0.9 12.16 Val Cabrosna 2.5 - 14.781
Val di Frucc 4.2 1 28.818 |Val Cabrosna 2 - 14.457
Val di Frucc 3.2 0.6 21.007 |JVal Cabrosna 2.3 - 11.239
Val di Frucc 4.2 1.8 21.197 |Vval Cabrosna 15 - 11.834
Val di Frucc 4.3 1 25.609 [Vval Cabrosna 1.5 - 9.454
Val di Frucc 2.9 0.9 17.949 [Val Cabrosna 1.9 0.5 11.741
Val di Frucc 3.9 0.1 29.507 [Vval Cabrosna 2 - 12.223
Val di Frucc 3.8 0.8 25.453 |val Cabrosna 1.9 0.6 11.956
Val di Frucc 3.3 1.3 20.473 | Val Cabrosna 2.3 - 13.315
Val di Frucc 3 1 23.45 Val Cabrosna 2.5 0.8 15.832
Val di Frucc 2.6 0.9 15.752 |Val Cabrosna 2.3 0.5 14.916
Val di Frucc 7 2.2 43.578 |[Vval Cabrosna 21 - 9.135
Val di Frucc 2 0.8 11.415 |JVal Cabrosna 2.5 0.6 14.532
Val di Frucc 2.8 1.1 13.639 |[Val Cabrosna 2.6 0.5 14.28
Val di Frucc 1.7 - 10.396 |Val Cabrosna 1.5 0.4 11.655
Val di Frucc 2.9 0.6 14.203 |JVval Cabrosna 1.8 - 11.088
Val di Frucc 4.5 1.3 22.408 [ Val Cabrosna 1.6 0.4 8.279
Val di Frucc 2.8 0.9 13.767 |Val Cabrosna 5 1.5 24.359
Val di Frucc 2.6 0.4 14.448 |Val Cabrosna 2.8 - 15.27
Val di Frucc 1.4 - 9.227 Val Cabrosna 35 0.9 18.705
Val di Frucc 3.2 0.6 16.293 |Val Cabrosna 4 - 20.1
Val di Frucc 3.3 0.7 17.27 Val Cabrosna 4.4 0.8 22.67
Val dei Dadi 5 1 23.852 |Vval Cabrosna 1.8 - 11.141
Val dei Dadi 12.3 3.2 45.93 Val Cabrosna 3.3 1 16.802
Val dei Dadi 6.4 1.7 23.36 Val Cabrosna 2.5 - 14.693
Val dei Dadi 5.6 1.4 24.082 |Val Cabrosna 3.5 0.9 17.429
Val dei Dadi 6 1.6 25.574 | Val Cabrosna 4.6 1.2 22.264
Val dei Dadi 3.6 1.1 17.701 |JVal Cabrosna 472 1.3 18.556
Val dei Dadi 3 0.5 16.385 [Val Cabrosna 3.9 1.5 16.344
Val dei Dadi 7.6 21 33.429 |Vval Cabrosna 1.6 - 8.631
Val dei Dadi 9.1 2.2 37.041 |Vval Cabrosna 2.3 - 8.743
Val dei Dadi 5.5 1.3 27.04 Val Cabrosna 2.4 0.7 12.087
Val dei Dadi 3 0.8 15.192 |[Val Cabrosna 1.8 - 6.707
Val dei Dadi 2.8 - 14.775 |Val Cabrosna 2.2 0.3 10.575
Val dei Dadi 3.2 - 13.878 |Val Cabrosna 2.8 0.7 16.784
Val dei Dadi 3.4 05 16.817 |JVal Cabrosna 2.7 0.8 11.137
Val dei Dadi 2.3 0.6 17.277 |JVal Cabrosna 1.9 - 12.416
Val dei Dadi 1.6 - 9.773 Val Cabrosna 3.1 0.9 17.755
Val dei Dadi 3.7 - 20.484 | Vval Cabrosna 4.5 1.2 23.431
Val dei Dadi 2.9 0.7 12.856 |Val Cabrosna 3.1 0.5 17.516
Val dei Dadi 3 0.6 17.735 |Vval Cabrosna 2.6 0.8 15.438
Val dei Dadi 4.3 0.7 24.469 |Val Cabrosna 4.9 1.1 27.436
Val dei Dadi 2 0.6 8.365 Val Cabrosna 2.3 0.4 13.96
Val dei Dadi 1.7 0.7 9.667 Val Cabrosna 29 - 12.777
Val dei Dadi 3.6 1.2 15.964 [Val Cabrosna 0.8 - 5.344
Val dei Dadi 2.7 - 15.041 |JVal Cabrosna 5 1.6 29.725
Val dei Dadi 3.1 1 13.503 |JVal Cabrosna 7.8 1.6 35.865
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Figure S1: graph of Campanula bergomensis CSR strategy.

Figure S2: average number of flowers in each inflorescence in C. cespitosa and C. bergomensis, with the
standard error (individuals considered: 322 for C. cespitosa, 125 for C. bergomensis).

Average number of flowers on inflorescence

617
I :

C. cespitosa C. bergomensis
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Orenebria tresignore (Coleoptera: Carabidae: Nebriinae), a new
species from Orobic Alps (Northern Italy).
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Overview of the work

1. Study case
In 2014, the ground beetle Oreonebria soror subsp. tresignore (Coleoptera: Carabidae)
was described by Szallies & Huber (2014) from a population found surrounding a
snowfield on Pizzo Tresignori (Orobic Alps, Southern Central Italian Alps). These authors
describe the morphology of this new entity comparing it with the Southern Eastern
Alpine sub-species Oreonebria soror subsp. soror (Daniel, 1903) and the closely related
Northern Central Alpine species Oreonebria angustata (Dejean, 1830) among which
“soror” and “tresignore” were previously considered sub-species. The results highlighted
how these three entities differ from each other mostly for the shape of their male
genitalia, and for the different chaetology on their vertex, clypeus, and elytrae.
The ecology and distribution of Orenebria soror subsp. tresignore were subsequently
investigated by Gobbi et al. (2018). The data collected over three years in an extended
area of the Orobic Alps, highlighted that this subspecies is not related only to the Pizzo
Tresignori, but it is distributed among most of the Orobic mountain sector, never
overlapping with O. soror subsp. soror distribution range. Indeed, the currently known
distribution range of O. soror subsp. soror comprise the easternmost portions of the
Southern Alpine chain, within the Southern Rhaetian Alps (Ledoux & Roux, 2005;
Grottolo et al., 2016) (Figurel).
Oreonebria soror subsp. tresignore, O. soror subsp. soror and O. angustata share a quite
similar microthermal preferences, as they are all cold-adapted species, because living at
high altitude, near snowfields, or surrounding permanent snow or glaciers (Tenan et al.,,
2016; Gobbi et al., 2018). However, Orenebria soror subsp. tresignore showed to be
more closely related to glacial and periglacial environments than the other two entities.
Indeed, this species was observed only within the first 50 cm from the edge of glaciers
and glaciret, while beyond this threshold disappear (Gobbi et al., 2018); thus, it can be
defined as a cold stenotherm species (or cryophilic species). Conversely, O. soror subsp.
soror, as well as O. angustata, show a lower sensitivity to the presence of ice as they can

be found also far from the glacier in more mature habitats (Tenan et al., 2016).
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Valtellina

I\J} Unt)ﬁ | " 7?(3

Figurel_a. Location of the Southern Alps within the European Alps; b. Distribution of Oreonebria soror
subsp. tresignore (blue dots) and Oreonebria soror subsp. soror (orange dots) within the Southern

European Alps.

Given the clear different morphology of male genitalia (Szallies & Huber 2014), the
different distribution range which characterize O. soror subsp. tresignore and O. soror
subsp. soror, the differences in thermal requirement and the high level of endemism
that characterize Orobic Alps (Graf et al., 2014), we hypothesised that these two entities
are two different species.

To test this hypothesis, we compared genetically Oreonebria soror subsp. soror and

Oreonebria soror subsp. tresignore.

2. Materials and methods
DNA extraction and amplification
Oreonebria soror subsp. soror and O. soror subsp. tresignore samples were collected
among 2018 and 2020 (Table1) and stored in ethanol 100% at -20 °C. DNA was extracted
from the bodies, excluding the head, the elytra, and the legs, following the CTAB
protocol (Doyle & Doyle, 1987) described in Bonelli et al. (2019). Then, the DNA was

purified using Monarch Genomic DNA Purification Kit (New England Biolabs,
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Massachusetts, MA, USA). In according with markers used for phylogenetic analysis
conducted by Kavanaugh et al. (2021) on carabid beetle of supertribe Nebriitae, for this
study three mitochondrial (Cytochrome A oxidase, “COla”; Cytochrome B oxidase,
“COIb”, and 16S) were amplified using primers reported in table2 and PCR protocols
reported in table3. Amplification products were checked on a 1.5% agarose gel and

sequenced by a commercial sequence service provider (Eurofins Genomics, Italy).

Table 1. Samples collection data; Sample code= ‘TRE’: Oreonebria soror subsp. tresignore; ‘SOR’:
Oreonebria soror subsp. soror.

Coordinate Altitude Sample
Year Sample Province; Region Locality (UTM WGS84-32T) (masl) code
2018 O. s. tresignore Bergamo; Lombardy Trobio Glacier N 5101002.64 E 584080.44 2522 TRE1
2019 O. s. tresignore Bergamo; Lombardy Pizzo Tre Signori N 5095890.00 E 540943.00 2240 TRE?2
2019 O. s. tresignore Bergamo; Lombardy Publino Pass N 5099960.00 E 565245.00 2260 TRE3
2018 O. s. tresignore Bergamo; Lombardy Malgina Glaciret N 5103591.86 E 581266.02 2575 TRE4
2019 O. s. tresignore Bergamo Vedretta del Lupo N 5103033.00 E 576650.00 2500 TRES
2018 O. s. soror Brescia; Lombardy Forcel Rosso Pass N 5103533.94 E 616586.32 2580 SOR1
2018 O. s. soror Brescia; Lombardy Forcel Rosso Pass N 5103533.94 E 616586.32 2580 SOR?2
2018 O. s. soror Brescia; Lombardy Forcel Rosso Pass N 5103533.94 E 616586.32 2580 SOR3
2018 O. s. soror Brescia; Lombardy Listino Pass N 5092976.52 E 612452.33 2650 SOR4
2018 O. s. soror Brescia; Lombardy Listino Pass N 5092976.52 E 612452.33 2650 SORS5
2020 O. s. soror Trento; Trentino-Alto Adige Amola Rock Glacier N 5117881.00 E 632056.00 2434 SOR6
2020 O. s. soror Trento; Trentino-Alto Adige Amola Rock Glacier N 5117881.00 E 632056.00 2434 SOR7
2020 O. s. soror Trento; Trentino-Alto Adige Amola Rock Glacier N 5117881.00 E 632056.00 2434 SOR8
2020 O. s. soror Trento; Trentino-Alto Adige Amola Rock Glacier N 5117881.00 E 632056.00 2434 SOR9
2020 O. s. soror Trento; Trentino-Alto Adige Amola Rock Glacier N 5117881.00 E 632056.00 2434 SOR 10
Table 2. Markers used and respective primers sequences.
DNA Region Primer Name Direction Sequence Literature
Mitochondrial COla  LCO1490 F Forward GGTCAACAAATCATAAAGATATTGG Folmer et al 1994
Mitochondrial COla HCO2198 R Reverse  TAAACTTCAGGGTGACCAAAAAATCA Folmer et al 1994
Mitochondrial COlb  Jerry F Forward CAACATTTATTTTGATTTTTTGG Simon et al., 1994
Mitochondrial COIb  PatR Reverse  TCCAATGCACTAATCTGCCATATTA Simon et al., 1994
Mitochondrial  16S 16sbR F Forward CCGGTTTGAACTCAGATCATG Polak et al. 2016
Mitochondrial  16S 165aR Reverse  CGCCTGTTTAACAAAAACAT Polak et al. 2016

aka LR-N-13398 R
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”

Table3. PCR conditions for each region amplified in according with primers used. “D” indicates the
denaturation phase; “Cycles” indicates the number of cycles; for the touchdown reactions, the number of
cycles in each of the three cycling rounds is given; “Cycles temp” indicates the temperature of each cycle
phase; “Cycles time” indicates the duration of each cycle phase; “Ext” indicate temperature and time of
the extension phase.

D.Time D.Temp. Cycles temp.  Cycles time
Region (min) (°C) Cycles (°C) (s) Ext Literature
COla 4 90 35 94,52,72 240, 30, 45 72 °C; 10 min Folmer et al., 1994
COlb 3 94 35 94,52,72 25;25; 70 72 °C; 7 min Maddison et al., 2012
16S 3 94 35 94,47,72 30; 30; 45 72 °C; 7 min Polak et al., 2016

Phylogenetic analysis

For phylogenetic analyses, Oreonebria angustata DNA sequences from the work
conducted by Kavanaugh et al. (2021), were used as outgroups. Sequence alignments
were performed using Benchling (Benchling, 2023). After manual trimming of upstream
and downstream unaligned portions, multialignments built from 16S, COla and COlb
sequences were manually merged to build a concatenated mitochondrial dataset. The
sequences that represented the same haplotype in different samples were collapsed
using FaBox tool (Villesen, 2007) with the “DNA to haplotype collapser and converter”
function. Phylogenetic analyses were run using MEGA v10.2.6 (Tamura et al., 2021). The
best substitution model was estimated using the appropriate MEGA function. A
maximum likelihood (ML) tree was constructed with the following parameters for the
mitochondrial dataset: Tamura 3-parameter model (gamma distributed with invariant
sites), four discrete gamma categories, pairwise deletion, 1000 bootstrap replications

(all other options were left to default parameters).

3. Overview of the main results and discussion
As hypothesised by morphological analysis, phylogenetic reconstruction provides a
robust support in identifying Oreonebria tresignore and O. soror as different species
from the ancestor O. angustata. Moreover, phylogeny also provides a robust support in
keeping Oreonebria tresignore (97 boostrap value) and Oreonebria soror (99 boostrap

value) separated from each other (Figure2).
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Figure 2. ML Phylogenetic reconstruction of Oreonebria tresignore, O. soror and O. angustata based on
mitochondrial markers. Oreonebria angustata is selected as the outgroup.

As previously observed by Szallies & Huber, (2014), both O. soror and O. tresignore are
closely related taxa of O. angustata. This last species presents numerous populations
widely distributed in the inner part of the Wester-Central European Alps of Switzerland
and nearly ltaly (Rhaetian Alps) (Ledoux & Roux, 2005). The speciation of O. angustata
into two new species, could be related to glacial and interglacial cycles occurred during
the Pleistocene period. Indeed, during the glacier extension phases, O. angustata could
have followed the glaciers advancement from the inner Alps toward South, reaching
Orobic Alps and Southern Rhaetian Alps. With the glacier retreatment, Orobic and
Rhaetian population of O. angustata could be remained isolated from the northernmost
populations by the presence of a wide valley as Valtellina, leading to a first species
diversification (O. soror). Subsequently, the further glaciers retreat in the Southern Alps
at the end of the Pleistocene, may have caused the isolation of the population within
the Orobian Alps from those of Rhaetian Alps given the presence of the Val Camonica
Valley between the two Alpine sectors, ending the gene flow that had probably

persisted until that moment between O. soror population. From this moment, O. soror
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population located within Orobian Alps could have been diversified genetically leading
to the origin of O. tresignore species, now clearly genetically separated by O. soror.

From a perspective of the conservation status of the species, the risk of extinction for O.
tresignore is considered high (Gobbi et al., 2018). Indeed, glaciers and glacirets surface
on Orobic Alps are very limited and probably will disappear within few decades. Given
the particular ecology of O. tresignore, populations of this species are supposed to
migrate following the glaciers forehead. Due to its inability to fly due to its brachyptery
and its cold microclimate dependency, O. tresignore is supposed to be unable to migrate

along long distances to find other suitable habitats.

This work will include additional output as:

- Phylogenetic reconstruction of Oreonebria tresignore and O. soror based on
two nuclear markers (wingless and topoisomerase genes).

- Phylogenetic reconstruction of Oreonebria genus (O. tresignore, O. soror, and
Oreonebria species reported in Kavanaugh et al. (2021) “Phylogeny of the
supertribe Nebriitae (Coleoptera, Carabidae) based on analyses of DNA

sequence data”.

Funding This research was partly funded by Parco delle Orobie Bergamasche (Deliberation n. 7,
6 February 2018) to Marco Caccianiga and Mauro Gobbi.
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Conclusions

This Ph.D. project provided new insights about plant and flower-visiting arthropod
communities that characterize different Alpine environments. Moreover, this project allowed
the development of different methodological approaches suitable for a comprehensive study
of flower-arthropod interactions including the composition of biotic communities, the
behaviour of arthropods on flowers, and the composition of pollen transported by flower
visitors.

The characterization of flower-visiting arthropod communities in two different mountain and
seasonal contexts allowed for a better understanding of how their composition is influenced
by different environmental parameters.

Firstly, it was highlighted how Alpine plant species that flower very early in the season, such as
Androsace brevis, establish important relationships with numerous arthropod taxa (paragraphs
2.3; 2.4). In this alpine context, the only factor that influences the snow melt period and the
composition of the arthropod community is represented by meteorological conditions
(especially temperature), as there are only very limited human activities (e.g., mountain hut
and trekkers). The occurrence of different meteorological conditions led the composition of
flower visiting arthropod community (and potential pollinators) to change over years. Given
this variability in community composition, it is difficult to predict the effects of ongoing climate
warming on plant-arthropod interactions. However, the well-known longevity of many alpine
plant species could allow them to adapt to changing flower-visiting arthropod communities,
and potentially ensure reproductive success. A long-term study will be essential in gaining a
better understanding of these complex plant and arthropod interactions and how they evolve
in response to increasing temperatures.

Analyses conducted in a broader context (Stelvio National Park paragraph 3.1), throughout the
entire vegetative season, showed that inter-annual meteorological conditions do not affect the
distributional pattern of the observed arthropod taxa on flowers, either along the altitudinal
gradient or in the different land management considered. This result emphasized how flower-
visiting arthropod communities are more stable in an environment that is not strongly
influenced by weather conditions. Excluding the effects of altitude, the abundance of the most
common flower visitors (wild bees, syrphids, non-syrphid flies, beetles, and hymenopteran
wasps) is highly influenced by the type of land use and the corresponding level of
mechanization. This reveal that changes in land use can lead to substantial modification in
biotic communities, particularly in the abundances of Hymenoptera Apoidea, Coleoptera,
Hymenoptera Formicide, Hymenoptera wasps, and Diptera Brachycera.

Moreover, this study showed how the biodiversity of wild bees decrease in hay meadows and
apple orchards, allowing us to hypothesis how the repeated passage of heavy vehicles on the
soil (such as tractors and mechanized mowers), could make nesting activities challenging, or
even impossible, for many wild bee species. On the other hand, the increase in the biodiversity
of syrphids in highly human-treated environments could be related to the high presence of
hemipters, whose larvae many species of syrphids feed on. This study highlighted the need to
preserve the biodiversity of mountain ecosystems through sustainable and compatible land
management programs.
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It will be fundamental, soon, to also identify the plant-pollination network within each
environment considered for the study conducted within the Stelvio National Park. Plant-
pollination networks will be fundamental in identifying plant—pollinator associations, in order
to understand the ecological role of each component of these biotic communities in the
survival of mountain ecosystems.

Another important result concerns the importance of neglected taxa such as non-syrphid flies,
non-bee, and non-ant hymenopterans (paragraphs 2.4) as floral visitors, especially during the
early season. These neglected taxa, in the absence of the well-known pollinators (such as bees,
syrphids and butterflies), could play a fundamental role in the reproductive success of
entomophilous plants. The presence of numerous neglected taxa also highlighted the scarcity
of taxonomists who are experts in identifying and describing the arthropod fauna of alpine
areas. This remark underscores how taxonomic aspects (as noted in the section on braconids
2.5, and Ph.D. side projects 4.1; 4.2) should not be underestimated but, rather, they are still
fundamental in the study of biodiversity and biotic relationships, since there are still many
gaps in knowledge about the arthropod biodiversity of Alpine contexts.

Important results were also obtained from the methodological studies conducted during the
Ph.D. project to achieve comprehensive results for this research. In particular, manual
sampling and video observations (paragraph 2.2) were found to be useful in providing a
comprehensive view of the flower-visiting fauna. These methods enable us to: i) obtain
detailed results on the specific composition of the flower-visiting arthropod community; ii)
obtain qualitative and quantitative results on botanical composition of pollen transported by
arthropods which are fundamental for the identification of pollination-networks; iii) observe
the largest number of subjects in the least invasive manner possible; iv) identify plant-
arthropod interactions that are still very poorly known, and which interactions link arthropods
and plants to each other for their own survival. Concerning palynological analysis, the
impressive quantitative (and already known qualitative) results obtained by molecular
techniques such as ITS2 metabarcoding in palynological analysis (paragraph 3.2), allowed to lay
a good innovative methodological protocol that can provide a valuable support (or even
replace) to traditional pollen analysis techniques, in the study of pollen transported by flower-
visitors.

Finally, the Ph.D. course allowed to start an active collaboration with the Regional Park of the
Orobic Alps and the Stelvio National Park, as well as with the Italian Ministry of the
Environment. The involvement of Stelvio National Park Rangers, farmers, and shepherds was
also of fundamental importance. These important institutions and valley inhabitants, who are
knowledgeable about the work conducted within the environments under their supervision,
are crucial for disseminating the emerged results of this study. In addition, the interest of
these institutions and people in the research focused on biotic interactions, is fundamental
whether the development and implementation of protection and conservation programs for
the investigated environments will be necessary to preserve the biotic communities occurring
in Alpine areas.
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Ph.D. Courses and tutoring

1) Transferable skills
Academic Year 2020-2021

Fundamentals of Academic Writing

Language coaching: interpersonal skills — presentation skills Open Science
Basic Propaedeutics lesson on IP patents

Communication on new Media

Research Assessment

Academic Year 2021-2022

Language coaching: Interpersonal skills - Interview skills
Grantsmanship — part 1

Grantsmanship — part 2

Self branding

Workshop for the production of scientific content for new media
Behind the scenes of a peer reviewed journal

Research integrity |

Research integrity Il

Academic writing: Research paper

Academic Year 2022-2023

Workshop for the preparation of a dissemination/communication plan (preparatory
lesson)

Workshop for the preparation of a dissemination/communication plan (workshop)
Advanced lecture on using IP to do innovation

Valorise by creating enterprise

Open Science: Dati Fair

The Linkedin profile: tips & Tricks for Ph.D.

Self branding

2) Ph.D. Courses

Teaching Sector Teacher CFU

Genomics for ecological and evolutionary BIO/05, Giulio Formenti 2

studies: from DNA sequencing to data BIO/07,

analysis BIO/18

Introduction to statistical analysis of BIO/07 Roberto Ambrosini 5

ecological environmental data

Advanced statistical analysis of ecological BIO/07 Roberto Ambrosini 4

and environmental data

The climate crisis — data and impacts AGR/05, Marco Caccianiga, Maurizio 4
BIO/02, Maugeri, Giorgio Vacchiano
FIS/06

232



Chapter | 6

3) Thesis supervised

Bechelor thesis:

“Specific composition of pollen transported by Syrphidae sampled in the Stelvio
National Park” (Student: Davide Antenucci — Supervisor: Prof. Marco Caccianiga).
“Flower-visiting arthropods in alpine environment: video observations on Androsace
brevis and Primula hirsute” (Student: Erica Ceresa — Supervisor: Prof. Marco Caccianiga).
“Study of plant and arthropod interactions in high-altitude environments through video
analysis” (Student: Marta Glisenti — Supervisor: Prof. Marco Caccianiga).

“Floral visitors in different alpine agro-ecosystems in the Stelvio National Park” (Student:
Francesco Pietra — Supervisor: Prof. Morena Casartelli).

“Study of pollen composition collected by Apoidea and Syrphidae in different agro-
ecosystems along an altitudinal gradient within the Stelvio National Park: a molecular
approach” (Student: Federica Tonella — Supervisor: Prof. Marco Caccianiga).

Master thesis:

4)

“High-altitude plant-arthropod interactions: a study about the flower visitors of
Androsace brevis and Primula hirsuta and nocturnal and autumnal visitors of Androsace
brevis” (Student: Elisa Legoratti — Supervisor: Prof. Marco Caccianiga).

“Behavioural analysis of flower-visiting arthropods using video observations in mountain
environments” (Student: Alberto Chirico — Supervisor: Prof. Morena Casartelli).

A quantitative analysis of pollen carried by the most common flower-visiting taxa within
alpine ecosystems (Student: Francesco Pietra — Supervisor: Prof. Morena Casartelli)

Published papers

Valle, B., Eustacchio, E., Gallo, G.R., Beretta, M., Bonelli, M., Zanzottera, A,
Gianfranceschi, L., Federici, G., Mangili, F., Mangili, L., Perico, G., Traini, M., Caccianiga,
M. Campanula bergomensis (Campanulaceae), a new plant species from Bergamo
Prealps (Northern Italy) — Sumbitted to Phytotaxa.

Tomanovi¢ Z., Ziki¢ V., Pietra F., Eustacchio E., Bonelli M. (2023) - Braconidae
(Hymenoptera) in the Central Southern Alps: the first Alpine record of the alien
parasitoid Lysiphlebus testaceipes (Cresson) and new species for Italy. Redia, 106,
2023:167-174.

Eustacchio, E., Bonelli, M., Beretta, M., Monti, |., Gobbi, M., Casartelli, M., &
Caccianiga, M. (2023). Pollen and floral morphology of Androsace brevis (Hegetschw.)

Ces. (Primulaceae), a vulnerable narrow endemic plant of the Southern European Alps.
Flora, 301, 152256.
Bonelli, M., Eustacchio, E., Avesani, D., Michelsen, V., Falaschi, M., Caccianiga, M.,

Gobbi, M., Casartelli, M. (2022). The early season community of flower-visiting
arthropods in a high-altitude alpine environment. Insects, 13, 393.

Bonelli, M., Melotto, A., Minici, A., Eustacchio, E., Gianfranceschi, L., Gobbi, M.,
Casartelli, M., Caccianiga, M. (2020). Manual sampling and video observations: an

integrated approach to studying flower-visiting arthropods in high-mountain
environments. Insects, 11, 881.
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Paper submitted
Eustacchio, E., Bonelli, M., Brunetti, M., Montagna, M., Cappellari, A., Gobbi, M., Mei,
M., Pedrotti, L., Caccianiga, M., Casartelli, M. [TS2 metabarcoding quantitative

reliability in assessing the composition of pollen carried by insects. — Submitted to
Oecologia.

Paper in preparation

Eustacchio E., Bonelli M., Ficetola F., Pedrotti L., Caccianiga M., Falaschi M., Gobbi M.,
Casartelli M. Impact of land management and elevation on composition and structure of
alpine lower visiting communities.

Bonelli M., Eustacchio E., Losapio G., Ambrosini??, Casartelli M., Gobbi M., Caccianiga
M. Plant-pollinator interactions during early season in Alpine ecosystem: A threeyear
study focusing the narrow endemic plant Androsace brevis (Hegetschw.) Ces.
(Primulaceae).

Bonelli M., Eustacchio, E., Gallo, G.R., Tampucci D., Ornaghi S., Gianfranceschi, L., Valle

B., Caccianiga, M., Gobbi M. Oreonebria tresignore (Coleoptera: Carabidae: Nebriinae),
a new species from Orobic Alps (Northern Italy).

Future papers

Differences in composition of pollen carried by Hymenoptera Apoidea and Diptera
Syrpidae: a study case within the Stelvio National Park (Northen Italy).

Analysis of the behaviour of flower-visiting arthropods considering different elevations
and land use types within the Stelvio National Park (Northen Italy).

How much pollen do flower visitors carry? A quantitative analysis of pollen carried by
the most common flower-visiting taxa within alpine ecosystems.

Conferences and seminars

- August 28-29, 2023, WorkShop “Naturali Incontri”, Bormio, Stelvio National Park, Italy.
Oral Presentation: A. Chirico; E. Eustacchio; F. Pietra; D. Sciandra; D. Debiasi; L. Pedrotti; M.
Bonelli; M. Casartelli; M. Caccianiga; M. Gobbi. “Flower-visiting arthropods behavior: a study

case within the Stelvio National Park”.

- August 28-29, 2023, WorkShop “Naturali Incontri”, Bormio, Stelvio National Park, Italy.
Oral Presentation: F. Pietra; M. Bonelli A. Chirico; D. Sciandra; D. Debiasi; L. Pedrotti; E.
Eustacchio; M. Casartelli; M. Caccianiga; M. Gobbi. “Study of flower-visiting arthropods

communities in different Alpine ecosystems within the Stelvio National Park”.

- February 24, 2023, Talk Grasslands of Eurasian Dry Grassland Group — Online event.

Oral Presentation: E. Eustacchio, M. Bonelli. “Flower-insect interactions in mountain

ecosystems”.
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- November 16-18, 2022, European Ph.D. Network “Insect Science” — Xlll Annual Meeting,
Florence, Italy.

Oral Presentation: E. Eustacchio, M. Bonelli, A. Chirico, D. Debiasi, F. Pietra, D. Sciandra, L.
Pedrotti, M. Casartelli, M. Gobbi, M. Caccianiga. “Plant-insect interactions in mountain areas:
insights for an analysis of pollen loads comparing light microscopy and ITS2 metabarcoding”.

- May 4, 2022, Workshop “Studiare e proteggere gli impollinatori nei parchi nazionali delle Alpi”,
Ministero della Transizione Ecologica.

Oral Presentation: M. Bonelli, E. Eustacchio, L. Pedrotti, M. Casartelli, M. Caccianiga, M. Gobbi.
“Impollinet — conoscere e proteggere gli impollinatori: interazioni piante-insetti in prati, pascoli,
meleti e praterie del Parco Nazionale dello Stelvio”.

- November 17-19, 2021, European Ph.D. Network “Insect Science” — XlI Annual Meeting,
Florence, Italy

Oral Presentation: E. Eustacchio, M. Bonelli, E. Legoratti, A. Minici, A. Zanzottera, L. Pedrotti, M.
Casartelli, M. Gobbi, M. Caccianiga. “Plant-pollinator interactions: a study along spatial-temporal
gradient in different land management types within the Stelvio National Park”.

- November 17-19, 2021, European Ph.D. Network “Insect Science” — XlI Annual Meeting,
Florence, Italy.

Oral Presentation: E. Legoratti, E. Eustacchio, A. Minici, M. Gobbi, M. Caccianiga, M. Casartelli.,
M. Bonelli. “Autumn and night: the neglected side of plant-arthropod interactions”

- March 26-27, 2021, Online Conference “Botanica Sudalpina”

Poster: E. Eustacchio, M. Bonelli, A. Minici, A. Melotto, E. Dinatale, M. Gobbi, L. Gianfranceschi,
M. Casartelli, M. Caccianiga. “High mountain plant-pollinator interactions: the case study of the
narrow endemic alpine plant Androsace brevis (Hegetschw.) Ces. (Primulaceae)”.

- March 26-27, 2021, Online Conference “Botanica Sudalpina”.

Poster: A. Minici, A. Melotto, M. Bonelli, E. Eustacchio, E. Dinatale, A. Conti, M. Gobbi, L.
Gianfranceschi, M. Casartelli, M. Caccianiga. “Video analysis as an innovative approach to
investigate plant-arthropod interactions in high mountain environments: The case study of
Androsace brevis (Hegetschw.) Cesati (Primulaceae)”.

- March 26-27, 2021, Online Conference “Botanica Sudalpina”.

Oral Presentation: M. Bonelli, E. Eustacchio, A. Minici, E. Dinatale, A. Melotto, F. Mangili, M.
Gobbi, M. Beretta, E. Gatti, E. Onelli, L. Gianfranceschi, M. Casartelli, M. Caccianiga. “Living on
the edge. Unravelling biology and ecology of the endangered endemic alpine plant Androsace
brevis (Hegetschw.) Cesati (Primulaceae) by a multidisciplinary approach”.

- March 26-27, 2021, Online Conference “Botanica Sudalpina”.

Poster: E. Dinatale, M. Bonelli, E. Eustacchio, M. Casartelli, A. Minici, M. Caccianiga, L.
Gianfranceschi. “A possible endophytic symbiotic bacterium of endemic species Androsace
brevis (Primulaceae)”.

- March 26-27, 2021, Online Conference “Botanica Sudalpina”.
Poster: F. Mangili, M. Graziani, E. Tonini, V. di Michele, E. Eustacchio, M. Bonelli, M. Caccianiga.
“Distribuzione, consistenza delle popolazioni e sinecologia di Androsace brevis (Hegetschw.)

”

Ces”.
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- November 30 — December 4, 2020; European Ph.D. Network “Insect Science” — XI Annual
Meeting, Online event.

Oral presentation: E. Eustacchio, M. Bonelli, A. Minici, A. Melotto, E. Dinatale, M. Gobbi, L.
Gianfranceschi, M. Casartelli, M. Caccianiga. “Plants and flower-visiting arthropods in mountain
ecosystems: the case study of the alpine species Androsace brevis (Primulaceae)”.

- November 30 — December 4, 2020; European Ph.D. Network “Insect Science” — XI Annual
Meeting, Online event.

Oral presentation: A. Minici, M. Bonelli, E. Eustacchio, A. Melotto, E. Legoratti, E. Dinatale, M.
Gobbi, M. Casartelli, M. Caccianiga. “Who are my guests? Investigating the arthropod activity on

high-altitude flowers by video observations, the example of Androsace brevis (Primulaceae)”.

- July 28 — 31, 2020: SymBioSe Europe — 23rd Symposium of Biology Students in Europe,
Groningen, Netherlands.

Poster: E. Dinatale, M. Bonelli, E. Eustacchio, A. Minici, M. Caccianiga, L. Gianfranceschi. “A
possible endophytic symbiont of Androsace brevis (Hegetschw.) Cesati (Primulaceae)”.

- February 6 — 8, 2020: CYBO — Conference of Young Botanists, Genova, ltaly.

Oral Presentation: E. Eustacchio, M. Bonelli A. Minici, A. Melotto, E. Dinatale, M. Gobbi, L.
Gianfranceschi, M. Casartelli, M. Caccianiga. “High-mountain plant-pollinators interactions: the
case of the narrow endemic alpine plant Androsace brevis (Hegetschw.) Ces. (Primulaceae)”.

- February 6 — 8, 2020: CYBO — Conference of Young Botanists, Genova, ltaly.

Oral Presentation: A. Minici, A. Melotto, M. Bonelli, E. Eustacchio, E. Dinatale, M. Gobbi, L.
Gianfranceschi, M. Casartelli, M. Caccianiga. “Videorecording as an innovative method to
investigate the behaviour of arthropods on high altitude plants. The case of study of Androsace
brevis (Hegetschw.) Ces. (Primulaceae)”.

- February 6 — 8, 2020: CYBO — Conference of Young Botanists, Genova, ltaly.

Oral Presentation: E. Dinatale, M. Bonelli, E. Eustacchio, A. Minici, M. Caccianiga, L.
Gianfranceschi. “A possible endophytic symbiont of Androsace brevis (Hegetschw.) Cesati
(Primulaceae)”.

- December 4 — 6, 2019 — European Ph.D. Network “Insect Science” — X Annual Meeting,
Genova, ltaly.

Oral Presentation: M. Bonelli, E. Eustacchio, A. Minici, A. Melotto, E. Dinatale, M. Gobbi, L.
Gianfranceschi, M. Casartelli, M. Caccianiga. “High mountain plant-pollinator interactions: a little
known but critical component of fragile ecosystems — The case of the endangered alpine plant
Androsace brevis”
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9) Participation in projects

Project: “Fatal attraction: endangered plant’s lovers”.
Partecipants: 40 participants from 8 countries.
Database: pollinator data for 122 threatened plants in Europe, belonging to 37 plant families

This first database draft has been presented at the Annual Meeting of ConservePlants, Coimbra,
August 2023.

The aim is to produce the first complete database by February 2024 and to work on the data
paper during March-April 2024.

10) Teaching activities

June 11, 2021, and May 23, 2022
Informative speech during the educational excursion of «Nature conservation and protected
areas» course.

Partecipants: 1st years students (cohort 2020) of the Master in «Environmental Management of
Mountain Areas (EMMA) LM — 73», University of Bolzano. Teacher: Dr. Gianmaria Bonari
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<« E importante e risaputo che le cose non sempre sono cid che appaiono.

Per esempio, sul pianeta Terra gli uomini hanno sempre ritenuto di essere

piu intelligenti dei delfini. Sostenevano infatti che, mentre loro avevano inventato
un sacco di cose, come la ruota, New York, le guerre, ecc., i delfini non avevano
fatto altro che sguazzare nell'acqua divertendosi.

Al contrario invece, i delfini sapevano da tempo

dell'imminente demolizione della Terra e avevano fatto molti tentativi per avvisare
['umanita dell'incombente pericolo, ma i loro messaggi erano stati fraintesi e interpretati
come divertenti tentativi di dare calci a palle da football

o di fischiare per avere bocconcini prelibati.

Cosi alla fine i delfini rinunciarono e se ne andarono dalla Terra coi propri mezzi [...].

[...] Lultimissimo messaggio lanciato dai delfini fu interpretato come
un tentativo estremamente raffinato di fare un doppio salto mortale
all'indietro dentro un cerchio, fischiettando

"The Star-Spangled Banner",

in realta il messaggio diceva:

"Addio, e grazie per tutto il pesce">>

— Douglas Adams, The Hitchhiker's Guide to the Galaxy
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