DEPARTMENT OF BIOLOGICAL AND
ENVIRONMENTAL SCIENCES

UNIVERSITY OF
GOTHENBURG

IS THE CITY BUZZING?

Functional diversity of wild bees in an urban pak

H

W

Lova Axelsson

Degree project for Master of Science (120 hec) with a major in Biology

BIO797, Conservation Biology, 60 hec

Second cycle

Semester/year:  Autumn 2023-Spring 2024

Supervisor: Asldg Dahl, Department of Biological and Environmental Sciences
Examiner: Johan Uddling, Department of Biological and Environmental Sciences



Figure 1. Bombus terrestris. Photo by Lova Axelsson.



Table of contents

A 0L - Uod USSR 3
SAMMEANTALINING. .. .ve et e st e e s e s re et e e besbeese e beeRe e e e steeseesreeteentenreenee e 4
IR0 1 )€ [T o oSSR 5
1.1 Pollinators in an urban WOTTG ..........ccooiiiiiiiiiie et ere s 5
1.2 Functional traitS Of WIlT DEES .......ooi ettt 5
1.3 Which functional traits inhabit the CItIES? ... 6
LA WVNEE MO, ettt ettt e sttt e bt e Rt e e b e e s e et e et e e nbeshe e s e e be e st e aeebeeneeneeeseentenneenee e 7
01N | o TSP P PP TSRRPPPN 7
2.1 HYPOTNESES ...ttt bbb bR b b et R R bR R 7
3.0 Material and MELNOU..........cviiiiie ittt ettt se et et eeneenearens 7
3L STUAY SIEES ...ttt bbbt b bbb bttt b R bbbt 7

3L L1 SIOTESSKOGEN. ...ttt etttk b bbbttt b bbb b b n et ere 7
3.1.2 BOIAS MUNICIPAILY......cuevieieeiiciciceeeesie ettt et a sttt ss st b s st ese et et ese e s 8
3.L.3 Mark MUNICIPAITTY ...ttt r b 8

3.2 FUNCLIONAT TFAITS ....vevevieieieei ettt bbbt bbbt ettt eneenenbeans 8
3.2.1 LItErature SEAICH .....ecvieeie et sttt s na et nre et re e e 8
3.2.2 MANUAL MEASUIEIMENTS ....e.vevetesieseeseeteeiesie st st ste st st sbesae st sbe b e ese e s e asesbesaesbesbebe s e e eseenenneas 8
3.2.3 DIfferentiation Of traitS .........cccviieiiiiee st re e e 9
3.2.4 OFAINGL GALA ...ttt ettt bttt b bbb bbbt e e nenre s 9

TR IV [oTo (<] | 1] oo [T TP P TP PTPUPRTUPPP 9
3.3 L TTAIL ESLIMALES ...ttt ettt ettt et e st e b e e b e et e e tesbesbe st et e e eneenenneas 9

3.4 Principal COOrdiNate @ANAIYSIS........cc.eiueiiieiiieiirieite ettt 9
R B A o] ¢ Mo [NV €Y1 YRS 10
314, 2 BEIA AIVEISITY ...ttt bbb bbb bbbt 10
3.4.3 Differences in fUNCHONAL TraItS .......ccviverieiiiie e e 11

4.0 RESUITS ...ttt ekttt et s Rt R e R e ke e e bt et R e Rt e R e R e R et b e nee e et eneanenreas 11
4.1 DIVEISIEY ..otttk b bbb et h bbb h b et R Rt Rt E bbbttt e 11
O I 2 1Yo o Y=Y 6] ) SRRSO 11
4.1.2 FUNCLIONAL GIVEISITY ...ttt bbb bbb 11

4.2 Principal Coordinate ANAIYSIS........coiiiiie ettt et seeste e seeereenaeeneenee e 12
4.2.1 Quality Of TUNCEIONAI SPACES ..ottt 12
4.2.2 Correlation between principal axes and functional traits ...........c.ccocevviiiie e 13
4.2.3 Principal Coordinate ANAIYSIS .......c.uviiiiiiriiiieieieeei et 15
4.2.4 Functional diVErSity INGICES. ........cuiiiiieieiiee ettt sttt e e 16
4.2.5 AIPNA GIVETSITY ..ot bbbttt bt e et 16
O = = v W 1Y 6] 1 TS 19

ST O T E o011 T o OSSR 20
5.1 FUNCHIONAI QIVEISITY ...evveie et ettt e s e s e s nee e be e beesteesteesneeaneeeneeeneens 20



5.1.1 Functional diversity within the bee COMMUNILIES.........cceviiieiiii i 20

5.1.2 Functional diversity between the bee COMMUNITIES...........cociiiiiiiicie e 21

5.2 Differences between the 10CAIITIES...........ooivieii e 21
5.2.1 The UrDan [aNASCAPE ......ccveiveee ettt sttt b e te et e saeeneesresneenee e 21
5.2.2 INVENTOTY AITTEIENCES. ... .ot 22
5.2.3 RESOUICE COMPELITION ....c.viiiiiieiie ettt sttt e te et e st e te et e sbeeneesresneenee e 22

5.3 Are there typically Urban traifS? .........ccoiiiiiiiiiii e 23
SR 1Y/ [T (g o o o] (oo Y AR 23
5.4.1 Data handling and differentiation Of traitS...........cccooiiiiiiiinieee e 23
5.4.2 IMIBASUIBIMIENTS ...ttt sttt sttt sttt bt et btk bt b e bt bt e b e ekt e bt e b e ekt e st nbeeb e et e sbeeseenbesbe e e e 24
54,3 BOUY SIZE ...ttt E et b e b 24
5.4.4 Diet breadth and POIINALION ..........c.cooiiiiiiiiie e e e 25

5.5 MOUBIHING ..ttt bbb bbbt b ettt bt ere s 26
5.5.1 Principal Coordinate ANAIYSIS........ccciiieiiiiiiiie ettt sreere e b sre s 26

ST 00 o] 013 oo OSSR 26
7.0 ACKNOWIBAGEIMENTS ...ttt bbbttt b b bbb n e 26
B0 RETEIBICES ...ttt b et s bbbt bbb e e Rt b e b e Rt bttt neene e 27
Appendix 1. POPUIAr SCIENCE SUMIMAIY .....ocueiviieiieiieieriiete sttt sb ettt sb e b b nn e enn e aneas 33
Appendix 2. All wild bee Species Per I0CAIILY ... e e 34
Appendix 3. Nominal fFUNCLIONAT TrAITS .........coviiiiiiiiii e 37
Appendix 4. Continuous FUNCLIONAI TrAILS...........cccvciiiiii e e e 40
APPENdiX 5. HADITAL PrefEIENCES ......oviieiciee et ere s 41
Appendix 6. Ordinal FUNCLIONAL TFAITS..........ccveiiiieciie e et 46
APPENTIX 7. POIIEN PIrETEIENCES......c.eitiieeiiiie bbb ene s 47
APPENdiX 8. NECLAr PrEFEIENCES ....cvviviciie ettt sttt s be e e be st e e st e be et e sbeereesbesaeenee e 50
Appendix 9. Missing FUNCHIONAT TFAITS ..........oviiiiiiieie e 53
Appendix 10. Significantly correlated functional traits............ccccooveiiiiiiiiice e 56
Appendix 11. Scaled RMSD values per Principal CoOrdinate aXis...........ccoererveiirerineneneseseseseeeseniens 58
Appendix 12. Weighted significant functional traitS...........c.cccce i 59
Appendix 13. Combined Principal Coordinate ANalYSiS..........ccoiiiieiieiieiiie et 60
APPENdiX 14, FUNCHIONAI BVENNESS.......c.eiuiiiiiiiiiististiete sttt nb et e nenne s 61
APPENTIX 15. BELA QIVEISITY ...eoueiiieeiiieeeie sttt sttt s e et e b et st e te s e seeeteeteseeeseeneeeneenee e 63



Abstract

Wild bees are in decline, threatening the ecosystem functioning and pollination services that we are so
dependent on. The rapid fragmentation and urbanisation are some of the major threats to the bee habitats,
with deteriorating dietary resources and suitable nesting sites as some of the consequences. Quantifying
functional traits is one important way of measuring biodiversity, instead of solely focusing on species
richness. Therefore, the functional traits of the wild bee fauna found in the park Slottsskogen, Gothenburg,
Sweden, were investigated and compared to two different rural areas with high nature values in two munici-
palities on the Westcoast of Sweden: Boras and Mark. The functional traits were compiled through literature
search, and tongue lengths, foraging distances and body sizes were estimated based on measured intertegular
distances. The three different assemblages were then compared through a principal coordinate analysis. The
traits making up most of the variation between the assemblages were whether or not the bees had pollen-
carrying structures, their preferred pollen and nectar sources, what kind of habitat they choose to inhabit
and if they nest aggregated or not. Nearly all bee species in Slottsskogen are polylectic, but the proportions
of oligolectic bees were not significantly higher in Boras and Mark municipalities. The functional evenness
and divergence within all three assemblages were high, but the functional richness of Slottsskogen was
lower than both Boras and Mark municipalities. Comparing the beta diversity, the dissimilarity of the
functional traits between Boras and Mark was low, and higher when Slottsskogen was compared to either
of the two more rural assemblages. Slottsskogen is shown to be a sub-sample of the other two localities,
indicated by a high nestedness coefficient, which suggests that the diversity differences are mainly due to
dissimilarities in area size and nature types, and sampling methodologies. This is not to say that Slottsskogen
is remarkably species-poor, given its circumstances. Nonetheless, to increase the functional diversity and
richness of wild bees in a park like Slottsskogen, different measures are likely needed to enrich the dietary
and nesting resources available, and the habitat diversity of the park.

Keywords Functional traits - Functional diversity - Wild bees - Urban park



Sammanfattning

Vilda biarter minskar 6ver hela jordklotet, vilket hotar viktiga ekosystemtjanster som pollinering. Okande
urbanisering fragmenterar landskapen, vilket &r en av anledningarna till att habitaten for bina minskar. Detta
in sin tur leder till minskade resurser gallande mat och boplatser for bina. Kvantifiering av funktionella
egenskaper &r ett viktigt satt att mata biodiversitet pa, i stallet for att fokusera pa specifika arter. De funk-
tionella egenskaperna hos biarterna i parken Slottsskogen, i Géteborg, Sverige, jamfordes darfér med biarter
i tvd mer lantliga omraden i Vastsverige: Boras och Marks kommuner. De funktionella egenskaperna
sammanstalldes baserat pa litteratursokning, kompletterat med uppskattningar av tunglangder, fodosoks-
avstand och kroppsstorlekar baserade pa intertegulara avstand hos bina. De tre olika lokalerna jamfordes
genom en principal coordinate analysis, dar egenskaperna som forklarar majoriteten av variationen mellan
biarterna i lokalerna var vilken typ av pollenbérande struktur bina har, vilka pollen- och nektarkallor de
foredrar, deras habitatpreferenser samt om de har aggregerade boplatser eller ej. Nastan alla biarter i Slotts-
skogen &r generalister i sina pollenpreferenser, men andelen pollenspecialister var inte signifikant hogre i
vare sig Boras eller Marks kommun. Antalet funktionella egenskaper, per egenskap, var jamn inom alla tre
lokaler, likasa var den funktionella divergensen. Antalet egenskaper per lokal var dock olika da Slottsskogen
hade ett lagre antal funktionella egenskaper an de andra tva lokalerna. Det var liten skillnad i funktionell
diversitet mellan Boras och Marks kommun, men hogre nar Slottsskogen jamfordes med endera lokal.
Slottsskogen visades utgora ett sub-sample av de andra tva lokalerna, vilket indikerar att diversitets-
skillnaderna snarare beror pa det begransade antalet naturtyper samt olika provtagningsmetodik, an att
Slottsskogen skulle vara ovanligt artfattigt for sin yta. Oavsett, for att 6ka den funktionella diversiteten hos
bin i en park som Slottsskogen kravs olika metoder for att 6ka diversiteten bland vaxter, habitat och
potentiella boplatser inom parken.

Nyckelord Funktionella egenskaper - Funktionell diversitet - Vilda bin - Urban park



1.0 Introduction
1.1 Pollinators in an urban world

The species abundance and richness amongst wild, pollinating insects worldwide is in decline (e.g. Marcacci
et al., 2022; Potts et al., 2010), while their presence facilitates important ecosystem services (Hall et al.,
2017). Some wild bee species are even considered to be pollinating more effectively than honeybees (Klein
et al., 2007). Landscape fragmentation is a significant contributor to the decline in plant-species richness,
which in turn affects the pollinators in Northern Europe negatively (Biesmeijer et al., 2006). For instance,
pollinator-composition changes and foraging-behaviour shifts, induced by fragmentation and habitat loss,
can affect the pollination success and the rates of flower visitation negatively (Harrison & Winfree, 2015).
Another negative effect of urbanisation-induced landscape fragmentation is the increased percentage of im-
pervious surfaces within cities, which decreases the proportion of floral resources and nesting habitats for
several pollinating species (Hamblin et al., 2018; Potts et al., 2010). Additionally, the urban landscape
consists of different kinds of barriers, e.g. extended areas of impervious surfaces, free from vegetation and
water sources — necessary for the wild bee fauna. These barriers form a fragmented mosaic, limiting the dis-
persal of pollinating species, and further obstruct the availability of food and nesting resources (Semper-
Pascual et al., 2021). This patchiness may reduce interactions important for a functioning ecosystem as well
(Banks et al., 2007).

Furthermore, the temperatures in urban environments are increasing due to climate change and the urban
heat island effect, and so is chemical pollution in some cities (Baldock, 2020; Harrison & Winfree, 2015),
which have been shown to negatively affect pollinating insects (Hamblin et al., 2018). For instance, climate
change can shift plant-pollinator interactions (Harrison & Winfree, 2015), and cause a phenology mismatch.
Other threats to wild bees worldwide include the spread of diseases and invasive species (Potts et al., 2010),
which is further exacerbated by global human expansion (Goulson et al., 2015). Different pollinators are
affected to different extents by urbanisation, where some pollinating syrphid flies have been decreasing
(McCune et al., 2023), and beetle and wasp abundances have been shown to be more negatively affected
than bee abundances (Guenat et al., 2019). In fact, wild bee species richness is not negatively correlated
with human population density (Fauviau et al., 2022) and some studies show positive trends for pollinating
insects in urban areas (Millard et al., 2021; Wenzel et al., 2020). Cites are sometimes even claimed to be
“hotspots” (Theodorou et al., 2020), or “refuges” for wild bees (Hall et al., 2017). Although biodiversity is
generally negatively affected in cities, urban environments can potentially hold a variation of pollinating
insects (Ayers & Rehan, 2021). Bees and other pollinators can potentially exploit urban gardens or other
green areas like parks in the cities (Daniels et al., 2020), where large gardens have been shown to be
positively linked with both bee species abundance and richness (Cohen et al., 2022), even more so than
other urban greenspaces like cemeteries and parks (Normandin et al., 2017).

1.2 Functional traits of wild bees

Studies have also shown that urbanisation does not necessarily affect the species diversity of pollinators,
but that the diversity of the “functional traits” among pollinators can be negatively affected by a decrease
of grasslands within the urban matrix (Buchholz et al., 2020). Functional traits are different physiological,
morphological or phenological properties within each pollinating species that affect the fitness, growth and
survival of that particular species (Violle et al., 2007). These traits can be characteristics like sociality of the
species, body size, nesting strategy, lecty (diet-range), tongue length and pollen-carrying structure (Cohen
et al., 2022; Ferrari & Polidori, 2022). Features like pollen-carrying structure, body size or tongue length of
bees can influence their lecty (Goulson et al., 2008a), and efficiency of both pollen or nectar acquisition
(Harder, 1983) and pollination itself (Stout et al., 2000). The effect of environmental stressors upon eco-
system processes and the resilience of ecosystems, could be analysed by studying functional traits (Laakso
& Setala, 1999; Liebergesell et al., 2016), where some functional groups show a higher tolerance to urban
stressors (McCune et al., 2023). The study of functional traits linked to an ecosystem function like poll-
ination, can be an important way to understand how the environment can inhibit species compositions and
biodiversity (Scheiner et al., 2017). Some studies claim that functional diversity may be a more important
determining factor of how wild bee assemblages react to environmental stressors, than studying the species
diversity (Williams et al., 2010; Winfree et al., 2009). To be able to develop and maintain important con-



serveation programmes, a functional ecological awareness of pollinator-communities in urban areas is
necessary.

The diversity among functional traits in bees, and the species abundances, have both been shown to promote
pollination (Woodcock et al., 2019). A lower functional diversity could lead to a decreased frequency or
efficiency of pollen transfer which in turn can lead to pollen limitation (Irwin et al., 2018). Urban
environments can be seen as an ecological filter on pollinating species composition (Alberti, 2015), since
the species that do exist in cities are not random samples from rural areas, and therefore the urban-friendly
functional traits they hold could be seen as “typically urban”. For instance, wild bee species that have vast
dispersal abilities may be more likely to inhabit cities, while ground-nesters are more likely to be dis-
favoured, if the urban area is covered by a high proportion of soil-sealed surfaces (Banaszak-Cibicka &
Zmihorski, 2012; Fortel et al., 2014). Even though bee species with the ability to forage over larger distances
may be promoted in a more urban world, their exposure to pollutants or pesticides may be exacerbated,
which could affect them negatively (Hladik et al., 2016; Long & Krupke, 2016).

1.3 Which functional traits inhabit the cities?

Some studies have shown that the functional traits of urban pollinators are skewed in comparison to the rural
composition (Zaninotto et al., 2021), although there is not a scientific consensus around what traits are
“typically urban”. Several studies have found that urban bees had increased body size (Marcacci et al., 2022;
Zaninotto et al., 2021), and larger bees have been found to take advantage of high floral densities (Hamblin
et al., 2018). This has been contradicted in a study where small-bodied bees were shown to dominate the
urban landscape (Fauviau et al., 2022; Geppert et al., 2023), something that has been linked to human
population density (Fauviau et al., 2022). Similarly, polylectic (generalist) bees have been shown to
dominate the urban pollinator composition (e.g. Liang et al., 2023; Zaninotto et al., 2021), both correlated
to human density and to impervious surfaces (Fauviau et al., 2022). This finding has been corroborated in a
study where oligolectic (specialist) bee species were found to be disfavoured in big cities with fragmented
green areas (Ferrari & Polidori, 2022), and while there was no general shift in species richness, polylectic
pollinators dominated which can be a reason to the enhancement of seed set in non-tropical urban environ-
ments (Liang et al., 2023). However, a scientific agreement is lacking regarding the functional trait lecty as
well, since oligolectic bees have been shown to be promoted in urban environments as well (Felderhoff et
al., 2023; Marcacci et al., 2022), a fact found to be positively correlated with a high plant diversity
(Felderhoff et al., 2023). Additionally, bees with long tongues were more plentiful in urban environments
(Guenat et al., 2019), a functional trait that is highly influential to diet breadth.

Ground-nesting bees have been shown to be disfavoured in the urban landscape (Banaszak-Cibicka &
Dylewski, 2021; Ferrari & Polidori, 2022; Zaninotto et al., 2021), another finding that has been linked to
high human population density and a higher proportion of impervious surfaces (Fauviau et al., 2022).
Ground-nesters may also be disfavoured by urban gardens with a high proportion of mulch cover (Quistberg
et al., 2016). Oppositely, nest-excavating bees have instead been shown to be more common in urban areas
(Cohenetal., 2022). Social bees have been shown to be positively correlated with human population density
and proportion of impervious surfaces as well (Fauviau et al., 2022), a finding that has been disputed in
studies showing a higher abundance of solitary bee species in urban environments (Banaszak-Cibicka &
Dylewski, 2021; Zaninotto et al., 2021). This was suggested to be due to dietary and nesting options have
shifted through urbanisation (Zaninotto et al., 2021). Furthermore, urbanisation may affect pollinating
species differently in different parts of the world depending on factors like socioeconomics, land-use pract-
ices and history (Faeth et al., 2011; Fenoglio et al., 2020). Ground-nesting bees and solitary bees have
instead been seen to be benefitted in tropical urban environments, possibly due to bare soil being available
in proximity to buildings and roads (Marcacci et al., 2022). Gardens that are surrounded by surfaces of high
imperviousness hold a larger proportion of cavity-nesting bees (Felderhoff et al., 2023; Guenat et al., 2019;
Marcacci et al., 2022) — and the opposite has been found if the gardens instead are surrounded by bare soil
(Felderhoff et al., 2023). Additionally, bees with non-corbiculate structures (lacking pollen baskets) have
been found to be more common in urban areas (Cohen et al., 2022).

Bee species with short flight durations have been seen to have increased sensitivity to urbanisation
(Banaszak-Cibicka & Dylewski, 2021). Traits important for flying, such as wing-sizes of different bumble-
bee species, was affected by the higher temperatures in urban areas, where the wings were smaller or with
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increased fluctuating asymmetry (Tommasi et al., 2022). Higher flower abundance lead to larger wings and
less size-asymmetry, while other functional traits remained similar to those of bumblebees in rural areas
(Tommasi et al., 2022). Lastly, brood-parasitic bees have been shown to be fewer in the urban landscape
(Zaninotto et al., 2021), and cleptoparasitic bees have been shown to be more sensitive to urbanisation
(Banaszak-Cibicka & Dylewski, 2021).

These differing outcomes in diverse studies of pollinator traits in urban environments may be due to
differences in methodology and study design, where the natural/rural-urban gradients may be defined diff-
erently (Fenoglio et al., 2020; Wenzel et al., 2020). Clearly, there are scientific gaps to fill, in understanding
the complexity of the urban interaction on the functional trait composition of the wild bee fauna.

1.4 What now?

Since there are obvious gaps and disagreements about functional traits of pollinators in an increasingly urban
world, more research is needed in different parts of the world, to assess actual trends. To further the research,
I investigated the functional traits of the wild bees found in a central park, Slottsskogen, in Gothenburg,
Sweden, which could be considered isolated from more natural environments due to impervious surfaces
and barriers like heavy-trafficked roads and buildings. These functional traits were compared to those of
wild bees found in more rural, adjacent environments in western Sweden.

Functional traits like lecty, body size, pollen-carrying structure, habitat preferences, sociality, nesting loca-
tion and behaviour, potential parasitism and forewing length were identified through literature-search for
the species found in Slottsskogen, as well as for the species found in rural locations around the municipalities
of Boras and Mark, Sweden. Tongue length in bees is difficult to measure (Cariveau et al., 2016), and the
literature available consequently lacks a cohesive overview. Therefore, the tongue lengths were estimated
by measuring the intertegular distances (the distance between the wing bases) of the bees which has been
shown to be correlated with the proboscis (tongue) length (Cariveau et al., 2016) and body size (Cane, 1987).

2.0 Aim

I consequently aimed to estimate the magnitude of the diversity among the functional traits of the pollinators
of Slottsskogen and if there was a notable difference in comparison to the more rural areas. Thus, if Slotts-
skogen could be considered a refuge for the wild bees within the cityscape. | hoped to find out what func-
tional traits may be underrepresented in Slottsskogen in comparison to the more natural locations, and where
Slottsskogen in that case may lack different resources allowing for a larger bee functional diversity.

2.1 Hypotheses

The amount of different functional traits is expected to be lower for Slottsskogen, in comparison to the more
rural areas. The number of specialists in regards to both diet and habitat preferences are also predicted to be
lower in Slottsskogen, reflecting the lower plant and habitat diversity in the park (Axelsson, 2022). Given
that there is a low amount of open sand areas in Slottsskogen, whereas exposed sand is commonly found in
both Boras and Mark municipalities, the number of sand-nesting bees are also expected to be lower for
Slottsskogen.

3.0 Material and method
3.1 Study Sites

3.1.1 Slottsskogen

Slottsskogen, centrally located in Gothenburg, is a green park of 137 hectares, with different types of
landscapes and vegetation (Park- och Naturférvaltningen, 2022), ranging from heather-covered mountain
tops and beech or oak forests — to lawnmowed grass fields (Stadsbyggnadskontoret, 2011). An inventory of
the pollinating fauna was conducted by the Museum of Natural History in Gothenburg during the summer
of 2022, where 45 wild bee species were found (Stadsmiljéférvaltningen, 2023). Slottsskogen also holds
managed bee communities (Stadsmiljoférvaltningen, 2023), which can influence the wild insect fauna in a
negative way since they can be active during a big portion of the season and they are locally very abundant
(Goulson, 2003a).



In the present study, the functional traits of these 45 bee species, belonging to 11 genera of the five extant
bee families, were investigated, see Appendix 2.

3.1.2 Boras municipality

The inventory of wild bees in 29 different locations in the municipality of Boras, located on the west coast
of Sweden, was conducted during spring, mid and late summer, during the years of 2013-2016 (Milj6-
forvaltningen, 2017). The weather conditions during this period were reported as fluctuating, and the start
of the seasons differed from year to year (Miljéfoérvaltningen, 2017). The locations chosen were part of on-
going conservation plans, with management practices like scythe-mowing and natural pasturage with differ-
ing kinds of livestock, and all locations were said to have high nature values and shifting amounts of flower-
ing plants and access to gravel pits (Miljoférvaltningen, 2017). The surrounding areas were either made up
of agricultural land or different types of forests (Miljéférvaltningen, 2017).

In the present study, the functional traits of 83 bee species, belonging to 17 genera of the six extant bee
families that were found in the said inventory, were investigated, see Appendix 2.

3.1.3 Mark municipality

An inventory of wild bees was conducted in 30 locations in Mark municipality, located on the Swedish west
coast, during spring to late-summer throughout the years 2018-2020 (Samhallsbyggnadsforvaltningen,
2021). Similarly to the locations in Boras, all areas had high nature values, and were managed through
mowing and pasturage of shifting livestock (Samhéllsbyggnadsférvaltningen, 2021).

In the present study, the functional traits of 85 bee species, belonging to 21 genera of the six extant bee
families and recorded in the Mark inventory, were investigated, see Appendix 2.

One bee family was missing in all three assemblages: Stenotritidae.
3.2 Functional traits

3.2.1 Literature search

In total, 65 functional traits of the 108 bee species found in Slottsskogen, Boras and Mark municipalities
were investigated in the present study. These functional traits were further divided to consist of 352 sub-
categories to ensure that all trait columns were classified as one of the following data categories: ordinal,
continuous or categorical. Functional traits were chosen if they are considered to somehow affect the fitness
of the bee species and them reacting to stressors, so called “response traits”, or because they somehow affect
the ecosystem functioning, i.e. “effect traits” (Lavorel & Garnier, 2002; Suding et al., 2008). The traits were
chosen based on literature search, and information was mainly gathered through literature-search as well,
where the most frequently used sources were the web pages Artfakta, Bees Wasps & Ants Recording Society,
(Artfakta, 2023; BWARS, 2020), and literature (Falk, 2015; Michener, 2007; Mossberg, 2020), see
Appendix 3. Exception was made for the following functional traits: intertegular distance; tongue length;
length of different tongue parts (i.e. proboscis, glossa and prementum); homing distances (i.e. maximum
homing distance, typical homing distance, maximum feeding training, maximum communication distance);
nectar load (for females, males and queens) and wing-loading, see Appendix 4. Where the literature was
lacking, i.e. on body lengths and forewing lengths of some bees, manual measurements were undertaken
(see below) by me, see Appendix 4.

The functional traits were weighted in accordance with their importance for ecosystem services and
functioning, in agreement with literature (Greenleaf et al., 2007; Willmer, 2011). The weighting was given
three levels, where 1 was graded as the lowest importance — and 3 the highest, see Appendices 3 and 4. The
following functional traits were given the highest importance level: tongue length; lecty (both pollen and
nectar, separately); pollen-carrying structure; body length and phenology (i.e. total months active). The
following functional traits were instead classified as having intermediate importance to the ecosystem:
sociality; nesting (i.e. behaviour and substrate); phenology (i.e. specific months active); lecty (i.e. specific
plants visited, for both pollen and nectar separately); habitats preferred; intertegular distance; body weight;
homing distances; nectar loads and wing-loading, see Appendices 3 and 4.

3.2.2 Manual measurements
The distance between the tegulae (wing-bases), i.e. intertegular distance, body lengths and forewing lengths
of “large” bees (i.e. queens for social bees, and females for solitary bees) were measured with Forax calipers
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(0.01lmm precision) through a stereo microscope (Leica M165 C, 4.0X (0.73-12.0)). The studied bee
specimens were part of the collection in the Insecta department at the Museum of Natural History in
Gothenburg. When the collection at the museum provided the possibility, 10 specimens were measured per
species, otherwise all the available specimens of each species were measured (n = 1066). The mean values
of the intertegular distances, body lengths and forewing lengths were collected as the actual data used in the
subsequent analyses.

3.2.3 Differentiation of traits

Social bees were differentiated to either be social or eusocial. Eusocial bee species were further divided into
the following categories: primitively, facultatively or highly eusocial bees, a distinction that can be depen-
dent on e.g. environmental conditions (Michener, 2007). The habitat preferences were divided into
categories like forest types; humidity; soil substrates; the level of urbanisation; openness and vegetation, see
Appendix 5. Fuzzy traits like “most habitats” were emphasised, since these bee species could inhabit a wide
range of habitats. Only parasitic bee species, and not other types of parasites, have been noted as a trait, to
showcase that one of their specific hosts is in close enough vicinity even if the host species was not caught
during the inventories. The same was done for hosts of parasites, indicating that these host-dependent para-
sites could be present since their hosts are. Some solitary, ground-nesting bees nest in aggregations, some-
times because of the occurrence of other bees or to return to their birth place (Michener, 2007). The bees
in this study have been categorized according to aggregatory nesting or not, and the size of the potential
aggregations. Similarly, social bees have been organized based on the size of their colonies, see Appendix
6.

All mentioned plant species described as being part of the individual bee species’ pollen or nectar diet in
the literature (Artfakta, 2024; Falk, 2015) were correlated with the information on their respective plant
families in Artfakta, to allow for comparison between bee species. These were in turn transferred into ranges:
Very low to Very high plant family amount per bee species, see Appendices 6-8. Two bee species were
missing from the collection at the Museum of Natural History in Gothenburg: Ceratina cyana and Nomada
stigma. Their intertegular distances were obtained from alternative sources (Osorio-Canadas, 2017; Reese,
2021). Supplemental information about the tongue lengths of different Bombus bees were accessed through
additional sources (Blooms for Bees, 2024). Tongue lengths of cuckoo bumblebees are “short”, in compar-
ison to other bumblebee species (Goulson, 2003b), which was taken into consideration during the analysis.

3.2.4 Ordinal data

The following traits were given range values from Very low to Very high: forewing length (i.e. average for
all sexes; females; males and queens, respectively); number of habitats listed in the literature; colony size;
pollen source preferences; nectar sources; proboscis length and foraging distances; aggregations; number of
parasites dependent on specific hosts; tongue lengths; Bombus tongue lengths; body lengths (average for all
sexes; females; males and queens, respectively); nectar loads and wing-loading, some of these shown in
Appendix 6. This was particularly important for traits where comparison was otherwise impossible, such as
plants visited for both pollen and nectar, respectively.

3.3 Modelling

3.3.1 Trait estimates

Proboscis, glossa and prementum lengths were calculated based on intertegular distances using the
tonguelength function in the Pollimetry package of R, 1.1.0 (Kendall et al., 2019). The same was done for
wing-loading, and forage distances, but with the wingloading and foragedist functions, respectively, from
the same R package. To estimate the field nectar load, body lengths were used with the nectarload function
in the same package.

3.4 Principal coordinate analysis

Since the data consists of different types of variables, and not solely continuous data, Gower’s distance was
used to generate a matrix for trait-based distances between all trait types (Maire et al., 2015). Gower’s
distance was chosen since it allows for diverse types of data, including ordinal data. The ordinal aspect of
the dataset is thereby acknowledged, and distances are computed by evaluating ordinal ranks. A principal
coordinate analysis (PCoA) was computed to build an Euclidean space, based on species-pairs’ functional
distances (Magneville et al., 2022). The matrix was created to be able to estimate functional diversity
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indices, with the funct.dist function in the mFD package, 1.0.7 (Magneville et al., 2022). The Euclidian dist-
ances were left unscaled, in consideration to the large amount of ordinal data, which were treated like ranks
and not continuous variables. To be able to estimate and assess the quality of the multidimensional func-
tional spaces the quality.fspaces function was used in the mFD package, and traits were weighted. To be
able to assess the quality of every possible functional space, a framework based on the difference between
the original distances between the traits and the Euclidean distances of the functional space were used (Maire
et al., 2015). This was done by choosing square-root of mean squared deviations (RMSD) as a scaled index
to assert the quality of the functional space. The lower the scaled RSMD value — the smaller are the dev-
iations between the space-based and trait-based distances (Magneville et al., 2022), which means that the
PCoA will consist of a more accurate representation of the differences between both the species, based on
their traits, and the assemblages. The number of chosen PCoA axes decidedly shapes functional diversity
patterns (Maire et al., 2015; Villéger et al., 2011; 2017). Lastly, a non-parametric Kruskal-Wallis test was
performed to infer which traits have significant influence on one or several of the four PCoA axes with the
lowest scaled RMSD values, using the traits.faxes.cor function in the mFD package. p = 0.05 was the
decided significance level.

3.4.1 Alpha diversity

Several PCoAs were used to create functional spaces with four dimensions, based on this previously formed
distance matrix, with the four PC axes with the lowest scaled RMSD values. Each PC axis is paired with
another axis, making up a total of six PCoAs for the six PC pairs. The species are then distributed in each
PCoA, with their coordinates based on their trait-based distances. A convex hull is the smallest multidimen-
sional volume that contains all the species with their traits in the set, similar to an envelope (Villéger et al.,
2008). This means that the convex hull is the smallest shape that contains all the data points without any
indentations, which can be useful for understanding the overall distribution of the data points in the multi-
dimensional space. It provides insights into the arrangement and clustering of data points, which helps to
identify patterns in the data. Species that are positioned farther apart exhibit greater trait differences, while
those closer together are more similar in their trait compositions. The mFD package identifies which species
are making up the vertices in the multidimensional space, as in which species contribute directly to the
configuration and limitation of the convex hull, and which do not. Furthermore, the computed functional
space was used to estimate the following metrics: Functional evenness (Feve); Functional richness (Fric);
Functional divergence (Fdiv) for the three different localities. Functional richness showcases the total
amount of traits within the community that are filling the functional space, i.e. minimum convex hull
volume, and is a limitless measurement (Villéger et al., 2008). Functional evenness is a measure of how
evenly distributed the bee traits are in the functional space, i.e. whether all the traits are uniformly rep-
resented or if there is some over- or underrepresentation within them (Villéger et al., 2008). This index
ranges from 0 to 1. Lastly, functional divergence measures the difference within each individual bee species’
deviation from a combined mean distance for all species to the gravitational centre of the functional space.
Simply put, how differentiated the traits are within the community. This, too, ranges from 0 to 1 (Villéger
et al., 2008). There is an independency between all three indices (Villéger et al., 2008), and they together
showcase the functional diversity for each assemblage.

3.4.2 Beta diversity

Principal coordinate analyses of beta diversity were computed using the beta.multidim.plot function in the
mFD package, using the same functional axes pairs with the lowest scaled RSMD values. The functional
diversity and dissimilarity between the three localities were estimated through calculations of Jaccard
similarity coefficients, included in the previously mentioned function. Besides returning a Jaccard dis-
similarity index, the function also produces turnover and nestedness-resultant values for each assemblage
pair (e.g. Slottsskogen and Boras municipality in comparison to each other). The Jaccard dissimilarity index
is a measure of how dissimilar two assemblages are, and ranges from 0 to 1. A high value indicates that the
assemblages have no functional traits in common. The turnover value is an estimation of uniqueness level,
also ranging from 0 to 1, where a high value suggests that the dissimilarity is due to a high degree of unique
traits within the assemblages, that are not shared. The nestedness-resultant on the other hand describes how
much of the dissimilarity is due to one of the assemblages being a smaller subset of the other, and not due
to uniqueness (Baselga, 2010).
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3.4.3 Differences in functional traits

Pearson’s Chi-squared tests were performed for each assemblage pair, to test the hypotheses. The following
functional-trait categories were tested: the total number of functional traits lacking; the proportion of sand-
nesters; the proportion of polylectic bees; the number of pollen-source families lacking; and the number of
habitat preferences missing within each assemblage. 1 was chosen as the degree of freedom (df) in each
Chi-squared test.

4.0 Results

4.1 Diversity

4.1.1 Bee diversity

A total number of 108 wild bees from six out of the Bee families per locality

seven extant bee families were recorded in the three

different localities, see Figure 2. The Stenotritidae  °°% W Slottsskogen
family was absent. 45 species in Slottsskogen, 83 in 0% N D Boras
Boras municipality and 85 in Mark municipality. Qut ~ 30% 7 'Q B Mark

of these, there were eight bee species that were solely ~ 20% hg k

found in Slottsskogen, and not in the two other  10% sé :",, @
localities: Andrena fucata; A. fuscipes; Hylaeus brevi- 0% /A u i
cornis; H. hyalinatus; H. rinki; Lasioglossum puncta- L o
tissimum; Megachile centuncularis and Nomada rufi- O &

pes. In Bords municipality, 12 species were not found ¥
elsewhere: A. barbilabris; A. humilis; Bombus campe-
stris; B. distinguendus; B. humilis; B. norvegicus; B.
subterraneus; B. sylvarum; Chelostoma campanula-
rum; L. fratellum; L. sexstrigatum and Sphecodes pellucidus. Lastly, in Mark municipality, there were 15
unique species from 12 genera: A. bicolor; A. labialis; A. ruficrus; Anthophora furcata; B. magnus;
Ceratina cyanea; Colletes daviesanus; Dasypoda hirtipes; Hoplitis claviventris; L. zonulum; N. stigma;
Osmia inermis; O. uncinata; Panurgus calcaratus and Sphecodes gibbus, see Appendix 2. In Mark
municipality, several parasitic bees are present, but none of their known hosts have been found: N.
leucophthalma; N. roberjeotiana and N. stigma. For all three localities, N. fulvicornis has been found, but
neither of its known hosts: Andrena tibialis and A. bimaculata.

Figure 2. Bar plot of bee family proportions per locality.

4.1.2 Functional diversity

Table 1. Pearson's Chi-squared tests comparing differences between each locality pair. Three comparisons of the number of
traits categories lacking (functional traits; pollen sources; and habitat preferences), and two comparisons of proportion-
differences (proportion of sand-nesters and polylectic bees). *Significance level indicated by asterisks (* p <0.05, ** p <0.01,
**%% n <0.0001). No significance indicated by ns.

Slottsskogen Slottsskogen Boras
Boras Mark Mark
x2significance x2significance y2significance
Functional traits lacking 60.193**** 58.182**** ns
Sand-nesting proportions ns ns ns
Polylectic proportions ns ns ns
Pollen sources lacking 5.3333* 7.3636** ns
Habitat preferences lacking 14.727%*>** 20%**>* ns
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95 trait subcategories are lacking in Slottsskogen entirely, see '

Appendix 9. This value was significantly higher than the values of Proportion of polylects
both Bords (14) and Mark (15) municipalities according to the 100%

Pearson’s Chi-squared test, see Table 1. Among the 95 trait sub-

categories lacking in Slottsskogen, 20 are habitat-related environ- %
ments: aquatic; arable; damp; ditches; dunes; erosive; fire-exposed; 50% §
grazed; hedges; moraine; mowed; sheltered; species-rich and plant- §
species or family specific (bilberries; bluebells; composites; \

labiates; tormentils; and willows). The number of habitat-related 0%

preferences lacking in Slottsskogen was also significantly higher

than the values for both Boras (2) and Mark (0) municipalities, see &
Table 1. Ten plant families are lacking as pollen sources for the bees
in Slottsskogen: Campanulaceae; Clusiaceae; Crassulaceae; Dipsa-  Figure 3. Bar plot of proportion of
caceae; Geraniaceae; Grossulariaceae; Orobanchaceae; Primula-  polylectic bees per locality.

ceae; Salicaceae and Sapindaceae. The number of plant families

lacking as pollen sources in Slottsskogen was also significantly higher than the values for both Boras (2)
and Mark (1) municipalities, see Table 1. Regarding lecty in general, 43 out of the 45 bee species in
Slottsskogen are considered polylectic (generalist), one is broadly oligolectic (specialist) and one narrowly
oligolectic (none intermediatory oligolectic). This can be compared to Boras municipality: 67 polylectic;
four broadly; two intermediatory and ten narrowly oligolectic. For Mark municipality: 65 polylectic; five
broadly; five intermediatory and ten narrowly oligolectic. The proportion of polylectic bee species in Slotts-
skogen (96%) was not significantly higher than either value for Boras (81%) or Mark (77%) municipalities,
see Table 1 and Figure 3. Additionally, 25 out of 45 species in Slottsskogen nest in sand; 51 out of 83 in
Boras municipality and 56 out of 85 in Mark municipality. The proportion of sand-nesting bees in Slotts-
skogen (56%) was not significantly lower from the values for either Boras (62%) or Mark (67%) munici-
palities, see Table 1. Lastly, only nine bee species found in Slottsskogen are said to inhabit parks; 16 in
Boras and 20 in Mark municipalities. Lecty (p = 0.260); inhabiting parks (p = 0.542) or having sand as a
preferred substrate while nesting (p = 0.520) are not traits that are significantly correlated with one of the
four chosen principal coordinate axes. Neither are most of the subcategories that are lacking in Slottsskogen,
see Appendices 9 and 10. None of the trait subcategories lacking in Boras and Mark municipalities were
significantly different between the two localities, see Table 1.

The body-length mean ranges for each assemblage were similar between the localities: 4.5-19 mm for Boras
and Mark municipalities, but slightly shorter for Slottsskogen: 4.5-18.5 mm. The estimated tongue length
ranges were 0.74-11.6 mm for Slottsskogen, and 1.07-11.6 mm for both Boras and Mark municipalities.
The maximum homing distances, and typical homing distances were the same for all assemblages (0.02—
16.23 km and 0.01-6.85 km, respectively). The forewing-length mean ranges were also similar: 3.75-15.5
mm for Slottsskogen, and 3.75-16.5 mm for both Boras and Mark. For all three assemblages, the majority
of the bee species nest below ground: 38 out of 45 for Slottsskogen; 76 out of 83 for Boras and 76 out of 85
for Mark — where some of the bees can nest both underneath and above ground. There was a slight over-
representation of solitary bees in comparison to social bees in all localities: 22 solitary bees in Slottsskogen;
46 in Boras and 51 in Mark, where some bee species can exhibit both solitary and different levels of social
behaviour depending on the circumstances.

4.2 Principal Coordinate Analysis

4.2.1 Quality of functional spaces

When computing the principal coordinate analysis (PCoA), the Gower distances ranged from < 0.01 to 0.32.
The PCoA axes with the lowest scaled square-root of mean squared deviations (RMSD) values were
principal coordinate (PC) axis 16 (RMSD = 0.0085), PC17 (0.0084), PC18 (0.0085) and PC19 (0.0087), see
Appendix 11. The trait space with 17 dimensions had the lowest scaled RMSD value, which guarantees that
the 17D space accurately represents trait-based distances between bee species, see Figure 4.
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Tree average PCoA 16D PCoA 17D PCoA 18D PCoA 19D
Root Mean Squ. Dev. scid = 0.075 Root Mean Squ. Dev. scid = 0.008 Root Mean Squ. Dev. scid = 0.008 Root Mean Squ. Dev. scid = 0.008 Root Mean Squ. Dev. scid = 0,000
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Figure 4. Plots of the trait-based distances in the multidimensional space to the right and dendrograms in the left three columns.
The x-axis for all plots represents the trait-based distances, while the y-axis is different for each row. The quality-metric value
is shown above the first row. The y-axis in the top row shows the functional distances of species in the multidimensional space.
The trait-distances in the first row are overestimated the further away they are from the 1:1 lines, showing that species distances
in the functional space fit the trait-based distances best in PCoA 17D. The y-axis in the second row illustrates the deviation of
the species distances in comparison to the trait-based distances in the functional space, reflected by the distance from the 1:1
line. The y-axis on the bottom row demonstrates the squared or absolute deviation of distances in the functional space, which
decides the quality of the metrics used.

4.2.2 Correlation between principal axes and functional traits

78 out of 352 subcategories of traits were significantly correlated with one or several of the four PC axes
with the lowest scaled RMSD values, see Appendix 10. Slottsskogen had a lower trait count for every trait
subcategory in comparison to the two rural assemblages, besides having Lamiaceae as a preferred pollen
source, see Figures 5-8. All localities had two bees each with this preference: one mutually exclusive bee
species each, and all three localities had Osmia bicornis as a shared species.

Out of the 78 significant subcategories, 29 factors were habitat-related, where erosive and open habitats,
with elements of gravel, were significant for two axes, see Figure 5 and Appendix 10. Four factors were
nesting-related, such as presence of stones and whether or not the bees nest aggregated or not, and how large
those aggregations are. Nine different specific pollen sources were significantly correlated with one or
several of the four PC axes from the following families: Asteraceae; Boraginaceae; Brassicaceae; Camp-
anulaceae; Lamiaceae; Rosaceae; Salicaceae and Sapindaceae, see Figure 6a and Appendix 10. That the
bees have a wide variety in their choice of pollen source was significantly correlated with PC19, see
Appendices 10 and 12. 17 different plant families as a preferred nectar source were significantly correlated
with one or several PC axes: Apicaceae; Asteraceae; Campanulaceae; Cucurbitaceae; Dipsacaceae; Eric-
aceae; Fabaceae; Grossulariaceae; Lamiaceae; Onagraceae; Orobanchaceae; Plantaginaceae; Ranuncula-
ceae; Rosaceae; Salicaceae; Sapindaceae and Scrophulariaceae, see Figure 6b and Appendix 10. The follow-
ing four plant families as a nectar preference were correlated with more than one PC axis: Apicaceae; Aster-
aceae; Grossulariaceae and Lamiaceae, see Appendix 10.
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Figure 5. Number of preferred habitats for the bee species, per assemblage. *Significance level indicating degree of correlation
between the trait and one or several PC axes. (* p <0.05, ** p < 0.01, *** p <0.001, **** p <0.0001)
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Figure 6. Bar plots of the number of plant families that are preferred as a) pollen or b) nectar sources, per locality. *Significance
level indicating degree of correlation between the trait and one or several PC axes. (* p <0.05, ** p <0.01, **** p <0.0001)

Three highly weighted subcategories regarding pollen-carrying structures were significantly associated with
one or several PC axes: to use a pollen-basket (corbiculae, two axes: p = 0.047 and 0.038) or a pollen-brush
(scopae, p < 0.0005), or to not have a pollen-carrying structure at all (p = 0.021), see Figure 7 and Appen-
dices 10 and 12. Two other highly weighted traits, the body length range for male and queens, were also
significantly correlated with one axis each, see Appendices 10 and 12. Four out of six landscapes were sign-
ificantly correlated with one PC axis: agricultural; forest; montane and urban, where all besides urban were
correlated with the same axis see Figure 8 and Appendix 10. To have a wide landscape preference was also
significantly linked with an axis. Out of the 108 bee species, only three are not commonly known in urban
environments: Andrena marginata, found in both Mark and Boras municipalities; Nomada rufipes, observed
in Slottsskogen only; and Lasioglossum rufitarse, found in all three localities. The majority of the wild bees
in all three localities are known for inhabiting agricultural landscapes: 93% of the species in Slottsskogen;
96% in Boras municipality and 95% in Mark municipality. Bee species being tied to forests were fewer:
67% out of the bee species in Slottsskogen; 68% in Boras and 67% in Mark municipalities.
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Figure 7. Bar plots of the number of bee species that have a
pollen-basket (corbiculae), pollen-brush (scopae) or no
pollen-carrying structure, per locality. *Significance level
indicating degree of correlation between the trait and one or
several PC axes. (*p <0.05, *** p <0.001)
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Figure 8. Bar plots of the number of bee species, per locality,
that prefer to inhabit one or several of the following land-
scapes: forest, agricultural, montane or urban. *Significance
level indicating degree of correlation between the trait and one
or several PC axes. (*p <0.05, ** p <0.01, *** p <0.001)

Having one of the following bees as potential parasites: Nomada rufipes; N. sheppardana; N. fabriciana;
Sphecodes geoffrellus and S. monilicornis was found to be significantly correlated with one of the PC axes,
see Appendix 10. Additionally, four factors, all weighted as being intermediately important, were sign-
ificantly correlated with one PC axis: activity during the month of May; facultative eusociality; wing-loading
range and typical homing distance range, see Appendix 10. Two sand-related habitats were significantly
correlated with one PC axis each: sandy environment (p = 0.022) and sand fields (p = 0.032). There are five
species in Slottsskogen that inhabit sand fields, and eleven that prefer a sandy environment. In comparison,
for Boras municipality, 41 species inhabit sand fields and 56 sandy environments; and in Mark municipality
47 species are found in sand fields and 60 in sandy environments.

4.2.3 Principal Coordinate Analysis

Out of the 108 bee species, 30 species are vertices making up the joint convex hulls for all three localities
in the first principal coordinate analysis (PCoA) with the six PC pairs; PC16 and 17; PC16 and 18; PC16
and 19; PC17 and PC18; PC17 and 19; and PC18 and 19, see Appendix 13. Overall, the PCoAs are more or
less uniform in size and shape, indicating that both PC axes in the PC pairs are contributing to the same
amount of information. The following 30 bee species made up the vertices of the 4-dimensional, functional
space: Andrena bicolor; A. cineraria; A. fucata; A. haemorrhoa; A. lapponica; A. vaga; A. wilkella; Anthid-
ium punctatum; Apis mellifera; Bombus distinguendus; B. hypnorum; B. norvegicus; B. ruderarius; B. terre-
stris; Ceratina cyanea; Chelostoma campanularum; Colletes cunicularius; Eucera longicornis; Hoplitis
claviventris; Lasioglossum calceatum; L. punctatissimum; L. semilucens; L. sexstrigatum; Melitta haem-
orrhoidalis; Nomada fulvicornis; N. goodeniana; N. striata; Osmia bicornis; O. inermis and O. uncinata,
see Appendix 2.

The spring mining bee, Colletes cunicularius, is one of the vertex species that are seemingly differentiated
from the other species, based on its position in the PCoAs plotted with PC16 as one of the axes, see Appendix
13abc. Looking further into the traits that are significantly correlated with the PC16 axis alone, C. cuni-
cularius has the following of those traits: Salicaceae as a pollen source (p = 0.0113); Apiaceae as a nectar
source (p = 0.0001); nesting in large aggregations (p = 0.0198); inhabiting roadsides (p = 0.0044), slopes (p
= 0.0221), erosive environments (p = 0.0167) and an urban landscape (p = 0.0404); quarries present (p =
0.0001); the body length range of males is low (p = 0.0304); the wing-loading range is moderate (p = 0.0339)
and C. cunicularius is active in May (p = 0.0361).

15



4.2.4 Functional diversity indices
Table 2. Species richness and functional diversity indices: functional richness, evenness and divergence, for each locality.

Locality Species richness  Functional evenness Functional richness Functional divergence
Slottsskogen 45 0.868 0.345 0.785
Boras 83 0.846 0.725 0.760
Mark 85 0.843 0.839 0.756

The functional evenness values within each locality were fairly similar: Slottsskogen had a value of 0.868;
Boras municipality had 0.846 and Mark municipality 0.843, see Table 2. There was also a similarity of
functional divergence values within each locality: with a value of 0.785 for Slottsskogen; 0.760 for Boras
municipality and 0.756 for Mark municipality. Functional richness, on the other hand, differed between the
localities. Both Boras and Mark municipalities had more similar functional richness values of 0.725 and
0.839, respectively. In contrast, Slottsskogen had a functional richness value of 0.345 (Table 2).

4.2.5 Alpha diversity

Comparing Slottsskogen and Boras municipality, the functional evenness and divergence values are similar,
but the branches of Boras are extending further out than those of Slottsskogen, therefore limiting the shared
convex hull to a larger degree than Slottsskogen. The bee species in Slottsskogen are more clustered together
in the centre of the functional-evenness PCoAs, being made up of six different PC pairs, see Appendix 14a.
The gravitational centre of the six PCoAs showing the functional divergence of Slottsskogen and Boras is
slightly skewed for Slottsskogen (Figure 9). The bee species in Slottsskogen are more clustered together, to
one side of each PC pair, while the species in Boras instead are more spread out over the entire PCoAs.
Many of the bee species that make up the convex hulls of the functional-divergence PCoAs are either shared
between both localities, or belonging to the community of Boras alone, see Figure 9.
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Figure 9. Principal coordinate analyses of functional divergence between Slottsskogen and Boras municipality, with the PC
axes 16-19.
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Figure 10. Principal coordinate analyses of functional evenness between Slottsskogen and Mark municipality, with the PC axes

16-19.

Parallels can be made regarding the six PCoAs of Slottsskogen and Mark municipality. The functional
evenness and divergence values between these two localities are also similar, see Table 2. It is mainly the
bee species of Mark municipality that are constricting the total convex hull in the PCoA graphs of the six
axes pairs, see Appendix 14b. Some of the shared species between Slottsskogen and Mark are part of this
constriction too. The bee species of Slottsskogen are more clustered together, than the species of Mark. The
gravitational centre of the species in Slottsskogen is slightly skewed in comparison to the gravitational centre
of Mark municipality, see Figure 10. The species of Slottsskogen are clustered towards one edge of each
PC pair, while the species of Mark are more spread out over the entire PCoAs. The convex hull is made up
of species belonging to Mark alone, or species that are shared between both localities, see Figure 10.
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Figure 11. Principal coordinate analyses of functional divergence between Boras and Mark municipalities, with the PC axes 16—

19.
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There are no big differences between Boras and Mark municipalities regarding the PCoAs of their functional
evenness or divergence, see Figure 11 and Appendix 14c. The species compositions of Boras and Mark are
more similarly distributed, than comparing either of these localities to Slottsskogen. The species of both
localities are shaping the convex hulls of the PCoAs regarding both the functional evenness and divergence,
more or less evenly, see Figure 11 and Appendix 14c. The gravity centroid for the vertices of Mark and
Boras municipalities are overlapping more or less in all six PC pairs, but they are slightly more skewed in
the pair of PC17 and 18, see Figure 11d.
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Figure 12. Principal coordinate analyses of functional richness between Slottsskogen and Bords municipality, with the PC axes
16-19.

Functional Richness of 'Slottsskogen' and 'Mark'

a) 050
Functional richness Slottsskogen Mark
0.025 FRic 0345 0839
- N8 Indices were com
O 0.000 co
o . nape
-
. shape
. nape o
0050 -0025 0000 0025 0050
PC16
b) 0,050 d) 0.050
)0 \ 0025
2 ®
O 0000 O 0000
a a
0025 0025
050 e L e ——————
0050 0025 0000 0025 0050 0050 0025 0000 0025 0050
PC186 PC17
C) 0,050 e) 0.050 f) 0.050
0.025 0025 - 0025
> > o
o O 0.00 o
& 00 & 0.000 & 0.000
0 02 0025
O S ——_——— 0 050 Y—— 0050
0050 -0025 0000 0025 0050 0050 -0025 0000 0025 0050 0050 0025 0000 0025 0050
PC16 PC17 PC18

made with mFD package

Figure 13. Principal coordinate analyses of functional richness between Slottsskogen and Mark municipality, with the PC axes
16-19.
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Figure 14. Principal coordinate analyses of functional richness between Boras and Mark municipalities, with the PC axes 16—
19.

Regarding the functional richness within the three localities, Slottsskogen had a considerably lower value,
see Table 2. Comparing the functional richness between Slottsskogen (0.345) and Boras municipality
(0.725), the convex hulls of Slottsskogen in the six PC pairs are smaller than the convex hulls of Boras, see
Figure 12. In every single pair the convex hull of Boras extends further than the one of Slottsskogen, show-
casing the difference in functional richness, see Figure 12. Similarly, given that there is an even larger
discrepancy between the functional richness of Slottsskogen (0.345) and Mark municipality (0.839), the
convex hulls of Mark are larger in all six PC pairs, see Figure 13. The convex hulls of Slottsskogen are with-
in the greater convex hulls of Mark in every single PC pair, besides the PCoA of PC17 and 19 where the
convex hull of Slottsskogen extends slightly outside of the functional space of Mark municipality, see Figure
13e. The difference between the functional richness values of Boras (0.725) and Mark (0.839) municipal-
ities, on the other hand, is considerably smaller. The convex hulls of both Boras and Mark in the six PC
pairs largely overlap, but the convex hull of Mark is extending to varying degrees in all PCoAs, see Figure
14. The convex hulls of Boras are protruding in four out of six PCoAs: PC pair 16 and 19; 17 and 18; 17
and 19; and 18 and 19, see Figure 14c—f.

4.2.6 Beta diversity

Table 3. Estimated Jaccard dissimilarity indices; turnover and nestedness-resultant values between Slottsskogen and Boras
municipality; Slottsskogen and Mark municipality; and Bords and Mark municipalities.

Jaccard dissimilarity index Turnover Nestedness-resultant
Slottsskogen
Boras 0.549 0.067 0.481
Slottsskogen
Mark 0.614 0.085 0.529
Boras
Mark 0.282 0.179 0.103

The Jaccard dissimilarity index between Slottsskogen and Boras municipality is 0.549, with a turnover of
0.067 and a nestedness-resultant of 0.481. Between Slottsskogen and Mark municipality, the Jaccard dis-
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similarity value is 0.614, the turnover 0.085 and the nestedness-resultant 0.529. Finally, the Jaccard dis-
similarity index is the lowest between Boras and Mark municipalities: 0.282, with the highest turnover:
0.179 and the lowest nestedness-resultant: 0.103, see Table 3 and Appendix 15a—c. The six PCoAs per
locality pair and the convex hulls are otherwise the same as the PCoAs of the functional richness, see Figures
12-14 in comparison to Appendix 15a—c.

5.0 Discussion
5.1 Functional diversity

This comparison between an urban park and two rural areas shows that urbanisation can affect the functional
diversity of wild bee species. The present study confirms that a lower plant and habitat diversity in Slotts-
skogen can affect functional traits like diet breadth and habitat preference. Interestingly, sand-nesting
behaviour was not one of the traits that explain the differences between Slottsskogen and the rural assem-
blages. Many traits were however not part of the park’s trait composition. The whole pool of functional
traits in this study is based on the 108 bee species that are present in one or several of the three localities. If
one trait is underrepresented in one community, it is already represented in at least one other community.

5.1.1 Functional diversity within the bee communities

Alpha diversity describes the differences within communities, giving you the opportunity to compare
functional differences between assemblages. In Slottsskogen, functional richness is low within the local bee
community in comparison to both Boras and Mark municipalities. High functional richness is indicative of
niche space being occupied to a considerable degree within an ecosystem. Since Slottsskogen has a low
functional richness value, there could be a deficiency in niche space. Simply put — there might not be enough,
or specific enough, resources available for a wider range of bee species with other traits than the ones
currently present. There are 95 trait subcategories, out of 352, lacking in Slottsskogen, which is significantly
higher (p < 0.0001) than the traits lacking in the other two localities according to the Pearson’s Chi-square
test. Out of the traits lacking in Slottsskogen, 20 are habitat related, meaning that there are no bees in the
entire community of Slottsskogen that prefer those specific habitats, while there are bee species in both
Borads and Mark municipalities that do have at least one of those preferences. The number of habitat-
preferences missing in Slottsskogen was also significantly higher (p < 0.0001) than in both Boras and Mark.
There are a considerable number of dietary generalists in Slottsskogen, while the proportions of specialists
in both Boras and Mark municipalities are slightly higher, reflecting the higher plant diversity in the two
rural localities. However, these proportions were not significantly correlated which is shown by the Chi-
square test. The number of particular plant families that are preferred as pollen, or nectar, sources is also
lower when Slottsskogen is compared with the rural assemblages. Several such plant families are lacking
entirely in Slottsskogen, and this was significantly lower than both Borés (p < 0.05) and Mark (p < 0.01).

The functional evenness values were high, and similar, between the three localities, suggesting that the
distribution of functional traits among the species in each assemblage is relatively uniform. This in turn
indicates that the bee species in each community are evenly distributed in the respective niche spaces, which
enables the efficient use of all available resources. The niche spaces within each locality thus seem suffi-
ciently occupied. Although, in this case, it does not mean that there is a diverse array of functional traits in
each assemblage since the functional richness is low in Slottsskogen. For Boras and Mark municipalities,
on the other hand, the high functional evenness in combination with the high functional richness could
potentially lead to a higher functional redundancy in the species’ ecological roles. Functional redundancy
suggests that when one species and its functional traits are lost, other species can take over its role, main-
taining ecosystem functions (Fetzer et al., 2015). With a high functional evenness, each species essentially
has a similar level of contribution to ecosystem functioning, which could indicate resilience and stability
within the bee community, as it currently is. But it also means that threats targeting the same group of species
with similar functional traits, could potentially jeopardise the whole, sensitive ecosystem.

All three localities have a high functional divergence, which indicates that the species within the
communities exhibit a range of distinct and differentiated functional traits. This could imply that different
species have evolved to occupy specialised ecological niches, leading to a division of labour and a diverse
array of roles within the ecosystem. High functional divergence could also suggest a high level of comple-
mentarity among species, potentially enhancing ecosystem resilience and productivity by ensuring efficient
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resource utilisation and ecosystem functioning. Meaning, there could be a high level of niche differentiation,
that results in lower resource competition. Potentially, this could mean that the bee communities with high
functional diversity may enhance ecosystem function due to more efficient resource utilisation (Mason et
al., 2005).

5.1.2 Functional diversity between the bee communities

The beta diversity describes the variation in functional traits composition between the different assemblages,
giving you the opportunity to compare assemblage pairs. The Jaccard dissimilarity values between Slotts-
skogen and Boras, and Mark municipalities, respectively, are similar and fairly intermediate. This indicates
that the rural areas and Slottsskogen are both dissimilar and similar, with regards to the functional traits
within each bee community. The considerably lower Jaccard dissimilarity index between Boras and Mark
municipalities, shows that these two localities are more similar to each other than either is to Slottsskogen.

Turnover reflects the proportion of traits that are unique within one assemblage compared to the other, and
the rate at which traits are replaced between the two. A low turnover value suggests that there is a high
degree of similarity in trait composition between two assemblages. The turnover values for all three
community pairs, Slottsskogen in comparison to Boras and Mark, respectively; and Boras and Mark
municipalities compared to each other, are all low. This indicates that there are few unique traits between
each assemblage pair. All three assemblages are quite similar in terms of their functional trait composition.
Such similarity implies that the ecological roles and functions performed by the bees in the assemblages are
largely the same. The turnover values are lowest when Slottsskogen is compared to either of the other two
communities. This suggests that the differences are not explained by uniqueness but rather by nestedness —
which is confirmed by the higher nestedness values when Slottsskogen is compared to either municipality.
Nestedness denotes the degree to which one community is a subset of another community, by sharing
functional traits. Most traits within the bee community in Slottsskogen are shared with either rural assem-
blage. Slottsskogen seems to be nested within both assemblages to a considerable degree. This indicates that
that the dissimilarity between Slottsskogen and the other two localities are mainly due to sampling
differences, and not that Slottsskogen is unusually species poor. Boras and Mark municipalities are fairly
similar, indicated by their low Jaccard dissimilarity index, but the dissimilarity that does exist is explained
by the 18% unique traits (turnover) between the two. They are not highly nested within each other. Their
higher turnover value also suggests a greater trait replacement between the two localities, which could be
explained by the localities’ proximity to each other, since they share a municipal border. This could facilitate
bee species movement, and therefore trait exchange, between Boras and Mark.

Slottsskogen, situated in an urban landscape, might maintain a more stable species composition, which could
explain lower turnover values when compared to the other two localities. In contrast, Boras and Mark host
more diverse natural habitats and a higher biodiversity, fostering a greater richness of both bee species and
functional traits, and a higher turnover rate. Differences in habitat structure and ecological conditions be-
tween Boras and Mark could contribute to their slightly increased trait turnover and functional richness
values. Ongoing ecological dynamics driven by factors like competition, disturbance, and environmental
change can further enhance turnover rates. Additionally, the ecotones or transitional zones in Boras and
Mark could promote species turnover as diverse environments intersect, facilitating species movement and
adaptation across landscapes, and therefore the distribution of traits.

5.2 Differences between the localities

5.2.1 The urban landscape

There are 348 wild bee species in Sweden, out of which about 50 are bumblebees (Artfakta, 2024). 75 out
of 348 wild bee species are not known to generally inhabit the urban landscape (Artfakta, 2024). Only two
out of the 45 bee species in Slottsskogen are not considered to be typically urban: Nomada rufipes and
Lasioglossum rufitarse. Out of the 108 bee species in this study, only three are not common in an urban
landscape. Even though the areas investigated in the inventories in Boras and Mark municipalities are chosen
because of their rural state, their current bee fauna is generally known as urban. More than 20% of the wild
bees in Sweden are not considered to be urban (Artfakta, 2024), but very few of them were found in these
more rural areas. Lastly, Slottsskogen is an urban park. Surprisingly, there are only nine bee species in
Slottsskogen that reside in parks, while in Boras and Mark those numbers are higher. The definitions of
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what a park should consist of could be different between the sources, and Slottsskogen might not be
considered typical.

5.2.2 Inventory differences

There might have been differences in how the inventories were conducted, which may affect the species
found. Each inventory from the three localities were conducted during different years, 2017, 2021 and 2022
for Boras, Mark municipalities and Slottsskogen, respectively. The duration of the inventories also differed.
With weather conditions varying from year to year, the differences in bee species composition between the
localities could be further exacerbated. The years before the inventories were conducted also had differing
weather conditions, with potential effects on the bee fauna, which may have affected the subsequent invent-
ories (Samhallsbyggnadsforvaltningen, 2021). Furthermore, the landscapes surrounding the different study
sites are different from the areas surrounding Slottsskogen (Miljoforvaltningen, 2017), which could affect
the dispersal of bee species, and their traits.

Bee communities can be affected by soil composition, and surrounding landscapes. The environmental
administration did not notice a correlation between the bee species richness and the soil substrates in Boras
municipality: areas consisting of moraine sediment hosted both low and high numbers of bee species (Miljo-
forvaltningen, 2017). There was no mention of the types of substrates in the different areas of Mark muni-
cipality (Samhallsbyggnadsférvaltningen, 2021), nor in the inventory of the bee fauna in Slottsskogen
(Stadsmiljoforvaltningen, 2023). There is a discrepancy in how many bees prefer sandy environments in
Slottsskogen in comparison to the other localities: 24% in Slottsskogen; 68% in Boras municipality and
71% in Mark municipality. There was also a lower number of species in Slottsskogen who prefer sand as
substrate while nesting, compared to the other two localities. The proportion was expected to be lower, given
the low proportion of open sand coverage in Slottsskogen, but it is not significantly lower which is shown
by the Pearson’s Chi-square test. More and more effort is being made to increase the amount of sandy
environments in Slottsskogen, both as nesting opportunities for bee species, and through the construction of
sandy meadows (Stadsmiljoférvaltningen, 2023).

Areas that are regularly grazed or mowed were prioritized in the inventories for both Boras and Mark
municipalities (Miljoforvaltningen, 2017; Samhallsbyggnadsférvaltningen, 2021), whereas that was not the
case for the inventory in Slottsskogen. These differing management practices are expected to affect the bee
fauna (Lasway et al., 2022) in the rural localities and in Slottsskogen. None of the bee species in Slottsskogen
are considered to prefer grazed or mowed habitats, while both Boras and Mark municipalities have species
that reside in either habitat. Slottsskogen is a park with a wide variety of enclosed, grazing animals
(Goteborgs Stad, 2024), but their limitations due to the enclosures lead to the grass being over-grazed. Most
of the open fields in Slottsskogen are mowed by lawnmowers. There was a noted difference in the bee-
species richness in both municipalities (Miljoforvaltningen, 2017; Samhallsbyggnadsférvaltningen, 2021),
depending on the type of livestock performing the bulk of the grazing. Different herbivores affect both plant
diversity and soil structures differently depending on the species (Romero-Ruiz et al., 2023). This is
something that should be taken into consideration when attempting to increase bee diversity.

Since there are several parasitic bee species found at the different localities, but neither of their hosts were
found during the same inventories, there is reason to believe that there are indeed more bee species in the
localities than were caught during the inventories. This indicates that additional inventories are needed. Host
species that have a wider range in their compatibility with different parasitic species could be considered
more valuable for the bee community, since their presence facilitates the possibility of a greater bee div-
ersity. This is the reason for parasitic range to be included as an additional trait in this study.

The areas of both Boras and Mark municipalities (around 1000 km? each) are substantially larger than
Slottsskogen (roughly one km?). The habitats are varying considerably, which is the point of the study, but
the results could be skewed based on the size differences alone. The aim for the study was to investigate if
a park could constitute a refuge for wild bee species in an otherwise urban surrounding, and if the effect of
urbanisation is reflected in the functional diversity between natural environments and an urban community.

5.2.3 Resource competition

The bee community of Slottsskogen could also be affected by the managed honeybees, Apis mellifera, in
the western area of the park, and A. mellifera was found in Boras and Mark. Managed honeybees can
potentially affect wild bee species, due to their substantial, local abundances, wide phenology, extensive
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polylecty and foraging range (Goulson, 2003a). The kind of interaction between managed and wild polli-
nating insects can be determined by the functional traits of both the pollinators and the plants, where a large
functional diversity amongst the plants may reduce competition between managed and wild pollinators
(Cappellari et al., 2022; Violle et al., 2007). For a similar reason, functional traits of managed and wild
pollinators may also affect interactions between the two (Albrecht et al., 2012). With a wide range of floral
functional traits, the wild and managed bee populations have been shown to overlap less in their resource
preference (Cappellari et al., 2022), and the inventoried areas in both Boras and Mark municipalities are
expected to have a higher plant diversity than Slottsskogen (Axelsson, 2022; Samhéallsbyggnadsforvalt-
ningen, 2021; Stadsmiljoforvaltningen, 2023). The more similar the functional traits were between the
managed and wild bees, the more their resource overlap increased (Cappellari et al., 2022).

Other factors that are considered to affect resource competition could be that a high functional diversity
among bees in gardens and urban greenspace can be positively correlated with a high richness of plant
species, and a large amount of dead wood (Felderhoff et al., 2023), which is increasing in Slottsskogen
(Axelsson, 2022). Impervious surfaces within urban environments have been found to be negatively related
to floral size diversity (Cabon et al., 2022), a potential additional reason for the low number of dietary
specialists in Slottsskogen. Similarly, temperature has been shown to affect urban floral traits, and abiotic
factors like these are therefore likely to affect urban pollinators (Cabon et al., 2022). Counterintuitively,
nonnative plants have been shown to limit functional diversity of bees, as well as their specialisation
(Marcacci et al., 2022). Urban areas where many exotic plant species are introduced, may negatively affect
bees in several ways. Introductions of non-native plants have been reported for decades in Slottsskogen
(Axelsson, 2022), and arrangements of exotic plants are common occurrences throughout the park. This,
too, can be a reason for the few pollen specialists in Slottsskogen.

5.3 Are there typically urban traits?

There is no scientific consensus with regards to “typically urban” traits. In the present study, there was no
difference in the body length ranges between the three localities, in contrast to results in previous studies.
Nor were there differences in potential foraging distances or forewing lengths, as other studies have
suggested (Banaszak-Cibicka & Dylewski, 2021; Tommasi et al., 2022). The tongue length range in
Slottsskogen was slightly larger, while the shortest tongue length was slightly smaller than the shortest
tongue in Boras and Mark municipalities. Although, the parasites were fewer in Slottsskogen, corroborating
the results of other studies (Banaszak-Cibicka & Dylewski, 2021; Zaninotto et al., 2021). In fact, parasites
—and hosts — were substantial parts of the 95 trait subcategories that were lacking in Slottsskogen entirely.
The proportion of solitary bees was lower in Slottsskogen than in the rural areas, which reinforces studies
that have shown that social bees are favoured in urban environments (Fauviau et al., 2022). The majority of
the bee species in all three assemblages were ground nesters, which contradicts several studies (Banaszak-
Cibicka & Dylewski, 2021; Ferrari & Polidori, 2022; Zaninotto et al., 2021). Wild bees who lack a pollen
basket (corbiculae) have been claimed to be promoted in urban landscapes (Cohen et al., 2022), which is
confirmed by these results. There were more bees with pollen-brushes (scopae) or simply non-corbiculate
structures than bees with a corbiculae in Slottsskogen — but there were more bees of each category in both
Boras and Mark municipalities. These three categories of pollen-carrying structures were all part of explain-
ing the variation between the three localities, since they were all significantly correlated with one or several
PC axes. They might therefore be important to investigate further, when urban areas are compared to rural
ones. Certainly, further studies are needed to better understand the urban filtering of functional traits.

5.4 Methodology

5.4.1 Data handling and differentiation of traits

The functional traits in this study were weighted differently, in an attempt to reflect their relative importance
in ecosystem functioning. The length of a bee tongue, e.g., is important in pollination, since a longer tongue
fits in a long, tubular flower, and a shorter tongue is a better fit for a flat composite flower. Other factors
like body size and lecty might therefore be more influential in maintenance of ecosystem services, in comp-
arison to the length of forewings. Although, a scientific consensus is lacking regarding which functional
traits are most meaningful (Chase et al., 2023; Greenop et al., 2023), which could make the weightedness
levels skewed or wrongly assigned. Additionally, functional traits that were not considered in this study can
be of importance for ecosystem functioning. For instance, wild bees can collect pollen in different ways,
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e.g. from buzzing, tapping, rasping or rubbing their body against the anthers of the flowers (Portman et al.,
2019). These traits may be valuable in future studies on functional diversity of bees.

Part of the data-handling solution has been to transform nominal data to ordinal ranges, given the multitude
of functional traits handled, and the complexity of the data. This is a simplification, and part of the data will
go missing. For instance, species with a wide preference variety in their nectar or pollen choices were
emphasised. Nectar source preferences were included as a separate trait (weighted to be intermediatory
important), since the bees are still likely to execute the ecosystem role of pollination even though bee species
generally choose a wider variety of nectar sources, and are rarely specialists in regards to their nectar
collection, like they can be when it comes to pollen (Willmer, 2011). This is not to say that the pollination
while foraging for nectar is as effective, since collection of specific pollen leads to a more narrow range of
flowers visited, and therefore the pollen transfer is more likely to take place between the right — same species
of — flowers (Akram & Sajjad, 2022).

5.4.2 Measurements

There is an accuracy deficiency in the methods used to the measure intertegular distances of the bees since
it is difficult to obtain high accuracy with calipers. Because of the use of alternative sources for the two bee
species (Ceratina cyana and Nomada stigma) missing at the Museum of Natural History in Gothenburg,
these bees might not have been measured with the same methodology as all the other bees in this study.
Additionally, some bee species might not conform to the general allometric correlation between intertegular
distance and tongue length, and the relationship might differ geographically (Cariveau et al., 2016), which
could affect the results. More appropriate and precise measurements of the bees could achieve more accurate
results. Finally, intertegular distance has been claimed to be an unreliable estimator of measurements of
bees (Kendall et al., 2019), meaning that the estimations need to be interpreted with caution.

5.4.3 Body size

The intertegular distances of females, both workers and queens for social bees, were measured. Queens have
been prioritized, meaning that the intertegular distances have often been large, especially for Bombus
species. The measurements are thus not representative for the entire species, when used in subsequent
calculations. Furthermore, the tongue-length approximations were skewed by the use of the Pollimetry
package, since estimated Bombus tongue lengths were based on intertegular distances and bee family
(Apidae) solely. Parasitic Bombus species tend to have shorter tongues than their relatives (Goulson et al.,
2008b). They are not differentiated from other Bombus species when the tonguelength function is used.
Therefore, they seem to have longer tongues than they do, simply because the bee is large. Consequently,
an additional subcategory of Bombus tongue lengths have been added, with approximations of their tongue
lengths (i.e. short or long).

The flight distances have been estimated based on large bees. However, size can vary within species in
general, between sexes, and even depending on the time of year (Greenleaf et al., 2007). There may also be
an inconsistent variation in body sizes between different types of bee species. The size fluctuations were
found to be larger in cavity-nesting bees, for instance, than in ground-nesting species (Roulston & Cane,
2000). Social species, with a wide range of body sizes among the sexes and roles, could potentially be
considered to fill a larger ecological role in the ecosystem. To group bees together with the same traits, for
instance body size, and suggest that they belong to the same singular functional pollination unit should be
done cautiously, since it can cause misconceptions (Michener, 2007). Additionally, other approximations
might also be skewed since traits like flight distances might be sex-related (Kendall et al., 2019). In the
present study, this has not been considered while estimating travel distances based on intertegular distances
of female bees. Dispersal data overall is highly dependent on current circumstances, since bees generally
are not especially skilled in overcoming substantial barriers or overly functional during all weather cond-
itions (Michener, 2007). Their ability to cross certain barriers can even be correlated with their sociality and
choice of nesting (Michener, 2007), which could be important to facilitate bee-species influx to Slottsskogen
from surrounding areas. With increasing temperatures due to climate change, some bees can potentially
reach longer distances faster (Benton, 2017). Cold-adapted species like Bombus (Benton, 2017) might
struggle, though. Bees with short flight durations are therefore likely to be negatively impacted by urban-
isation, but there were no differences found in the present study.
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5.4.4 Diet breadth and pollination

The lower functional richness value of Slottsskogen is partly explained by the absence of 95 trait sub-
categories, present in either — or both — rural areas. Ten of these subcategories are related to the plant families
preferred as pollen sources by individual bee species. This could be linked to the low amount of oligolect
(specialist) bee species in Slottsskogen. The bee fauna in Slottsskogen consists of 95% polylect (generalist)
bees, whereas in Boras and Mark the proportions are 81% and 77%, respectively. These proportions were
not significantly different, according to the performed Pearson’s Chi-square test. There is no scientific con-
sensus on the definition of lecty (pollen breadth). The grouping in the present study has not been based on
other suggested classifications. The aim was to sort all species using the same methodology, and not rely on
mixed literature sources with varying definitions of lecty. Broadly oligolectic bees, for instance, could not
be classified according to the composition of their pollen loads, due to the effort needed (in contrast to
Michener, 2007). Neither has it been possible to undertake behavioural studies to ascertain which pollen
sources are present, and present and ignored, which is necessary for actual identification of oligolectic pref-
erences (Benton, 2017). Bees can still have dietary preferences, even when they are not considered special-
ists in their food choices (Willmer 2011). Additionally, there may be geographical variation in lecty levels
(Michener, 2007), which could further complicate the classification.

The quality of pollination varies from species to species, and between the different roles within a species.
To understand the functional diversity in bee communities, this is highly relevant, but it was not taken into
consideration in this study. For instance, parasites generally do a worse job at pollinating (Goulson, 2003b),
but even factors like sex can affect pollination efficiency. Similar to parasitic bees, male bees of nearly all
bee species take nectar from flowers but carry only the pollen that happen to stick to them, which arguably
make them better pollinators than the hairless parasites (Michener, 2007). The males thus play a role in
pollination, but a less important one than that of females, which actively collect pollen and (as workers) in
eusocial groups are vastly more numerous than males. The phenology can differ between the sexes as well
(Falk, 2015), which has not been taken into account either. The phenology data might be slightly distorted
since a British source (Falk, 2015) had the most comprehensive information, and mixing different sources
might skew the data further.

Furthermore, some bees even intercept the pollination completely by piercing flowers from the outside with
their short tongues, and small bees might also avoid rubbing against the anthers of large flowers, similarly
cheating pollination (Benton, 2017). Additionally, just because the bees have been observed visiting the
noted plant species, does not mean that these are the only plants they visit. It is easier to identify visited
flowers based on the pollen grains on — and in — a bee body, than plain observation. The plant species
specified as either pollen or nectar sources have been transferred into whole plant families to facilitate
analysis. This, too, does not mean that the bees visit all the plants belonging to the same plant family. Re-
garding preferences like pollen sources or habitats, even if the resource has not been mentioned as a pref-
erence in the literature, it does not exclude that specific resource from being appreciated by the bee. It is
much simpler to investigate what a bee likes to eat, than what it could consider eating during different
circumstances than the ones present during observation.

There is likely to be a difference in focus between studied bee species. Either just a heightened interest for
certain species, or dependent on the simplicity to study them. Bee species are not easy to study in general,
and many of them are difficult to spot at all, even if they are common. It is one thing to be able to count and
identify pollen grains on a dead bee, which indicate what kinds of pollen are likely important for the larvae.
It is another thing to observe which flowers the bees visit for nectar purposes only. The nectar —and pollen
— sources listed as preferences for different bee species may not be mutually exclusive. Individual bee
species might visit more flowers in search for nectar, than the ones listed in the literature used in this study.
Furthermore, tongue length does not have to reflect the type of flowers a bee visits, since the visit may be
solely for the purpose of pollen collection, and not to reach nectar (Benton, 2017). Some social bees seem
to choose to forage nectar and pollen separately, which means that the tongue length does not have to
influence some visits (Benton, 2017), while some solitary bees prefer to focus on multi-purpose foraging
trips (Benton, 2017). Therefore, tongue length and flower choice correlations may be perplexing.

Lastly, one bee species that constitutes a unique vertex in the principal coordinate analysis (PCoA) is

Colletes cunicularius, based on its position on PC axis 16. Several trait subcategories explain the variation

of PC16. Among these, C. cunicularius’ preference of the plant family Salicaceae (willow family) as a
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pollen source is of special interest, since this is one of the plant families that is not a preferred pollen source
for any bee in Slottsskogen. Willows are important pollen sources for early bee species (Ostaff et al., 2015),
and plant species from the willow family are present in Slottsskogen (Axelsson, 2022). Future studies are
necessary to understand why no current bee species in Slottsskogen utilise Salix species as their pollen
source, and to see if this, seemingly empty, niche space could be filled.

5.5 Modelling

The functional diversity indices were computed based on species occurrence data, and not through the
quantitative weights, i.e. abundances, of the bees. The use of quantitative weights is the most common, and
arguably most accurate, way to calculate functional diversity indices (Magneville et al., 2022), but the
inventories from Slottsskogen, Boras and Mark municipalities only had occurrence data included.

5.5.1 Principal Coordinate Analysis

The mFD package utilises convex hull estimations to construct functional spaces, a method that might
encounter limitations with certain types of data. Outliers have a pronounced impact on convex hulls, and
convex hulls also lack the ability to accommodate variations in the distribution of data points across trait
spaces (Mammola et al., 2021). The constraint of convex hulls becomes particularly noteworthy when it is
necessary to impute missing data (Stewart et al., 2023), and there are substantial amounts of missing data in
the used dataset. Additionally, there is a problem with using Gower distances on non-continuous traits
because of their non-Euclidean nature, leading to issues when computing a principal coordinate analysis
(PCoA), such as negative eigenvalues (Maire et al., 2015). This can be overcome by squaring the Gower
distance matrix, but that distorts distances, since the square roots of Gower distances are higher than the
original values (Maire et al., 2015). This transformation removes negative eigenvalues but biases Euclidean
representations of distances, impacting the accuracy of analyses like functional diversity computations
(Maire et al., 2015). Unscaled Gower distances were therefore used in this study. Lastly, scaled root-of-
mean-squared deviations were used during statistical computation, which have a low accuracy for constr-
ucting dendrograms (Maire et al., 2015).

6.0 Conclusion

The wild bee species are struggling in an urban world, and gardens and parks within the cities could
potentially constitute refuges for the pollinators. Although, the decreased functional diversity is evident even
in a large park in a comparatively green city like Gothenburg, Sweden: there are fewer functional traits,
such as habitat-preferences, in Slottsskogen. The lower functional richness reflects the lower plant and
habitat diversity within the park, but the proportions of dietary generalists and sand-nesters are not sign-
ificantly lower in the urban park. Slottsskogen is shown to be a sub-sample of the other two localities, and
some of the differences found in this study are likely due to sampling differences rather than an indication
of Slottsskogen being unusually species-poor, given its circumstances. There is not a lack of potential if
focus is redirected to further promote biodiversity and opportunities for the wild bees in the park. There is
plenty of space within Slottsskogen where, with different management protocols, species like bees could
thrive. The proximity of other, more natural environments, like the botanical garden on the other side of an
eight-lane road, could facilitate species movements if there were new, available niche spaces within Slotts-
skogen. There is potential, if we are lucky, that a park like Slottsskogen could most likely hold an increased
bio-, bee and functional diversity within the cityscape.
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Appendix 1. Popular science summary
Urban bees are not picky eaters

Just like city-dwellers and people living in the countryside might have access to different types of restaurants,
the same seem to be true for bees. This has been shown to be reflected in the bees’ dietary and habitat-related
preferences, in the urban world. The difference between the urban and rural bee communities might be quite
supply-and-demand related, since there seem to be deficiencies in what is being offered at the different buffet
tables. If I am a bee with very particular dietary restrictions, then the urban world is simply not my honey pot.

A recent study showed that the wild bees in the urban park Slottsskogen, situated in Gothenburg, Sweden, have
different properties than those in more natural environments. The wild bees within the park are not specialising in the
range of flowers they visit, something that their rural counterparts do to a greater degree. Wild bees have distinct
feeding preferences, where some fancy a multitude of snacks and some are more restricted ) o

in their dietary inclinations. To be more restrictive in your dietary preferences may | N€ bees in the cities
enhance pollination effectiveness, and it is therefore an important role in a bee comm- are open to all kinds of
unity. Within Slottsskogen, there was a lower diversity amongst the different types of flowers — because they
roles the bees fill, something that is reflecting the lower diversity among the available have to be!

habitats and nesting grounds as well.

Did you enjoy a nice cup of coffee this morning? Did you have some jam with your porridge, or a vegetable topping
your sandwich? Imagine a life without flowers, fruit, coffee or even chocolate! Without pollinators, the world would
N i " be a considerably duller place. About 90% of the flowering plants are pollinated by animals, and a

0 pollinators: third of our food consumption is dependent on pollinators. But the pollinators are having a really
Say goodbye t0 yqugh time and declining rapidly. A significant reason for this is that their homes are deteriorating
your coffee! or disappearing.

Being a small pollinating bee in an urban world can be challenging. The bees need different substrates to nest in, like
sand, soil or dead wood. Just like us, they need water to be attainable, and they cannot simply gear up in rainwear when
conditions are less favourable. Not to mention, they need suitable food. What wild bees need and Functional
how they interact with their environment can be defined as their functional traits. Instead of . .
focusing on biodiversity in the terms of which species are present in an ecosystem, the functional a1ts describe
traits of species communities can be quantifiable and give us an idea of how “healthy” the Wh'Ch_ml?S are
ecosystem is. Are the different roles in the ecosystem occupied? Just like your workplace, where ~Occupied in an
you and your coworkers have different positions to fill, there are plenty of things to get busy with ecosystem.

in a functioning ecosystem.

With an increasing human population, there are more and more mouths to feed — highlighting the importance of the
irreplaceable bees. This expansion leads to further urbanisation, which can have a negative impact on the small, crucial
creatures. So, if we value our right to coffee in the morning, and the occasional chocolate bar, we will have to consider
how our way of living in an urban world affects the little buggers so important to us.

Examples of functional traits, and why do they matter?

= FOOD PREFERENCE Species communities that have a broad diet range ensures that all kinds of flowers
will be visited and pollinated.

= TONGUE LENGTH If there is a big variety of tongue lengths in a bee community, more flowers with varying
sizes can be pollinated. One tongue to fit every flower.

= BODY SIZE Flowers of differing shapes and sizes can have their anthers and pistils stroked if the fluffy bees
are varying in size.

= ACTIVITY PERIOD Bees with varying activity periods, for instance spring-active bees and those that are
active during the late summer, help to secure pollination for the entire season.

= NESTING LOCATION Different bees want to lay their eggs in different substrates, meaning that an
ecosystem with a bee community with a wide range of nesters could have a higher biodiversity.

= HABITAT PREFERENCE Bees that appreciate different environments can enrich neighboring landscapes,
increasing their contribution to different ecosystems.
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Appendix 2. All wild bee species per locality

Appendix 2. Table of the 108 wild bee species in the three different localities: Slottsskogen, Bords municipality and Mark
municipality (Miljoférvaltningen, 2017; Samhallsbyggnadsforvaltningen, 2021; Stadsmiljoférvaltningen, 2023). Presence indicated
with an x. 2*Vertices for the convex hulls for each locality in the different principal coordinate analyses.

Bee species Swedish name Slottsskogen Boras Mark
Andrena barbilabris Mosandbi X

Andrena bicolor* Angssandbi X
Andrena carantonica/scotica % 4 Hagtornssandbi X X
Andrena cineraria® 234 Sobersandbi X X X
Andrena clarkella Videsandbi X X
Andrena denticulata Tandsandbi X X
Andrena fucata? Hallonsandbi X

Andrena fulva Glodsandbi X X
Andrena fuscipes Ljungsandbi X

Andrena haemorrhoa® 234 Tradgardssandbi X X X
Andrena hattorfiana Vaddsandbi X X
Andrena helvola Appelsandbi X X X
Andrena humilis Slattersandbi VU X

Andrena labialis Mérgelsandbi NT X
Andrena lapponica®: %4 Blabarssandbi X X
Andrena lathyri Vialsandbi X X
Andrena marginata Guldsandbi NT X X
Andrena minutula Smasandbi X X X
Andrena nigroaenea® 23 Gyllensandbi X X X
Andrena praecox Varsandbi X X
Andrena ruficrus Assandbi X
Andrena semilaevis Veronikasandbi X X
Andrena subopaca Lundsandbi X X X
Andrena tarsata Blodrotssandbi X X
Andrena tibialis Loénnsandbi X X
Andrena vaga® 34 Salgsandbi X X
Andrena wilkella® 234 Artsandbi X X X
Anthidium punctatum? 234 Smaullbi X X X
Anthophora furcata Dénpalsbi X
Apis melliferal 234 Honungsbi X X X
Bombus barbutellus Tradgardssnylthumla X X
Bombus bohemicus Jordsnylthumla X X
Bombus campestris Akersnylthumla X

Bombus distinguendus? 3 Kléverhumla NT X

Bombus hortorum Tradgardshumla X X X
Bombus humilis Backhumla X

Bombus hypnorum?:2 3.4 Hushumla X X X
Bombus jonellus Ljunghumla X X

Bombus lapidarius® 22 Stenhumla X X X
Bombus lucorum? Ljus jordhumla X X X
Bombus magnus Kragjordhumla X
Bombus norvegicus® Hussnylthumla X

Bombus pascuorum? 23 Akerhumla X X X
Bombus pratorum Angshumla X X X
Bombus ruderarius® ** Grashumla X X
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Bee species Swedish name Slottsskogen Boras Mark
Bombus rupestris Stensnylthumla X X
Bombus soroeensis Blaklockshumla X X X
Bombus subterraneus Vallhumla X

Bombus sylvarum Haghumla X

Bombus sylvestris Angssnylthumla X X
Bombus terrestrist 234 Mork jordhumla X X X
Ceratina cyanea* Cyanmargbi X
Chelostoma campanularum?®:3 Smasovarbi X

Colletes cunicularius® > 4 Varsidenbi X X
Colletes daviesanus Vaggsidenbi X
Dasypoda hirtipes Praktbyxbi X
Eucera longicornis® 4 Langhornsbi X X
Halictus rubicundus Skogsbandbi X X
Halictus tumulorum? Angsbandbi X X X
Hoplitis claviventris® Mérggnagbi X
Hylaeus brevicornis Smacitronbi X

Hylaeus communis Gardscitronbi X X X
Hylaeus confusus Angscitronbi X X

Hylaeus hyalinatus Kolcitronbi X

Hylaeus rinki? Backcitronbi X

Lasioglossum albipes* Angssmalbi X X
Lasioglossum calceatum? 34 Mysksmalbi X X X
Lasioglossum fratellum Svartsmalbi X

Lasioglossum fulvicorne Brunsmalbi X X
Lasioglossum leucopus? 234 Bronssmalbi X X X
Lasioglossum leucozonium Fibblesmalbi X X
Lasioglossum morio® 4 Metallsmalbi X X
Lasioglossum punctatissimum? Punktsmalbi X

Lasioglossum rufitarse Skogssmalbi X X X
Lasioglossum semilucens® 23 Blanksmalbi X X

Lasioglossum sexstrigatum® 3 Franssmalbi X

Lasioglossum villosulum Hedsmalbi X X
Lasioglossum zonulum Zonsmalbi X
Macropis europaea 4 Lysingbi X X
Megachile centuncularis? Rosentapetserarbi X

Megachile circumcincta Acrttapetserarbi X X
Megachile versicolor Angstapetserarbi X X
Megachile willughbiella Stocktapetserarbi X X
Melitta haemorrhoidalis® 3 4 Blaklocksbi X X
Nomada flavoguttata Smagokhbi X X X
Nomada fulvicornis® 234 Gullgokbi X X X
Nomada goodeniana? * Gyllengokbi X X
Nomada lathburiana Salggokbi X X X
Nomada leucophthalma Videgokbi X X
Nomada marshamella Majgokbi X X X
Nomada panzeri? Skogsgokbi X X X
Nomada roberjeotiana Hostgokbi X X
Nomada ruficornis? Tradgardsgokbi X X X
Nomada rufipes Ljunggokbi X

Nomada stigma Fransgdkbi NT X
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Bee species Swedish name Slottsskogen Boras Mark
Nomada striata® 3 * Strimgokbi X X
Osmia bicornist: 2 34 Rodmurarbi X X X
Osmia inermis* Stenmurarbi X
Osmia uncinata* Hedmurarbi X
Panurgus calcaratus Smafibblebi X
Sphecodes albilabris Storblodbi X X
Sphecodes crassus Slantblodbi X X
Sphecodes ephippius Mellanblodbi X X X
Sphecodes geoffrellus Smablodbi X X X
Sphecodes gibbus Skogsblodbi X
Sphecodes monilicornis Angsblodbi X X X
Sphecodes pellucidus Sandblodbi X

Trachusa byssinal- 3 Hartsbi X X

Yvertices for the convex hulls in the principal coordinate analyses with all three localities
2\/ertices for the convex hulls of Slottsskogen

3Vertices for the convex hulls of Bords municipality
“4Vertices for the convex hulls of Mark municipality
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Appendix 3. Nominal functional traits

Appendix 3. Table of some of the nominal functional traits chosen in this study, and their weightedness level. *Detailed traits are

shown in Appendices 5-8.

Functional Trait type Levels Weightedness  Description
trait level
Polylectic (pollen
generalists)
Narrow-oligolectic
Medium-oligolectic
Diet
specialisation Broadly-oligolectic 3 Pollen breadth.
Scopae
Corbiculae
Orally
Propodeal
Pollen-
carrying No pollen-carrying
structure Categorical  structure 3 The method of pollen transportation.
All the different plant families
Pollen-source mentioned as potential pollen
preferences Categorical  *Plant families 3 preferences.
All the different plant families
Nectar-source mentioned as potential nectar
preferences Categorical  *Plant families 2 preferences.
Specific months
What, and how many months of
Phenology Categorical ~ Month count 3 activity.
Univoltine
Voltinism Categorical  Bivoltine 1 Amount of generations per year.
Solitary
Social
Whether or not the bees live
Eusocial solitarily, as parasites or in social
hierarchies, and the level of
Sociality Categorical  Parasitic 2 sociality.
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Functional Weightedness
trait Trait type Levels level Description
Above/Under ground
Exposed/Unexposed
Nesting
sites Categorical ~ Vegetated 1-2 The location of nests.
Digging
Cavities
Aggregated
Colony size
Nesting
behaviour Categorical Parasitic 1-2 The way of constructing nests.
Sediment
Mineral
Sand
Clay
Moraine
Stone
Animal nests
Plant parts
Nesting The kinds of substrates and
substrates Categorical  Infrastructure 2 structures chosen for nesting.
Habitat The habitats the bees prefer to reside
preferences Categorical ~ *Habitats 3 within.
Urban
Agricultural
Coastal
Forest
Montane
Landscape The landscapes the bees prefer to
preferences Categorical ~ Wetland 1-2 reside within.
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Functional Weightedness
trait Trait type Levels level Description
e.g.
Andrena spp.
Bombus spp.
Halictus spp.

Potential hosts

Lasioglossum spp.

Every specific bee species that could
be a host for a specific parasitic bee

for parasites Categorical ~ Colletes spp. 1 species.

Bombus spp.

Nomada spp. Every specific parasitic bee species
Parasites for that could be a threat for a specific
potential hosts Categorical ~ Sphecodes spp. 1 host species.
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Appendix 4. Continuous functional traits

Appendix 4. Table of measured intertegular distance and estimated functional traits in relation to intertegular distance. Ranges
shown in Appendix 6.

Functional Trait type Levels Weightedness Description
trait level

Intertegular

distance (mm) Continuous NA 2 Width between forewing bases.
Body
length (mm) Continuous NA 3 Distance from mandibles to stinger.
Forewing
length (mm) Continuous NA 1 Distance from forewing base to tip.
Maximum The furthest distance a bee is able to find its
homing distance (km)  Continuous NA 2 way home.

The furthest distance from the nest where
Typical half of the individual bees in a colony still
homing distance (km)  Continuous NA 2 return.
Maximum The furthest distance away from home a
feeding training (km) Continuous NA 2 bee is willing to forage at.
Maximum
communication The furthest distance where bees do not
distance (km) Continuous ~ NA 2 recruite foragers anymore.
Nectar The volume of nectar stored in a bee's
load (ul) Continuous NA 2 honey sack.
Wing Measurement of body mass in relation to
loading (mg/mm) Continuous NA 2 wing area.
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Appendix 5. Habitat preferences

Appendix 5. Table of habitat preferences. *Species classified to inhabit “most habitats” according to the literature (Artfakta, 2023;

Falk, 2015).

Bee species

Habitat preference

Andrena barbilabris
Andrena bicolor
Andrena carantonica

Andrena cineraria
Andrena clarkella

Andrena denticulata
Andrena fucata
Andrena fulva
Andrena fuscipes
Andrena haemorrhoa
Andrena hattorfiana
Andrena helvola
Andrena humilis
Andrena labialis

Andrena lapponica

Andrena lathyri
Andrena marginata

Andrena minutula
Andrena nigroaenea
Andrena praecox
Andrena ruficrus
Andrena semilaevis
Andrena subopaca
Andrena tarsata
Andrena tibialis
Andrena vaga

Andrena wilkella
Anthidium punctatum

buildings; brownfields; coastal; coniferous; deforested; dunes; forests;
moorland; open; sandpits; sandy

clearings; brownfields; dry; gardens; open; parks; quarries; roadsides;
slopes

bushland; buildings; clearings; gardens; meadows; open; parks;
pastures; roadsides

clearings; brownfields; dry; gardens; open; parks; quarries; slopes*
ditches; clearings; dry; gardens; moorland; open; quarries; sandy;
slopes

clearings; brownfields; flower-rich; gardens; meadows; open; quarries;
roadsides

forests; deforested; gardens; meadows; railway yards; roadsides
gardens; forests; open; parks

marshes; forests; moorland; open; outcrops; sandy

clearings; brownfields; dry; gardens; moorland; open; parks;
roadsides; sandy; slopes

dry; agricultural; forests; meadows; open; sandy; sparsely-vegetated
open; gardens

composite-rich; brownfields; meadows; mowed; railway yards; sandy
clay; brownfields; clearings; dry; forests; legume-rich; meadows;
open; parks; quarries; railway yards; roadsides; sandy; slopes; sunlit
coniferous; bilberry-rich; deciduous; forests; heathland; marshes;
montane; moorland; open

deciduous; clearings; forests; open; pastures; roadsides

damp; coastal; dry; forests; meadows; open; sandy; sparsely-
vegetated; sunlit

clearings; brownfields; dry; gardens; moorland; open; parks; quarries;
roadsides; sandy; slopes

clearings; brownfields; dry; embankments; gardens; open; parks;
pastures; quarries; roadsides; slopes

clearings; brownfields; dry; meadows; open; quarries; sandfields;
sandpits; sandy

edges; brownfields; forests; heathland; moorland; open; quarries;
roadsides; sandpits; sandy; willow-rich

clearings; brownfields; dry; meadows; open; quarries; sandfields;
sandpits; sandy

clearings; brownfields; dry; forests; gardens; meadows; open; parks;
quarries; roadsides; sandfields; sandy

coastal; clearings; damp; marshes; meadows; moorland; nutrient-poor;
open; roadsides

clearings; brownfields; gardens; hedges; meadows; open; parks;
pastures; scrubby

light soils; dry; meadows; quarries; roadsides; sandpits; sandy;
willow-rich

dry; clearings; gardens; open; quarries; roadsides; slopes

Slopes; nutrient-poor; agricultural; unimproved; railway yards; clay;
quarries

41



Bee species Habitat preference

Anthophora furcata brownfields; aquatic; clearings; forests; gardens; hedges; labiate-rich;
open; parks; railway yards; roadsides; sparsely-vegetated

Apis mellifera most habitats*

Bombus barbutellus

Bombus bohemicus

Bombus campestris

Bombus distinguendus

Bombus hortorum

Bombus humilis

Bombus hypnorum
Bombus jonellus

Bombus lapidarius

Bombus lucorum
Bombus magnus
Bombus norvegicus
Bombus pascuorum
Bombus pratorum

Bombus ruderarius

Bombus rupestris

Bombus soroeensis

Bombus subterraneus

Bombus sylvarum

Bombus sylvestris
Bombus terrestris

Ceratina cyanea

Chelostoma campanularum

Colletes cunicularius

Colletes daviesanus

Dasypoda hirtipes

deciduous; clearings; forests; gardens; groves; meadows; open; parks;
species-rich

alvars; agricultural; forests; gardens; heathland; urban

clearings; brownfields; deciduous; deforested; flower-rich; forests;
moorland; open; pastures; roadsides

coastal; agricultural; dunes; flower-rich; forests; low-altitudinal;
meadows; open; soft rockcliffs

forests; brownfields; gardens; open; rural; urban*

brownfields; alvars; coastal; dry; dunes; flower-rich; forests; heathland,;
open; sunlit; vegetated shingle

forests; allotments; gardens; meadows; scrubby
meadows; heathland; moorland

clover-rich; brownfields; forests; gardens; lawns; legume-rich;
meadows; open; rural; urban

most habitats*

forests; coastal; gardens; heathland; meadows; moorland; urban
forests; buildings; urban

gardens; agricultural; urban

forests; brownfields; gardens; scrubby

alvars; acidic; brownfields; coastal; forests; gardens; grazed; marshes;
meadows; roadsides; species-rich*

clearings; agricultural; deforested; forests; open; roadsides; urban

coastal; alvars; edges; forests; heathland; high-altitudinal; meadows;
moorland; open; scabiouses-rich*

alvars; agricultural; coastal; ditches; dunes; grazed; inland; legume-rich;
marshes; meadows; roadsides; unimproved; vegetated shingle

coastal; brownfields; dunes; grazed; marshes; meadows; species-rich;
vegetated shingle*

forests; agricultural; gardens
urban*

alvars; brownfields; bushland; clearings; disturbed; dry; edges; forests;
heathland; open; parks; sunlit

buildings; clearings; dead wood; gardens; meadows; open

aquatic; coastal; dunes; erosive; heathland; inland; quarries; roadsides;
sandfields; sandpits; sandy; slopes

agricultural; brownfields; clay; clearings; coastal; forests; gardens;
inland; meadows; open; roadsides; urban

acidic; brownfields; coastal; composite-rich; dunes; edges; forests;
heathland; meadows; open; quarries; railway yards; roadsides;
saltmarshes; sandfields; sandy; soft rockcliffs; urban
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Bee species

Habitat preference

Eucera longicornis

Halictus rubicundus
Halictus tumulorum

Hoplitis claviventris

Hylaeus brevicornis

Hylaeus communis
Hylaeus confusus

Hylaeus hyalinatus

Hylaeus rinki
Lasioglossum albipes
Lasioglossum calceatum
Lasioglossum fratellum
Lasioglossum fulvicorne

Lasioglossum leucopus

Lasioglossum leucozonium

Lasioglossum morio

Lasioglossum punctatissimum

Lasioglossum rufitarse

Lasioglossum semilucens

Lasioglossum sexstrigatum

Lasioglossum villosulum

Lasioglossum zonulum

Macropis europaea

Megachile centuncularis

Megachile circumcincta

Megachile versicolor

Megachile willughbiella

brownfields; clay; clearings; coastal; damp; deciduous; deforested; dry;
edges; flower-rich; forests; grazed; heathland; marshes; meadows; open;
quarries; soft rockcliffs; unimproved

forests; open*
brownfields; coastal; heathland; meadows

acidic; alvars; brownfields; bushland; clearings; coastal; disturbed;
dunes; flower-rich; forests; gravelly; heathland; meadows; open;
quarries; railway yards; roadsides; sparsely-vegetated; vegetated shingle

alvars; brownfields; forests; gardens; heathland; open; quarries; railway
yards; soft rockcliffs; vegetated shingle*

disturbed,; forests; gardens; open
coastal; forests; gardens; inland*

brownfields; coastal; forests; gardens; inland; light soils; open; soft
rockcliffs; sparsely-vegetated; vegetated shingle

agricultural; forests; open; quarries; railway yards

forests*

open; urban*

acidic; clearings; forests; heathland; moorland; open; roadsides
acidic; alvars; brownfields; forests; open; roadsides; sandy*
coastal; forests; inland*

alvars; brownfields; coastal; dunes; heathland; meadows; open;
quarries; sandy

coastal; forests; gardens; inland; open; sandfields; sandy*

clearings; edges; forests; heathland; open; roadsides; saltmarshes;
sandpits; sandy; soft rockcliffs

acidic; brownfields; clearings; forests; heathland; open; roadsides

brownfields; dry; forests; gravelly; meadows; open; quarries; roadsides;
sandfields; sandy

heathland; quarries; sandpits; sandy

alvars; brownfields; dry; forests; lawns; quarries; roadsides; slopes; soft
rockcliffs

alvars; brownfields; coastal; damp; dunes; grazed; heathland; marshes;
open; roadsides*

acidic; agricultural; allotments; alvars; aquatic; arable; bilberry-rich;
bluebell-rich; brownfields; buildings; bushland; deciduous; forests;
meadows; scrubby

brownfields; clearings; coastal; gardens; inland; open; parks

brownfields; coastal; dunes; forests; gardens; heathland; moorland;
parks; pastures; roadsides; sandpits; sandy; urban

brownfields; clearings; coastal; flower-rich; forests; gardens; heathland;
inland; meadows; open; parks; pastures; roadsides

agricultural; brownfields; clearings; deforested; disturbed; ditches;
forests; gardens; open; parks; roadsides; urban
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Bee species

Habitat preference

Melitta haemorrhoidalis

Nomada flavoguttata

Nomada fulvicornis

Nomada goodeniana

Nomada lathburiana

Nomada leucophthalma

Nomada marshamella

Nomada panzeri

Nomada roberjeotiana

Nomada ruficornis
Nomada rufipes
Nomada stigma

Nomada striata

Osmia bicornis
Osmia inermis

Osmia uncinata

Panurgus calcaratus

Sphecodes albilabris

Sphecodes crassus

Sphecodes ephippius

Sphecodes geoffrellus

Sphecodes gibbus

Sphecodes monilicornis

Sphecodes pellucidus

acidic; alvars; bluebell-rich; brownfields; clearings; dry; flower-rich;
gardens; heathland; meadows; mowed; open; pastures; railway yards;
roadsides

alvars; clearings; cultural; forests; high-altitudinal; meadows; moorland;
open; pastures; sparsely-vegetated

alvars; brownfields; clearings; coniferous; edges; forests; gardens;
heathland; open; outcrops; saltmarshes; sandy; soft rockcliffs; sparsely-
vegetated

clearings; coastal; deforested; forests; inland; open; pastures; urban

clearings; heathland; open; roadsides; sandpits; sandy; slopes; sparsely-
vegetated; sunlit

brownfields; clearings; edges; forests; heathland; moorland; moraine;
open; sandy; sunlit

agricultural; bushland; clearings; coastal; cultural; forests; inland; open;
parks; pastures; urban

agricultural; alvars; coniferous; coppice; deciduous; edges; forests;
heathland; moorland; outcrops; sparsely-vegetated; urban

forests; meadows; moorland; open; quarries; sandy; tormentil-rich*

agricultural; brownfields; clearings; cultural; forests; gardens;
heathland; meadows; open; pastures; roadsides; scrubby

alvars; brownfields; coniferous; forests; heathland; outcrops; sparsely-
vegetated

clay; quarries; roadsides; ditches; sandy; embankments

brownfields; clearings; clover-rich; embankments; forests; gardens;
legume-rich; meadows; moorland; mowed; open; parks; pastures;
roadsides; sandpits; sandy; species-rich; urban

buildings; gardens; parks; rural; urban
aquatic; erosive; flower-rich; roadsides; slopes; soft rockcliffs

bilberry-rich; clearings; coniferous; dead wood; deforested,; fire-
exposed; flower-rich; forests; heathland; open; quarries; roadsides;
sheltered; sparsely-vegetated; sunlit

acidic; flower-rich; forests; gravelly; heathland; low-grazed; meadows;
nutrient-poor; open; railway yards; roadsides; sandfields; sandy;
sparsely-vegetated

brownfields; dry; moorland; quarries; roadsides; sandy; slopes

brownfields; clearings; coastal; coniferous; dry; gravelly; moorland,;
open; pastures; quarries; roadsides; sandy; slopes

brownfields; dry; quarries; sandfields; sandy; slopes

brownfields; dry; forests; open; quarries; roadsides; sandfields; sandy;
slopes

clearings; deforested; dry; dunes; forests; gravelly; open; quarries;
roadsides; sandfields; sandy; slopes

brownfields; clearings; dry; forests; meadows; open; quarries; roadsides;
slopes

brownfields; coastal; coniferous; dry; dunes; gardens; heathland;
moorland; quarries; roadsides; sandpits; sandy; slopes; soft rockcliffs
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Bee species Habitat preference

Trachusa byssina clearings; disturbed; forests; legume-rich; open; quarries; roadsides;
sandy; slopes; sunlit
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Appendix 6. Ordinal functional traits

Appendix 6. Table of ordinal traits and their intervals.

Trait Very low Low Medium Moderate High Very high

Forewing length (mm) 0-0.5 1-15 2-2.5 3-3.5 4-45 5-6

Habitats 7 12

Colony size (workers) <50 50-150 - 200-400 300-500 >1000

Nectar families 1-2 3-4 5-6 7-8 9-10 11-13

Proboscis length (mm) 0-2 2-4 4-6 6-8 8-10 10-12

Pollen source preference | 1-2 species 3-5species 1 family - several “wide
families  variety” or

many
families

Foraging distances (km)

Maximum homing 0-1 1-2 3-4 4-5 6-7 >8

distance

Typical homing distance 0-1 1-2 2-3 3-4 4-5 5-6

Maximum feeder training 0-1 1-3 3-5 5-7 7-9 9-11

distance

Maximum communication 0-1 1-3 3-5 5-6 7-9 9-13

distance
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Appendix 7. Pollen preferences

Appendix 7. Table of lecty and pollen preferences, per bee species. *The level of oligolecty was determined based on the number
of plant species, genera or families listed as pollen preferences in the literature, and with consideration to the lecty definitions by
Miiller and Kuhlman (2008). The division was as follows: narrowly-oligolectic: 1-2 single plant species: medium-oligolectic: 1
plant genus or genera or several species: broadly-oligolectic: 1 plant genera and several plant species.

Bee species Lecty Pollen preference (plant species, genera or families)
Andrena barbilabris Polylectic -
Andrena bicolor Polylectic -
Andrena carantonica Polylectic -
Andrena cineraria Polylectic -

Andrena clarkella
Andrena denticulata
Andrena fucata
Andrena fulva
Andrena fuscipes
Andrena haemorrhoa
Andrena hattorfiana
Andrena helvola
Andrena humilis
Andrena labialis
Andrena lapponica
Andrena lathyri
Andrena marginata

Andrena minutula
Andrena nigroaenea
Andrena praecox
Andrena ruficrus
Andrena semilaevis
Andrena subopaca
Andrena tarsata
Andrena tibialis
Andrena vaga
Andrena wilkella

Anthidium punctatum
Anthophora furcata

Apis mellifera
Bombus barbutellus
Bombus bohemicus
Bombus campestris
Bombus distinguendus
Bombus hortorum
Bombus humilis
Bombus hypnorum
Bombus jonellus
Bombus lapidarius
Bombus lucorum
Bombus magnus
Bombus norvegicus
Bombus pascuorum

Narrow-oligolectic*
Broadly-oligolectic*
Polylectic

Polylectic
Narrow-oligolectic*
Polylectic
Narrow-oligolectic*
Polylectic
Medium-oligolectic*
Medium-oligolectic*
Narrow-oligolectic*
Narrow-oligolectic*
Medium-oligolectic*

Polylectic
Polylectic
Narrow-oligolectic*
Narrow-oligolectic*
Polylectic
Polylectic
Narrow-oligolectic*
Polylectic
Narrow-oligolectic*
Broadly-oligolectic*

Polylectic
Medium-oligolectic*

Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic

Salix spp.
Asteraceae

Calluna vulgaris

Dipsacaceae; Knautia arvensis; Scabiosa columbaria
Asteraceae

Fabaceae

Vaccinium spp.

Lathyrus linifolius

Succisa pratensis; Knautia arvensis; Scabiosa
columbaria; Scabiosa canescens

Salix spp.
Salix spp.

Potentilla spp.
Salix spp.

Fabaceae; Trifolium repens; Trifolium medium;
Trifolium pratense; Lotus corniculatus; Vicia sepium

Lamiaceae; Stachys spp.; Galeopsis; Betonica
officinalis; Nepeta cataria; Nepeta x fasseenii
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Bee species Lecty Pollen preference (plant species, genera or families)
Bombus pratorum Polylectic -
Bombus ruderarius Polylectic -
Bombus rupestris Polylectic -
Bombus soroeensis Polylectic -
Bombus subterraneus Polylectic -
Bombus sylvarum Polylectic -
Bombus sylvestris Polylectic -
Bombus terrestris Polylectic -
Ceratina cyanea Polylectic -

Chelostoma campanularum
Colletes cunicularius
Colletes daviesanus

Dasypoda hirtipes
Eucera longicornis

Halictus rubicundus
Halictus tumulorum
Hoplitis claviventris
Hylaeus brevicornis
Hylaeus communis
Hylaeus confusus
Hylaeus hyalinatus
Hylaeus rinki
Lasioglossum albipes
Lasioglossum calceatum
Lasioglossum fratellum
Lasioglossum fulvicorne
Lasioglossum leucopus
Lasioglossum leucozonium
Lasioglossum morio

Lasioglossum punctatissimum

Lasioglossum rufitarse
Lasioglossum semilucens
Lasioglossum sexstrigatum
Lasioglossum villosulum
Lasioglossum zonulum
Macropis europaea
Megachile centuncularis
Megachile circumcincta
Megachile versicolor
Megachile willughbiella
Melitta haemorrhoidalis
Nomada flavoguttata
Nomada fulvicornis
Nomada goodeniana
Nomada lathburiana
Nomada leucophthalma
Nomada marshamella
Nomada panzeri

Narrow-oligolectic*
Polylectic

Medium-oligolectic*

Broadly-oligolectic*
Broadly-oligolectic*

Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Narrow-oligolectic*
Polylectic
Polylectic
Polylectic
Polylectic
Narrow-oligolectic*
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic
Polylectic

Campanula spp.

Asteraceae; Leucanthemum vulgare; Cota tinctoria;
Tanacetum vulgare; Matricaria spp.; Senecio spp.;
Pulicaria dysenterica; Achillea millefolium
Cichorioideae; Asteraceae; Hieracium umbellatum

Fabaceae; Vicia sepium; Anthyllis vulneraria;
Lathyrus linifolius; Lathyrus pratensis; Trifolium
pratense

Lysimachia vulgaris; Lysimachia punctata
Campanula spp.
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Bee species Lecty Pollen preference (plant species, genera or families)
Nomada roberjeotiana Polylectic -

Nomada ruficornis Polylectic -

Nomada rufipes Polylectic -

Nomada stigma Polylectic -

Nomada striata Polylectic -

Osmia bicornis Polylectic -

Osmia inermis Polylectic -

Osmia uncinata Polylectic -

Panurgus calcaratus Medium-oligolectic*  Cichorioideae
Sphecodes albilabris Polylectic -

Sphecodes crassus Polylectic -

Sphecodes ephippius Polylectic -

Sphecodes geoffrellus Polylectic -

Sphecodes gibbus Polylectic -

Sphecodes monilicornis Polylectic -

Sphecodes pellucidus Polylectic -

Trachusa byssina

Broadly-oligolectic*

Fabaceae; Lotus corniculatus

49



Appendix 8. Nectar preferences

Appendix 8. Table of nectar source preferences for each bee species. Plant species visited as source of nectar according to the

literature (Artfakta, 2023; Falk, 2015). *Bee species visiting a “wide range of plants” for nectar consumption.

Bee species

Plant family

Andrena barbilabris
Andrena bicolor

Andrena carantonica
Andrena cineraria

Andrena clarkella
Andrena denticulata
Andrena fucata
Andrena fulva

Andrena fuscipes
Andrena haemorrhoa

Andrena hattorfiana
Andrena helvola
Andrena humilis
Andrena labialis
Andrena lapponica
Andrena lathyri
Andrena marginata
Andrena minutula
Andrena nigroaenea

Andrena praecox
Andrena ruficrus
Andrena semilaevis
Andrena subopaca
Andrena tarsata
Andrena tibialis

Andrena vaga
Andrena wilkella
Anthidium punctatum
Anthophora furcata

Apis mellifera
Bombus barbutellus

Bombus bohemicus
Bombus campestris
Bombus distinguendus

Bombus hortorum

Bombus humilis

Asteraceae; Brassicaceae; Plantaginaceae; Rosaceae; Salicaceae*
Asparagaceae; Asteraceae; Campanulaceae; Geraniaceae; Liliaceae;
Plantaginaceae; Primulaceae; Ranunculaceae; Salicaceae*

Apiaceae; Asteraceae; Ranunculaceae; Rosaceae; Salicaceae; Sapindaceae*
Asteraceae; Brassicaceae; Caryophyllaceae; Grossulariaceae; Lamiaceae;
Rosaceae; Salicaceae™

Asteraceae; Ranunculaceae; Salicaceae*

Asteraceae

Apiaceae; Asteraceae; Fabaceae; Grossulariaceae; Onagraceae; Rosaceae™

Asparagaceae; Ericaceae; Grossulariaceae; Liliaceae; Rosaceae;
Salicaceae*
Ericaceae

Asteraceae; Brassicaceae; Grossulariaceae; Lamiaceae; Ranunculaceae;
Rosaceae; Salicaceae

Dipsacaceae

Asteraceae; Grossulariaceae; Ranunculaceae; Rosaceae

Asteraceae

Fabaceae

Ericaceae; Fabaceae; Grossulariaceae; Rosaceae

Fabaceae

Dipsacaceae

Apiaceae; Asteraceae; Ranunculaceae; Rosaceae; Salicaceae*
Amaryllidaceae; Apiaceae; Asparagaceae; Asteraceae; Boraginaceae;
Brassicaceae; Ericaceae; Ranunculaceae; Resedaceae; Rosaceae*
Asparagaceae; Asteraceae; Iridaceae; Salicaceae

Asteraceae; Salicaceae

Apiaceae; Asteraceae; Campanulaceae; Plantaginaceae*

Apiaceae; Asteraceae; Brassicaceae; Plantaginaceae; Rosaceae*
Apiaceae; Asteraceae; Campanulaceae; Ericaceae; Rosaceae
Apiaceae; Asteraceae; Cistaceae; Grossulariaceae; Rosaceae; Salicaceae;
Sapindaceae

Salicaceae

Apiaceae; Asteraceae; Fabaceae; Geraniaceae

Crassulaceae; Fabaceae; Resedaceae

Asteraceae; Fabaceae; Lamiaceae; Orobanchaceae; Plantaginaceae;
Rosaceae; Solanaceae

Rosaceae; Salicaceae

Apiaceae; Asteraceae; Boraginaceae; Dipsacaceae; Fabaceae; Lamiaceae;
Rosaceae; Scrophulariaceae

Asteraceae; Dipsacaceae; Ericaceae; Rosaceae; Salicaceae
Asteraceae; Dipsacaceae; Fabaceae; Lamiaceae; Rosaceae*
Asteraceae; Boraginaceae; Campanulaceae; Dipsacaceae; Fabaceae;
Geraniaceae; Lamiaceae; Orobanchaceae; Ranunculaceae

Asparagaceae; Asteraceae; Boraginaceae; Dipsacaceae; Fabaceae;
Lamiaceae; Ranunculaceae; Rosaceae; Salicaceae; Scrophulariaceae*

Asteraceae; Dipsacaceae; Fabaceae; Lamiaceae; Orobanchaceae; Rosaceae;
Saxifragaceae
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Bee species

Plant family

Bombus hypnorum
Bombus jonellus
Bombus lapidarius
Bombus lucorum
Bombus magnus

Bombus norvegicus
Bombus pascuorum

Bombus pratorum

Bombus ruderarius

Bombus rupestris
Bombus soroeensis

Bombus subterraneus

Bombus sylvarum
Bombus sylvestris
Bombus terrestris

Ceratina cyanea

Chelostoma campanularum
Colletes cunicularius
Colletes daviesanus
Dasypoda hirtipes
Eucera longicornis
Halictus rubicundus
Halictus tumulorum
Hoplitis claviventris
Hylaeus brevicornis
Hylaeus communis
Hylaeus confusus
Hylaeus hyalinatus
Hylaeus rinki
Lasioglossum albipes
Lasioglossum calceatum
Lasioglossum fratellum

Lasioglossum fulvicorne

Lasioglossum leucopus
Lasioglossum leucozonium
Lasioglossum morio
Lasioglossum punctatissimum
Lasioglossum rufitarse
Lasioglossum semilucens

Lasioglossum sexstrigatum

Asteraceae; Grossulariaceae; Lamiaceae; Rosaceae; Salicaceae
Asteraceae; Ericaceae; Fabaceae; Onagraceae; Rosaceae; Salicaceae
Asteraceae; Brassicaceae; Fabaceae; Rosaceae; Salicaceae*

Apiaceae; Asteraceae; Ericaceae; Rosaceae; Salicaceae; Scrophulariaceae™
Asteraceae; Dipsacaceae; Ericaceae; Fabaceae; Lamiaceae; Rosaceae;
Salicaceae*

Asteraceae; Dipsacaceae; Onagraceae

Asteraceae; Boraginaceae; Dipsacaceae; Fabaceae; Lamiaceae;
Primulaceae; Rosaceae; Salicaceae; Scrophulariaceae™

Asteraceae; Dipsacaceae; Ericaceae; Fabaceae; Geraniaceae;
Grossulariaceae; Lamiaceae; Orobanchaceae; Rosaceae; Salicaceae;
Violaceae*

Apiaceae; Asteraceae; Campanulaceae; Ericaceae; Fabaceae; Lamiaceae;
Onagraceae; Rosaceae

Asteraceae; Boraginaceae; Dipsacaceae; Fabaceae; Lamiaceae; Rosaceae
Apiaceae; Asteraceae; Campanulaceae; Dipsacaceae; Ericaceae; Fabaceae;
Lamiaceae; Onagraceae; Rosaceae

Asteraceae; Boraginaceae; Caryophyllaceae; Dipsacaceae; Fabaceae;
Lamiaceae; Rosaceae

Asteraceae; Dipsacaceae; Fabaceae; Lamiaceae; Orobanchaceae; Rosaceae
Asteraceae; Dipsacaceae; Ericaceae; Lamiaceae; Onagraceae; Rosaceae*
Apiaceae; Araliaceae; Asparagaceae; Boraginaceae; Dipsacaceae;
Fabaceae; Iridaceae; Ranunculaceae; Rosaceae; Salicaceae;
Scrophulariaceae

Asteraceae; Boraginaceae; Campanulaceae; Caryophyllaceae; Dipsacaceae;
Euphorbiaceae; Fabaceae; Lamiaceae; Linaceae; Orobanchaceae;
Plantaginaceae; Ranunculaceae; Rosaceae

Campanulaceae

Apiaceae; Asteraceae; Rosaceae; Salicaceae

Asteraceae

Asteraceae

Asteraceae; Caryophyllaceae; Fabaceae; Lamiaceae

Apiaceae; Asteraceae*

Rosaceae; Salicaceae™

Asteraceae; Dipsacaceae; Fabaceae; Plantaginaceae; Ranunculaceae
Apiaceae; Asteraceae; Lamiaceae; Resedaceae; Rosaceae™

Apiaceae; Caryophyllaceae; Plantaginaceae

Apiaceae; Asteraceae; Brassicaceae; Campanulaceae; Rosaceae
Apiaceae; Asteraceae; Brassicaceae

Apiaceae; Asteraceae; Brassicaceae; Plantaginaceae

Apiaceae; Asteraceae; Dipsacaceae; Ranunculaceae

Asteraceae

Asteraceae; Campanulaceae; Dipsacaceae; Ericaceae; Onagraceae;
Rosaceae; Salicaceae

Apiaceae; Asteraceae; Brassicaceae; Campanulaceae; Ericaceae;
Lamiaceae; Salicaceae

*

Asteraceae

Asteraceae; Rosaceae; Salicaceae*

Asteraceae; Lamiaceae

Asteraceae; Ericaceae; Rosaceae; Salicaceae

Asteraceae; Campanulaceae; Cucurbitaceae; Plantaginaceae; Rosaceae;
Salicaceae

Asteraceae; Cucurbitaceae; Rosaceae; Salicaceae
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Bee species

Plant family

Lasioglossum villosulum
Lasioglossum zonulum
Macropis europaea

Megachile centuncularis
Megachile circumcincta
Megachile versicolor
Megachile willughbiella
Melitta haemorrhoidalis
Nomada flavoguttata
Nomada fulvicornis
Nomada goodeniana

Nomada lathburiana
Nomada leucophthalma
Nomada marshamella
Nomada panzeri

Nomada roberjeotiana
Nomada ruficornis
Nomada rufipes
Nomada stigma
Nomada striata

Osmia bicornis
Osmia inermis

Osmia uncinata
Panurgus calcaratus
Sphecodes albilabris
Sphecodes crassus
Sphecodes ephippius
Sphecodes geoffrellus
Sphecodes gibbus
Sphecodes monilicornis
Sphecodes pellucidus
Trachusa byssina

Apiaceae; Asteraceae; Ranunculaceae; Rosaceae*
Asteraceae; Dipsacaceae; Fabaceae

Apiaceae; Asteraceae; Lamiaceae; Lythraceae; Primulaceae; Rosaceae;

Salicaceae
Asteraceae; Fabaceae*

Asteraceae; Campanulaceae; Fabaceae; Rosaceae
Apiaceae; Asteraceae; Fabaceae; Rosaceae™

Asteraceae; Campanulaceae; Fabaceae; Rosaceae; Salicaceae

Campanulaceae; Malvaceae

Apiaceae; Asteraceae; Brassicaceae; Campanulaceae; Rosaceae; Salicaceae

Asteraceae; Brassicaceae; Rosaceae; Salicaceae

Apiaceae; Asteraceae; Boraginaceae; Brassicaceae; Caryophyllaceae;

Ranunculaceae
Asteraceae; Plantaginaceae

Asteraceae; Boraginaceae; Ericaceae; Rosaceae; Salicaceae

Asteraceae

Apiaceae; Asteraceae; Caryophyllaceae; Euphorbiaceae; Rosaceae;

Salicaceae
Asteraceae; Campanulaceae; Lamiaceae; Rosaceae

Asteraceae; Dipsacaceae; Fabaceae; Salicaceae
Asteraceae; Ericaceae; Lamiaceae
Asteraceae*

Asteraceae; Cucurbitaceae; Ericaceae; Euphorbiaceae; Fabaceae;
Menyanthaceae; Plantaginaceae; Ranunculaceae; Rosaceae

Asparagaceae; Liliaceae; Rosaceae
Asteraceae; Ericaceae; Fabaceae; Salicaceae
Ericaceae; Fabaceae

Asteraceae

Asteraceae

Apiaceae; Asteraceae; Rosaceae

Apiaceae; Asteraceae; Rosaceae

Apiaceae; Asteraceae; Brassicaceae
Apiaceae; Campanulaceae; Ericaceae; Onagraceae
Asteraceae

Asteraceae; Ericaceae; Plantaginaceae
Fabaceae
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Appendix 9. Missing functional traits

Appendix 9. Trait subcategories that are lacking entirely within the three assemblages. Two of these subcategories were

significantly correlated with one or several of the chosen PC axes.

Slottsskogen

Boras

Mark

Pollen sources
Campanulaceae
Clusiaceae
Crassulaceae
Dipsacaceae
Geraniaceae
Grossulariaceae
Orobanchaceae
Primulaceae
Salicaceae
Sapindaceae

Pollen sources
Crassulaceae
Orobanchaceae

Pollen source
Geraniaceae

Nectar sources
Cistaceae
Linaceae
Lythraceae
Malvaceae
Menyanthaceae
Sapindaceae
Saxifragaceae

Nectar source
Linaceae

Nectar source
Saxifragaceae

Habitats preferred
Aquatic environment
Arable environment
Billberries present*
Bluebells present
Composites present
Damp environment
Ditches present

Dunes present

Erosive environment*
Fire-exposed environment
Grazed environment
Hedges present
Labiates present
Moraine environment
Mowed environment
Sheltered environment
Species-rich environment
Tormentils present
Various environments
Willows present

Habitats preferred

Labiates environment
Sheltered environment

Habitats preferred

Other
Medium-oligolectic
Socialbrood parasitic

Other
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Slottsskogen

Boras

Mark

Potential hosts
Andrena apicata
Andrena barbilabris
Andrena batava
Andrena clarkella
Andrena gelriae
Andrena intermedia
Andrena labialis
Andrena nycthemera
Andrena similis
Andrena tarsata
Andrena wilkella
Bombus cryptarum
Bombus hortorum
Bombus humilis
Bombus hypnorum
Bombus jonellus
Bombus lapidarius
Bombus lucorum
Bombus monticola
Bombus pascuorum
Bombus pratorum
Bombus ruderarius
Bombus sylvarum
Coelioxys conica
Coelioxys conicus
Coelioxys elongatus

Coelioxys quadridentata

Coelioxys rufescens
Colletes cunicularius
Halictus rubicundus

Lasioglossum pauxillum
Lasioglossum punctatissimum

Potential hosts
Andrena labialis

Coelioxys quadridentata

Coelioxys rufescens
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Potential hosts
Andrena barbilabris
Bombus humilis
Bombus hypnorum
Bombus pascuorum
Bombus ruderarius
Bombus sylvarum
Coelioxys quadridentata



Slottsskogen

Boras

Mark

Potential parasites
Aglaoapis tridentata
Bombus subterraneus
Epeoloides coecutiens
Epeolus variegatus
Nomada alboguttata
Nomada argentata
Nomada armata
Nomada ferruginata
Nomada flavopicta
Nomada fuscicornis
Nomada integra

Nomada leucophthalma

Nomada obscura
Nomada sexfasciata
Nomada signata
Nomada villosa
Sphecodes albilabris
Sphecodes gibbus
Sphecodes hyalinatus
Sphecodes longulus
Sphecodes miniatus
Sphecodes puncticeps

Sphecodes rubicundus

Stelis ornatula

Potential parasites
Aglaoapis tridentata
Epeolus variegatus
Nomada fuscicornis
Nomada obscura
Sphecodes crassus
Stelis ornatula
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Potential parasites
Aglaoapis tridentata
Nomada alboguttata
Nomada integra
Sphecodes crassus
Sphecodes longulus
Sphecodes miniatus



Appendix 10. Significantly correlated functional traits

Appendix 10. Table of the trait subcategories that are significantly correlated to one or several of the four chosen PC axes, PC16—
19.

Pollen-carrying structure Axis p value
Corbiculae PC17 0.0379

Scopae PC18 0.0005

No pollen-carrying structure PC18 0.0207

Pollen source (plant family) Axis p value
Asteraceae PC18 0.0062
Boraginaceae PC17 0.018
Brassicaceae PC18 0.0163
Campanulaceae PC18; PC16 0.008; 0.0472
Lamiaceae PC16 0.0281
Rosaceae PC18 0.0045
Salicaceae PC16; PC18 0.0113; 0.0172
Sapindaceae PC17 0.0381
Sapindaceae PC17 0.0381
Various pollen sources PC19 0.0247

Nectar source (plant family) Axis p value
Apicaceae PC17; PC16 0; 0.0001
Asteraceae PC19; PC17 0.0159; 0.0308
Campanulaceae PC19 0.0214
Cucurbitaceae PC17 0.0355
Dipsacaceae PC18 0.0045
Ericaceae PC18 0.0065
Fabaceae PC16 0.0336
Grossulariaceae PC18; PC16 0.0021; 0.0237
Lamiaceae PC17; PC19 0.0041; 0.0435
Onagraceae PC17 0.0142
Orobanchaceae PC16 0.0226
Plantaginaceae PC19 0.0096
Ranunculaceae PC17 0.0287
Rosaceae PC17 0.0056
Salicaceae PC19 0.0181
Sapindaceae PC17 0.0381
Scrophulariaceae PC18 0.0492
Nesting Axis p value

Large aggregations PC17; PC16 0.0073; 0.0198
Small aggregations PC16; PC17 0.002; 0.0136
Stones present PC19 0.0012
Unaggregated nesting PC17; PC18 0.001; 0.0026
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Habitats preferred Axis p value
Acidic environments PC17 0.0156
Allotments PC18 0.0304
Billberries present PC18 0.0171
Clay present PC18 0.0429
Clearings PC19 0.0036
Clovers present PC18 0.0341
Coastal environments PC19 0.0206
Coniferous forests PC17 0.0157
Deciduous forests PC16 0.0344
Deforested environments PC16 0.0306
Disturbed environments PC19 0.0437
Edges PC18 0.0094
Erosive environments PC16; PC19 0.0167; 0.0304
Gardens PC16 0.0013
Gravelly environments PC16; PC19 0.0091; 0.0132
Heathland PC17 0.0218
Inland PC19 0.0187
Legumes present PC18 0.0076
Nutrient-poor environments PC16 0.0041
Parks PC16 0.0153
Quarries PC16 0.0001
Roadsides PC16 0.0044
Rockeliffs PC17 0.007
Sand fields PC18 0.0317
Sandy environments PC17 0.0217
Slopes PC16 0.0221
Sparsely-vegetated environments PC19 0.0158
Sunlit environments PC17 0.0075
Various open environments PC19; PC16 0.0013; 0.0371
Landscapes inhabited AXis p value
Agricultural PC18 0.0014
Forest PC18 0.0004
Montane PC18 0.0231
Urban PC16 0.0404
Potential parasite AXxis p value
Nomada fabriciana PC18 0.0322
Nomada sheppardana PC17 0.0272
Sphecodes geoffrellus PC18 0.0404
Sphecodes monilicornis PC17 0.0433
Additional factors AXis p value
Facultatively eusocial PC18 0.0424
Activity in May PC16 0.0361
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Appendix 11. Scaled RMSD values per Principal Coordinate axis

Appendix 11. Table of the scaled square-root of mean squared deviations (RMSD) values of each principal component (PC) axis.
The lowest scaled RMSD values are indicated in red: PC16, PC17, PC18 and PC19.

AXxis RMSD (Scaled)
PCoA 1 0.099
PCoA 2 0.0711
PCoA 3 0.0497
PCoA 4 0.0348
PCoA 5 0.0262
PCoA 6 0.0217
PCoA 7 0.0215
PCoA 8 0.0199
PCoA 9 0.018
PCoA 10 0.0153
PCoA 11 0.0138
PCoA 12 0.0117
PCoA 13 0.0109
PCoA 14 0.0098
PCoA 15 0.0091
PCoA 16 0.0085
PCoA 17 0.0084
PCoA 18 0.0085
PCoA 19 0.0087
PCoA 20 0.0089
PCoA 21 0.0093
PCoA 22 0.0098
PCoA 23 0.0102
PCoA 24 0.0107
PCoA 25 0.0749
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Appendix 12. Weighted significant functional traits

Appendix 12. Box plots of traits with the highest weightedness level, that are significantly correlated (p < 0.05) with one or several
PC axes, indicted in dark blue. Corbiculae (p = 0.038 for PC17 and 0.047 for PC16); Scopae (p = 0.0005); Wide variety in their
pollen source (p = 0.025); Male body length range (p = 0.030) and Queen body length range (p = 0.027).

Relation between traits and PCoA axes

004 004 004
» 002 [ oo
I
LT oo 00
a0 o an
Corbiculse Apdominal Leg HA WA Various
004 004 004
002 [ X
o ‘
9 o oo 0.0
202 o au
204 004 a0s
a Lot [
004 004 004
0z 0oz 00z
o 00
Q oo on 000
20z 002 a0z
204 004 2 a04
Corbiculae WA Abdominl Leg HA WA Various
02 0.025 0.02
2 0000 0000 0.000
o
|4
002 00 202
.
150 0050 0,050
Corbiculze HA Apdomina Leg HA HA Various
Carbiculae Scopae Vilide_variety_pollen_source
Wade it mFD package
Relation between traits and PCoA axes
008 oo
o U0 . 002
o
% a00 (1]
202 002
Wadsate A Low Wedum High Very high A
a0s o
002 oz
o
o a0 000
2.0 002
004 . . - L . 00 . : : - S
verylow Low edium Wodeeate A Low Wedum High very high A
004 004
10z Doz
I
g oo 171
202 202
204 0.0
Very low Low Medum Wadesate A Low Wedum High Very high A
0.025 0.025
2 0000 0000 . .
Q .
& = -
0025 0o O
.
150 0050
fow Lo Moderste A Low Wedum ey high [

Wadum High
Body_length_range_Male Body_length_range_Queen

M3 wilh mFD package

59



Appendix 13. Combined Principal Coordinate Analysis

Appendix 13. Principal coordinate analyses of the four PC axes: PC16-19. All three localities are combined and the 108 species
with their functional traits are making up each convex hull. Four particularly distinct vertex species are included.
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Appendix 14. Functional evenness

Appendix 14a. Principal coordinate analyses of functional evenness between Slottsskogen and Boras municipality, with the PC
axes 16-19.
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Appendix 14b. Principal coordinate analyses of functional evenness between Slottsskogen and Mark municipality, with the PC
axes 16-19.

Functi E of " bgen' and 'Mark'
00!
Functional Evenness Slottsskogen Mark

0025 FEve 0868 0843
~ NB: Indices were computed in a 4-dmensional space
O 0000 reiative weight sskogen
5 s mst skogen

o relatve weight of Mark
025 - ‘mst of Mark
. nape of species from the giobai p

0.050 0050

0025 0025
] 2
O 000 O 000
Q 000 9 oo

0025 0025

S T T —————
0025 0000 0025 005 0050 -0025 0000 0025 0050
PC16 PC17

0050 050 0.050

0025 0025
-] o 2
O 0000 O 0000 O 0000
a o o

0025 0025 0,025

05 0025 0000 0025 0 50 25 0.05( 0050 -0025 0000 0025 0050
PC16 PC18

made with mFD package

61



Appendix 14c. Principal coordinate analyses of functional evenness between Bords and Mark municipality, with the PC axes 16—
19.

Functional Evenness of 'Mark' and 'Boras'

0050
Functional Evenness Mark Boras
0025 FEve 0843 0846
] N8 Indices were computed in a 4-dimensional space
© 0000 o retative weight of Mark
a o] - mst of Mark
0025
hape
0,050 t—————————
0050 0025 0000 0025 0050
PC16
0050 0050
0025 0025
e e
O 0.00 O 0¢
Q 0000 Q 0000
0025 0025
>
. 0,050 dmeeeeeeeee
050 -0025 0000 0025 0050 0025 0000 0025 0050
PC16 PC17
0050 0050 0050
. -
0025 . | 0025 0025
y >
e e e
O 000 O O 0000
Q 0000 Q oo 9 0000
0025 0025 0025
0050 e 0050 0050
0050 0025 0000 0025 0050 -0025 0050 0050 -0025 0000 0025 0050
PC16 PC18

made with mFD package

62



Appendix 15. Beta diversity

Appendix 15a. a-f) Principal coordinate analyses of beta diversity between Slottsskogen and Boras municipality, with the PC axes
16-19. g) Jaccard dissimilarity index, turnover and nestedness-resultants between the two localities.
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Appendix 15b. a—f) Principal coordinate analyses of beta diversity between Slottsskogen and Mark municipality, with the PC axes
16-19. g) Jaccard dissimilarity index, turnover and nestedness-resultants between the two localities.
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Appendix 15¢. a-f) Principal coordinate analyses of beta diversity between Boras and Mark municipality, with the PC axes 16-19.
g) Jaccard dissimilarity index, turnover and nestedness-resultants between the two localities.

F beta-diversity b 'Boras' and 'Mark'
a) om 9)
Family Dissimilarity = Turnover+  Nestedness-res.
0025 Jaccard 02819 01702 01027
~ NB: Indices were computed in a 4-dimensional space
o
Q oo o
- c hull of
0025 shape of species from the giobal pool
-0.05

& A
0050 -0025 0000 0025 0050
PC16

b) 0050 d) 0050
0025 0025
e e
Q oo Q ooo
-0.025 -0.025
0,050 4o 0080
0050 0025 0000 0025 0050 0050 -0025 0000 0025 0050
PC16 PC17
C) 0.050 e) 0.050
0025 0025
o >
9 0000 Q 0000
-0.025 0025
Y] i —— oo — T %
0050 0025 0000 0025 0050 0050 0025 0000 0025 0050 0050 0025 0000 0025 0050
PC16 PC17 PC18

made with mFD package

64



