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A BEE indicator for monitoring wild bee diversity in agricultural
systems

Marco d’Agostino’ - Emanuele Luigi Zenga'? - Manuela Giovanetti' @ - Fortunato Fulvio Bitonto® - Marta Galloni® -

Marino Quaranta’ - Laura Bortolotti’

Abstract

Given the growing importance of assessing the condition of wild bees in agroecosystems, we focused on developing a BEE
indicator that could be easily used by non-expert taxonomists to score bee diversity. Our goal was to create a tool suitable for
farm-level use, one that does not require taxonomic expertise nor heavy field work. Since existing literature has emphasized
the significance of environmental features surrounding any investigated site, we incorporated this aspect into our design.
We began by identifying a user-friendly field tool to differentiate among bee morphogenera, then proceeded by developing
a process for data analyses and interpretation. A protocol is also shared. Further on, we run a case-study testing this tool at
13 sites in three countries, differentiating farms based on farming practices (conventional or organic, as proxy of opposite
conditions). The results confirmed that (a) a diagnostic table based on morphological similarities is a practical field tool
that, in almost all cases, allows for accurate classification of a bee individual into a specific group (morphogenus); (b) the
process of analysis, based on number of morphogenera and landscape composition reflects variability among bees and across
sites; (c) evaluating environmental features is essential for placing the results of bee variability into the appropriate context.

Keywords Wild bees - Agroecosystems - Natural features - Morphogenera - SDG 12: Responsible consumption and
production - SDG 15: Life on land

Introduction

Wild bees play a fundamental role in agricultural ecosys-
tems (Mottershead and Underwood 2020; Krahner et al.
2021), significantly influencing crop production through
their essential function as pollinators. The synergy between
wild bees and agriculture is intricately woven, with these
insects serving as crucial contributors to pollination finally
sustaining our food supply (Ollerton et al. 2011) and success
of agricultural enterprises (Winfree et al. 2008). However,
this harmonious relationship faces formidable challenges
posed by modern agricultural practices. Kremen et al. (2002)
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already highlighted how degradation of the agroenvironment
affected the pollination services provided by native bee com-
munities, with proximity to natural habitat and management
type as emerging factors. The current CAP (Eu’s Common
Agricultural Policy), with its focus on enhancing biodiver-
sity and green architecture in each Member State, presents
an important opportunity to support wild pollinators and
their habitats. It has already been acknowledged that in the
matrix of landscape elements bees find nesting and feeding
resources (Pufal et al. 2017). Present and future key greening
actions need to include preserving and restoring seminatural
features like stubbles, hedgerows, field margins, fallow area,
minimizing fertilizers, pesticides, and regulating grazing.
For pollinators, an extra effort has to be made not to over-
look the pollinator dimension, i.e., specifically its spatial
scale, that may result in the failure of protection measures
(Giovanetti and Bortolotti 2023).

Given planned policy interventions, it is crucial to
develop bioindicators that effectively assess the impact of
CAP measures on wild bee populations (Potts et al. 2020).
Biodiversity has been assessed using various tools, but
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none is specifically designed for pollinators. It is often
assumed that if an environment is suitable for one species,
it will be for others, in line with the concept of the food
webs and the harmony among the multiple components.
The Farmland Bird Index (FBI), for example, is used in the
current CAP as a proxy of landscape biodiversity. How-
ever, it tracks bird species reliant on farmland and while
effective at regional and national levels, it is less useful at
the local level (Calvi et al. 2018) and not informative on
bees, which have different needs (Albertazzi et al. 2021).
A tool used in the past CAP focused on High Nature Value
(HNV) farming and was incorporated as a policy focus
from 2005 (Lomba et al. 2023). While it could have been
a better proxy for wild bees, unfortunately lacks the spa-
tial-temporal data resolution needed for accurate local
assessments (Paracchini et al. 2008) and is no longer
used in the current CAP. Wild bees have been studied as
bioindicators (e.g., Schindler et al. 2013). A “wild polli-
nators indicator” has been long planned, which definition
and protocol for calculations are still under development
through the European STING/SPRING projects (Vallecillo
et al. 2022).

The growing focus on wild pollinators, particularly
bees, is driving efforts to develop indicators based on
them for assessing environmental restoration effective-
ness. Approaches include using phenological bee groups
to monitor plant availability in urban areas (Twerd et al.
2021); the whole-farm pollinator scoring system in Ireland
(Kavanagh et al. 2023), based on pollinator-friendly habitats
maintained/created by farmers (i.e., maintenance of flower-
ing hedgerow, pollinator-friendly trees, bare soil and bee
boxes, reduction of pesticide use); species richness, abun-
dance, and functional richness of wild bees in relation to
agricultural land use (Ockermiiller et al. 2023). The final
goal that all approaches are pointing to is evaluating biodi-
versity in agricultural contexts with the aim of sustaining
policy measures intended to mitigate overall biodiversity
loss, amending landscape simplification, and improving
local bee populations.

The Mediterranean countries are especially rich in differ-
ent environments and these host numerous plants and animal
species, including many endemic taxa, that are generally
threatened: The Mediterranean basin earned the recogni-
tion as the second largest biodiversity hotspot in the world
(Myers et al. 2000). Wild bees are abundant in Europe,
where we can list more than 2000 species, and especially
abundant in South European countries. However, it may
result difficult to manage this biodiversity when it is up to
plan monitoring schemes, considering the intrinsic difficul-
ties related to species identification, including both species
that remain undescribed that arises more frequently in areas
with high biodiversity and lack of insect taxonomy special-
ists (Wigele et al. 2011).

We designed a method considering assemblage of wild
bees (based on morphological similarities) and farmland
landscape complexity; combining these information, we
developed a score that may contribute to evaluate friendly-
condition of individual farms toward wild bees. To our
knowledge, no previous approach adopted morphological
similarity to group bees. We decided for this classification
based on the existence of a ready-to-use tool (“Diagnostic
Table of Wild Bee Morphogenera,” Quaranta 2019) that
we slightly modified for the purpose. The design includes a
protocol for data collection, a formula to estimate morpho-
genera diversity, and a table to interpret the result within a
defined landscape context. We tested the method in a case-
study carried out at 13 farms in three countries, over a sin-
gle season at each farm. The proposed BEE indicator can
be considered suitable to assess bee-friendly farming and
should be easy to apply by research groups which would
like to validate it, regional or national administrators for uses
connected to agricultural/environmental evaluations, farmers
interested in the performance of their practice.

Materials and methods
Morphogenera

The “Diagnostic Table of Wild Bee Morphogenera” (here-
after TWB; Quaranta 2019) is a tool designed to help users
identify wild bee genera in Italy. It assists people with
limited training in bee identification by focusing on mor-
phological similarities only requires a magnifying glass to
observe the bees. The table groups genera and species into
25 morphogenera, plus Apis (which represents a single spe-
cies, Apis mellifera). The TWB is freely available online
and was designed to evolve over time. In its current form
(updated in 2019), not all morphogenera align with the most
recent taxonomic classifications. For example, the genera
Eucera, Tetralonia, and Tetraloniella have undergone sev-
eral revisions (Dorchin 2023; Freitas et al. 2023). For the
purpose of this work, we updated and modified the list by
adding Melecta as a separate morphogenus, which includes
the genera Melecta and Thyreus. These genera were previ-
ously included within the morphogenus Anthophora. The
updated version of the TWB, now with 26 morphogenera
plus Apis, serves as an optimal tool for applying the BEE
indicator and can be used alongside the monitoring protocol
outlined in this work.

Since we planned a case-study with multiple sites in differ-
ent European countries and the table was initially designed to
identify morphogenera in Italy, we also proceed by a) incorpo-
rating genera not present in Italy, based on the latest European
checklist (Table 1) (Reverté et al. 2023; Ghisbain et al. 2023)
and b) verifying if the number of species per morphogenus



Table 1 List of morphogenera as elaborated in this work, with the
genera ascribed to each of them and the family they belong; for each
morphogenus, information regarding any implementation from the

“Diagnostic Table of Wild Bees Morphogenera of Italy” (Quaranta
2019; TWB) are reported

Modification from TWB;

Morphogenus Genera Family
Ammobates  Ammobates, Ammobatoides, Biastes, Apidae
Chiasmognatus, Parammobates,
Fasites, Schmiedeknechtia
Andrena Andrena, Cubiandrena, Melitturga Andrenidae
Anthidium Anthidiellum, Anthidium, Afranthidium, Megachilidae
FEoanthidium, Icteranthidium, Pseu-
doanthidium, Rhodanthidium, Stelis,
Trachusa
Anthophora  Amegilla, Ancyla, Anthophora, Habrop- Apidae
oda, Tarsalia
Apis Apis Apidae
Bombus Bombus Apidae
Ceratina Ceratina Apidae
Coelioxys Coelioxys, Ensliniana, Metadioxys, Megachilidae
Paradioxys
Colletes Colletes Colletidae
Dasypoda Dasypoda Melittidae
Dufourea Dufourea, Rophites, Rhophitoides Halictidae
Epeolus Epeolus, Epeoloides, Triepeolus Apidae
Eucera Eucera (except Subgenus Synhalonia) Apidae
Halictus Halictus, Lasioglossum, Systropha, Halictidae
Seladonia, Thrincohalictus
Hylaeus Hylaeus Colletidae
Macropis Macropis Melittidae
Megachile Aglaoapis, Dioxys, Lithurgus, Megachile Megachilidae
Melecta Melecta, Thyreus Apidae
Melitta Melitta Melittidae
Nomada Nomada Apidae
Nomiapis Nomiapis, Pseudapis Halictidae
Nomioides Nomioides, Ceylalictus Halictidae
Osmia Chelostoma, Haetosmia, Heriades, Megachilidae
Hofferia, Hoplitis, Osmia, Protosmia,
Stenoheriades
Panurgus Camptopoeum, Clavipanurgus, Fla- Andrenidae
vipanurgus, Halopanurgus, Panurgus,
Panurginus, Simpanurgus
Sphecodes Sphecodes Halictidae
Tetralonia Tetralonia (included Genus Eucera— Apidae
Subgenus Synhalonia)
Xylocopa Xylocopa Apidae

details and reasons

genus/genera added

genus/genera removed

not considered

genus/genera added

genus/genera added

genus/genera removed

genus/genera added

genus/genera removed
morphogenus added

genus/genera added

genus/genera added

genus/genera added

genus/genera name change

The morphogenus Apis is maintained in the list, but has not been considered in the analyses

Cubiandrena (not previously considered)

Melecta; Thyreus

presence/absence mostly dependent upon
beekeepers

Ensliniana, Metadioxys, Paradioxys
(morphological similarity)

Rhophitoides (not previously considered)

Cubitalia (absent in Reverté et al. 2023)

Seladonia (morphological similarity);
Thrincohalictus (not previously con-
sidered)

Ensliniana, Metadioxys, Paradioxys

Pseudapis (not previously considered)

Haetosmia, Hofferia, Stenoheriades (not
previously considered)

Clavipanurgus, Flavipanurgus, Halopa-
nurgus, Simpanurgus (not previously
considered)

Name changed from Tetraloniella to
Tetralonia (morphological reasons)
Addition of a note on Synalonia

was consistent across different European countries (Table 2).
We examined the relative number of species contributing
to each morphogenus in each country. All morphogenera
are represented by at least one species. The total number of
species is similar in Italy and Spain (1050 and 1171 species,

respectively), while in Slovenia, the number is roughly half
(575 species). We also considered Europe as a whole, with
2141 species assigned to the morphogenera list. Moreover,
we also checked if monitoring carried out by adopting mor-
phogenera is consistent with biodiversity recorded at species



Table 2 Morphogenera list used in this work, with according number of genera and species, retrieved from Reverté et al. (2023), at Europe/

country level

Morphogenus EU_number EU_number ITA_number ITA_number ESP_number ESP_number SLO_number SLO_number
of Genera of Species of Genera of Species of Genera of Species of Genera of Species

Ammobates 7 26 4 10 6 12 3 5
Andrena 3 484 2 216 2 244 1 124
Anthidium 9 82 8 40 8 48 7 22
Anthophora 5 98 4 50 3 54 3 14
Apis 1 1 1 1 1 1 1 1
Bombus 1 68 1 44 1 37 1 37
Ceratina 1 26 1 13 1 13 1 7
Coelioxys 4 32 1 18 2 21 1 12
Colletes 1 66 1 28 1 36 1 12
Dasypoda 1 19 1 7 1 13 1 1
Dufourea 3 29 3 10 2 15 3 5
Epeolus 3 20 3 14 2 13 3 4
Eucera 1 70 1 26 1 27 1 9
Halictus 5 261 4 139 4 152 4 83
Hylaeus 1 88 1 56 1 51 1 35
Macropis 1 3 1 3 1 2 1 2
Megachile 4 89 4 49 4 53 4 31
Melecta 2 37 2 17 2 25 2

Melitta 1 19 1 6 1 13 1

Nomada 1 222 1 111 1 116 1 59
Nomiapis 1 10 1 5 1 6 1 2
Nomioides 2 7 2 3 2 5 1 1
Osmia 8 245 6 116 7 124 5 64
Panurgus 7 42 3 14 5 22 2 3
Sphecodes 1 48 1 37 1 40 1 22
Tetralonia 2 40 2 14 2 22 1

Xylocopa 1 9 1 3 1 6 1

level. For a subset of our monitoring surveys (5 farms; 20 tran-
sects, year 2022; Emilia-Romagna, northern Italy) bees were
collected, stored in vials inside a portable refrigerator, and
brought to our Laboratory of Entomology for identification
by a taxonomist at species level.

The BEE indicator

The indicator was conceived a priori, to assess the richness
of wild bees through the count of morphogenera at the farm
scale (represented by four transects, as explained below in
Field Sampling). Therefore, the formula of the BEE indicator
includes the number of different morphogenera recorded in
each of four monitoring transects (A, B, C, D) divided by the
total number of transects:

BEE = (n, +ng+n¢+np)/4

where n; is the number of morphogenera collected in three
months, and A, B, C, and D are the four transects located
inside each farm.

The case-study

We expect the BEE indicator to reliably assess wild bee
diversity at the farm level on an annual basis, enabling us
to detect differences among sites based on local features
and farming practices. While we recognize that wild bee
population density and species richness can fluctuate sig-
nificantly from year to year for various reasons, and that
some variables have already been studied in the context of
organic vs. conventional farming, our goal was to determine
whether the BEE indicator could identify macro-differences
between agroecosystems (i.e., such as organic vs. conven-
tional). Prompted by participation in a European project that
facilitated fieldwork collaboration, we conducted the present
case-study. A BEE indicator protocol was designed for this



case and applied to 13 farms in three countries (Fig. 1), with
data collected over a single season at each farm: Emilia-
Romagna (northern Italy; 2022), Veneto (northern Italy;
2023), Apulia (southern Italy; 2023), the Balearic Islands
(Spain; 2023), and Brda (Slovenia; 2023).

Study site

The five farms in Emilia-Romagna (three organic, two
conventional) are situated in a large area between the Po
Plain and the Apennine Mountains, at low altitudes on
hilly terrain. The hills are characterized by a heterogene-
ous landscape rich in natural features (Municipalities of
Loiano, Pianoro, and Imola), while the Po Plain is inten-
sively cultivated and lacks natural areas (Municipalities
of Calderara di Reno and Sala Bolognese). The two farms
in Veneto (one organic, one conventional) are located in a
landscape of intensively cultivated plains and hills, with
a mix of crops and vineyards (Municipalities of Pojana
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Maggiore and Vo Euganeo). Both Slovenian farms (one
organic, one conventional) are found in a hilly region pre-
dominantly covered by vineyards (Municipality of Brda).
The two farms in Apulia (one organic, one conventional)
are situated in an intensively cultivated plain (Municipality
of Ostuni, Brindisi), rich in olive groves. The two farms on
the Balearic Islands are located on Mallorca, the largest
island in the archipelago, which features high landscape
heterogeneity, ranging from olive groves to large unculti-
vated areas. Slovenia, Veneto, and Emilia-Romagna share
a warm temperate climate (Humid Subtropical Climate—
Cfa) (Peel et al. 2007; Beck et al. 2018) and are part of the
European Continental biogeographical region (Cervellini
et al. 2020). In contrast, Apulia and the Balearic Islands
are characterized by a Mediterranean climate (Cold Semi-
Arid Climate—Csa) (Peel et al. 2007; Beck et al. 2018)
and belong to the European Mediterranean biogeographi-
cal region (Cervellini et al. 2020).

All monitored farms are located below 500 m above
sea level.

N ¢ \,\
CEmllla-Romagnq

Fig. 1 Map of the Mediterranean Europe, inclusive of the five regions where the study sites (13 farms) are located (created in QGIS-3.28). The
red outlines represent the regional boundaries; the dots represent the location of investigated farms in the region



Field sampling

A monitoring area was defined on each farm by drawing
a circle with a 250-m radius within the farm boundaries
(Fig. 2a). The circle was strategically placed to represent
the farm environment and avoid proximity to neighboring
farms in order to minimize the influence of adjacent crops. It
was designed to include both crops and seminatural habitats.
Within the circular area, we established four transects, each
50 m long and 2 m wide (A, B, C, D). The positioning of
the transects was determined by interpreting aerial photos
and conducting field observations focused on actual land-
scape features. We prioritized habitats considered optimal
for bees, selecting transects to maximize diversity. The aim
was to capture the greatest biological diversity among the
bee species on the farm, including field margins, ditches,
roadsides, forest edges, and pond edges. The transects were
not required to follow a straight line, must be at least 100 m
apart, and located outside crop fields. These transects served
as fixed monitoring units for monthly field sampling. The
protocol stipulates that sampling is conducted over three
consecutive months, accounting for climatic limitations in
different biogeographic regions (e.g., extreme drought in
summer). Our sampling was carried out in May, June, and
July, according to unpublished results that indicated these
months as highest in bee diversity.

The surveyors (in the case of this study, trained scien-
tific personnel) conducted the sampling only under suitable

weather conditions: temperatures between 15 and 35 °C,
less than 50% cloud cover, no rain, and wind speeds below
15 km/h (less than 4 on the Beaufort scale). Sampling was
repeated twice a day on the same transect by sweep netting,
once in the morning and once in the afternoon, depending on
local weather conditions. Surveyors used an entomological
net to walk the transect for exactly 15 min, pausing the timer
during sample collection and handling. Bees were collected
when foraging on flowers or in flight, except for honeybees,
which were excluded from the sampling. The captured bees
were placed in a transparent vial and kept in a portable
refrigerator. After completing the sampling, the surveyors
identified the collected bees using a magnifier lens and the
morphogenera diagnostic table (details below), then released
them. An exception to the catch-and-release rule was applied
for individuals that cannot be confidently assigned to a spe-
cific morphogenus. In such cases, the bees were killed with
ethyl acetate, put into a labeled vial (with date, location, and
transect), and later identified at the morphogenus level using
a stereomicroscope, specialized literature, or assistance from
a specialist.

Landscape composition

To investigate the landscape composition of the farm, we
used satellite images from Google Maps (Map data ©2024
Google, Airbus, CNES/Airbus, Maxar Technologies), inter-
preting them based on a standard list of landscape features

Fig.2 Aerial photo to select a farm boundaries, reported by the
orange dotted line, and a suitable circular area having a radius of
250 m, where to locate the four walking transects (A, B, C, D); b

enlarged circular area having a radius of 500 m, with natural features
highlighted in yellow (created in QGIS-3.28)



that we had previously defined (Table 3). Our list includes
natural landscape elements typically detectable from aerial
photos. Our exclusion criteria were based on selecting areas
that were optimal for bees plus detectable with aerial photo-
graphs; unfortunately, in some cases we had to accept a more
restrictive compromise (as with orchards and meadows),
possibly withdrawing some potentially good areas. There-
fore, we excluded the following: water bodies, while natural,
do not support wild bees; buildings and impervious surfaces,
the most anthropogenic elements in the landscape; croplands
and orchards often have low flower diversity, are seasonally
limited, and lack bee nesting sites (notwithstanding they
could locally and temporally have significant influences
on wild bee occurrence and species composition), and the
practice of mowing and weeding on them negatively impact
wild bees by reducing spontaneous vegetation. Using QGIS
2.8 software (2022), we manually digitized areas where fea-
tures from our list were identifiable. This analysis began
with the circular area where the transects were placed and
was expanded to a radius of 500 m (Fig. 2b). We digitized
the patches that could be assigned to this list as polygons and
calculated the corresponding area as a percentage.

Statistical analyses

All statistical analyses were conducted in R 4.3.2. Graph-
ics were created using the ggplot2, sjPlot, and ggstatsplot
packages (Wickham 2016; Patil 2021; Liidecke 2023), while
statistical tests were performed with the Imtest, moments,
and rstatix packages (Zeileis and Hothorn 2002; Komsta and
Novomestky 2022; Kassambara 2023).

To compare the percentage abundance of morphogenera
among countries, we performed a Pearson’s X2 test with a
simulated p-value (based on 2000 replicates) on a contin-
gency table that included the number of species for each

morphogenus in Italy, Spain, and Slovenia. We aimed to
test whether morphogenera could serve as a reliable proxy
for species richness. We compared the number of species
and morphogenera detected across 20 transects (data
from Emilia-Romagna; northern Italy; 2022), performing
a Spearman rank-order correlation test. Additionally, to
visually display the relationship between morphogenera
and species, we applied a locally estimated scatterplot
smoothing (LOESS) creating a smooth curve that fits a
scatterplot of data points.

To account for the effects of natural features on the rich-
ness of wild bee morphogenera, we employed a regression
model. First, we tested the distribution of the 13 BEE indi-
cator values, obtained from the monitoring, for normality
(Shapiro—Wilk test; W=0.94739, p-value =0.5593) and
skewness (D’Agostino test; z=0.92597, p-value =0.3545).
Since the results met the model’s requirements (i.e., not
significant), we applied a least squares linear regression
model, with the BEE indicator as the dependent variable
and the percentage of natural features as the sole inde-
pendent variable. We confirmed that the model met the
assumptions of normality and homoscedasticity of the
residuals (Shapiro—-Wilk W=0.95506, p-value=0.6765, and
Breusch—Pagan test BP=1.3607, df =1, p-value =0.2434),
and inspected the residual vs fitted and Q-Q norm plots.
Once the model was defined, we considered the residual
variance in our observations to be possibly dependent on
farming management. We calculated the boundaries of the
BEE indicator values with increasing deviation from the
model’s predicted values. The interval boundaries were set
a priori at + 10% and +25% from the model estimate. These
model boundaries were used to score the results of the BEE
indicator relative to the natural features present on the farm.
To facilitate interpretation, we constructed a table with six
ranges for the natural features score and five BEE indicator

Table 3 Examples of natural and non-natural area; criteria for exclusion are listed to facilitate interpretation

Landscape element Natural
Forest, wood Yes
Shrubland, bush Yes
Hedgerow, line of trees Yes
Trees or shrub in a garden or a park Yes
Bare soil, rock, badlands, riverbanks Yes
Building, paved road No
River, pond, lakes, sea No
Cultivated area, croplands, vegetable garden No
Orchard, vineyard, olive grove (permanent crop) No
Arboriculture for wood, forest plantation No
Field edge, farm road No
Pastures, fodder, hay meadow No
Meadow in a Garden or a park No

Criteria

Considered part of the natural environment of the farm
Considered part of the natural environment of the farm
Considered part of the natural environment of the farm
Considered part of the natural environment of the farm
Considered part of the natural environment of the farm
Buildings or impervious surfaces

Water bodies

Croplands

Orchards

Cultivated areas

Areas subject to mowing or weeding

Areas subject to mowing or weeding

Areas subject to mowing or weeding



classes (BEE Classes), whose limits were defined using
the + 10% and +25% boundaries.

We first assessed the ranges by dividing the natural fea-
tures score into regular intervals of 10%, from the first to
the sixth range. We then calculated the central points of the
lower and upper boundary lines of the model for each natu-
ral feature range, transforming them into the corresponding
BEE indicator values at the two extremes of the class inter-
val. For natural feature values exceeding 60%, the model
could not reliably support a BEE indicator interval due to a
lack of field data to guide the model’s direction.

Anticipating an influence of farming practices, we com-
pared the BEE indicator values between conventional and
organic farms. We created a box plot to display the BEE
indicator values for both conventional and organic farms
(grouped data) and tested for significant differences using
the nonparametric Wilcoxon test.

Results
Morphogenera

Figure 3 illustrates the relative percentages for each country
and for Europe. It is clear that the trend for each morphoge-
nus is quite similar across the countries involved in the case-
study. Andrena, the most abundant morphogenus, accounts
for 20.57% of species in Italy, 23.24% in Spain, and 21.57%
in Slovenia. Halictus, the second most abundant, represents
13.24% of species in Italy, and 14.48% and 14.43% in Spain
and Slovenia, respectively. Minor differences are expected
due to the distinct geological and climatic conditions of each
country. No significant differences were found in the num-
ber of species per morphogenus among the three countries
(y*=44.883, p-value =0.68920).

Evaluated in a subset of data collected in 2022, the cor-
relation between the number of morphogenera and the num-
ber of species was significant (Spearman correlation test:
§=100.44, p-value <0.001, p=0.92). The relationship
between morphogenera and species is shown in Fig. 4. The
curve rises steadily, showing signs of leveling off between
12 and 14 morphogenera. The highest number of species
corresponds to the highest number of morphogenera.

The BEE indicator applied to the case-study

The analysis of BEE indicator values, grouped by farming
practice, meets expectations, with organic farms yielding
higher values. The box plot in Fig. 5 clearly illustrates this
consistent difference. When examined individually by coun-
try or region, conventional farms (light blue) have lower
BEE indicator values compared to their organic counterparts
(pink), indicating a lower number of morphogenera detected.

This difference was significant according to Wilcoxon test
(n;=6,n,=7, W=6.5, p=0.043).

A cautious interpretation of the model would place the
BEE indicator values as dependent on the percentage of
natural features surrounding the farms (adjusted R?=0.697,
F=28.610on1 and 11 d.f.,, p<0.001). The linear model esti-
mated an intercept of 4.607 (r=0.44554, p<0.001) and a
slope of 0.091 (r=0.01696, p <0.001). Figure 6 presents the
model, with the line depicting the expected BEE indicator
values based on increasing percentages of natural features.
The figure also highlights the biodiversity hot spots and cold
spots across the 13 farms studied, with values falling into
five color-coded areas ranging from green to red. The points
within the yellow area (+ 10% deviation from predicted
values) indicate farms with varying percentages of natural
features and relatively small deviations from the model’s
expected values. Most of the farms (IT_05, IT_06, IT_07,
IT_08,IT_03,IT_04, IT_08) are close to the predicted val-
ues. Only three farms show deviations greater than 25% from
the model’s predictions. Conventional farms tend to fall in
the orange-red areas (light blue diamonds), even with higher
percentages of natural features, whereas organic farms gen-
erally show the opposite trend, aligning more closely with
the expected values (pink circles).

Table 4 presents the extremes of each BEE class, which
can be used to evaluate the resulting BEE indicator values
after accounting for the range of natural features observed
on the farm. BEE Class O represents the expected value
based on the amount of natural features surrounding the
farm. Farms with better performance will fall into BEE
Classes + 1 or +2, while those with poorer performance
will fall into BEE Classes — 1 or — 2. For farms with a very
low percentage of natural features (0-10%), a BEE indica-
tor value below 4.00 is considered a very poor result. The
conventional farm IT_01, located in the Po Plain (Italy),
was classified in BEE Class —2, marking it as a cold spot
for wild bees. Similarly, conventional farm SP_01 (Spain),
with 20-30% natural features, and conventional farm SL_01
(Slovenia), with 10-20% natural features, also fall into BEE
Class —2. In contrast, two farms (IT_02 and SP_02), despite
having few natural features, were identified as hot spots of
bee diversity, with scores of 6.5 and 7.5, respectively, plac-
ing them in BEE Class + 2.

Discussion

We generated a tool that could assist practitioners, such
as non-taxonomist scientists, farmers, and conservation-
ist, in assessing biodiversity within the systems in which
they work. There is currently a significant demand, espe-
cially for taxonomically challenging groups with high
ecological value, such as wild bees. A bottleneck in any



Fig. 3 Relative percentage of
species contributing to each
morphogenus in each country
involved in the case-study
(Italy, Balearic Islands-Spain,
Slovenia) and in Europe. The
morphogenera are reported on

the x-axis in alphabetical order,

while on the y-axis is reported
the percentage of species (cre-
ated in Microsoft Excel 2021)
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Fig.4 Correlation between
species diversity and diversity
of morphogenera groups, from
a subset of data with wild bee
individuals collected and identi-
fied at species level (subset
coming from data on 5 farms;

12-
20 transects, year 2022, Emilia-

Romagna, northern Italy). ©
Different dot color indicates dif- o
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Fig.5 Diversity of wild bees of conventional and organic farms. In
a) the evaluation of the difference of the BEE indicator according to
the farming practice. The results of Wilcoxon rank test are displayed
above the boxes (*=p<0.05). In b) the value of the BEE indica-

approach employing wild bees is their identification. In
Europe we have a large number of species, especially vary
in the Mediterranean countries, and taxonomists are not
that many. To our knowledge, this is the first attempt to
group bees according to their morphological resemblance.
Bee size has been largely employed in various studies,
especially when dealing with non-specialists. Otherwise,
functional groups were employed when focusing on some
bee characteristics directly responding to specific research
needs. We overcame the difficulties of species-level iden-
tification by pooling species into morphogenera.

b)

BEE indicator value

S =100.44, p = 5.75€-09, Pspearman = 0.92, Clos, [0.92, 0.92], N puirs = 20
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tor in each farm where we carried out the monitoring, each country
represented by at least one conventional and one organic farm. Light
blue columns represent conventional farms; pink columns represent
organic farms (created in R 4.2.2)

Morphogenera

The morphogenera significantly reflect the diversity of wild
bees. Additionally, the relative species abundance within
each morphogenus followed similar trends across all coun-
tries studied, as well as in Europe as a whole. While minor
differences were expected due to local environmental and
climatic conditions, the overall trend remained consistent.
This validation supports the use of the “Diagnostic Table of
Wild Bees Morphogenera” (Quaranta 2019), with the imple-
mentation described in this study, which includes the latest



Linear model with percentage offset intervals

BEE indicator

Natural Areas

Fig.6 Regression model of the BEE indicator. On the y-axis of the
graph are the BEE indicator values and on the x-axis are the percent-
ages of natural features. Every point represents a farm: pink circle
shapes represent organic farms and light blue diamond shapes the
conventional ones. The dashed lines show + 10% and +25% deviation
from the model. Five areas with colors from green to red highlight the
deviation of obtained from predicted values (created in R 4.2.2)

taxonomic advancements. With only minor adjustments, the
table could be applied on a larger scale across European
countries. These results are promising, as this methodol-
ogy (grouping bees by their morphology) greatly facilitates
data collection and broadens its potential user base. Another
benefit is that it supports catch-and-release practices, mini-
mizing the impact on local bee populations. Numerous sam-
pling methods are currently used for bee surveys (such as
observational records, targeted netting, pan- or vane traps,
and trap-nests), each with its own biases, often favoring cer-
tain taxa over others (Westphal et al. 2008; Giovanetti et al.
2021; Krahner et al. 2021). However, targeted sweep netting
has proved to be the most accurate method for obtaining a
comprehensive indication of native bee assemblages (Pren-
dergast et al. 2020). Netting and grouping by morphogenera,
in combination with catch-and-release, offer a sustainable
approach for evaluating wild bees in agroecosystems.

Table 4 Evaluation table where

. Range of natu- BEE Class —2

to interpret the results of the ral features

BEE indicator, based on the

natural features percentage 0-10% <4.00

reached by the farm 10-20% <447
20-30% <5.15
30-40% <5.82
40-50% <6.50
50-60% <717

Any monitoring must account for potential biases, which
can reduce the reliability of the data. We developed a tar-
geted protocol. Its application involves several considera-
tions, such as site selection, taking into account geographical
barriers like altitude and the extent of crop fields; climate,
conducting monitoring during peak bee activity months and
on days with temperatures suitable for bee flight; and sur-
veyor skill, distinguishing between time spent catching bees
and time spent handling samples, as well as ensuring the
presence of multiple observers. Another suggestion included
in the protocol is to split the monitored units at each site
(the four transects on each farm) and, ultimately, exclude
the number of individuals from the indicator formula. Our
experience showed that the number of individuals can be
misleading. For example, in the Balearic Islands (data not
included), the conventional farm recorded the highest num-
ber of individuals, but this was primarily due to the con-
tribution of only two morphogenera, Eucera and Halictus.
Similarly, in Slovenia, more individuals were recorded in the
conventional farm, with nearly half of them belonging to the
morphogenus Halictus. Therefore, higher numbers of indi-
viduals do not necessarily reflect higher bee diversity, which
supports our decision to use the BEE indicator procedure.

The BEE indicator applied to the case-study

Our design of the BEE indicator provides a value that repre-
sents the diversity recorded at the farm, after selecting four
spots that are rich in landscape features important for wild
bees. However, this value cannot stand alone. Recent meta-
analyses highlighted the importance of high-quality habitats
with complementary effects, which is crucial at both local
and landscape scales in relation to bee richness, abundance
patterns, and response traits (Coutinho et al. 2018). Wild bee
assemblages studied in a complex, structured landscape in
northern Switzerland, where organic agriculture is practiced,
revealed a diverse wild bee community, including red-list
and rare species (Pfiffner et al. 2018). This is the rationale
behind our introduction of an evaluation table, which ranks
the value of the BEE indicator.

BEE Class — 1 BEE Class 0 BEE Class+1 BEE Class +2
4.00-4.75 5.00-5.75 6.00-6.50 >6.50
4.48-5.36 5.37-6.56 6.57-7.45 >7.46
5.16-6.17 6.18-7.55 7.56-8.58 >8.59
5.83-6.98 6.99-8.54 8.55-9.70 >9.71
6.51-7.79 7.80-9.53 9.54-10.83 >10.84
7.18-8.60 8.61-10.52 10.53-11.95 >11.96

BEE class 0 equals values in the yellow area of Fig. 5. BEE Class —2 an —1 to red/orange areas, BEE
Class+ 1 and +2 to light and dark green areas



We hypothesized that a practical case-study would be
to apply the BEE indicator to extremes, such as farming
practices as different as conventional and organic agricul-
ture. Given their intrinsic differences, we aimed to observe
how the BEE indicator and naturality values interacted
and whether a model could explain the relationship. The
results, based on a dataset from various European countries
and environments, are promising. The model’s predicted
values aligned well with the observed values and showed
a strong dependency on the percentage of natural features
surrounding the farms. In fact, BEE indicator values were
lower in conventional farms compared to organic ones moni-
tored within the same country/region. A common statement
asserts that farming is a key factor influencing local bee
diversity, and our results with the BEE indicator support
this. The observed variability may be intrinsic (e.g., sus-
tainable farming practices such as organic agriculture) or
enhanced by the adoption of greening measures, especially
in conventional farms. While seminatural habitats play an
essential role, particularly when preserved over long periods
(Le Provost et al. 2021), annual farming measures like flower
strips can still make a contribution within intensive agricul-
tural landscapes (Hevia et al. 2021). A broader application
of the indicator across several sites would provide a more
robust data set for interpreting the ecological meaning of the
BEE indicator values.

In the near future, it would be challenging to apply the
BEE indicator to farms both before and after the adoption
of pollinator-friendly practices under CAP funding schemes.
In the CAP post-2020 framework, where bees and other pol-
linating insects are increasingly recognized as conservation
targets and funds are allocated for this purpose, an evalua-
tion tool to directly assess farm performance could help con-
firm the short- and long-term effects of pollinator-friendly
measures. The BEE indicator, which highlights differences
among farm units and ranks their value based on the percent-
age of natural features in the surrounding area, is a tool that
could be easily adapted as scientific knowledge advances and
adopted by both scientists and various stakeholders.
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