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Abstract

Green areas in urban and peri-urban landscapes are increasingly recognized as important habitats for wild bees, but
the extent to which species adjust their reproductive behavior to local conditions in these environments remains poorly
studied. We studied the reproductive output, offspring’s body size, sex allocation, and larval diet (assessed using pol-
len morphology and DNA metabarcoding) of the solitary bee Osmia caerulescens (Linnaeus, 1758) in a Mediterranean
peri-urban environment using trap nests and local-scale environmental descriptors. Based on a total of 215 nests and 648
brood cells, females increased their reproductive output with greater floral resource availability and increasing openness
of the habitat, but this was accompanied by a reduction in offspring body size (ITD) and a sex allocation skewed toward
males. These findings are consistent with a trade-off between offspring number and per-offspring investment and contrary
to general expectations that higher resource availability should favor larger and more female-biased offspring. Together,
these responses indicate a shift toward quantity-oriented reproductive strategies, in contrast to patterns reported for this
species in agricultural systems, where higher resource availability is typically associated with greater per-offspring invest-
ment and more female-biased sex ratios. Pronounced among-site variation in pollen diet, reflecting differences in local
floral resource composition, further highlights how use of floral resources varies at a fine spatial scale and may shape
reproductive strategies and, ultimately, population persistence. Our results show that the ecological value of urban habitats
for solitary bees depends not only on the amount of floral resources available, but also on how local conditions influence
species-specific reproductive responses. These findings highlight the value of species-specific reproductive analyses in
abundant, functionally important solitary bees as a complementary approach to evaluating habitat quality at local scales
in urban and peri-urban environments. Understanding how solitary bees adjust reproductive strategies to urban conditions
is essential for supporting their conservation and long-term persistence in urban green spaces.

Keywords Trap nest - Osmiini - Urban pollinators - Body size - Sex allocation - Solitary bees

Introduction

Land-use change is a major driver of global biodiversity
loss, with strong effects on local terrestrial communities
worldwide (Newbold et al. 2015). Urban areas, however,
are heterogeneous landscapes that can host relatively high
biodiversity when properly managed (Biella et al. 2025a),
particularly if compared to highly intensified agricultural
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systems (Baldock et al. 2019; Banaszak-Cibicka and
Zmihorski 2012; Theodorou et al. 2020). The effects of
urbanization on insects depend strongly on local landscape
configuration and management (Fenoglio et al. 2020, 2021).
In this context, green urban spaces can be characterized by
low-intensity, regular disturbance regimes (e.g. mowing)
that maintain plant communities rich in floral resources,
thereby supporting wild bee populations (Buchholz et al.
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2020; Dylewski et al. 2020; Rada et al. 2024). More broadly,
these management regimes, together with changes in floral
composition and habitat structure, create novel ecological
conditions that can shape how bees exploit resources and
allocate reproductive effort. As a result, cities may func-
tion as refuges for wild bees within landscapes dominated
by intensive agriculture, where pollinator habitats are often
reduced and homogenized (Hall et al. 2017; Ranalli et al.
2025).

Despite this potential, our understanding of how urban
environmental conditions shape pollinator communities and
their ecological responses remains incomplete. In response,
research has focused on identifying management actions
(e.g., sowing pollinator-friendly plants, reducing mowing
intensity) capable of enhancing urban habitats for pollina-
tors (Siile et al. 2023; Moldoveanu et al. 2024; Rada et al.
2024; Biella et al. 2025b); while other works have investi-
gated the environmental drivers through which urbanization
shapes patterns of pollination, as well as pollinator diversity
and abundance (Biella et al. 2022; Wenzel et al. 2020; Graf
et al. 2025). Most studies of urban wild bees focus on exam-
ining how diversity, assemblage structure, and pollination
respond to specific environmental variables at local scales
(Makinson et al. 2017; Burdine and McCluney 2019; Graf
et al. 2025), or consider urbanization gradients as integra-
tive proxies of multiple environmental change (Birdshire et
al. 2020; Splitt et al. 2021).

Species-level responses to urbanization are heteroge-
neous and mediated by functional traits, including nesting
biology, dietary breadth, sociality, body size, wing mor-
phology, and phenology (Fauviau et al. 2022; Liang et al.
2023). Among these, nesting strategy has been particularly
studied, with ground-nesting bees typically showing reduc-
tions in urban areas, whereas cavity-nesting solitary bees
often remain abundant or even increase (Banaszak-Cibicka
and Zmihorski 2012; Ferrari and Polidori 2022). In addi-
tion, growing attention has been put towards the repro-
ductive traits (e.g., brood cell number, offspring sex ratio,
parasitism, and mortality rate) and nesting strategies of
individual solitary cavity-nesting bee species in response
to habitat structure and resource availability (Rosas-Ramos
et al. 2017; Sexton et al. 2021; Turo and Gardiner 2021,
Zaragoza-Trello et al. 2021; Wittmann et al. 2023, 2025;
Marrero et al. 2025). To our knowledge, most of these stud-
ies have been conducted at landscape-level and mainly in
agricultural or semi-natural contexts rather than fine-scale
conditions in urban or peri-urban environments. Yet local-
scale environmental conditions in cities are expected to
exert strong constraints on solitary cavity-nesting bees (e.g.,
the availability of suitable nesting substrates, access to flo-
ral resources, microhabitat structure, and connectivity),
shaping their reproductive success, long-term persistence,
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and the maintenance of viable populations (Quistberg et al.
2016; Sexton et al. 2021; Graffigna et al. 2024; Polidori et
al. 2024).

In this context, we focus our study on Osmia caerule-
scens (Linnaeus 1758), a widespread Palearctic bivoltine
solitary cavity-nesting bee (Tasei and Picart 1972; Vicens
et al. 1993; Marrero et al. 2025). The species is commonly
recorded in trap nest surveys in anthropogenic environ-
ments and is a predominant species in Mediterranean agri-
cultural systems (Tobajas et al. 2021; Azevedo et al. 2025).
O. caerulescens occupies pre-existing cavities, constructing
linear series of brood cells separated by chewed plant-based
(leaf and petals) partitions (Tasei and Picart 1972), and most
commonly uses diameters of 4—6 mm (Satta et al. 2007; Aze-
vedo et al. 2025), although it can exploit a broader range. As
in other Osmia species, each brood cell is provisioned with
a mass of pollen and nectar before egg laying, and females
can exert careful control over nesting and offspring charac-
teristics. The number of brood cells produced reflects the
actual reproductive output (Kim and Thorp 2001; Bosch
and Vicens 2006; Rosas-Ramos et al. 2017); while the body
size of the offspring is determined by the mass of the provi-
sioned brood cell (Bosch and Vicens 2002; Kim 1999). As
in all Hymenoptera females, offspring sex is facultatively
determined at oviposition (Gerber and Klostermeyer 1970),
with the sexual allocation of daughters commonly requiring
a greater investment of resources than that of sons (Bosch
and Vicens 2005; Rehan and Richards 2010).

O. caerulescens is highly polylectic, with its pollen diet
including Fabaceae, Lamiaceae, Boraginaceae, Asteraceae,
and Antirrhineae (Plantaginaceae) (Vicens et al. 1993; Miil-
ler 1996, 2025). In agricultural landscapes, provisions are
usually dominated by Fabaceae and occasionally co-domi-
nated by Lamiaceae (Satta et al. 2007) or accompanied by
Boraginaceae and Campanulaceae (Tobajas et al. 2021),
indicating consistent family-level preferences. However,
diet composition can vary markedly across landscapes
depending on local floral availability. In some cases, this
may result in strong dominance of a single-taxon (e.g., Rosa
canina) (Gresty et al. 2018). However, an apparent special-
ization, as reported by Maclvor and colleagues (2014) for
pollen of Trifolium repens, and occasionally, even for wind-
pollinated Quercus spp., through a study conducted in urban
areas outside the species’ native range, may in fact reflect
the local floral availability. Quercus pollen has also been
recorded once in agricultural settings (Ozkok and Giiler
2016).

Urbanization can alter plant communities by selectively
filtering plant species from local assemblages, thereby
changing not only the abundance but also the composition
of floral resources available to bees (McKinney 2008; Onan-
dia et al. 2019; Theodorou 2022). For polylectic species like
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O. caerulescens, altered plant communities may not pre-
vent reproduction, but may influence how females allocate
resources among offspring traits. Females may maintain a
broad diet by flexibly exploiting available resources, or they
may show apparent specialization on dominant local plants,
as reported in some anthropogenic contexts (Maclvor et
al. 2014; Gresty et al. 2018). O. caerulescens is an excel-
lent model species for its prevalence in trap nest studies,
generalist diet, and capacity to nest in cavities of varying
diameters, to study its key reproductive strategies to varying
peri-urban sites (transitional areas at the interface between
urban and rural) that differ in local vegetation structure and
resource availability.

The aim of this study was to assess whether O. caerule-
scens adjusts key reproductive strategies and pollen use
across peri-urban sites differing in local vegetation structure
(e.g., grass and tree cover) and floral resource availability.
We hypothesized that floral resource availability and veg-
etation structure influence reproductive strategies by affect-
ing the brood cell production, the foraging and provisioning
effort required to supply them, and maternal sex allocation
decisions at the local scale. We therefore predicted that
(1) reproductive output, measured as the number of brood
cells per nest, would increase with greater availability of
floral resources, since brood cell production is primarily
limited by resource access and provisioning costs (Goodell
2003; Bosch and Vicens 2006; Zurbuchen et al. 2010a,
2010b; Rosas-Ramos et al. 2017). We also expected that
(2) offspring body size, measured as intertegular distance
(ITD) and used as a proxy for maternal investment, would
increase in environments characterized by higher floral
resource availability at the local scale, where shorter forag-
ing distances and reduced provisioning costs are expected
to allow either greater per-cell investment (larger offspring)
or increased cell production, depending on how females
allocate resources (Gathmann and Tscharntke 2002; War-
zecha et al. 2016; Tobajas et al. 2021; Zaragoza-Trello et
al. 2021). Furthermore, we predicted that (3) sex allocation
would shift toward a higher proportion of female offspring
with increasing floral resource availability, as females are
the most costly sex to produce, in accordance with con-
ditional sex allocation theory (Charnov 1982; Bosch and
Vicens 2005; Wittmann et al. 2023). Finally, we assessed
whether (4) local constraints on floral availability would
lead to apparent specialization (diet narrowing) or whether
the species would maintain a broad diet consistent with its
polylectic foraging strategy in agricultural systems.

Materials and methods
Study area

The study was conducted in the city of Florence, Tuscany
(central Italy), along the northern riverside of its main river,
the Arno River (Fig. 1). We considered a tract of a linear
riverside and narrow green corridor (~50-80 m width) that
extends for 8 km from the urban area of Florence to the
nearby town of Signa and outside the center of Florence,
which is delimited by a railway on its northside. A cycling
road widely used for recreational activities runs along the
bank. The study area can be classified as peri-urban (urban-
adjacent), characterized by a transitional environments that
combine some urban features but is not fully embedded
within the urban matrix. These areas represent intermedi-
ate zones between more densely urbanized and more rural
contexts and are characterized by a relatively high per-
centage of green spaces as well as typical urban features,
including car overpasses. More specifically, the study area
fits within the “urban riverside grassland” typology pro-
posed by Dylewski et al. (2024), which describes grassland
habitats along urban rivers. Green areas consist mainly of
spontaneous dry-mesic riparian grasslands with patches of
riparian trees and are subject to occasional flooding (e.g.,
Populus spp., Quercus spp., Ulmus spp., Juglans spp.,
and Salix spp.). The invasive giant reed Arundo donax L.,
together with the native Artemisia vulgaris L., can locally
dominate and partially cover the grassland vegetation in
various parts of the study area. However, their occurrence
is heterogeneous across the study area and they represent
only a limited proportion of the area overall. Nevertheless,
the study area hosts a diverse community of spontaneous
entomophilous herbaceous plants (Table S1, Supplementary
Information, SI_1). In some sections, such as near an urban
park, the tree cover becomes denser, forming locally more
structured patches of vegetation. Vegetation management
of these areas is charged by the River Authority (Consorzio
di Bonifica 3 Medio Valdarno), which mows the meadows
consistently across the study sites at least three times per
year without the removal of the dead biomass and occa-
sionally trims the trees. According to the Koppen—Geiger
climate classification system (Rubel and Kottek 2010), the
study area is located in a transitional zone between the Med-
iterranean (Csa) and humid subtropical (Cfa) climate types,
characterized by a moderate maritime influence and warm
summers.

Trap nest sampling

Trap nests are a standardized sampling method that pro-
vides direct access to nests of cavity-nesting bees and offer
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Fig. 1 Study area and location of the eight trap nest sampling sites
near the city of Florence. Each circle represents a 250 m buffer around
the trap nest, within which land-cover composition was extracted from
the National Land Cover Map (ISPRA 2023). Land-cover classes
include artificial surfaces, tree cover, shrub cover, periodic and per-
manent grass cover, and water bodies. For all the analyses, periodic

an effective framework for quantifying key life-history and
reproductive traits, including brood-cell number, offspring
sex and size, mortality, parasitism, and provisioning pat-
terns (Tscharntke et al. 1998; Staab et al. 2018; Diirrbaum et
al. 2023; Fornoff et al. 2023; Wittmann et al. 2023). We used
this method to sample nests of O. caerulescens in eight sites
(Tscharntke et al. 1998; Staab et al. 2018), defined as spa-
tially distinct sampling locations distributed along the linear
riverside corridor and spaced from 600 to 1200 m apart. Site
selection was constrained by accessibility and the availabil-
ity of suitable public areas for trap-nests installation. Each
trap nest consisted of a wooden pole with two PVC pipes
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and permanent grass cover and shrub cover were merged into a single
grass cover category (see Environmental features section). Distances
between consecutive sites ranged from 602 to 1253 m (602, 643, 1096,
1211, 1365, 611, 1253 m; from west to east). Among the eight sites, O.
caerulescens was not detected at BSR. The basemap is derived from
Google Satellite imagery

(diameter 10 cm, length 23 cm) facing W-E along the river
and mounted 1.5 m above the ground (Fig. S1, Supplemen-
tary Information, SI 1). The tubes were filled with inter-
nodes of Arundo donax and Phragmites australis (Cav.)
Trin. ex Steud., keeping a consistent range of internode
diameters for each sampling site (2—15 mm, covering the
range typically used in trap-nest studies to accommodate
different cavity-nesting bee species). We left the trap nests
in the sites from April to October 2024, allowing females
of wild O. caerulescens to construct their nests. After the
removal of the trap nests from the field, occupied inter-
nodes were opened and inspected to record the diameter and
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number of brood cells. These were then stored in a cool-
ing chamber at ~4 °C for 6 weeks and subsequently kept
at room temperature to enable the emergence of adults. We
collected all emerging adults of O. caerulescens and deter-
mined their sex. Voucher specimens are kept in the ento-
mological collection of the University of Florence. Nests
of O. caerulescens from which adults had already emerged
before the removal and inspection of the trap nests were also
counted. Empty nests of this species were easily identifiable
based on the unique structure and use of chewed plant and
leaf material (Lindermann et al. 2023).

Body size (ITD) measurements and flight distances

Intertegular distances (ITD), a reliable proxy for bee body
size (Cane 1987; Kendall et al. 2019), were measured as
the shortest distance between the tegulae (Cariveau et al.
2016) on 324 out of the 370 emerged adults (117 females
and 207 males from 126 nests). Each specimen was pho-
tographed with an Olympus SZ61 TR stereomicroscope
equipped with an Olympus EP50 digital camera, and ITD
was measured from the photos using the dedicated software
EPview 1.4 (Olympus/Evident Technology Center Europe
GmbH, 2019-2023). ITD is closely related to body mass,
maternal energetic costs, and larval provisioning rates in
solitary bees (Bosch and Vicens 2002, 2006). Offspring ITD
was used as a proxy for the quality of maternal investment,
with mean ITD as per-nest maternal investment, and indi-
vidual ITD for sex-specific maternal investment. The aver-
age ITD of O. caerulescens females (2.249 mm) was used
to estimate foraging range, following established allometric
relationships (Greenleaf et al. 2007). Foraging distances
were calculated in R using the ‘foragedist’ function of the
“pollimetry” package (Kendall et al. 2022), obtaining aver-
age values of 315 m.

Environmental features

To assess the effects of landscape composition on O. cae-
rulescens, we used QGIS software “Prizren” v3.34 (QGIS
Development Team 2024) to extract land cover data from
the National Land Cover and Land Use (LCLU) Map
(ISPRA 2023). This map was created at the national level
with a spatial resolution of 10 m by integrating data from
the Copernicus program (including Urban Atlas, Riparian
Zones, CORINE Land Cover/CLC+ Backbone) and the
ISPRA national historical series, following the methodolog-
ical framework described by De Fioravante et al. (2021a,
2021b). We calculated the area (%) occupied by the main
land-cover classes within a circular buffer surrounding each
sampling site, to describe foraging-scale conditions, we
selected a 250 m radius buffer, which corresponds to the

expected foraging distance of Osmiini bees of its size (Gath-
mann and Tscharntke 2002; Zurbuchen et al. 2010b; Hof-
mann et al. 2020). We selected land cover classes, including
artificial surfaces (comprising buildings, roads, parking lots,
paved surfaces, and quarries), tree cover, shrub cover, grass
cover, and water bodies. Grass and shrub cover were pooled
together for analysis, representing open habitats with flow-
ering resources potentially attractive to O. caerulescens, in
contrast to the closed and shaded conditions associated with
tree-covered areas. In addition, shrub cover was negligible
across sites, except at BSR (Fig. 1), where O. caerulescens
was not recorded. Finally, the distance from the city cen-
ter was computed as the straight-line (Euclidean) distance
between each trap nest position and a standard location
at the historical center of Florence and used as a proxy of
anthropogenic disturbance. All environmental features used
in the analyses are reported for each site in Table S2 (Sup-
plementary Information, SI 1).

Floral survey and Flower Index

At each site, flowering entomophilous herbaceous plants
were surveyed along a 250 x4 m transect extending from
the trap-nest location in a consistent direction across all
sites, resulting in a surveyed area of 1,000 m?. During each
survey all flowering entomophilous herbaceous species
within the transect were recorded, and overall floral cover
(%) was estimated independently by two observers and then
averaged. Vegetation surveys were conducted a total of 10
times throughout the spring and summer season, roughly
once every three weeks from March to September 2024, for
each sampling site. Plant identification was primarily con-
ducted in the field using a local plant guide (Peruzzi 2021)
and confirmed with smartphone-based image recognition
apps, such as Flora Incognita (Méder et al. 2021). When
field identification was not possible, samples were collected
and subsequently identified in the laboratory at the genus or
species level using dichotomous keys (Pignatti 1997). The
complete list of plant species recorded at each site is pro-
vided in Table S1 (Supplementary Information, SI_1). This
data was then used to calculate a “Flower Index” metric,
representing the overall floral resource availability for O.
caerulescens at each site. For each survey v in each site s,
we recorded all entomophilous plant species along the tran-
sect. The Flower Index F'I, , per survey (v) at each site (s
) was then calculated as:

FIS,’U = Csw X Mg

where C , is the proportion of area covered by all ento-
mophilous flowering plants (floral cover, expressed as a
proportion between 0 and 1) observed during visit v at site

@ Springer
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s, and myg, is the total number of entomophilous species
recorded during that survey. The annual Flower Index for
each site ( F'I,) was calculated as the mean values between
May and August, corresponding to the peak activity period
of O. caerulescens:

1
FIS = V Z veE May—AugFIs,’u

where V is the number of visits within that period. The
index integrates both floral abundance (coverage) and floral
diversity. The annual Flower Index calculated for each site
is shown in Table S2 (Supplementary Information, SI_1).

Pollen diet analysis
Plant identification through pollen grain morphology

Pollen samples were collected from the brood cells of O.
caerulescens to assess diet. Sampling instruments were ster-
ilized using alcohol and flame after pollen collection from
each brood cell to avoid cross-contamination. Only brood
cells containing leftover pollen were sampled, representing
either failed egg laying or premature larval death; however,
these cells belonged to nests from which adult individuals
successfully emerged. Pollen was transferred to a 1.5 mL
Eppendorf tube, suspended in a 1:1 ratio with a solution of
water and glycerin, and vortexed until completely dispersed.
Pollen samples from a total of 18 brood cells were collected.
The palynological preparation and morphological identifi-
cation of pollen grains were performed by the Agriculture
and Environment Research Center (CREA-AA, Bologna,
Italy). The slides were prepared following the laboratory’s
protocol: a 22 X 22 mm square was drawn on the slide with
indelible ink, the pollen sample in solution was mixed and
distributed evenly within the marked area, and the slide was
placed on a heating plate at ~40 °C until dry. A drop of glyc-
erin gelatin was applied to the cover slip, which was then
gently placed on the sample and left on the plate for 5 min to
ensure even distribution. Pollen grains were identified and
counted with an optical microscope (400-1000X) using ref-
erence collections and iconographic keys. For each sample,
500 grains were identified along five equidistant transects

on the coverslip. The percentage of each pollen type was
calculated as %P = w, where n,, is the number of

grains of a given pollen type and N is the total number of
pollen grains counted.
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Plant identification by DNA metabarcoding

To complement morphological pollen identification and to
increase taxonomic resolution, the same eighteen pollen
samples analysed through grain morphology were further
analysed using DNA metabarcoding. Samples were pro-
cessed following standard laboratory protocols (see, e.g.
Biella et al. 2022; Tommasi et al. 2023) and post-sequenc-
ing bioinformatic recommendations (Tommasi et al. 2021).
Details of the protocol and bioinformatic processing are
reported in the Supplementary Information (SI_2).

Statistical analysis

Statistical analyses were performed in R 4.5.2 (R Core Team
2024). Before regression analyses, we assessed collinearity
among the environmental predictors using Pearson corre-
lation matrices. Correlation coefficients |r| > 0.7 were con-
sidered indicative of strong collinearity. Two matrices were
generated: one for the analyses based on seven sites and one
for the analyses restricted to six sites (Table S3, Supplemen-
tary Information, SI_1). This distinction reflects the fact that
the number of brood cells was quantified across all seven
sites, whereas analyses of offspring traits were restricted to
the six sites where individuals could be successfully reared
from trap nests. Flower Index, grass cover, and distance
from the city center showed only weak to moderate cor-
relations and were retained for modelling. Tree cover and
artificial surface were strongly negatively collinear with the
Flower Index and moderately correlated with other habitat
variables, indicating that they represented the same under-
lying landscape gradient. To avoid multicollinearity, these
variables were excluded from all multivariable analyses.

We analysed multiple response variables describing: 7)
number of brood cells per nest (reproductive output, model
A); ii) the mean offspring ITD per nest (per-nest maternal
investment, model B); iii) the product between the number
of brood cells and the mean offspring ITD per nest (total
maternal investment per nest, model C); iv) offspring indi-
vidual ITD (sex-specific maternal investment, model D); v)
the proportion of female offspring per nest (sex allocation,
model E). All models were fitted using the nest as the unit of
analysis, except for the analysis of offspring individual ITD,
which was conducted using individuals as the unit of analy-
sis. Finally, to jointly describe sex allocation and offspring
ITD at the population level, we calculated a population-
level female and male investment index per nest as the num-
ber of female offspring multiplied by their mean intertegular
distance (ITD). This index was used solely for descriptive
purposes and was not included as a response variable in the
statistical models.
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All models were initially fitted using the same set of envi-
ronmental predictors, including Flower Index, grass cover,
and distance from the city center. For model D including
individual-level data, sex and its interaction with environ-
mental predictors were additionally considered, while reed
diameter was included as an additional predictor in the
sex allocation (model E). All predictors were scaled prior
to model fitting. Generalized linear models (GLMs) were
used for all analyses. Model A was fitted using a negative
binomial distribution with a log link, model E using a beta-
binomial distribution, and models B, C, and D using Gauss-
ian distributions. We performed stepwise model selection
while assessing AIC and log-likelihood improvements with
the ‘stepAIC’ function from the “MASS” package to find
the most parsimonious formulations (Venables and Ripley
2002). The significance of fixed effects was assessed with
Anova Type II Wald y? tests with the “car” package (Fox
and Weisberg 2019), except for model D, where fixed-
effect significance was assessed using Type III ANOVA by
“car” package, appropriate for models including interac-
tion terms. Dispersion and residual structure were evalu-
ated using “DHARMa” package (Hartig 2016), and models’
adequacy was also tested with visual diagnostics using
“performance” package (Liidecke et al. 2021). For graphi-
cal presentation, predictions were back-transformed to the

original scale. All model’s prediction curves and associated
95% confidence intervals were generated using “ggeffects”
package (Liidecke 2018). A summary of all model results,
structures, families, estimates, and significance tests is pre-
sented in Table 1.

To examine variation in pollen composition among sites,
we used non-metric multidimensional scaling (NMDS)
based on Bray—Curtis dissimilarities calculated from
Hellinger-transformed pollen abundance data by using the
“vegan” package (Oksanen et al. 2001). Differences in pol-
len composition among sites were tested using a permuta-
tional multivariate analysis of variance (PERMANOVA;
999 permutations). We additionally assessed multivariate
dispersion among sites followed by permutation tests. To
identify plant taxa associated with gradients in pollen com-
position, we fitted species vectors to the NMDS ordination
using ‘envfit()’ with 999 permutations, retaining only taxa
with p<0.05 for visual interpretation. To summarize pollen
diet across sites, pollen counts from each brood-cell sample
were converted to relative abundances and then averaged
across the three samples per site. The resulting site-level
mean proportions were visualized in a bubble plot using
ggplot2, with taxa assigned to plant families for clarity.

Table 1 Summary of all statistical models on the selected response variables at 250 m radius buffer landscape. For each model, we report the
response variable, level of analysis (nest-level or individual-level, number of sites), model family, fixed effects (estimate+ SE), test statistics (z/t),
and p-values derived from Type II or Type IIl ANOVA depending on model structure. Model C is the null Gaussian model (log-transformed total
maternal investment) selected as the best-supported model based on AIC and is reported with intercept only. Predictor sets reflect collinearity-

based separation and best AIC selection

Model Response variable Level of analysis Model family Predictor Estimate+ SE 7/t p value
A Number of brood cells Nest level (215 nests), Negative bino- Flower Index 0.1547+£0.0668  2.318 0.0205*
7 sites mial GLM
(log link)
Grass cover (%) 0.1262+0.0569  2.217 0.0266*
Distance from  0.1179+0.0520  2.266 0.0235*
the city center
B Per-nest maternal investment Nest level (126 nests), Gaussian Flower Index -0.0760+0.0343 -2.213 0.0269*
(mean offspring ITD per nest) 6 sites
Grass cover (%) -0.0870+£0.0343 -2.535 0.0112*
C log(Total maternal investment) Nest level (126 nests), Gaussian Intercept 1.675+0.050 33.64 <0.0001
- (number of brood cells x mean 6 sites (null model) HoAk
ITD per nest)
D Sex-specific maternal investment  Individual level (324  Gaussian Sex (F) -0.4371+0.0197 -4.250 <0.0001
(offspring ITD) individuals), 6 sites HoEE
Grass cover (%) -0.0597+0.0169 -3.542 0.0004***
Sex x Grass 0.0454+0.0204  2.222 0.0263*
cover (%)
Distance from  0.0189+0.0105  1.806 0.0709
the city center
E Sex allocation (proportion of Nest level (130 nests), Beta-binomial Reed diameter  1.2595+0.1450  8.684 <0.0001
females) 6 sites GLM (logit (mm) oAk
link)

Flower Index -0.5352+0.2163
Grass cover (%) -0.6824+0.2389

-2.474 0.0125*
-2.856 0.0032**
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Fig.2 The number of brood
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Fig.3 O. caerulescens maternal investment declined with (A) increas-
ing Flower Index and (B) increasing grass cover. (C) sex-specific
maternal investment declined with increasing grass cover for females

Results

O. caerulescens represented by far the most abundant
cavity-nesting bee species in the study area (77,5% of all
occupied nests), with individuals recorded from seven of the
eight sampling sites. Here, each nest corresponds to a single
reed stick used as a nesting cavity. A total of 215 nests of
O. caerulescens were sampled, corresponding to 648 brood
cells. Of these, 130 nests provided adult individuals, while
in the 85 remaining nests, individuals had already emerged
before collection. The number of brood cells per nest (repro-
ductive output) increased with increasing Flower Index (A,
z=2.39, p=0.0205; Table 1; Fig. 2), grass cover (z=2.22,
p=0.0266), and distance from the city center (z=2.27,
p=0.0235). Inter-tegular distance differed considerably
between sexes (Wilcoxon rank-sum: p=<0.001), confirm-
ing the expected sexual size dimorphism in O. caerulescens.
Individuals also exhibited a high within-sex size variation,
especially in females (Fig. S2A). The mean offspring ITD
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and was constant for males. Points represent nest-level values and
solid lines Gaussian GLM predictions of marginal effects with 95%
confidence intervals (shaded bands)

per nest (per-nest maternal investment) decreased with both
increasing Flower Index and grass cover (B, t = —2.21,
p=0.0269 and t = —2.54, p=0.0112, respectively; Table 1;
Fig. 3). The product between the number of brood cells and
the mean offspring ITD per nest (total maternal investment
per nest) did not vary with any environmental predictor (C;
Table 1). Offspring individual ITD (sex-specific maternal
investment) showed a negative association with increas-
ing grass cover in females (D; t=—3.54, p<0.001; Table 1;
Fig. 3), whereas this relationship was significantly weaker
in males, as indicated by the positive sex X grass cover inter-
action (t=2.22, p=0.0263). The overall population sex ratio
across all sites was male-biased 1.6/1. The proportion of
female offspring per nest (sex allocation) and reed diam-
eter had a strong positive relationship (E, z=8.68, p<0.001,
Table 1; Fig. 4), with wider reeds containing a higher pro-
portion of female offspring, while Flower Index (z = -2.47,
p=0.0125) and grass cover (z = -2.86, p=0.0032) showed
a negative relationship, resulting in a shift toward male-
biased proportion in sites with higher Flower Index and
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grass cover. The population-level female and male invest-
ment index per nest was highly skewed toward zero, reflect-
ing the frequent absence of female offspring across nests,
whereas male investment showed a more continuous distri-
bution (Fig. S2B, Supplementary Information, SI_1).

Pollen diet

The NMDS ordination revealed site-level differences in pol-
len composition (PERMANOVA: R? = 0.47, Fs,i2 = 2.10,
p=0.025; Fig. 5). Multivariate dispersion did not differ
among sites (Fs,.2 = 0.93, p=0.49), indicating homoge-
neous within-site variability. We identified that several taxa
were significantly associated with the main NMDS axes
(»<0.05), including Fabaceae, Asteraceae, and Lamiaceae

among the significant taxa. The bubble plot (Fig. S3, Sup-
plementary Information, SI 1) illustrated clear among-site
differences in the diet, with some morphotypes widespread
and others restricted to certain sites, summarizing the
structure of O. caerulescens pollen use across sites. DNA
metabarcoding analyses largely confirmed the patterns
observed through pollen grain morphology, identifying a
polylectic diet dominated by Fabaceae (Table S4, Supple-
mentary Information, SI_1). While the two approaches were
broadly consistent, metabarcoding allowed finer taxonomic
resolution and revealed some additional taxa not distin-
guishable through morphology, whereas some pollen types
identified morphologically, were not detected by metabar-
coding. Both approaches revealed among-site variation in
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pollen composition, with some taxa widespread and others
restricted to specific locations.

Discussion

In the Mediterranean peri-urban study sites, O. caerulescens
was the dominant species among the cavity-nesting commu-
nity, although we provided nest cavity diameters extending
far beyond the species’ expected usage and body size, but
suitable for other species. This result confirms findings from
Mediterranean regions’ agricultural landscapes (Satta et al.
2007; Bafios-Picon et al. 2013; Tobajas et al. 2021; Marrero
et al. 2025; Azevedo et al. 2025), highlighting the domi-
nance of the species across Mediterranean systems. These
findings demonstrate its suitability as a model species and
how well the species is adapted to a Mediterranean environ-
ment, potentially benefiting from its polylectic flower usage.

Our results show that the number of brood cells increased
with the Flower Index, which represents a proxy of the
availability of floral resources for O. caerulescens through-
out the season. The polylectic foraging of O. caerulescens
likely explains this result, as access to a wide range of floral
resources can sustain brood cell production over time. In
solitary cavity-nesting bees, the number of brood cells is a
direct indicator of reproductive output and is mainly lim-
ited by access to resources and provisioning costs (Goodell
2003; Bosch and Vicens 2006; Zurbuchen et al. 2010). For
O. caerulescens, field studies show that brood cell produc-
tion increases in the presence of more favorable forag-
ing conditions and greater availability of floral resources
(Bafios-Picon et al. 2013; Rosas-Ramos et al. 2017; Marrero
et al. 2025). A similar link between resources and reproduc-
tion has also been documented for other Osmia species, in
which offspring production increases with flower abundance
and decreases when resources are limited (Goodell 2003;
Palladini and Maron 2014; Zaragoza-Trello et al. 2021);
although these studies were conducted under different spa-
tial contexts, ranging from experimental manipulations to
broader landscape-scale observations, whereas our results
reflect patterns operating at a finer spatial scale around nest-
ing sites. However, we also found a positive effect of grass
cover, which may reflect more open and sun-exposed condi-
tions associated with a microclimate more favorable to for-
aging activity (Tobajas et al. 2021; Polidori et al. 2024), or a
reduction in foraging costs in more open habitats, consistent
with experimental evidence showing that increased foraging
distance reduces brood cell production in solitary bees (Zur-
buchen et al. 2010a). Alternatively, grass cover may also
be associated with the availability of small-flowered forbs,
which are commonly exploited by polylectic species such
as O. caerulescens. In addition, we found that brood cell
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number also increased with distance from the city center,
which may reflect a general decrease in anthropogenic dis-
turbance (e.g., traffic, human presence and activity, noise,
and pollution) away from the urban core. However, distance
from the city center is a coarse proxy that could likely cap-
ture multiple, unmeasured environmental gradients. Taken
together, these findings indicate that brood cell production
in O. caerulescens is shaped by both floral resource avail-
ability, habitat structure and spatial position along the peri-
urban corridor.

In solitary cavity-nesting bees, body size is related to
provisioning costs and foraging distance, as larger individu-
als are able to cover greater distances and sustain higher
movement costs (Gathmann and Tscharntke 2002). In our
study, the wide variability in body size observed within each
sex indicates marked plasticity in maternal investment, sug-
gesting that females finely modulate the provisioning rate of
individual brood cells (Radmacher and Strohm 2010). Pre-
vious studies on Megachile and Osmia species, including O.
caerulescens, have shown that offspring size can increase
with higher floral resources and availability, higher pol-
len diversity and favorable microclimatic settings, includ-
ing sunnier and more open habitats. (Kim 1999; Tobajas
et al. 2021, 2024; Zaragoza-Trello et al. 2021). Moreover,
response to habitat gradients has been shown to differ
between sexes of the same species (Zaragoza-Trello et al.
2021). More generally, larger body size has been shown to
be favored under increased spatial constraints, such as habi-
tat fragmentation, because of its association with enhanced
dispersal capacity and the ability to sustain higher foraging
costs (Warzecha et al. 2016). In line with decreased foraging
constraints, we found that average ITD per nest decreased
with increasing floral resource availability and in more open
habitats, indicating that under favorable conditions, mater-
nal investment in O. caerulescens is redistributed follow-
ing a quantity—quality trade-off toward a greater number of
brood cells rather than toward larger offspring. This is also
emphasized by considering that the total maternal invest-
ment per nest remained constant and did not vary depending
on environmental conditions, which could be consistent with
the an evidence of a limit on overall reproductive invest-
ment, suggesting that females may adjust allocation strate-
gies rather than increasing the overall reproductive effort.
However, this pattern should be interpreted with caution
given the limited number of sites. These results closely par-
allel the findings of Rosas-Ramos et al. (2017), who showed
that in relatively less favorable agricultural contexts (vine-
yard and cereal monoculture), which were associated with
lower floral resources availability and higher foraging costs,
larger individuals were selected whereas more resource-rich
contexts (mixed vegetable crops), where foraging cost are
reduced, smaller offspring were selected, consistent with
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relaxed selection on body size. In our system, this contrast
is captured by vegetation structure: open, grass-dominated
habitats (and conversely lower forest cover) are associated
with reduced average ITD, consistent with lower foraging
constraints and a shift toward quantity-biased reproductive
strategies, in line with the relationship between landscape
structure, foraging costs, and body size (Gathmann and
Tscharntke 2002; Warzecha et al. 2016).

Sex allocation in O. caerulescens was strongly related
by reed diameter, with larger cavities containing a higher
probability for female offspring. Overall, our results are
consistent with Conditional Sex Allocation Theory (Char-
nov 1982) in showing that O. caerulescens adjusts off-
spring number, size, and sex in response to environmental
conditions. Specifically, we found that the proportion of
females decreased with increasing Flower Index and grass
cover, indicating a shift toward the less costly sex under
resource-rich conditions. This contrasts with previous
studies on O. caerulescens and also with evidence from
other Osmia species, where environments rich in foraging
resources are generally associated with a higher probability
towards females (Bosch and Vicens 2005; Zaragoza-Trello
et al. 2021; Marrero et al. 2025; Wittmann et al. 2025).
The mechanisms underlying this pattern remain unclear.
One possible explanation is that sex allocation is linked
to variation in offspring body size. Previous studies have
shown that smaller females tend to produce offspring that
are more biased towards males (Bosch and Vicens 2006;
Rehan and Richards 2010). In our system, resource-rich
and open habitats were associated with the production of
a greater number of smaller brood cells, which may lead to
smaller mothers and consequently to a shift toward male-
biased sex allocation as part of a quantity-quality trade-off.
This pattern may be further reinforced by seasonal effects
and bivoltinism, as sex allocation decisions are known to
vary throughout the season in O. caerulescens and related
species, with later reproductive periods often more male-
biased (Wittmann et al. 2023). In this context, our Flower
Index, cumulative for the entire season, may obscure the
timing of resource availability at the time of sex determina-
tion. O. caerulescens reproduction could also be influenced
by the balance between external resource availability and
internal constraints on reproduction, in line with multidi-
mensional models of parental investment that incorporate
limits on provisioning rate and egg maturation (Rosenheim
et al. 1996; Rosas-Ramos et al. 2017; Wittmann et al. 2025).
However, alternative explanations, such as body size carry-
over effect, internal constraints, or local adaptation, cannot
be excluded and should be explicitly tested in future studies
conducted over multiple years, across a wider study area
and encompassing different habitat types. Finally, looking at
the population level, we found that the overall sex ratio was

skewed towards males, and considering the sexual dimor-
phism of O. caerulescens, it was expected to be 1.25/1 in
favor of males; this therefore slightly deviates from Fisher’s
theory (Fisher 1930). This is in contrast with another spe-
cies of Osmia, in which the investment is kept equal for
both sexes, considering the difference in cost due to sexual
dimorphism (Bosch and Vicens 2005). Moreover, this devi-
ation at the population level becomes clearer when female
offspring number and size are considered jointly, reinforc-
ing the conclusion that male-biased sex ratios in our system
reflect a broader shift in reproductive allocation rather than
sex ratio adjustment alone.

The diet of O. caerulescens in the Mediterranean peri-
urban environment confirms its polylectic diet with a
marked preference for Fabaceae, followed by Lamiaceae,
Papaveraceae, and Boraginaceae, and it is consistent with
patterns documented in Mediterranean agricultural systems
(Satta et al. 2007; Ozkok and Giiler 2016; Tobajas et al.
2024). At the same time, the composition of pollen from
brood cells differed significantly between sites, with almost
half of the diet varying locally, indicating the great adapt-
ability of this species and also that the small scale in the
immediate vicinity of nesting sites is a determining factor
in the choice of resources. However, this result should be
interpreted with caution, as the pollen analysis was based
on a limited number of brood cells per site, which may
reduce the power to detect within-site variability and poten-
tially emphasize among-site differences. Although O. cae-
rulescens has been shown to exhibit trophic specialization
in some anthropized contexts, both within and outside its
native range, our results indicate that within its native range,
and at least in the studied area, the species maintains a broad
diet, similar to agricultural environments, rather than spe-
cializing on a narrow set of dominant resources (Maclvor
et al. 2014; Gresty et al. 2018). The persistence of a broad,
non-specialized diet suggests that the studied urban river-
side grassland habitats provide a sufficiently diverse and
continuous floral resource base, allowing O. caerulescens to
express its generalist diet rather than a forced specialization
driven by resource limitations. Consistent with evidence
that urban riverside grasslands can function as high-quality
habitats for pollinators (Dylewski et al. 2024). Finally, the
frequent occurrence of pollen types that were not detected
during floristic surveys suggests that local foraging deci-
sions are only partially captured by field-based assessments
of floral availability (Maclvor et al. 2014; Splitt et al. 2021).

Together, these evidence on O. caerulescens suggest
that open habitats with high floral availability promoted
more “opportunistic” quantity-oriented strategies that are
characterized by increased brood production, reduced per-
cell investment, and male-biased sex allocation, while
structurally more complex habitats may promote opposite
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conservative strategies. This shift in reproductive strategies
was not accompanied by a reduction in diet breadth, indicat-
ing that changes in reproductive allocation occurred inde-
pendently of trophic narrowing. Moreover, the variation
among sites in pollen composition indicates that females
strongly rely on locally available plant species, highlight-
ing that the immediate surroundings of the nest are critical
for resource acquisition and therefore for overall reproduc-
tion (Zurbuchen et al. 2010b). This pronounced variability
between sites within a relatively small spatial extent reflects
the mosaic nature of urban environments, where fine-scale
differences in habitat structure and resource distribution
can generate markedly different ecological conditions for
reproduction (Moretti et al. 2021; Graffigna et al. 2024).
Our results may further suggest that, more generally, urban
environments could shape solitary bees’ reproduction by
modifying the balance between habitat structure and the
resources accessible around nesting sites. Rather than act-
ing as uniformly favorable or unfavorable habitats, urban
systems appear to reorganize the processes underlying
reproductive success by altering how different components
of reproduction are prioritized and combined, so that over-
all reproductive output emerges from compromises among
key traits such as offspring number, size, and sex allocation
(Moretti et al. 2021).

Conclusion

This study demonstrates that O. caerulescens responds to
the studied peri-urban conditions by adjusting reproduc-
tive strategies toward quantity-oriented allocation that
differ from those reported in agricultural systems (Rosas-
Ramos et al. 2017; Wittmann et al. 2023), while maintain-
ing a broad polylectic diet. By revealing strong effects of
fine-scale habitat structure and local resource availability
on reproduction and resource use, this work highlights that
the value of a linear peri-urban green corridor for solitary
bees depends critically on fine-scale conditions around
nesting sites. Whether these quantity-oriented reproductive
shifts represent short-term responses to local conditions or
involve longer-term consequences for population persis-
tence through carry-over effects across generations remains
to be evaluated (Rosas-Ramos et al. 2017; Wittmann et al.
2023). Addressing this question will require future studies
explicitly linking reproductive strategies to fitness outcomes
across successive generations and consecutive years. More
broadly, our results emphasize that reproductive traits rep-
resent key life-history properties through which solitary
bees respond to environmental variation. Understanding
how these traits are adjusted across heterogeneous environ-
ments may provide mechanistic insight into how species
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face, from a wider perspective, urban conditions (Fitch et al.
2019; Moretti et al. 2021). Such species-specific approaches
are essential for evaluating how peri-urban and urban linear
green spaces support the persistence and long-term conser-
vation of solitary bees.
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