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ARTICLE INFO ABSTRACT

Handling Editor: Y. Capowiez Most research on wild bees has focused on their role as pollinators, while their importance as soil ecosystem

engineers has been largely overlooked, despite the fact that most species nest in the soil. There is limited

Keywords: quantitative knowledge regarding the architecture of nests created by wild bees and the temporal evolution of
Ground-nesting bees bee burrows. The aim of this study was to evaluate the feasibility of repeatedly scanning ground-nesting bee nests
ggirlns)t‘:licture using X-ray computed tomography to quantify the morphology and temporal evolution of burrow systems
Morphology created by both solitary and social species. We installed eleven large cylinders at locations with ongoing nesting

activity of ground-nesting bees, and repeatedly scanned these soil columns with a medical X-ray scanner over a
period of 16 months. From the X-ray images, we extracted bee burrows to visualize and quantitatively charac-
terize their morphology and temporal evolution. The architecture and temporal evolution of burrows strongly
differed between the studied social and solitary ground-nesting bee species. Burrows created by the solitary
species were simple, linear and unbranched burrows, which were not reused and decayed with time. The burrow
systems created by the social species were more complex, with highly branched networks of horizontal and
vertical burrows, which increased in complexity and size over time during the bee activity period. The persis-
tence of burrows created by ground-nesting bees varied greatly, with some decaying within a few weeks and
others remaining mostly intact for the entire 16-month study period. This study demonstrates the potential of X-
ray imaging to provide new insights into the underground life of ground-nesting bees, and highlights the locally
important role of ground-nesting bees as soil ecosystem engineers.

Temporal evolution
X-ray imaging

1. Introduction

Bees (Hymenoptera: Apoidea: Anthophila), a group of insects with
more than 20,000 described species, are considered the primary polli-
nators in most ecosystems (e.g., Garibaldi et al., 2013; IPBES, 2016;
Michener, 2007; Neff and Simpson, 1993). The pollination services that
they provide are critical to the functioning of both natural and managed
ecosystems, with 87% of wild flowering plant species (Ollerton et al.,
2011) and 75% of the world’s most important crops dependent on or
benefiting from pollinators (Klein et al., 2007). In most regions of the
world, the wild bee fauna is dominated by species nesting below ground
in the soil (e.g., Cane and Neff, 2011; Harmon-Threatt, 2020), many of
which are considered key crop pollinators (Kleijn et al., 2015). While the
pollination services provided by ground-nesting bees to natural eco-
systems and crops are well recognized, their role as soil ecosystem

engineers remains largely unexplored and underappreciated, despite
their multitudinous direct and indirect impacts on soils (Christmann,
2022, 2019; Ruiz et al., 2023; Wilkinson et al., 2009).

Ground-nesting bees act as soil bioturbators by directly altering the
pore network of the soil through their burrowing activity for nest con-
struction (Danforth et al., 2019; Westrich, 2018). They dig burrows of
large diameters (up to 10 mm; Sarzetti et al., 2013) with nest depths
ranging from 1 to 530 cm (Cane and Neff, 2011). The nest structure
comprises burrows and brood cells where the bees lay eggs on pollen
moistened with nectar (Danforth et al., 2019; Westrich, 2018). Bee
burrows are generally continuous, predominantly vertical, and connect
the soil surface to the subsoil (Antoine and Forrest, 2021; Danforth et al.,
2019), although some species form intricate networks of branching
burrows and chambers (Stephen et al., 1969; Westrich, 2018). Some

species nest gregariously and can form dense (up to 1,658 nests m ™%
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Visscher and Danforth, 1993) and enormously large nesting populations
(up to 12 million individuals; Blagoveshchenskaya, 1963) that can
persist for decades (e.g., Cane, 2003), and some species are capable of
excavating significant amounts of soil (up to 27 Mg ha™! yr™1; Wata-
nabe, 1998). Despite these impressive feats of ground-nesting bees that
result in significantly altered soil pore network architecture and despite
the well-established effects of such macropores on soil functions (e.g.,
enhanced water infiltration and soil aeration; Ruiz et al., 2023), the role
of ground-nesting bees as soil ecosystem engineers — unlike earthworms,
termites, and ants (Lavelle et al., 1997; Lee and Foster, 1991; Ruiz et al.,
2023) - has been largely neglected (Christmann, 2022, 2019).

To properly assess the functional consequences on soils of burrowing
activities by ground-nesting bees, it is important to quantify the
morphology of the burrow systems that they create. Since soil porosity is
dynamic (e.g., Rabot et al., 2018) and the shape or extent of burrow
systems can be altered by physical processes, such as wetting-drying
cycles (e.g., Le Mer et al., 2021), or biological activity of soil fauna (e.g.,
Meurer et al., 2020), it is important to also consider the temporal
dimension, i.e., quantifying temporal changes in burrow morphology
and their persistence. However, studies quantifying the structural
changes and persistence of ground-nesting bee burrows over time are
largely lacking, in part due to the difficulty of observing the cryptic
subterranean life stage of bees.

Traditionally, nesting behavior and burrow morphology of ground-
nesting bees have been studied in the field using excavation and cast-
ing techniques with various different materials (e.g., Linsley et al., 1952;
Marinho et al., 2018; Michener et al., 1955) or in the laboratory using
observation chambers (e.g., Batra, 1970; Leonard and Harmon-Threatt,
2019; Michener et al., 1955). Excavation and casting techniques are
destructive and extremely tedious (Antoine and Forrest, 2021; Linsley
et al., 1952; Marinho et al., 2018). Observation chambers allow the
study of burrowing behavior and changes in burrow morphology over
time, but alter bee behavior and restrict bee movement within a quasi
two-dimensional container in an artificially created environment
(Johnson et al., 2004). Furthermore, only a few ground-nesting bee
species have been successfully reared in the laboratory, mostly social
and communal halictid bees, but even with these, not all attempts are
successful (Antoine and Forrest, 2021; Leonard and Harmon-Threatt,
2019; Michener et al., 1955). Therefore, none of these methods are
suitable for studying the temporal evolution of ground-nesting bee
burrows in their natural environment.

X-ray computed tomography (XRCT) has proven valuable for quan-
tifying soil structure (see review Helliwell et al., 2013) and its temporal
evolution (Koestel and Schliiter, 2019; Leuther et al., 2023), and has
been used for studying burrowing of soil-dwelling fauna and nest sys-
tems of social insects (see review Gutiérrez et al., 2018). Greco et al.
(2006) used X-ray imaging to examine the internal nest structure of the
ground-nesting Australian blue-banded bee (Amegilla holmesi) in artifi-
cial mud-brick nests to count and measure brood cells, and to identify
larval and pupal development stages. However, despite the potential of
X-ray imaging to provide new insights into the cryptic and elusive
subterranean life stage of ground-nesting bees, the technology remains
largely unexplored in ground-nesting bee research. In particular, one of
the greatest strengths of X-ray imaging — the ability to minimally inva-
sively examine a ground-nesting bee nest over multiple time points — has
remained unexploited; even X-ray imaging of a naturally occurring
ground-nesting bee nest has not yet been performed to our knowledge.

The purpose of this study was to demonstrate the suitability (proof-
of-concept) of repeated X-ray imaging of ground-nesting bee nests in
their natural environment as a means to visualize and quantify bee nests
and to study the temporal dimension in ground-nesting bee behavior
and ecology and their consequences on soil structure and functions. In
particular, we aimed to quantify the morphology of burrows created by
different species of ground-nesting bees, and to monitor the temporal
evolution of bee nest structures. We discuss the morphology and
persistence of ground-nesting bee burrows and compare them with those
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of other soil-dwelling species, particularly earthworms.
2. Materials and methods
2.1. Study site description and soil column preparation

Five sites on the premises of the Swiss Federal Research Institute
Agroscope in Zurich, Switzerland (47°25'43'N / 08°31'02'E) were
selected based on the presence of ground-nesting bee nests and to cover
a range of ground-nesting bee species, habitats, and soils (Table 1).
Zurich has a temperate climate (Koppen: Cfb; Beck et al., 2018) with an
average annual precipitation of 1022 mm and an average annual tem-
perature of 9.8 °C (climate normal 1991-2020; MeteoSwiss, 2023).
Freezing and thawing events can occur from October to April (Fig. 1).
Soils at the sampling sites were classified as sandy loam, silt loam, and
loam (USDA system; Soil Survey Staff, 2022). Soil organic carbon (SOC)
content ranged from 1.37 to 2.45% (Table 1).

In early June 2021, eleven (hollow) PVC cylinders with an outer
diameter of 20.0 cm and an inner diameter of 18.8 cm (wall thickness: 6
mm) and a height of 20 to 40 cm were carefully inserted into the ground
at the selected sampling sites using a tractor front loader. Each cylinder
was inserted into the soil so that the soil column contained at least one
active bee nest, as evidenced by the presence of a characteristic tumulus
(i.e., mount of excavated soil material) and visual observation of bee
activity. The columns were then excavated and a strap system was
installed to allow for rapid and minimally invasive removal and rein-
stallation of the columns for repeated X-ray imaging (Fig. 2). Air tem-
perature at 2 m above the ground, soil temperature at 5 cm depth, and
precipitation were recorded daily during the study period at a nearby
MeteoSwiss weather station (47°25'39.6"N 08°31'04.4"E), located <300
m from all sampling sites (Fig. 1).

2.2. Sampling and identification of nesting bees

Ground-nesting bees were visually identified to species level where
possible. Some species required capture for unambiguous identification,
which we avoided during the study period to prevent disruption or
cessation of their ongoing nesting activity. Instead, we captured nesting
bees at the sampling locations at the end of the study period in March
2023 using mini-emergence traps, following the procedure detailed in
Tschanz et al. (2023), and had them identified to species level by an
expert bee taxonomist. Although this procedure does not allow to assign
captured species with 100% certainty to the specific nest structures

Table 1
Description of soil column sampling locations. Nesting species are nesting fe-
males that were captured and/or visually identified at the sampling locations.

Site  Columns  Soil % % Nesting Habitat type
textural Sand/ SOC species
class Silt/
Clay
A 1-3 sandy 59.1/ 1.89  Colletes Extensively
loam 21.7/ cunicularius managed
19.2 grassland
B 4-5 loam 49.5/ 2.32  Colletes Extensively
30.7/ cunicularius managed
19.8 grassland
C 6-8 silt loam 07.1/ 1.37  Lasioglossum Bare soil
68.6/ malachurum $SO*
24.3
D 9-10 loam 42.4/ 2.45  Lasioglossum Extensively
37.2/ malachurum managed
20.5 grassland
E 11 loam 44.9/ 2.10  Lasioglossum Extensively
34.3/ malachurum managed
20.8 grassland

# See Keller et al. (2017) for a description of the bare soil plot from the soil
structure observatory (SSO) experiment.
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Fig. 1. Timeline of sampling and scanning with monthly weather data from a nearby weather station during the study period. The arrows indicate the dates when the
cylinders were installed and the columns were taken to the X-ray device for imaging. The red line with circles indicates the mean air temperature at 2 m height, the
brown line with triangles the mean soil temperature at 5 cm depth, and the blue bars the total precipitation. The red area indicates the minimum and maximum
temperatures. Source: MeteoSwiss.

Fig. 2. Examples of two soil columns (b-c: column #1; e-f: column #7) used for repeated X-ray imaging. PVC tubes of 20 cm diameter and between 20 and 40 cm
height were inserted using a tractor front loader at locations where at least one ground-nesting bee nest was found. (a, d) show examples of ground-nesting bee nests
with visible nest entrances, indicated by the arrow in (a) and a typical tumulus (i.e., mount of excavated soil material) visible in (d) before the soil column was
inserted. The black straps seen in the photos were used to pull out the soil columns for repeated scanning.
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observed in the soil columns, it provides a good indication of the most
likely nesting species.

Two nesting species of ground-nesting bees were captured: the spring
mining bee Colletes cunicularius (Apoidea: Colletidae) and the sweat bee
Lasioglossum malachurum (Apoidea: Halictidae; Table 1). Colletes cuni-
cularius is a univoltine solitary (i.e., each female bee constructs her own
nest and provisions her own offspring) species. Females are 13-14 mm
long and are active from mid-March to mid-May (SwissBeeTeam, 2021).
Lasioglossum malachurum is a multivoltine eusocial species. In eusocial
species, adults of more than one generation co-exist, and cooperation
among them in brood care and division of labor exists, with some queens
reproducing and other female bees not reproducing but providing
offspring with food resources (worker caste; Michener, 2007). In-
dividuals are 8-9 mm long, and their activity period extends across
several generations from early March to late October (SwissBeeTeam,
2021).

2.3. Soil column scanning and image acquisition

Soil columns were scanned every three to five months over a period
of 16 months (scanning dates: 13 July 2021, 26 November 2021, 18 May
2022, 24 August 2022, 08 November 2022) (Fig. 1). Soil columns were
only scanned at least three days after significant rainfall to ensure good
drainage of the bee burrows. Due to hospital operational reasons,
scanning was only possible in the late afternoon (around 5 pm) when
bees may still be active. Columns were temporarily removed from the
soil a few hours before scanning and immediately reinstalled in the same
location after scanning.

Computed tomography images were acquired using a first-
generation dual-source photon-counting X-ray CT scanner with quan-
tum imaging (NAEOTOM Alpha, Siemens Healthineers) at the Zurich
University Hospital in Switzerland. The scan parameters were based on
those for the human lung with a fixed tube voltage of 120 kV and
automatic tube current modulation. Multiple soil columns were scanned
simultaneously and the smallest possible field of view was selected that
covered all the columns on the bench. Images were reconstructed using a
standard soft tissue convolution kernel (Br36) and Quantum iterative
reconstruction at level 3 (Q3), with a slice thickness of 0.4 mm, an
increment of 0.2 mm and a resolution of 512 x 512 pixels. The acquired
images were a series of axial slices in the DICOM file format with 16-bit
grayscale values calibrated to Hounsfields Units (HU).

2.4. Image processing

Image processing and analysis were conducted in Python version
3.8.15 (Python Software Foundation, 2022) using the libraries PylmageJ
(Rueden et al., 2022) and scikit-image (Van der Walt et al., 2014).
Manual image processing steps were conducted in Fiji/ImageJ (Schin-
delin et al., 2012). X-ray images were visualized using the Python library
Matplotlib (Hunter, 2007) and the software Drishti (Limaye, 2012).
Morphological and meteorological data were visualized using R version
4.2.2 (R Core Team, 2022). The detailed image processing workflow is
visualized in Supplementary Fig. S1.

DICOM images were converted to 16-bit grayscale TIFF stacks and
split by soil column. Soil columns were reoriented to ensure they were in
a straight upright position and moved to the center of the canvas. All
scans from the same cylinder were rotated in the horizontal plane so that
they were aligned identically based on visual inspection of engravings in
the PVC walls. Images were cropped along the vertical axis based on
visual inspection of landmarks to ensure that all scans from the same
cylinder contained an identical region of interest. Images were resam-
pled to isotropic voxel sizes (0.3 x 0.3 x 0.3 mm?). To eliminate edge
effects caused by shrinkage and swelling of the soil from the column
wall, a cylindrical region of interest with a diameter of 172 mm (8 mm
smaller radius than the inner cylinder radius) was selected.

A joint histogram of the gray values from all 3D images was
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computed and smoothed to identify the histogram minimum between
gray-values corresponding to air-filled pores and the soil matrix (Sup-
plementary Fig. S2). This value (-760 HU) was then applied to all images
for segmentation. As a result, we obtained binary images representing
the air-filled pore space and the soil matrix. This approach was chosen
because the focus was to study the effects of ground-nesting bees on the
architecture of the soil pore network, i.e., the air-filled space created by
ground-nesting bees. A 3D median filter (2 x 2 x 2 voxels) was applied
to remove segmentation noise, and holes were filled using the ImageJ
plugin MorphoLibJ (Legland et al., 2016). Connected pore-volumes
smaller than 4630 voxels (0.125 cm3) were considered noise.

We manually selected fourteen individual bee burrow networks (i.e.,
nests) from eight soil columns to quantify their morphology and evo-
lution over time. Only nests that met three criteria were included: (i)
they were unambiguously identifiable as bee nests, (ii) they were present
in the first scan, and (iii) they were relatively intact and connected rather
than fragmented into many small pieces. We identified individual nests
in the first scan by first identifying all disjoint pore structures using the
26-connectivity connected component labeling function implemented in
MorphoLibJ (Legland et al., 2016) and assigned a unique nest label to all
components belonging to that nest. Then, all components belonging to
the same nest were identified by visual inspection in all subsequent
scans and reassigned to the corresponding nest label. Finally, each in-
dividual nest per image was extracted into a new TIFF stack for
morphological analysis. Furthermore, each image was converted into a
local thickness map using the largest inscribed sphere method (ImageJ
LocalThickness) and a 3D skeleton was created (ImageJ Skeletonize3D)
for morphological analysis. The 3D skeleton was pruned, i.e., all end-
point branches <10 mm were removed as they were considered arti-
facts created by the skeletonization procedure.

2.5. Morphological analysis

Soil columns and bee burrows for each scan date were morphologi-
cally characterized (see Supplementary Fig. S1 for an illustration of the
workflow). Burrow volumes were computed using MorphoLibJ. Mean
burrow diameter and macropore size distributions were computed based
on the local thickness map in Python. The number of loops (1% Betti
number) was computed on basis of the binary images using the ImageJ
plugin BoneJ (Doube et al., 2010). The burrow length, the number of
branches, and the longest of the shortest path were computed on basis of
the pruned skeletonized images using the ImageJ plugin AnalyzeSkeleton
(Arganda-Carreras et al., 2010). Tortuosity was computed as the ratio of
the total burrow length to the longest shortest path as a proxy for burrow
complexity. Tortuosity values based on very short skeletons (<20 mm
branch length) were strongly influenced by the skeletonization and
pruning process and were not considered. Burrow persistence was
visually assessed from the time series of rendered images of bee nest
structures from the time of nest completion.

3. Results

Our method of sampling and X-ray imaging of large soil columns
containing nests of ground-nesting bees successfully revealed the
burrow systems made by different ground-nesting bee species in their
natural environment (Fig. 3), and the evolution of the burrow systems
over time (Figs. 4-6). Bee burrowing was the major contributor to the
total imaged porosity in most soil columns, as reflected by peaks in pore
size corresponding to the burrow diameter of the nesting species (Fig. 7).

3.1. Diversity of bee burrow architecture

The studied solitary and social ground-nesting bee species created
burrow systems that differed fundamentally in their architecture. The
burrow system made by the solitary C. cunicularius was simple, con-
sisting of a single, predominantly vertical, linear, unbranched, large-
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10 mm 10 mm

10 mm 10 mm

Fig. 3. Two representative examples illustrating the highly distinct architec-
ture of burrows created by different species of ground-nesting bees. (a-b) An
example of a relatively straight (low tortuosity), unbranched and predomi-
nantly vertically oriented burrow of large diameter created by the solitary
ground-nesting bee species Colletes cunicularius. (c-d) An example of a complex,
highly branched and curved (high tortuosity) burrow system of medium
diameter created by the social bee species Lasioglossum malachurum. The same
burrow systems are illustrated as: (a, ¢) volume; and (b, d) skeletonized volume
(with a dilation step to improve visibility). Note the slightly different scales
between (a-b) and (c-d).

diameter (~6 mm) main burrow (Fig. 3a-b). In contrast, the burrow
system made by the social L. malachurum was a complex system of highly
branched and tortuous burrows of much smaller diameter (~3 mm),
running both horizontally and vertically, and containing numerous
loops (Fig. 3c-d).

3.2. Temporal evolution of bee burrow systems

The temporal evolution of the bee burrow systems revealed two
contrasting patterns associated with the nesting species. Burrow systems
made by the social and multivoltine L. malachurum (columns #6-11 in
Fig. 4 and Supplementary Fig. S3) initially increased in size (volume and
length; Fig. 5a-b) and complexity (tortuosity, number of branches and
loops; Fig. 5d-f) after they were created, and then decreased in size and
complexity. Burrows made by the solitary and univoltine C. cunicularius
(columns #1-5 in Fig. 4 and Supplementary Fig. S3) did not show any
substantial increases in burrow size or complexity, but rather remained
stable or decreased over time (Fig. 5). This different temporal pattern is
illustrated in more detail for a selection of bee burrow systems of
C. cunicularius and L. malachurum in Fig. 6.

3.3. Persistence of bee burrows

The persistence of biopores created by ground-nesting bees was
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highly variable between individual burrow systems (Figs. 4-5). In some
soil columns, bee burrows were already no longer visible in the first scan
(e.g., column #6 in Supplementary Fig. S3) or disappeared between
consecutive scans (e.g., column #7 in Fig. 4), whereas some burrow
structures remained largely intact over the entire 16-month study period
(e.g., column #1 in Fig. 4; Fig. 6a). The differences in burrow persistence
are also confirmed by the quantitative analysis of burrow morphology
over time (Fig. 5), which show that some bee burrows remained stable in
size (volume, mean diameter, length), whereas others decreased sharply
or even disappeared. Differences in burrow persistence were not related
to the nesting species (Fig. 5).

4. Discussion

4.1. Repeated X-ray imaging to study ground-nesting bee burrows and
their temporal evolution

Our study demonstrates that X-ray imaging of large soil columns
containing nests of ground-nesting wild bees is a suitable method to
study nest architecture in their natural habitat. Traditionally, such
studies have relied on methods that involve excavation and/or casting of
nest structures (e.g., Linsley et al., 1952; Marinho et al., 2018; Michener
et al., 1955). However, excavation and casting techniques are destruc-
tive, and tracking tunnels amid falling debris can be challenging (e.g.,
Linsley et al., 1952; Marinho et al., 2018; Michener et al., 1955).
Moreover, these methods may only provide an incomplete picture of the
nest architecture, especially in cases involving complex burrow net-
works or partially collapsed and discontinuous burrows. In such cases,
X-ray imaging may be a more accurate and perhaps the only feasible
method to capture the nest architecture.

Our study demonstrates the feasibility of repeatedly removing,
scanning, and reinstalling the same soil columns containing active nests
to quantify the temporal evolution of ground-nesting bee burrow sys-
tems. The fact that bees continued to develop their burrow system after
the first X-ray scan (e.g., columns #10 and #11 in Fig. 4; Fig. 6b-c) in-
dicates that our methodological approach did not majorly disrupt their
nesting behavior and did not cause them to abandon their nest. The
potential of repeated X-ray imaging as a minimally invasive method to
study temporal aspects of the life of wild bee activity in the opaque
medium of soil has been suggested nearly two decades ago (Greco et al.,
2006), but we are not aware of any such previous studies.

Although X-ray imaging is considered to be largely non-destructive,
it may affect the bees or their burrow structure. The procedure including
installation of the cylinders, removal, transport and reinsertion of the
soil columns for scanning, could result in the collapse of burrow struc-
tures. It is possible that the size of our soil columns has constrained nest
development or may not have been large enough to capture the entire
nest. For example, some of the vertical burrow structures in column #1
(Fig. 4) continued below 40 cm depth, which was the height of the
cylinder. Therefore, a major drawback of X-ray imaging is the limited
maximum sample size allowed by the scanner. However, since the
burrow structure exceeding the cylinder height was created by a uni-
voltine species and the nesting process was already complete at the time
of scanning, it is unlikely to have affected the temporal evolution of this
burrow structure. The sampling and scanning process may also cause
disturbance to nesting bees, which could lead to nest abandonment.
However, even though we scanned multivoltine species during their
active period (columns #6-11), they continued to develop their nests (e.
g., Fig. 6b-c). Finally, there is a possibility that radiation may cause
biological harm to bees, but this seems unlikely in our study, since the
radiation dose to bees from such scans has been shown to be much lower
than the dose required to cause biological damage in Drosophila mela-
nogaster (Greco et al., 2006, 2005; Kanao et al., 2003).
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140 2
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Fig. 4. Illustrative examples of the temporal evolution of macropores over the course of 16 months for selected soil columns. Macropores created by ground-nesting
bees used for the quantitative analysis (based on three inclusion criteria; see Materials and Methods section) are shown in the colors red, green, and orange.
Macropores not included in the analyses are shown in blue. Axis units are in mm, grid lines are 20 mm apart in all axis directions. Gray cylinders correspond to the
selected cylindrical region of interest. See Supplementary Fig. S3 for an illustration of additional columns not shown here.

4.2. Morphology of ground-nesting bee burrow structures

Through their nesting activity, ground-nesting bees altered the
physical structure of our soil columns in a variety of ways. They created
pores of different diameter (from ~ 3 to 7 mm), orientation (from ver-
tical to horizontal), and complexity (from linear and unbranched to
highly branched and looped) (Figs. 3-6). With their extensive burrowing

activity, they were the largest contributors to the total imaged porosity
in many of our columns (Fig. 7).

Ground-nesting bees exhibit a remarkable diversity in nest archi-
tecture that varies among species. Typically, nests of solitary species,
which comprise the majority of bee species (greater than 77%), consist
of a main vertical burrow with lateral branches leading to brood cells
(Antoine and Forrest, 2021; Danforth et al., 2019; Ullmann et al., 2020).
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Fig. 5. Temporal evolution of morphological features of ground-nesting bee burrows created by solitary (red dashed lines with triangles) and social (gray solid lines
with circles) ground-nesting bee species. Each line corresponds to an independent bee burrow system highlighted in color in Fig. 4.

However, nest complexity ranges from simple linear unbranched bur-
rows directly terminating in a single brood cell to complex chamber-like
structures with multiple brood cells clustered together (e.g., Antoine and
Forrest, 2021; Sakagami and Michener, 1962; Stephen et al., 1969;
Westrich, 2018). The nests of the solitary spring mining bee Colletes
cunicularius, which produced the burrow structures visible in soil col-
umns #1-5 (Fig. 3a-b, Fig. 4, Supplementary Fig. S3), are examples of a
relatively simple nest architecture consisting of a main vertical burrow
with several lateral branches each terminating in a single brood cell.
Because C. cunicularius bees refill lateral branches with soil material, but
not the main burrow (Malyshev, 1927), only the vertical main burrows
were visible in the X-ray images (Fig. 4, Supplementary Fig. S3). The
nest structures visible in columns #6-11 by social Lasioglossum mala-
churum species are examples of more complex chamber-like nest struc-
tures (Fig. 3c-d, Fig. 4, Supplementary Fig. S3) consisting of an intricate
network of horizontal and vertical burrows, and with brood cells clus-
tered in chambers (Sakagami and Michener, 1962).

Several attempts have been made to classify the diversity in nest

architecture according to various criteria, such as branching patterns,
and the number, orientation, and position of brood cells within the nest
(e.g., Malyshev, 1936; Stephen et al., 1969). Ultimately, however,
classification of nest architecture into discrete groups cannot adequately
describe the nuances in continuous morphological quantities, and the
subdivision of a continuum falls short for species with traits that lie
between categorical boundaries. In particular, how such morphological
quantities evolve over time, and how they may be affected by soil
properties and conditions and by climate, cannot be adequately char-
acterized by a discrete classification system. These inherent limitations
of a classification system can be overcome by using a continuous mea-
sure as a proxy for the morphological characteristics of interest. For
example, some of the quantitative characterization of bee nests per-
formed in this study (i.e., tortuosity, number of branches and loops)
could be used as proxies capturing different aspects of nest complexity
instead of a classification system. This would allow us to detect even
subtle changes in nest architecture over time and to compare variation
in nest architecture between and within species.
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Fig. 6. Three examples illustrating the temporal evolution of burrow systems created by (a) ground-nesting solitary Colletes cunicularius, and (b-c) social Lasioglossum
malachurum bees. These burrow systems correspond to the pores highlighted in orange in Fig. 4, which were isolated from soil columns #1 (a), #10 (b), and #11 (c),

respectively. The axis arrows have a length of 50 mm each.

While more complex morphological measures beyond diameter and
depth, such as volume, burrow length, and tortuosity, are well estab-
lished in soil science to characterize the network architecture of pores
created by abiotic processes, earthworms, and other macrofauna (e.g.,
Cheik et al., 2019; Koestel and Schliiter, 2019; Mele et al., 2021), we are
not aware of such descriptions for ground-nesting bee burrows. This may
be due to the scarcity of X-ray images of ground-nesting bee nests, as
these metrics can be difficult, but also subjective, to compute without
three-dimensional image processing techniques. The application of such
standardized, continuous metrics to characterize different aspects of
nest architecture opens up a number of interesting possibilities for
advancing our still very limited understanding of various aspects of the
nesting ecology of ground-nesting bees, with relevant implications for
the conservation and management of these important pollinators and
soil engineers. For example, it would allow to investigate whether and
how bees adapt their nest architecture to specific local conditions, such
as soil properties (e.g., density and texture) or soil and climatic condi-
tions (e.g., moisture and temperature), to maximize their reproductive

success. Such adaptations in nest architecture to local conditions may
have implications for the functional role of the burrows (e.g., aeration
and drainage), and how they resist disturbances, such as from wildfires
or agricultural management practices.

The typical burrows of solitary ground-nesting bees, such as those in
columns #1-5 (Fig. 3a-b, Fig. 4, Supplementary Fig. S3), are morpho-
logically similar to those of anecic earthworm species. Typically, anecic
(sensu Bouché, 1977) species cast above ground and create large
continuous vertical burrows that are connected to the soil surface,
whereas endogeic species typically create a network of branching and
tortuous burrows that are often discontinuous (due to refilling by casts)
and less connected to the soil surface (Capowiez et al., 2015, 2014,
2001; Edwards and Arancon, 2022; Jégou et al., 1999; Lee and Foster,
1991). Earthworm burrows range in diameter from 1 to 12 mm
(Edwards and Arancon, 2022), with wider pores created by anecic
species due to their larger body size (Capowiez et al., 2015; Péres et al.,
1998). While endogeic species typically burrow within the top 10-15 cm
of soil, some anecic species burrow to depths of two meters and even
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Fig. 7. Macropore size distribution per scan date and soil column. In contrast

to Fig. 5, macropores not labeled as bee nests are also included. Porosity values are

expressed as the volume of the macropore of the respective size class, relative to the volume of the region of interest. The gray areas indicate the range (min-max) of
burrow diameters of the species captured at the respective column location (columns #1-5: Colletes cunicularius; columns #6-11: Lasioglossum malachurum). Ranges
were obtained from the mean bee burrow diameter of the first scan of all extracted bee burrows per species.

more (up to 3 m; Bahl, 1950) (Edwards and Arancon, 2022). In com-
parison, ground-nesting bees create pores ranging from 2 to 10 mm in
diameter (Rozen, 2016; Sarzetti et al., 2013; Westrich, 2018). The
maximum median nesting depth for most bee species has been estimated
at 20 cm (Cane and Neff, 2011) to 23 cm (Harmon-Threatt, 2020).
However, several species have been reported to dig burrows several
meters deep, even up to 530 cm (Cane and Neff, 2011; Danforth et al.,
2019). In our study, bee burrow diameters were in the range of
approximately 3-7 mm (Fig. 5), and some burrows extended below 40
cm (i.e., below the maximum cylinder height; column #1 in Fig. 4).
The similarity between burrow systems (burrow diameter, network
architecture) created by anecic earthworms and certain ground-nesting
bee species, and the fact that both anecic earthworms and ground-
nesting bees transport soil to the surface (anecic earthworms: by soil

ingestion and casting on the surface; bees: by carrying out material)
suggests that these ground-nesting bees have similar effects on soil
processes and functions as anecic earthworms, such as enhanced water
infiltration and improved soil aeration (Edwards and Arancon, 2022; Le
Mer et al., 2021; Lee and Foster, 1991).

4.3. Temporal evolution of ground-nesting bee burrow morphology

Burrows made by the social and multivoltine species L. malachurum
increased in size and complexity after construction, whereas those made
by the solitary and univoltine species C. cunicularius showed no sub-
stantial increase in burrow size or complexity after construction (Figs. 5-
6). Burrow persistence was highly variable. Although nesting activity
was visually confirmed in all soil columns during installation, some
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columns (e.g., column #6 in Supplementary Fig. S3) had no visible bee
burrow structures in the first scan, indicating that these burrows had
already disappeared before the first scan. Other burrows disappeared
within a few months (e.g., column #7 in Fig. 4), and some remained
largely intact throughout the 16-month study period (e.g., column #1 in
Fig. 4; Fig. 6a).

Species-specific differences in social behavior and voltinism, along
with resulting variations in temporal activity patterns, are key consid-
erations for comprehending the observed temporal evolution patterns in
morphology of bee burrows. While solitary bees, such as C. cunicularius,
typically construct their nest within a few days and do not maintain it
thereafter, social bees, such as L. malachurum, engage in nest-building
over several generations, lasting several months (Danforth et al.,
2019; Malyshev, 1927; Sakagami and Michener, 1962; SwissBeeTeam,
2021; Westrich, 2018). For example, in L. malachurum, the queen initi-
ates nest construction during the solitary phase in spring, followed by a
social phase characterized by a division of labor between worker bees
and the queen over several generations until autumn. Therefore, the
nests are progressively expanded with new branches and brood cells
organized in chambers during the bees’ activity period (Sakagami and
Michener, 1962; SwissBeeTeam, 2021; Westrich, 2018). These differ-
ences in nest construction between univoltine (e.g., C. cunicularius) and
multivoltine (e.g., L. malachurum) bees are reflected in our X-ray images
and the temporal evolution of morphological traits. Nests of the social
and multivoltine species increased in complexity (reflected by the in-
crease in tortuosity and number of branches and loops) and size (length
and volume) after their initial appearance in spring until the end of their
life cycle in fall, whereas those of the solitary and univoltine species
started to disintegrate shortly after they were created in spring (Figs. 4-
6; Supplementary Fig. S3).

In this study, ground-nesting bees did not reuse existing burrow
structures from the previous year’s nesting season (the study period
included two spring nesting seasons), even when these structures were
still present. Instead, they expended energy and time into the con-
struction of new burrows as evidenced by column #1 (Fig. 4). This
behavior seems perplexing given the time and energy required to
identify ideal nesting locations and create burrows, and the wear and
tear it causes on mandibles and wings (Antoine and Forrest, 2021;
Leonard and Harmon-Threatt, 2019; Roulston and Goodell, 2011).
However, reusing old burrows could lead to higher risk of pathogen and
parasite infestation that can have fatal consequences for ground-nesting
bees (Antoine and Forrest, 2021; Harmon-Threatt, 2020; Roulston and
Goodell, 2011), and creating new burrow structures could be a way to
minimize that risk (Harmon-Threatt, 2020), although reuse of burrows
has been documented in other bee as well as digger wasp species
(Polidori et al., 2006; Sakagami et al., 1984). The lack of burrow reuse
behavior in our study may also be related to the difficulty for bees to
relocate existing structures; even when burrows remained largely intact
below the surface, entrance holes were no longer visible the following
year’s nesting season (pers. obs.).

4.4. Drivers of bee burrow persistence

While the temporal evolution of burrow morphology can be largely
explained by the social behavior and voltinism, these factors do not
appear to account for the observed variation in burrow persistence.
Some of the burrows created by the solitary univoltine species dis-
appeared within a few months of construction, while others remained
largely intact throughout the study period of 16 months. These different
trends were even observed within the same soil column (e.g., column
#1, Fig. 4). Similarly, some burrow networks created by social species
disappeared within a few months, while others remained largely intact
over the study period (cf. columns #10-11 in Fig. 4; Fig. 6b-c). These
findings demonstrate that even presumably abandoned and unmain-
tained burrow structures, as in solitary univoltine species, can persist for
at least 16 months (and possibly longer), and that burrow persistence
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can vary widely even within the same species. Although unravelling
underlying drivers of burrow persistence is beyond the scope of this
study, it is likely that the burrow persistence is influenced by aspects of
bee behavior, such as burrow architecture (e.g., depth, shape, orienta-
tion, diameter) and digging behavior (e.g., digging mechanisms, wall
treatment, refilling behavior), as well as edaphic factors (e.g., texture
and density), climate (e.g., rainfall frequency and intensity), and me-
chanical disturbance (e.g., by machinery or animals).

To our knowledge, the persistence of ground-nesting bee burrows
has not yet been quantified, but there is limited knowledge on the
persistence and stability of biopores created by other soil fauna. Bio-
pores have been found to be more stable than pores or cracks created
through abiotic processes. For example, earthworm burrows were more
resistant to internal erosion than artificially created macropores in an
infiltration experiment (Pelisek, 2018), and galleries created by ants and
termites were more stable than desiccation cracks when experimentally
exposed to wetting—drying cycles (Cheik et al., 2021). Biopores can
persist for years. For example, burrows created by the anecic earthworm
Amynthas khami were reported to persist for ‘at least several months’ in
clayey soil (Le Mer et al., 2021), and burrows created by the anecic
earthworm Lumbricus terrestris persisted for more than seven years in
sandy soils in a rhizotron facility (Potvin and Lilleskov, 2017). Since the
improved stability of biopores created by earthworms and plants are
associated with wall lining and compaction (see below), it is reasonable
to assume that pores created by ground-nesting bees are also more stable
than those created through abiotic processes, but this remains to be
tested.

The stability of biopores is affected by organic substances secreted by
different organisms, such as plant root mucilage (Czarnes et al., 2000)
and earthworm mucus (Gray and Lissmann, 1938), which increase
interparticle cohesion and water repellency in comparison to the sur-
rounding soil (Czarnes et al., 2000; Leue et al., 2015). Most ground-
nesting bee species also apply some type of lining, typically a hydro-
phobic film of glandular secretions (Cane, 1981; Lybrand et al., 2020) or
plant-based materials (including leaves, flower petals, leaf trichomes,
floral oils, and resins) to the walls of their brood cells, and sometimes
even to their burrows (Danforth et al., 2019; Westrich, 2018). We expect
that the hydrophobic nature of these substances leads to enhanced sta-
bility of bee biopores.

In addition to stabilization by secreted substances, wall compaction
resulting from burrowing can also improve biopore stability (Cheik
et al., 2021; Ruiz et al., 2017). Earthworms burrow through soil either
by ingesting it or by pushing soil aside (Edwards and Arancon, 2022),
which can result in increased soil bulk density in the vicinity of their
burrows (Capowiez et al., 2021, 2011; Milleret et al., 2009; Rogasik
et al., 2014). In contrast, the burrowing behavior of ground-nesting bees
is not a cavity expansion mechanism, as they excavate nests using their
mandibles and/or forelegs and generally push out loose soil using their
legs and body parts (head, thorax, abdomen) (e.g., Batra, 1968; Martins
and Antonini, 1994). As a result, the degree of compaction of biopore
walls created by ground-nesting bees is likely lower compared to those
created by earthworms. However, some ground-nesting bee species have
been reported to tamp excavated soil into the walls of their burrows
instead of disposing it at the surface (e.g., Nomia melanderi; Batra, 1970).
This behavior could potentially lead to a significant increase in soil bulk
density around the burrows, and therefore in biopore stability. Effects of
wall compaction and lining behavior on biopore stability could be
investigated in future studies.

Furthermore, the persistence of bee burrows is influenced by the
species’ specific behavior regarding burrow refilling. Some bee species
have been documented to refill lateral branches (e.g., Dasypoda visnaga;
Abdouni et al., 2021) and even main burrows (e.g., Dasypoda hirtipes;
Westrich, 2018) with soil material after oviposition and provisioning of
brood cells with pollen and nectar stores for developing offspring.
Similarly, burrow refilling also occurs in earthworms. In general, anecic
species produce more continuous burrows than endogeic species, as they
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intensively reuse them and frequently cast on the soil surface, whereas
endogeic species rarely reuse burrows and more frequently cast inside
them (Capowiez et al., 2014; Edwards and Arancon, 2022; Jégou et al.,
1997; Lee, 1985). The lack of lateral branches in the soil columns where
C. cunicularius nested (columns #1-5, Fig. 4) could be explained by their
documented refilling behavior. They start constructing brood cells at the
bottom, and when digging out material for brood cells higher up, they
use the excavated soil material to refill the previously dug lateral
branches below (Malyshev, 1927).

Soil biotic factors can also influence biopore stability. Soil organic
carbon is generally positively related to soil stability (Chaney and Swift,
1984; Chenu et al., 2000; Kay, 1997; Tisdall and Oades, 1982), and plant
roots and fungal hyphae increase soil stability by enmeshing soil parti-
cles (Chaudhary et al., 2009; Tisdall and Oades, 1982). Thus, the short
persistence of bee burrows in all columns (columns #6-8; Fig. 4, Sup-
plementary Fig. S3) sampled in the bare soil plot (the plot has been kept
vegetation-free since 2014; see Keller et al., 2017 and Fig. 2e-f) may be
related to the lower organic carbon content compared to all other
sampling sites within meadows (Table 1).

5. Conclusion

By providing a non-invasive glimpse into the elusive underground
life of bees nesting in the opaque medium soil, X-ray imaging represents
a valuable but hitherto largely neglected tool in ground-nesting bee
research. As demonstrated in our study, it allows to investigate temporal
aspects of the underground life of ground-nesting bees. Repeated X-ray
imaging has the potential to provide new insights into their behavior
and ecology that cannot be gained by traditional means, with implica-
tions relevant for the conservation and management of these crucial
pollinators. Future studies could harness this potential, for example, by
conducting pre- and post-disturbance scans or continuous nest moni-
toring to investigate the impact of disturbances (e.g., vehicular traffic,
agricultural management practices) on bee nests, or to identify the ef-
fects of edaphic and environmental factors (e.g., soil texture, soil den-
sity, soil moisture) on bee behavior, ecology, and reproductive success.

We also showed that the nesting activity of ground-nesting bees
significantly alters soil pore network architecture by creating a species-
specific burrow system that varies in size and complexity. Our study
demonstrates that bee burrows can persist for 16 months and possibly
longer. Given the similarity of the biopores created by some ground-
nesting bee species to those created by anecic earthworms, these bees
may have similar effects on soil functions and associated ecosystem
services as anecic earthworms, especially where they form locally dense
nesting aggregations. Due to their specific biology and ecology, ground-
nesting bees may contribute to bioturbation in a spatially and tempo-
rally complementary manner compared to other bioturbators (e.g.,
different diurnal/seasonal activity patterns, different habitat prefer-
ences). We believe that the role of ground-nesting bees as soil ecosystem
engineers deserves more attention and should be further explored. Our
study highlights the great potential of X-ray imaging as a novel and
promising tool for this underexplored research field, and we encourage
future studies to harness this potential to unravel our still limited
knowledge of the elusive subterranean digging activity of ground-
nesting bees.
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