
Methods for rearing ground-nesting bees under
laboratory conditions

Ryan J. LEONARD, Alexandra N. HARMON-THREATT

Department of Entomology, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA

Received 15 March 2019 – Revised 21 June 2019 – Accepted 15 July 2019

Abstract – Ground-nesting bees are largely undervalued, both in terms of their use asmodel species for behavioural
studies, and in terms of their agricultural benefit as pollinators in crop systems. But, why? One potential barrier
limiting their use as model species may be our understanding of how to effectively establish and maintain ground-
nesting bees in the laboratory. Here we review how artificial nests are used to study ground-nesting bees and provide
guidelines for building, starting and maintaining artificial nests. Ultimately, appropriate design and maintenance of
artificial nests will allow researchers to explore a suite of interesting questions related to this important group of
pollinating insects, from natural history to the origins of eusociality and the effects of environmental contaminants.

ground-nesting bee / artificial nest / rearing /Lasioglossum

1. INTRODUCTION

For over a century, artificial nests have formed
a cornerstone of research efforts to understand the
behaviour of bees. Indeed, the oldest definitive
example of artificial nest use dates between 3000
BCE and 500CE, when humans first provided
honey bees with artificial nest cavities (Kritsky
2010). Whilst especially common in managed
species (e.g. Apis mellifera ), artificial nest use is
also increasingly employed to study populations
of wild bees (Bosch and Kemp 2005; Moroń et al.
2012; Fortel et al. 2016). To date, artificial nest
use in wild bees has largely been restricted to
above-ground, cavity nesting species, a group that
comprise less than 15% of the estimated 20,000

bee species globally (Cane 1991;Michener 2000).
The artificial nests used to study this group
(termed nest boxes) typically contain a sheltered
collection of few to several hundred nesting cav-
ities composed of porous material (e.g. 15–20-cm
wood, polystyrene blocks, stems or reeds) opened
at one end (reviewed by MacIvor (2017)). In the
same way nest boxes continue to facilitate the
study and understanding of above-ground cavity
nesting bees (Forrest and Thomson 2011;
MacIvor and Packer 2015; Staab et al. 2018),
artificial nests also stand to provide critical insight
into the ecology of lesser studied ground-nesting
bee species.

Much like their above-ground counterparts, ar-
tificial nest use in ground-nesting bees has varied
considerably over time. Since their inception in
the early 1900s, artificial nests for ground-nesting
bees have evolved from rudimental soil-filled
buckets (Malyshev 1925; Hartman 1943) (also
summarised by Linsley et al. (1952)), to in situ
field and laboratory observation nests where nest
structure and behaviour could be observed
(Michener et al. 1955; Batra 1964). Among the
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first examples of artificial nests are clay blocks
constructed by Soviet entomologist S.I. Malyshev
in 1925 to study the nesting biology of
Anthophora acervorum (Malyshev 1925). Over
time, researchers began constructing artificial
nests in situ. To this end, researchers dug down
beside field nests of species including
Lasioglossum zephyrum , and installed glass ‘win-
dows’ made of microscope slides and/or glass
tubes (Michener et al. 1955). These glass win-
dows allowed researchers to observe behaviours
within the upper parts of the nest, a task previous-
ly impossible using soil or clay blocks. The grow-
ing need for researchers to view behaviours oc-
curring deeper in the nest led to the construction of
structures capable of holding whole nests in the
laboratory. Such nests were essentially soil-filled
cavities sandwiched between two sheets of glass
or Perspex (Figure 1) that allowed researchers to
observe entire within-nest activity (e.g. cell con-
struction, brood provision and egg laying, and
behavioural interactions within social nests). Ar-
tificial nests of this type were originally described
by Batra (1964) and subsequently refined by
Michener and Brothers (1971), Kamm (1974),
Bell et al. (1974) and Greenberg (1982b). Al-
though originally used to study L. zephyrum

(see Batra (1964) and Michener and Brothers
(1971)), they have also facilitated research on
s eve r a l add i t i ona l s p e c i e s i n c l ud i ng
L. hemichalceum (Jeanson et al. 2005), L. NDA-
1 (Holbrook et al. 2013) and Macrotera portalis
(Danforth 1991a, b).

Despite advances in the design and experimen-
tal use of artificial nests, they remain an
underutilised resource for studying fundamental
behaviours including ‘stress’-mediated ecological
responses. Indeed, very few studies use artificial
nests to investigate the effects of environmental
stressors on developmental, behavioural and
physiological phenotypes in ground-nesting bees
(but see Kamm (1974)). Most studies on ground-
nesting bees instead quantify changes in forager
abundance and diversity, along gradients of envi-
ronmental stress or following field exposure to
certain stressors (e.g. urbanization, agricultural
practices, pollution) (Kim et al. 2006; Kearns
and Oliveras 2009; Kratschmer et al. 2018).
Whilst such studies provide novel ecological and
conservation insight, the systematic use of artifi-
cial nests stands to afford a greater mechanistic
understanding of stress-mediated ecological re-
sponses in this important group. This is especially
relevant to discussions regarding the proposed
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suitability of ground-nesting bees as test organ-
isms for regulatory decisions on pesticide approv-
al (European Food Safety Authority 2013). De-
spite their proposed suitability, there are currently
no widely accepted guidelines for laboratory stud-
ies and very limited information concerning semi-
field or field test methods (Ruddle et al. 2018).

The goal of this review is to aid researchers in
constructing and maintaining artificial nests for
ground-nesting bees. Having reviewed the litera-
ture on this group of pollinating insects (Supple-
mentary Table 1), we summarise relevant consid-
erations relating to the types of nests used and
factors significantly affecting nesting success in-
cluding nesting substrate, food provision and abi-
otic factors (e.g. temperature). We also explore
strategies facilitating nest establishment in the
laboratory, as well as colony and individual col-
lection. Whilst this review will ultimately help in
standardising the establishment and maintenance
of artificial nests for ground-nesting bees, many of
the techniques reviewed here may also be useful
in the study of other understudied ground-nesting
groups including wasps (e.g. Vespula sp.) and
beetles (e.g. Cicindelinae and Scarabaeoidea sp.).

2. ARTIFICIAL NEST TYPES

2.1. Open vs. closed observation nests

Up until Kamm (1974), most studies conducted
on ground-nesting bees in laboratories used open
nests, whereby artificial nesting cavities had no lid
(e.g. Michener and Brothers (1971)). These nests
are created using two pieces of glass or Perspex,
separated by plastic tubing and held together with
clips (Figure 1). The nests are filled with soil and
positioned vertically in an insectary where food
resources (e.g. fresh cut flowers) can be provided
to bees ad libitum. Whilst open nests remain use-
ful for answering questions relating to sociality
and basic nest building and provisioning behav-
iours (Batra 1964, 1968, 1970; Plateaux-Quénu
1992), they are limited in their ability to control
for factors including which bees enter and leave
nests, inter-nest behavioural interactions (e.g. po-
tential effects of foragers from different nests en-
countering each other) and the amount of food
collected by foragers. Closed nests ultimately

provide more experimental control (i.e. limit con-
founding factors) and, when paired with careful
experimental manipulations, will likely provide
greater insight into ground-nesting bee physiolo-
gy and responses to disturbances (e.g. disease,
pesticide application, soil moisture).

Closed nests are constructed much like their
open-nest counterparts, except plastic tubing is
glued to the top of the nest to prevent bees from
escaping (Figure 1). A short piece of additional
tubing (e.g. 3–5-cm length, < 4-mm inside diam-
eter) attached to a plastic container (e.g. 3 cm high
and 3.5-cm diameter) containing food is inserted
into the top of the nest, allowing bees to feed
(Kamm 1974). Bees maintained in closed obser-
vation nests do not appear to suffer adverse side
effects attributed to the confined space. To date,
closed nests have been used to effectively answer
questions relating to within-nest interactions in
social species including the effects of colony size
on colony activity (Kukuk and May 1991), and
queen-worker behaviour (Greenberg and Buckle
1981; Buckle 1982). They have also been
employed in controlled dietary studies where re-
sponse variables included development (Roulston
and Cane 2002), and reproductive physiology
(Kapheim and Johnson 2017).

2.2. Field and greenhouse nests

In addition to maintaining open and closed
observation nests under laboratory conditions, re-
searchers have also successfully established sev-
eral ground-nesting bee species in the field (i.e.
artificial bee beds) (Stephen 1960a; Ullmann et al.
2016), or more commonly, greenhouses (Stephen
1965; Bell et al. 2006; Hogendoorn et al. 2006;
Schäffler and Dötterl 2011). Successfully
es t ab l i shed spec ie s inc lude Amegi l la
(Zonamegilla ) holmesi , Amegilla chlorocyanea ,
Macropis fulvipes , Peponapis pruinosa and
N. melanderi (Supplementary Table 1). For
N. melanderi , several protocols for creating bee
beds in situ that facilitate successful propagation
of this species have been described previously
(Stephen 1960a). Artificial bee beds can include
horse troughs (e.g. 245 cm × 120 cm boxes), or
pits (e.g. approx. 240 cm × 365 cm × 60 cm deep
Stephen (1960a); 100 cm2 × 50 cm deep Fortel
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et al. (2016)) lined with polyethylene sheets and a
5–10-cm gravel layer to facilitate drainage. Beds
are backfilled with soil typicallymixed with salt to
enhance water retention properties (Stephen
1960b). Several pipes can also be inserted into
the soil through which water can be introduced
to maintain soil moisture.

Much like open observation nests, nests main-
tained in the field or greenhouses cannot control
for several potentially confounding factors. Fur-
thermore, unless whole nests are sacrificed (e.g.
all individuals killed), response variables are lim-
ited to observations of above-ground behaviours.
As such, nests established in fields or greenhouses
are typically used to study the pollination services
provided to crop species by ground-nesting bees.
Effect ive pol l inat ion of tomato plants
(Lycopersicon esculentum ), for instance, was
demonstrated in greenhouses containing main-
tained populations of A. holmesi (Bell et al.
2006) and A. chlorocyanea (Hogendoorn et al.
2006), two species of Australian blue banded bee.

Establishing colonies or aggregations of
ground-nesting bees in the field could ultimately
facilitate their collection and transferal to labora-
tory observation nests for further study, a worthy
task given the difficulty in finding naturally oc-
curring nests. Although philopatry is generally
high in ground-nesting bees (Cane 1997), and
certain species including Euglossa annectans
did not abandon nests when given direct access
to the field (Boff et al. 2017), we suspect nest
abandonment will still likely be an issue in field
experiments. Indeed, of 200 adult N. melanderi
released into artificial beds in the field, only 6%
nested successfully (Parker and Potter 1974).

2.3. Male flight cages

Depending on the question, a researcher may
be required to maintain male ground-nesting bees
under laboratory conditions for extended periods.
In such cases, males can be kept in flight cages
(Greenberg 1982a, b; Wcislo 1992) including net
containers (e.g. 16 × 12 × 13 cm) more typically
used for breeding fish. Lasioglossum zephyrum
males, for example, have successfully been kept
in cages containing pollen and water ad libitum
for several weeks (Greenberg 1982a). We do not

anticipate male-male aggression to be a significant
factor affecting male survival in such set-ups.
Indeed, male-male aggression resulting in death
may occur in some species, includingM. portalis
(Danforth 1991b), but most male-male encounters
generally only involve grappling and lunging
(Barrows 1976).

3. DESIGN CONSIDERATIONS FOR
OBSERVATION NESTS

In the following sections, we review nest de-
sign considerations for open and closed observa-
tion nests, including artificial nest dimensions and
the materials required to construct nests of
ground-nesting bees.

3.1. Artificial nest dimensions

The maximum ‘natural’ nesting depths of
ground-nesting bees vary greatly (Cane and Neff
2011). For example, the maximum field-observed
nest depths recorded for species employed in lab-
oratory (semi-laboratory) studies range from ap-
proximately 5 cm inM. portalis (Danforth 1991a)
to more than 135 cm in L. versatum (Michener
1966). Rather than accommodate the maximum
natural nesting depths observed in the field in
laboratory studies, researchers commonly allocate
bees to artificial nest cavities 40 cm deep
(Michener and Brothers 1971). Certain species
including L. hemichalceum have also successful-
ly built nests in artificial nest cavities only 15 cm
deep (Jeanson et al. 2005; Holbrook et al. 2013).
The horizontal length of nest cavities does not
appear to be an important factor influencing
nesting success in the lab, with most boxes typi-
cally 20 cm across (Michener and Brothers 1971).
Narrower nest cavities (i.e. 1.5 cm × 15 cm) may
be worthwhile considering in future studies as
they may increase the likelihood bees start nests
and/or dig a single tunnel (Jeanson et al. 2005).

Arguably, the most important parameter
pertaining to artificial nest cavity dimensions is
the cavities’ width (Batra 1968). A researcher
must be capable of observing a bee’s activities in
the burrow and cells of the nest. For this reason, a
nest’s width should be equal to, or slightly smaller
(e.g. < 1 mm) than, the diameter of tunnels and
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cells found in natural nests in the field. 2Burrow
and cell diameters do vary in the field and among
species but are generally small. For example, bur-
rows are between 0.95 and 1 cm in Epicharis
albofasciata (Rozen 2016), ~ 0.75 cm in
Euglossa melanotricha (Andrade-Silva and
Na sc imen t o 2012 ) and ~ 0 . 40 cm in
L. zephyrum (Batra 1964). For species including
L. versatum , L. imitatum and Augochlorella sp.,
Batra (1968) advocates an artificial nest diameter
of between 0.30 and 0.35 cm which is approxi-
mately 1 mm less than the diameter of cells and
burrows observed in the field. For Halictus
rubicundus , a width of 5.00–5.50 mm is suitable
(Batra 1968).

3.2. Nesting materials

Artificial observation nests are typically con-
structed using soil collected from nesting sites in
the field (Michener and Brothers 1971; Barrows
et al. 1975). The specific soil type used, however,
is rarely identified in studies. This is surprising
given nest site suitability and/or the propensity to
construct nests may be related to soil characteris-
tics including the percentage of organic matter, as
well as, the amounts of sand, silt and clay (Cane
1991; Potts and Willmer 1997; Grundel et al.
2010). Furthermore, soil type may be important
in cases where substrate can affect morphological
traits such as mandible and wing wear which may
be used as proxies for bee age (Stockhammer
1966; Dalmazzo and Roig-Alsina 2015). Whilst
bees are unlikely to construct nests in clay or silt
soils, they do nest in a diversity of soil types,
ranging from sand to loam and silt loam (Cane
1991 ) . La s i o g l o s s um z eph y r um a n d
N. melanderi , two common species in laboratory
studies, nest principally in loam clayey soil
(Michener and Brothers 1971) and inorganic
sandy or clayey soil (e.g. clay size particle content
< 8%) (Bohart 1955; Stephen 1960a) respectively.
Severa l spec ies inc lud ing Pt i log lossa
arizonensis , Caupolicana yarrowi , Xenoglossa
angustior , Colletes thoracicus and Dialictus
laevissimus also nest in soils of markedly differ-
ent textures (Cane 1991). The extent to which soil
texture may influence nesting propensity for most
species, however, is unclear (Fortel et al. 2016). In

addition to soil type and texture, properties includ-
ing soil salinity, sodicity and mineral content may
be important. The distribution of Eucera
nigrilabris , for example, is positively associated
with decreasing soil salinity, sodicity, and calcium
carbonate content in the field (Shebl et al. 2016).
Further studies are needed to clarify the effects of
these soil properties on nesting behaviours.

Parasites including mites and nematodes may
influence nesting success; as such, once soil is col-
lected from the field, it should be freeze dried
(Stockhammer 1966) or autoclaved (Roulston and
Cane 2002). A large number of fungi (i.e. at least 124
species, Batra (1984)) may affect nesting success by
infesting large portions of the nest and attacking
adults and brood. In N. melanderi open observation
nests, for example, 35% of cells may be contaminat-
ed with fungi including Aspergillus tamarii , Fusar-
ium solani , Mucor sp. and Fusarium sp. (Batra
1970). Soil can be treated using fungicides before/
after nest construction (e.g. with methyl paraben;
Roulston and Cane (2002), McFrederick and Taylor
(2013)); however, caution should be taken as little is
known regarding the ecological effects of these
chemicals on bees (Kopit and Pitts-Singer 2018). A
more appropriate method to limit fungal growth may
involve ensuring soil moisture does not exceed cer-
tain thresholds including those required by bees.
High soil moisture increases cell humidity, in turn
permitting the germination of fungal spores. In
N.melanderi , overlymoist soil (i.e. > 20%moisture)
leads to the replacement of overwintering pupae by
fungal mycelia (Stephen 1965).

Whilst soil moisture increases the chance of
fungal growth, it also plays a key role in nesting
success for many ground-nesting species including
L. zephyrum (Michener and Brothers 1971) and
N. melanderi (Stephen 1960a, 1965). Alkali bees
such as N. melanderi typically only nest in soils
where moisture ranges from 15 to 25 centibars
(Johansen et al. 1976). To ensure soil does not
dry out, soil should be moistened regularly (e.g.
daily). This task is made easier if the plastic tubing
used to construct nests (i.e. the tubing between
plexiglass sheets) is perforated with small holes
and water added directly to the tubing when soil
appears dry (Batra 1964). Alternatively, a thin layer
(approx. 1.5 cm) of plaster of Paris can be poured
into the bottom of nests to hold moisture and

Methods for rearing ground-nesting bees 693



maintain humidity (Stockhammer 1966). Ropes
soaked in water jars can also be used to wick water
to the soil (personal communication , Quinn
McFrederick). Care should be taken to ensure soil
does not become too moist, as emergence and
mortality may be affected. In N. melanderi , soil
moisture exceeding 10% is associated with lower
adult emergence and significantly higher prepupae
mortality (Stephen 1965). Furthermore, direct con-
tact with water kills brood in L. zephyrum
(Greenberg 1982b). As such, water should not be
applied near cells with brood.

To facilitate packing into artificial nest cavities,
soil can be broken up and sifted whilst slightly
moist. Given bees do not readily establish in soil
that is loosely packed (Michener and Brothers
1971), it may be necessary to compress soil using
a rolling pin into the nesting cavity. Soil is typically
compressed until tunnels can be cut into the soil
using a razor blade (Danforth 1991a), or indenta-
tions (i.e. 1 cm) can be made in the soil’s surface.
These techniques may encourage nest construction
(Jeanson et al. 2005, 2008; Holbrook et al. 2009,
2013) and seem to work well for L. hemichalceum
and L. NDA-1 (Jeanson et al. 2005). Artificial
burrows and cells can also be created by pushing
wire into the soil and then pressing plaster of Paris
casts of naturally constructed cells into the soil next
to these artificial burrows. Advanced pupae can
then be placed into these artificial cells (Michener
and Brothers 1971). The placement of pebbles or
leaf material on the soil’s surface may also encour-
age nesting building; H. rubicundus , for instance,
prefer to nest amid pebbles, rather than bare dirt
(Cane 2015).

4. SEEDING ARTIFICIAL NESTS

4.1. How to collect individuals and excavate
colonies

Chief among the factors hindering the use of
ground-nesting bees in laboratory studies is the
difficulty in finding and collecting individuals from
natural nesting areas and obtaining data from un-
derground nests (Martins et al. 2014;Marinho et al.
2018). We suspect this factor at least in part ex-
plains taxonomic bias in the species used for labo-
ratory studies. That is, most laboratory research on

ground-nesting bees use species typically easier to
find, including those forming colonies and/or those
nesting in dense aggregations. Lasioglossum
zephyrum , the subject ofmost manipulative studies
on ground-nesting bees, for instance, is a social
species nesting along bare, vertical river banks
(Batra 1964; Breed et al. 1978). Similarly, Nomia
melanderi , a similarly well-studied ground-nesting
bee, forms large aggregations in soil beds near
alfalfa seed fields (Cane 2008).

4.2. Collecting individuals

Techniques employed to collect individuals
will vary depending on the species of interest
and the ease with which nests can be located in
situ. Given the nests of most ground-nesting spe-
cies are cryptic, subtle and typically integrated
with floral resources, they are difficult to find.
As such, netting from known floral host species
likely represents the most effective method for
capturing individuals. In cases where nests can
be located in the field, styrene cups may be placed
over nest entrances or aspirators can be used to
capture individuals leaving the nest. Several
Lasioglossum species including L. malachurum
(Strohm and Bordon-Hauser 2003) and
L. zephyrum (Roulston and Cane 2002) were
captured previously using these techniques. When
collecting N. melanderi from nest entrances, we
suspect researchers may have more success
collecting from entrances whose associated
mounds are small. Small compared with large
mounds indicate the nest is newer (i.e. ½ day
old) and, therefore, more likely to contain bees
( B o h a r t 1 9 5 5 ) . S p e c i e s i n c l u d i n g
L. hemichalceum , L. NDA-1 , Ptilothrix plumata
have also been captured by netting directly above
known nest aggregations using sweep nets (Mar-
tins et al. 2001; Jeanson et al. 2005, 2008). Al-
though potentially more time consuming, due to
the frequency with which traps need to be
checked, emergence traps placed on beds prior
to initial emergence can also be used to capture
ground-nesting bees. This technique has worked
previously with N. melanderi when traps were
placed over known nesting aggregations and
checked three times daily (Kapheim and
Johnson 2017).
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When directly collecting individuals, re-
searchers should be wary of potential age and
sex bias; for social species, individuals leaving
the nest tend to be foragers which are female and
older (Batra 1964). The age of collected individ-
uals can be discerned by checking for certain
morphological traits; worn mandibles in
L. zephyrum for instance likely indicate an older
worker (Michener et al. 1955). Wing wear may
also represent a non-invasive method for discern-
ing age in certain social and solitary species.
Whilst this technique has been used as an age
correlate in bumblebees (Bushmann et al. 2012),
it is currently more commonly used to discern age
in above-ground-nesting species (e.g. Anthidium
manicatum , Mueller and Wolf-Mueller (1993)).

4.3. Whole nest extraction

Whilst extracting entire nests may be more
labour intensive and destructive than collecting
individuals directly, it has the advantage of poten-
tially increasing the chance of capturing develop-
ing bees or, in the case of social species, individ-
uals that normally remain within the nest (e.g.
callows and primary egg-laying individuals).
Nests can be extracted using either soil core sam-
pling techniques (e.g. Stephen (1960a), Cane
(2008), Donovan et al. (2010), Vinchesi and
Walsh (2014)) or by allowing bees to colonise
artificial nest blocks (e.g. buckets containing
mud or clay) positioned near known nesting ag-
gregations during spring and summer (e.g.
Norden (1984), Graham et al. (2015), Davison
and Field (2018a), Davison and Field (2018b),
Supplementary Table 1). When soil cores are tak-
en, the volume of soil collected will depend on the
nesting dimensions of the focal species and the
equipment available. In Leioproctus huakiwi , for
example, soil cores of 4.5 cm3 were sufficient
(Donovan et al. 2010). Contrastingly, in
N. melanderi , soil cores of approximately
30 cm3 (Cane 2008) and 13,725 cm3 (15cm ×
15cm × 61 cm depth) (Vinchesi and Walsh 2014)
have been collected. In cases where the volume of
soil collected is large, an electronic soil coring
device connected to a backhoe powered by hy-
draulics may be needed (Vinchesi and Walsh
2014). Upon collection, soil cores or artificial nest

blocks can be bagged and transported to the lab-
oratory or elsewhere for further study or individ-
ual bee collection (e.g. Norden (1984), Schäffler
and Dötterl (2011)). One disadvantage of taking
soil cores is the potential destruction of some cells
within the nest. This can be reduced by extending
the diameter of the soil core taken or by using
artificial nest blocks if appropriate. An additional
technique used to extract whole colonies in the
field (e.g. Augochlora amphitrite (Dalmazzo and
Roig-Alsina 2012), L. malachurum (Paxton et al.
2002) andM. portalis (Danforth 1991b)) involves
blowing a fine mist of talcum powder or plaster of
Paris down into the tunnels, digging away at the
soil and then collecting bees (e.g. Danforth
(1991a, b), Dalmazzo and Roig-Alsina (2012)).
Talcum powder is used to aid in tracing where the
nests’ tunnels and attached brood cells are.

4.4. When to collect bees

The optimal time of year and day to collect
ground-nesting bees will depend on the focal spe-
cies considered and method of collection (e.g.
individual versus entire nest). Emergence time
and activity can vary greatly between species; as
such, researchers will need to consult species life
histories prior to collection. As a general rule,
species overwintering as adults (M. rotundata )
become active in spring (‘spring bees’) whilst
those that finish metamorphosis after winter be-
come active later in the season (‘summer bees’)
(Fründ et al. 2013). Several species may also
emerge in fall (e.g. Melissodes rustica )
(Cameron et al. 1996). Species used in laboratory
or field studies including Lasioglossum sp. (Batra
1968; Wcislo 1992), Halictus rubicundus (Potts
and Willmer 1997) and N. melanderi (Batra
1970) are typically collected in the field from
April through until July. Whilst L. zephyrum has
also been collected in the fall and winter (i.e.
inactive/overwintering period) (Batra 1968), prior
knowledge of their exact location is needed owing
to difficulty in finding nest locations when bees
are inactive (Linsley et al. 1952). Whole nest
extractions are best conducted early in the day,
or on cloudy days when all resident bees are most
likely present within the nest (Danforth 1991b).
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5. STARTING OBSERVATION NESTS
IN THE LABORATORY

Once ground-nesting bees have been collected
from the field, researchers typically establish ob-
servation nests for social species using either adult
females (e.g. Kukuk and Crozier (1990)) or cal-
lows (e.g. Buckle (1982)). Further research is
needed to determine the utility of adult females
versus callows for nest establishment in solitary
species. In social species, starting artificial colo-
nies with adults generally fails more readily
(Greenberg 1982b); however, researchers have
had success using adults from several species
including L. zephyrum (Roulston and Cane
2002), L. erythrurum (Kukuk and Schwarz
1987; Kukuk and Crozier 1990) and L. NDA-1
(Holbrook et al. 2013). Adults from the same
colony (e.g. Kukuk and Decelles (1986)) or sev-
eral different colonies (e.g. Kukuk and Crozier
(1990)) (i.e. related or unrelated individuals) can
be collected from the field and transferred directly
into artificial nests. In L. zephyrum , for example,
adults from 11 out of 16 field colonies successful-
ly established laboratory colonies following indi-
vidual extraction from the field (Kukuk and
Decelles 1986).

The more common method used to start labo-
ratory observation colonies using adults involves
collecting mated females from field nests in late
summer or early autumn, allowing these individ-
uals to overwinter in the lab, and then waiting
until individuals initiate their own nest the follow-
ing spring (e.g. Batra (1964, 1968), Michener
et al. (1971)). Allowing bees to overwinter in the
lab helps establish philopatry and seems to en-
courage nesting under the same conditions. When
establishing these nests, special care should be
taken to ensure overwintered females of
L. zephyrum , and related species (e.g.
L. erythrurum and L. NDA-1 ), are not disturbed
during the egg-laying period. In cases where indi-
viduals have not laid eggs by late spring, we
suspect it unlikely these individuals will success-
fully establish laboratory nests.

High adult nesting failure commonly observed
under laboratory conditions is likely attributed to
the large degree of philopatry observed in ground-
nesting species generally (Cane 1997). In

H. rubicundus for example, foundress philopatry
is so high that most nests are built within 50 cm
(average = 27 cm, n = 113) of natal nests con-
structed the previous year (Yanega 1990). In ad-
dition to philopatry, disorientation following cap-
ture may be important in explaining adult nesting
failure (Greenberg 1982b). High adult nesting
failure has ultimately led to the more common
use of callows when establishing laboratory nests
(Greenberg 1982b).

When using callows to establish nests,
overwintered pupae or newly emerged adult fe-
males are typically placed in ‘pre-made’ observa-
tion nests (e.g. Kumar (1975), Kukuk et al.
(1977)). The number of individuals added to nests
will vary depending on the research question
asked and whether the species is solitary or social.
In social species, 4 to 12 and more commonly 6
individuals are used for most species studied
(Kamm 1974; Kukuk et al. 1977; Greenberg
1982b; Buckle 1984; Danforth 1991a). Following
initial callow introduction, nest entrances can be
plugged for several hours (e.g. overnight) to de-
crease the likelihood of nest abandonment
(Greenberg 1982b). Researchers should not plug
nests containing individuals older than 2 days as
this will likely lead to suicide-tunnelling (Buckle
and Greenberg 1981; Greenberg 1982b), a behav-
iour that may destroy laboratory observation
nests. Suicide tunnelling occurs in social nests
when bees dig tunnels without clearing away the
excavated dirt, resulting in the suicide-tunneller
losing contact with the nest, nestmates, food
sources and ultimately dying within 1–2 days
(Buckle and Greenberg 1981). Whilst this behav-
iour has been observed in individuals introduced
into colonies from different source nests (Buckle
and Greenberg 1981), the specific reasons why
bees suicide tunnel, beyond nest rejection, are
unknown. Aside from plugging nests, researchers
can also increase the chance of nest establishment
by introducing callows at night, when individuals
are more reluctant to leave nests (Greenberg
1982b).

Once social nests containing callows are
established, individuals should be inseminat-
ed to ensure colony longevity. For several
social species, including L. zephyrum , insem-
inating only dominant individuals may be
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sufficient as these individuals typically be-
come primary egg layers (i.e. queens). Dom-
inant individuals or would-be-queens can be
discerned by observing within-nest behaviours
including nudging, being nudged, backing, fol-
lowing, passing, being passed, pollen collecting,
working on burrows and working on cells
(Michener and Brothers 1974). Alternatively, cir-
cle tube arenas made from sections (e.g. 30–
40 cm) of clear plastic tubing (usually polyethyl-
ene) and joined at the ends may be useful (see
Breed et al. (1978), Kukuk and Decelles (1986),
Polidori and Borruso (2012)). Compared with
other bees, queens spend a significant proportion
of their time exhibiting certain behaviours includ-
ing nudging and backing (Michener and Brothers
1974; Breed and Gamboa 1977; Breed et al.
1978). Queens are also less likely to pass other
bees (Michener 1974). It is best to mate females
including queens within the first 2 weeks of their
life (Greenberg 1982b). To this end, females can
be introduced into flight cages (see above) con-
taining 1–2 males. Upon introduction, males have
been observed to mate with females almost im-
mediately (Barrows 1975; Greenberg 1982b). For
example, in a total of 56 matings observed in
Augochlora pura , L. rohweri and L. zephyrum ,
96.5% of mattings occurred in the first 2 min of
presentation (Barrows 1975).

6. BEE AND NEST MAINTENANCE
CONSIDERATIONS

6.1. Food provision

To sustain ground-nesting bees in the lab, re-
searchers must adequately supply pollen and nec-
tar sources, with adequacy largely dependent on
species-specific protein and sugar requirements.
With the exception of M. portalis , an oligolectic
species of Sphaeralcea (Malvaceae) (Danforth
1991b), most species used in laboratory studies
to date are generalist foragers which are typically
easier to provision for consistently. Regarding the
provision of non-host pollen to either oligolectic
or generalist ground-nesting species, very little is
currently known. Oligolectic above-ground-
cavity nesting species may suffer adverse conse-
quences when reared on non-host pollen. Adults

of the resin bee,Heriades truncorum , for example
develop cognitive constraints when reared on
non-host pollen (Praz et al. 2008). Depending on
the research question asked, access to food can be
achieved either through open foraging on provid-
ed flowers or through closed foraging on supplied
sugar/honey water and loose pollen. Several stud-
ies on ground-nesting bees employ open nests and
allow bees to forage on fresh cut or potted flowers
in insectaries (e.g. Batra (1964), Brothers and
Michener (1974), Sick et al. (1994), Dalmazzo
and Roig-Alsina (2015)). Although the specific
flower host species is rarely specified, Batra
(1970) did find potted or freshly cut alfalfa mus-
tard, Melilotus spp. and Cleome serrulate were
the preferred pollen and nectar sources for
N. melanderi under laboratory conditions.

The more common experimental set-up uses
closed nests (see above) where Apis -honey or
sugar water and pollen, generally from one pollen
host species, is provided (e.g. Kamm (1974)).
Given foraging bees cannot feed effectively on
viscous mixtures, honey to water ratios of 50:50
(v:v) are generally used (Bell 1973). If the honey-
water mixture is too dilute, it fouls quickly, there-
fore needing replacement regularly. Furthermore,
honey water that is not replaced regularly will
ferment and may be picked up by foragers’ feet,
transferred to pollen, in turn facilitating mould
growth (Greenberg 1982b). Typha (common
name: Cattail; genus containing 30 species) is by
far the most common pollen host genera provided
to bees (Kamm 1974), and Typha latifolia the
most common pollen host species (species rarely
identified but see Roulston and Cane (2002)). The
pollen of T. latifolia is anemophilous, and there-
fore high in starch content (i.e. 14.5% starch, 17%
protein, Schmidt et al. (1989)); however, ground-
nesting bees, unlike honey bees (Apis sp.), are
capable of digesting this starchy food resource
(Simpson 1983). Whilst combinations of addi-
tional pollen host species including Brugmansia
candida , Solanum elaeagnifolium , Carya
illinoensis ,Quercus sp.,Platanus racemose , Sal-
via sp. and Simmondsia chinense were success-
fully used to rear L. zephyrum previously
(Roulston and Cane 2002), Typha pollen by itself
constitutes a satisfactory diet for L. zephyrum
(Greenberg 1982b). Additional anemophilous
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pollen host genera (e.g. Salix and Alnus ) may
also be suitable for rearing L. zephyrum and sev-
eral other-ground-nesting species including
L. imitatum , Augochlorella sp., N. fumipennis
and H. rubicundus (Batra 1968). Greenberg
(1982b) points out that attempts to rear species
other than L. zephyrum in the lab are hindered by
the fact many species will not utilise the readily
available cattail (Typha ) pollen and alternatives
are unknown. Further research on host pollen
preference in non-L. zephyrum bees will ultimate-
ly facilitate a greater understanding of the food
provisioning needs required by species that will
allow successful year-round rearing.

One important consideration when choosing
which pollen host species to provide bees with
includes pollen protein content. Offspring body
size, a potentially important determinant of bee
survival (Brand and Chapuisat 2012), increases by
25% in L. zephyrum when the protein content of
pollen increases from 20 to 37% (Roulston and
Cane 2002). Pollen protein content can be manip-
ulated by adding pollen substitutes (e.g. soy flour
pollen Dandt & Co, Smith (1987)) or simply by
providing pollen from different host pollen spe-
cies varying in protein content (Roulston and
Cane 2000). When using pollen substitutes,
Greenberg (1982b) suggests a mixture of one-
fourth pollen and three-fourths pollen substitute
for L. zephyrum . However, more conservative
values (i.e. < 60% pollen substitute) may be more
appropriate given significantly higher mortality
(97% vs. 31–38%) was observed in L. zephyrum
fed on a diet of 60% compared with 0–40% soy
pollen substitute (Roulston and Cane 2002). Al-
though bees generally prefer ‘fresh’ pollen over
pollen substitutes (Greenberg 1982b), pollen sub-
stitution may be necessary given Typha typically
only bloom for short periods (i.e. 2 weeks) during
late spring (Krattinger 1975). To this end, pollen
can be stored frozen, or dried and subsequently
frozen until use (e.g. Platanus , Salvia and
Simmondsia pollen were dried before storage by
Roulston and Cane (2002)). When using pollen
substitutes to increase protein content or extend
food resources, researchers should be aware pol-
len substitutes decay quicker and require more
frequent changing than ‘fresh’ pollen (i.e. daily
replacement may be required).

6.2. Insectary

Alongside appropriate food provision, features
of the insectary including photoperiod and tem-
perature are important for maintaining active and
reproductive nests (Kamm 1974; Greenberg
1982b). The photoperiod used by researchers has
in the past ranged between 12- and 16-h light and
12- and 8-h dark. Whilst several studies maintain
photoperiods similar to those encountered in sum-
mer (i.e. ≥ 15-h light, Bell (1973), Bell et al.
(1974)), or vary photoperiod over time (Pla-
teaux-Quénu 1992; Plateaux-Quénu et al. 2000),
photoperiods more closely simulating late spring
and early autumn (i.e. 13.5-h light) may be more
appropriate, especially when large individuals are
preferred and/or colonies are to be maintained
year-round (Greenberg 1982b). Lasioglossum
zephyrum , for example, exhibits an inverse rela-
tionship between day length and cell size; 11
(5.35 + 0.03-cm cell diameter) compared with 13
(5.22 ± 0.8-cm cell diameter) and 15 h (5.22 ± 0.8-
cm cell diameter) of day light leads to significant-
ly larger cell widths, a factor positively correlated
with adult size (Kamm 1974). Switching the light-
dark cycle within the insectary may also facilitate
nest maintenance and/or experimental manipula-
tions where nest access is required (i.e. bees will
be located inside the nest when it is accessed by
researchers during the day) (personal communi-
cation , Quinn McFrederick).

Whilst temperature-related factors are a signifi-
cant determinant of nest site quality in species
including H. rubicundus (Potts and Willmer
1997), the effect of this factor on certain life history
traits may be less clear. In L. zephyrum for exam-
ple, temperature has no effect on worker rate (i.e.
construction of new cells), in the temperature range
of 21 to 30 °C, but does influence factors including
development time, cell size and subsequent off-
spring size (Kamm 1974). Development time is
significantly lower in L. zephyrum , when individ-
uals are reared at 30 °C (males 18.3 + 0.71 days
and females 17.9 ± 0.80 days) compared with
21 °C (males 23.4 + 0.50 days and females 23.8
± 0.27 days) (Kamm 1974). Head width (i.e. a
proxy for total body size) in L. zephyrum is also
inversely proportional to the temperature at which
cells are constructed; nests maintained at lower
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temperatures (i.e. 21 °C) contain larger
L. zephyrum individuals (Kamm 1974). Offspring
size is a key factor affecting individual mortality
and ground-nesting bee colony success, with small-
er females dying quicker, not developing readily
and/or producing fewer offspring than field-caught
individuals (Breed et al. 1978; Greenberg 1982b;
Brand and Chapuisat 2012). As such, researchers
should aim to maintain nests with large individuals.
In L. zephyrum , this means rearing colonies under
temperature regimes similar to those experienced in
late spring and early autumn. Greenberg (1982b)
advocates a daytime high of 28 °C and night time
low of 22 °C, and emphasises cooling at night as an
important factor for maintaining colony vigour.

The simplest method for regulating tempera-
ture and humidity within an insectary involves
using electric light bulbs and a damp towel, the
most elaborate, an environmental chamber with
programmed electronic controls for controlling
temperature, humidity and photoperiod. Ultimate-
ly, the size of the insectary, alongside the specific
question of interest, and whether the nest is open
or closed will dictate the type of temperature and
humidity control system required.

7. CONCLUSIONS

Whilst this review summarises factors relating
to the construction and maintenance of artificial
nests for ground-nesting bees, most studies cited
here were conducted on a select few ground-
nesting species (i.e. mainly from the genus
Lasioglossum ). Thus, moving forward, it is im-
perative we strive to tackle this species bias. Fur-
thermore, the burden remains on researchers to
provide detailed methodological information in-
cluding how bees were collected in the field, what
specific food resources were provided, and data
relating to rearing temperature, humidity and light
to dark cycle. In the same way trap-nesting
methods continue to facilitate a greater under-
standing of the biology of certain apids and
megachilids (MacIvor et al. 2017), artificial nests
of ground-nesting bees will also facilitate a greater
mechanistic understanding of the factors influenc-
ing life-history and ecological responses in impor-
tant pollinating groups including ground-nesting
groups.
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