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Abstract — Understanding animal movement is critical for conservation planning, habitat management, and ecological
study. However, our understanding is often limited by methodological constraints. These limitations can be especially
problematic in the study of ecologically and economically important pollinators like bumble bees, where several aspects of
their biology limit the feasibility of landscape-scale studies. We review the methods available for the study of bumble bee
movement ecology, discussing common limitations and tradeoffs among several frequent data sources. We provide
recommendations on appropriate use for different life stages and castes, emphasizing where recent methodological
advances can help reveal key components of understudied parts of the bumble bee life cycle such as queen movement
and dispersal. We emphasize that there is no one correct method and encourage researchers planning studies to carefully
consider the data requirements to best address questions of interest.

foraging / dispersal / mark-recapture / radio-tracking / sibship assignment

1. INTRODUCTION

Understanding organismal movement is critical
for choosing the appropriate spatial scale over
which to consider animal ecology, behavior, or
conservation (Hanski 1998, Kremen et al. 2007,
Nathan et al. 2008, Allen and Singh 2016). How-
ever, our ability to characterize the patterns and
estimate the scale of movement is often limited by
methodological constraints that make individuals
difficult to track and result in inferences made
using low-resolution data (Ims and Yoccoz 1997,
Cooke et al. 2004, Darvill et al. 2004, Wikelski
etal. 2007, Holyoak et al. 2008, Tomkiewicz et al.
2010). Movement is especially challenging to
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quantify for small and fast-moving insects for
which many of the methods used on large organ-
isms are not feasible. However, recent improve-
ments in radio-tracking technology (Kissling et al.
2014) and genetic and genomic methods
(Andrews et al. 2016), as well as new analytical
frameworks (Ovaskainen et al. 2008, Pope and
Jha 2017), allow us to better quantify insect move-
ment, with important implications for their appli-
cation to conservation challenges (Allen and
Singh 2016). With these new opportunities comes
the need to carefully choose between methods
which are differentially suited to examining vari-
ous types of movement and to consider their as-
sociated biases and underlying assumptions,
which may influence our downstream inferences.

Bumble bees (Apidae; Bombus spp.) are a
particularly important taxon in which to investi-
gate general principles of movement and pollina-
tor ecology. Their eusocial life cycle, involving
solitary and social stages with division of labor
between reproductive and non-reproducing indi-
viduals, combined with a central place foraging
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habit, means that different types of movement
(e.g., foraging, dispersal, mate location, habitat
selection, and nest searching) contribute to indi-
vidual, population, and community processes at
different scales. The caste and stage-structured life
history of bumble bees also allow these different
types of movement to be studied and interpreted
relatively independently from each other. For ex-
ample, bumble bee foraging tasks are carried out
mostly by non-reproducing workers whose prima-
ry motivation is to collect resources for the
colony’s brood. This compartmentalization of for-
aging movement from mate location, nest loca-
tion, and dispersal has allowed for simpler inter-
pretation of its motivations, behaviors, and fitness
consequences (Heinrich 1979). Furthermore,
when these movement phases are not exclusive,
such as when foundress queens may seek nests
and forage simultaneously, it allows for a compar-
ison among castes that may help us to understand
the impacts of different motivations on resulting
movements.

Bumble bee movement is also particularly rele-
vant for pollinator conservation programs because
they are highly mobile generalist foragers that ac-
cess resources from diverse habitats and as such are
likely a robust proxy for assessing human impacts
on bees generally (Kremen et al. 2002, 2007,
Williams et al. 2010). As some of the best docu-
mented and easily identifiable bee taxa, their use as
indicator species potentially allows for the interpre-
tation of patterns in overall bee declines, with bum-
ble bee species showing clear sensitivity to land-
scape changes and habitat fragmentation (Rathcke
and Jules 1993, Williams et al. 2010, 2011). Bum-
ble bees are also a dominant native pollinator for
many crops and wild plants (Free 1993, Klein et al.
2007, Ollerton et al. 2011). Given their importance
in a variety of contexts, the reported declines of
bumble bee populations in Europe and North
America are especially alarming (Goulson et al.
2008, Grixti et al. 2009, Williams and Osborne
2009, Cameron et al. 2011, Jacobson et al. 2018).
The loss of suitable forage (Carvell et al. 2006),
habitat fragmentation (Darvill et al. 2010),
climate-induced range contractions (Kerr et al.
2015), agrochemicals (Rundlof et al. 2015), and
introduced pests and parasites (Plischuk et al.
2009, Li et al. 2012, Arbetman et al. 2013,
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Cameron et al. 2016, Aizen et al. 2019) have
all been implicated in the recent decline of bum-
ble bee populations (reviewed in Goulson et al.
2008, 2015). Each of these threats occurs within
an explicit spatial context, but often, data are
lacking on the relevant movement processes
that inform models, conservation plans, or ex-
perimental designs. For example, a recent study
on the potential for range contractions in North
American bumble bees under different climate
scenarios made substantial assumptions about
dispersal distances since no estimates are avail-
able for North American species (Sirois-Delisle
and Kerr 2018). The study finds starkly con-
trasting range losses using different dispersal
estimates, highlighting the need for more and
better estimates of bumble bee dispersal. With a
clearer understanding of bumble bee movement
and the quantitative data that underlie it, such as
those available for larger organisms (reviewed
in Nichols and Kaiser 1999, Wikelski et al.
2007, Tomkiewicz et al. 2010, Long and
Nelson 2013, Jonsson et al. 2016), the conser-
vation of bumble bee populations and their pol-
lination services can be approached with a more
holistic understanding.

At least three key aspects of bumble bee bi-
ology limit the ability of researchers to reliably
study large-scale foraging or dispersal, which
highlights the need for a critical assessment of
the available tracking methods. First, bumble
bee nests are notoriously difficult to locate, re-
quiring brute-force search efforts which vary
widely in success (Harder 1986, Goulson 2009,
O’Connoretal. 2012, O’Connor 2013). Second,
even with a known colony location, individuals
are difficult to detect across large areas, and
search effort is rarely commensurate with great-
er effort required at increasing distance from the
colony (Dramstad 1996, Walther-Hellwig and
Frankl 2000). Third, workers exhibit strong site
fidelity across foraging bouts (Manning 1956,
Thomson 1982, 1996, Comba 1999, Cartar
2004, Ogilvie and Thomson 2016), so mark-
recapture experiments conducted at flowers are
often biased towards the redetection of faithful
individuals at the same location, resulting in
severe underestimates in the scale of movement.
Given these limitations, indirect methods of
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tracking bumble bee movement independent of
known nest locations have been successfully
used (e.g., genetic mark-recapture; see below
and Table I), with a set of acknowledged as-
sumptions. Each of these methods may yield
idiosyncratic results due to methodological rath-
er than biological differences, and understand-
ing their various biases and limitations is impor-
tant for interpreting the data they generate.

We provide a critical assessment of methods
used in the study of bumble bee movement,
linking each method to key questions for which
they are especially well suited. We specifically
focus on experimental or observational methods,
but there are other contexts where museum spec-
imens or population genetic data can also provide
key insights into bumble bee movement ecology.
A few studies have also capitalized on exotic
species introductions and their rates of range ex-
pansion to assess intergenerational dispersal (e.g.,
Morales et al. 2013, Schmid-Hempel et al. 2014).
We do not outline these data sources within our
review of methods as this information is not nor-
mally obtained within a given study to directly
observe movement (i.e., researchers are unlikely
to introduce species to a non-native range just to
study dispersal). Additionally, although captive
colonies have given us great insight into fine-
scale foraging behaviors over a few meters, such
as floral choice and learning, in contained arena
small arrays and patches (e.g., Cameron 1981,
Cnaani et al. 2006, Raine and Chittka 2007,
2008, Leonard et al. 2011, Leonard and Papaj
2011), our ability to study movement at the
landscape-scale has generally lagged. Therefore,
the methods outlined below focus on approaches
to investigate field-scale processes of foraging,
dispersal, and movement patterns.

For each method, we consider the aspect(s) of
movement each technique addresses and summa-
rize the advantages, limitations, appropriate use,
and interpretation of the data yielded (see Table I
for a summary). Our review will help identify
priorities for these new tools, guide researchers
through the selection of appropriate methods, and
allow readers to more carefully interpret results of
insect movement studies with an informed under-
standing of their underlying methodological
constraints.
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2. METHODS IN BUMBLE BEE
MOVEMENT ECOLOGY

Most bumble bee species live in annual colo-
nies with a distinct solitary queen phase, followed
by an extended social phase. A colony is founded
by a queen that mated the previous year and
survived overwintering. This emerging foundress
queen disperses from her overwintering site to
locate a nesting site. The foundress forages as a
solitary individual, building a brood ball com-
posed of pollen and nectar to feed her first cohort
of daughter-workers. Once these workers eclose
as adults, they assume in-nest and foraging tasks,
soon taking over all foraging movements. A re-
productively successful colony switches from the
production of successive worker cohorts to the
production of sexual castes: new queens (gynes)
and males. Gynes and males leave the colony to
find mates. The mated gynes seek overwintering
sites where they remain in diapause until the fol-
lowing spring. The original foundress queen, her
daughter-workers, and males all die by the end of
the season.

2.1. Traditional mark-recapture

The least technical and least expensive method
of estimating foraging range is to mark individuals
with paint or tags and recapture them away from
their nest, typically at flower patches. These mea-
surements provide a distribution of foraging dis-
tances from the point of marking. Mean or max-
imum expected foraging distances can also be
estimated assuming some distance-based move-
ment decay function fit to the observed data
(Haskell et al. 2002). As such, the method pro-
vides measures of displacement but does not re-
veal flight routes (but see a potential approach
used in butterflies where the movement direction
depended on the landscape structure; e.g.,
Sutcliffe and Thomas 1996). However, the dis-
placements can reveal the influence of external
factors on movement even if insights into other
components of movement such as navigation ca-
pacity or internal motivation are unlikely (Nathan
et al. 2008).

The primary limitation with traditional mark-
recapture is the substantial search effort required

@ Springer



J. M. Mola, N. M. Williams

500

suone)s 10pag) Jo Aeire ue ‘o[dwexo 10j ‘Ul S10peal (LI U2aMIaq [ied JUSWAOI

20u)SIP [es1adsIp 10 oFuer SUISLIOf WNWIXEW JO AJEWINSS WIIUTIA |

10510 JO AN[OPY -O)s YSIY 9y} 01 NP SIY) PUSUILLIOII] JOU OP dM NG ‘SIOMO]] Je SuiSe1of sjenplAlpul Sursrew Aq SUONEIO] AUO09 UMOUY JNOYIM PIIONPUOD UAq Sey drndeddr-IeiAl ,

ApuaLmouod pasn armdeoar
W (8007) °¢ 10 2U0gS0)

(8107) uoneIn) pue JSqUISH

(
L10Z 9107) T2 10 9eSpoop
(6661) 'Te 10 SUI104SO

(1102) Te 30 udSey

(1007) 1MOIS U UOS[NOD)

(#000) T8 1

[I1ATe “(€00) e 30 uewdey)

(0007)
PIUBL pue SI[[PH-IWeM

pardde aq Ajqeuosear pjnoo
SIY} YOIYM UT Seale Apnis mo]

amydeos-urod 10 (3sou

oy woly Aeme dw) uoyeInp

SuwiSe1og 3snl ‘panseau
JuowdoedsIp [enjoe ON

sIy31py 1095

-Je Aew s1opuodsuel], -owmn

B J& [enpIAIpul d[qesoen 93

-UIS “I9AI021 0} JySIs-Jo-our|
saxnbai ‘(w{[>) o3uel pajuny

JotAeydq Surderoy pue W31y
109pJe s3e) JO 9ZIS pue JYIIOA
(SI0UOIBISAI JO UONAIISIP

Je paoe[dsIp aIe s[enprAIpul
£9°'T) 9]qRAISSQO JOIARYA]
[eInjeu Ou ‘OnsI[eal p[aty JON

Apsoo
AJ91eropowr ‘uonedo] Auojod
umowyun ‘uonoNISuU0IAI
drysqrs ur 10110

[enusiod ‘O3pa[mou| [BIIUYI,
saseaIour
BOIE [OIBOS O} Sk AJ[e1oadsa
‘srenprarpur Suumdeoas

Jo Anpqeqoid mop ATop

UOT)OI[AS AOINOSAT
pue doursIp 131y Jo
QOUAIPJUI sSnodue)nuiIs SMO[[Y

djenooe ‘deayd Ajoanerar
‘srenprarpur Auewr 3ey AJiseq

asn ooeds

oyeInooe dew ‘SoOUAILIP

[eNPIAIPUI 9AI9SqQO ‘suroped
JUSLIDAOWE QW] JOBIL],

asn ooeds

d)eInodoe deur ‘SodudISIP

[eNpIAIPUT 9AI9SqO ‘suraped
JUSWIDAOUL SWITOJI] ORI,

Sunuoy [nJssa00ns 10j ANfIqe
pue 31y Jo sy renuajod
AU} JO UONLIISA Y} IO SMO[Y
sonouad uonendod
/aouepunge Auojod
SPJAIA 0S| ‘SAIU0[09/S[ENPIA
-1pur Auewr ‘[es1odsip/sarpnys
[eUONEISUZ-NNW ‘UONLIO]
Kuoj0d umou| annbarjou scoq

deayp ‘ojdung juowdoeldsip
[ENPIAIPUL JO JRUINS-)II]

SOX

SOX

SOA

SOA

SOX

oN

WSOA

osn yojed ‘0omos uofjod
UMOUY| 1SAIBIU 0} AOUL)SI(]

Sped
juswoAOW ‘uoneIp Jurseroq

asn 2oeds ‘syped jusworowr
‘K10300[en) [enpIAIpu]

asn 2oeds ‘syped jusworowr
‘A10300[en) [enpIAIPU]

Ayoedes uonediaeu
Q0uB)SIp JYSI[J WNWIXEJA]

SOOURISIP
[es1odsip ‘uoneredas
Surqrs ‘ a3uer Suideio]

Anpapy ans ‘o3uer Suidero]

sIsATeue ua[[oq

(G

Iepel JIUOWLIRH

Anowooy o1pey

soIpmys Suruo

armdeoar-sprew onousn

armdesar-sprew [euonIper],

(s)ordwexo Aoy

suoneuI|

soSejueApy

{uonEeo0] AUOJ0d UMOUS]

painseawr
JUSWAAOUW JO (S)10adsy

POUIIA

S9oue)sIp [es1adsip pue 3uidelo) SulApnis J0j Spoyiow Ay} Jo Arewwung °f d[qeL

pringer

a's



A review of methods for the study of bumble bee movement

given the low probability of recapturing individ-
uals. Moreover, the effort required to relocate
marked individuals increases with the square of
the distance from the nest (Walther-Hellwig and
Frankl 2000, Darvill et al. 2004), such that robust
estimates of longer distance movements become
very difficult to obtain. Furthermore, the method
requires known nest locations, and sufficient num-
bers of wild nests are often difficult to locate
(Suzuki et al. 2007, O’Connor et al. 2012,
O’Connor 2013). This limitation of unknown nest
locations can be partially addressed by deploying
nests of reared or commercially available colo-
nies. However, this strategy comes with its own
limitations in terms of species availability, poten-
tial complications of using domesticated species
of limited genetic lineages (Gosterit and Baskar
2016), and artificial placement of nests that may
not reflect natural locations.

A few studies have marked and recaptured
individuals at flowers rather than marking at the
nest and used these data to infer estimated forag-
ing range or propensity to move across barriers
(Bowers 1985, Bhattacharya et al. 2003, Elliott
2009). This approach is useful for assessing
flower-to-flower movements. However, when
attempting to estimate landscape-scale foraging
distance, such estimates of movement from cap-
tures of individuals marked at flowers should be
interpreted cautiously because the displacements
measured are estimates of the movement away
from a previous resource patch and not a move-
ment from a central nest. The high site fidelity of
foraging bumble bees (Manning 1956, Thomson
1982, 1996, Comba 1999, Cartar 2004, Ogilvie
and Thomson 2016) means that individuals are
more likely to be recaptured at the same or nearby
patches, even when foragers may have traveled
from a distantly located nest. As such, this patch
to patch approach underestimates the foraging
range. We suggest excluding repeated captures at
the same location. Such exclusion is similar to
how others have removed very small separation
distances (< 50 m) between siblings from genetic
mark-recapture analyses (see below; e.g., Carvell
etal. 2012).

Despite the landscape-scale limitations of tra-
ditional mark-recapture for bumble bees, it still
provides an inexpensive and low-tech means to
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estimate foraging range or space use. Further-
more, mass-marking techniques using powdered
dyes (Martin et al. 2006) or protein markers
(Hagler et al. 2014, Boyle et al. 2018) at known
colony locations can enable substantial sample
sizes of marked individuals, with appropriate ad-
justments made to foraging kernels to account for
decreased sampling effort per unit area at more
distant recapture locations (e.g., Sivakoff et al.
2012). Recent technological innovation such as
protein trapping at the nest may further increase
the utility of the approach (R. Isaacs, personal
communication). Overall, its application is best
suited to situations where colony locations are
known and substantial search effort of the sur-
rounding area can be achieved.

2.2. Genetic mark-recapture (sibship
assignment)

Molecular techniques have been widely used to
estimate foraging range and form the basis for
most recent studies of field-scale bumble bee
movement. The method provides a type of genetic
mark-recapture where the reobserved units are
putative siblings rather than repeated captures of
an individual (originally described by both
Chapman et al. 2003 and Darvill et al. 2004, see
Supplemental S1 for a full list of studies using
similar techniques). At its essential level, free-
foraging individuals are collected, genotyped,
and assigned to sibling groups (colonies). With
known locations of siblings across a study area,
basic measurements of a colony’s space use can
be estimated including sibling separation distance,
minimum estimate of maximum foraging range,
and number of colonies foraging within a patch.
To date, the method has been used primarily to
study worker-worker separation distances, but it is
also possible to investigate other combinations
including worker-male (e.g., Kraus et al. 2009),
worker-queen (Lepais et al. 2010, Carvell et al.
2017), and queen-queen distances.

Although there are important assumptions to
consider in the interpretation of genetic mark-
recapture data (described below), it offers several
advantages over traditional mark-recapture
methods. First, the method does not require
known nest locations. Instead, calculations of

@ Springer
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movement are based on the separation distances
of free-foraging siblings. Second, although only a
few individuals are caught from any given colony,
usually many such sibling groups are detected
within the collections, allowing for many esti-
mates of separation distance and foraging range.
This is an advantage over traditional mark-
recapture where few marked individuals are ever
reobserved. Third, siblings foraging independent-
ly can be separated by great distances, even if each
individual returns to the same site repeatedly. As
such, the complication of individual site fidelity
persistent in traditional mark-recapture data is re-
duced because the “recaptures” occur among sib-
lings. Fourth, genetic mark-recapture is currently
the only feasible method for estimating queen
dispersal between years. Workers and gynes pro-
duced within a colony are full siblings; thus, dis-
placements measured between a foundress and
any of her worker-siblings from the previous year
can be attributed to dispersal movement. As with
foraging range estimates, the accuracy of this
method is limited by how well colony location is
estimated in year one, as well as by capture rates
of related workers and foundresses. Because
between-year sibship assignment provides a direct
measure of displacement of a colony across years,
the method offers a promising avenue for future
research on small-scale movements, survivorship,
or natal site fidelity within different environments
(e.g., Carvell et al. 2017). Lastly, the method
provides other data for understanding bumble
bee ecology (e.g., colony abundance, colony-
level floral choice, population size estimates, and
population genetics metrics). Overall, genetic
mark-recapture yields a relatively large dataset
without the need for prior information about col-
ony locations, but there are limitations and biases
to consider in analysis.

The key limitation in studies using sibship
assignment is the lack of known colony locations;
however, with proper contextualizing of this un-
known, its formalized method for estimating a
colony location makes it an especially valuable
approach for a range of applications. In all studies
of sibship assignment, estimates of foraging range
represent minimum distances (hence “minimum
estimate of maximum foraging range” being the
most commonly reported measurement) because

@ Springer

in the absence of other information, the centroid
between siblings is assumed to represent the
colony’s location. Of course, this is likely inaccu-
rate because foragers may concentrate unevenly in
space and because few individuals are represented
from each sampled colony (Pope and Jha 2017).
Although colony location can only be crudely
estimated, the separation of individuals can none-
theless help quantify relative displacement (i.e.,
various distance estimates) and landscape resis-
tance. Furthermore, repeated measurements of
sibling separation distance among many sibling
groups yield a robust estimate of the relative for-
aging distance, even if each individual estimate is
crude. In practice, if siblings are captured across a
potential landscape barrier (e.g., a forest and a
mountain pass), at least one of the individuals
must have crossed through or around the barrier
to explain the displacement between the pair, even
though the exact colony location is unknown.
Sibling measurements therefore offer a means to
compare among species, landscapes, and other
ecological factors.

Another source of potential error in estimates of
movement is the assignment of individuals to ma-
ternal sibships (colonies) itself. Some authors have
speculated that error in assignment may help ex-
plain some peculiarities in their results (e.g., Lepais
et al. 2010, Rao and Strange 2012). Although
programs used to reconstruct pedigree, such as
COLONY (Wang 2004), are fairly robust to
genotyping error, some relationships can be diffi-
cult to infer, and different runs or marker sets can
yield slightly different results. These differences
introduce error into estimates, and researchers
should report results across the range of possible
pedigrees or include uncertainty in pedigrees di-
rectly into downstream analysis (Hadfield et al.
2006). Like the issue of bias from assignment error,
vagaries of genetic diversity within populations
may also affect estimates based on genetics. For
example, a highly inbred population will produce
underestimates in the colony number and likely
overestimates of movement distance because of
false assignment of non-colony mates to the same
sibling group. However, with the use of high-
throughput sequencing and thousands of informa-
tive markers, the risk of error in estimates can be
reduced substantially.
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In most studies to date, colony location was not
estimated and instead foraging range was inferred
only from the separation distance between sib-
lings. Using fine-scale geographic information, it
is also possible to assign estimated colony loca-
tions to habitat features that are more likely to be
suitable nesting substrate (Redhead et al. 2016,
Carvell et al. 2017). The accuracy of these esti-
mations remains unclear, and efforts to compare
the results of modeled colony locations against
known locations of captive colonies remain to be
done. Others have instead modeled colony loca-
tions across likelihood surfaces using spatially
explicit modeling approaches, simultaneously,
rather than sequentially, estimating colony loca-
tion and foraging distances (Pope and Jha 2017,
2018). Despite the numerous studies using sibship
assignment, much remains to be explored about
how different study designs, levels of sampling
effort, analytical frameworks, and supporting data
(e.g., known colony locations) can inform the
final interpretation of results.

Overall, estimates obtained from sibship as-
signment qualitatively match results of similar
studies using other methods (Figure 1), so appear
to be an effective means of collecting many esti-
mates of movement distances without the need for
known colony locations or extensive recapture
effort. Genetic mark-recapture is likely most use-
ful for relative estimation of foraging range when
comparing across species, landscapes, or other
ecological contexts. The further extension to esti-
mation of dispersal distances makes it a particu-
larly promising avenue for future research.

2.3. Homing studies

Animal homing has been studied extensively to
understand movement. Typically, research focus-
es on the ability of individuals to return to their
nests, dens, or regular feeding territories after
being experimentally displaced across a range of
distances (Fabre 1918, Papi 2012). Homing stud-
ies with bumble bees can provide useful estimates
of maximum flight distance by displacing individ-
uals at some distance from known colonies and
determining return probability and efficiency
(Goulson and Stout 2001, Greenleaf et al. 2007).
Like studies that mark bees at the nest and
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recapture them on flowers, these studies provide
potential flight distances, but they are less suited
for understanding natural space use by individuals
or colonies because bees are released at locations
they do not choose. As such, return probabilities
are strongly affected by navigation capacity and
prior experience within potentially novel areas.
This unique dimension of experimental displace-
ment can be viewed as a limitation or as an ad-
vantage if specifically leveraged to study the in-
fluence of external factors and navigation capacity
on homing success. Homing studies to date sug-
gest a strong ability to orient (for an example with
honeybees; Southwick and Buchmann 1995) and
return to a known location from great distances
(Goulson and Stout 2001, Rao et al. 2019).

A key advantage of homing studies is that return
distances can reveal maximum values, whereas oth-
er methods are prone to underestimating foraging
range. For instance, in mark-recapture studies, the
higher likelihood of recapturing individuals closer to
the marking location reduces the final estimates of
foraging. Similarly, harmonic radar (discussed be-
low) is limited by the radar’s trackable range and
likely to miss trips that are more distant. As such,
homing can serve as a powerful tool in detecting the
maximum foraging potential of bumble bee species.
Although only one known study exists using hom-
ing methods with bumble bees returning to their
colonies (Goulson and Stout 2001), its extensive
use with other bee species (see references within
Greenleaf et al. 2007) has demonstrated clear con-
nections to behavioral and navigation capacities of
bee flight orientation and route selection (Rau 1929,
Rossel 1993, Southwick and Buchmann 1995,
Collett 1996, Wolf et al. 2014). The method is most
practically suited to the use of colonies with known
locations, allowing the displacement of hundreds of
individuals and ensuring a high detection probability
of any returning bees. However, by leveraging the
high site fidelity observed in bumble bees, homing
ability and flight distances can be estimated by
displacing wild foragers. A recent study artificially
displaced wild foraging B. vosnesenskii from a
small flowering patch of Spirea japonica albiflora
and found return distances of up to 16 km and an
influence of prevailing wind direction and land
cover type on the return times of foragers (Rao
et al. 2019).
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Figure 1 Commonly studied species and their relative foraging range across studies. We used the most commonly
studied research species (minimum three studies) and only papers where at least two of those species were studied
simultaneously. This resulted in a comparison of B. lapidarius , B. pascuorum , and B. terrestris among five studies.
Clear differences exist between species in their estimated foraging range, with B. terrestris the longest ranged,
B. lapidarius intermediate, and B. pascuorum the shortest. Despite variation in the absolute estimate among studies,
the rank order remains consistent allowing clear patterns in species differences to emerge. Labels below points

indicate study methodology.

Homing studies may be especially useful under
experimental conditions such as understanding
how pesticide exposure, landscape context, nutri-
tional status, or other factors affect return speed or
frequency across a range of release distances.
Homing studies have also been used in combina-
tion with harmonic radar to track the return and
search patterns of individual honey bees (Wolf
et al. 2014) and could be readily applied to studies
of bumble bees. Researchers using homing
methods should carefully consider whether their
results are due to physical limitations (motion
capacity of flight) or cognitive limitations associ-
ated with navigation capacity and an ability to
return from novel or unfamiliar locations. By
complementing homing studies with related feed-
er experiments (e.g., van Nieuwstadt and Iraheta
1996), where foragers are trained to a nectar
source that is moved to increasing distances from
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the nest, cognitive and physical limitations can be
partitioned. Although homing studies have yet to
be widely utilized for studies of bumble bee
movement, their clear interpretation offers a
promising means to begin studies of underrepre-
sented species in the literature and estimate their
maximum flight range or navigation capacity un-
der various release contexts.

2.4. Radio telemetry and harmonic radar

Radio telemetry (“active tagging” with battery-
powered tags) and harmonic radar (“passive tag-
ging” with unpowered transponders) have been
used to answer questions of space use, flight path
optimization, foraging distance, and lifelong
movement path in bumble bees (Osborne et al.
1999, Hagen et al. 2011, Lihoreau et al. 2012,
Woodgate et al. 2016, 2017; for a general
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review, see Kissling et al. 2014). In both tracking
methods, researchers affix a small transponder
(“tag”) to individuals and using radar stations
track their locations over time within some ob-
servable radius. These tracking methods differ
from all others in that they reveal detailed flight
paths and movement behavior with a fine spatio-
temporal resolution over potentially thousands of
coordinates (as opposed to methods where typi-
cally only a few spatial locations are ever known).
Within present technical limitations, these
methods offer a means to examine all components
of the movement ecology paradigm (Nathan et al.
2008). Although the two tagging methods differ in
some of their advantages and limitations
(distinguished below; reviewed by Kissling et al.
2014), both tracking methods provide a unique
way to quantify individual movement paths with-
in the radar’s trackable range and as such are
worth considering together.

The primary advantage of radar tracking
methods over all other methods is the ability to
continually track individuals through multi-
destination or even lifetime movement paths.
Tracking allows for estimates of flight distance,
duration, and behavioral patterns in movement
decisions and can be applied readily to queens,
workers, and males across a variety of contexts.
Rendering the lifetime movement paths of indi-
vidual foragers has revealed the ontogeny and
constancy in foraging routes and foraging loca-
tions (Osborne et al. 1999, Lihoreau et al. 2012). It
also has allowed understanding of how habitat
quality and other factors may influence movement
patterns of foragers from the same colonies over
time (Woodgate et al. 2016, 2017) and how indi-
viduals differ in movement behavior (Woodgate
et al. 2016). Recently, the use of harmonic radar
revealed insights into previously unexamined
movement behaviors of queens shortly after emer-
gence from overwintering typified by periods of
rest and random dispersal (Makinson et al. 2019).

In both tracking methods, the primary limita-
tion is the weight and size of the tags, with a
tradeoff between tag weight and power. For radio
telemetry, this problem is most acute. The battery
required to power the active tags can cause them
to weigh substantially more than the passive tags
used for harmonic radar (200-1000mg for active
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tags vs. 1-20 mg for passive; Kissling et al. 2014).
The heavy weight of the active tags appears to
affect foraging behavior, including causing indi-
viduals to forage more slowly and take rest pe-
riods that exceed 45 min (Hagen et al. 2011). Due
to these weight concerns, harmonic radar has been
favored in the tracking of bumble bees to date
(though see Hagen et al. 2011; additionally, see
Pasquet et al. 2008, Wikelski et al. 2010 for ex-
amples with large-bodied carpenter and orchid
bees). Harmonic radar is limited by several issues
that make it likely active tagging methods will
come to be favored as the weight of the batteries
and tags declines. First, harmonic radar is limited
to use in relatively simple landscapes. There must
be a consistent line-of-sight between the radar
dish and the tagged bee, restricting studies to areas
that are flat, open, free of barriers, and topograph-
ically uniform. With radio tagging, the signal
strength of radio tags may be reduced across bar-
riers, but detection is still possible. Second, with
passive tags, only one individual can be tracked at
a time, although multiple individuals may be
tracked either successively or with unknown indi-
vidual locations (e.g., Makinson et al. 2019). Ac-
tive tags have a unique signal, so concurrent
tracking of several individuals is possible. Third,
the trackable range of ground-based harmonic
radar is limited to less than 1 km. When using
active tags, researchers can use mobile receivers
and even aerial surveys to track over longer dis-
tances (e.g., Hagen et al. 2011; see White and
Garrott 2012 for a review of aerial tracking in
large animals). Lastly, despite their smaller rela-
tive size, the passive tags may still affect move-
ment by changing flight and foraging behavior
(Switzer and Combes 2016), although several
studies with bumble bees and honey bees claim
there is little influence on the foraging behavior
(e.g., Osborne et al. 1999, Capaldi et al. 2000,
Woodgate et al. 2016).

Despite the present technical limitations of ra-
dar tracking methods, their use has already proven
fruitful, and several studies of honey bee foraging
demonstrate further applications (e.g., Capaldi
et al. 2000, Menzel et al. 2005, Riley et al. 2005,
Reynolds et al. 2007, Wolf et al. 2014). Undoubt-
edly, as the size and weight of tags decline, a shift
towards active tagging methods will provide a
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wealth of data and allow detailed studies of bum-
ble bee movement and a revisiting of previous
assumptions, just as it has done for studies of other
organisms (Kissling et al. 2014).

2.5. Radio-frequency identification (RFID)
and optical tags

RFID uses smaller tags than those for radar, but
tags must be read by readers within a sub-
centimeter range (Reynolds and Riley 2002,
Silcox et al. 2011, Nunes-Silva et al. 2018), mak-
ing it infeasible for continual long-range detection
like radar tracking. It has most successfully been
used to follow workers entering and leaving cap-
tive nests or feeders (Gill et al. 2012, Hemberger
and Gratton 2018, Malfi et al. 2018) but not for
direct observations across a large landscape array.
For example, it can be used to measure time away
from a colony for many individuals, yielding an
estimate of the time spent foraging and a proxy for
landscape-scale foraging effort (Hemberger and
Gratton 2018; for an example without RFID, see
Westphal et al., 2006) and colony-wide activity
patterns and potential task allocation (Kerr et al.
2019). Like RFID technology, optical tags with
QR codes can be used to detect and track individ-
uals within a photographable distance (Crall et al.
2015). Although image storage and processing
require significant computing power, these tags
are even lighter than RFID tags and are detectable
from a greater range. They also have the advan-
tage of continuous monitoring using video record-
ing (Crall et al. 2018). Overall, RFID and optical
tagging are of limited use for landscape-scale
studies hoping to directly observe movement,
but their ability to indirectly reveal various
landscape-level factors affecting the frequency
and duration of foraging trips in relation to colony
location and floral resource structure makes it a
promising avenue for future application.

2.6. Pollen analyses

Analysis of pollen from returning workers pro-
vides an indirect way to track bumble bee worker
movements where the location of unique pollen
sources is controlled for and/or discretely known
(Osborne et al. 2008). Although the primary use
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of pollen analysis will be for understanding the
composition of plant species foragers collect from
(Jha et al. 2013), when used in combination with
mapping of floral resources, the results can yield
estimates of the minimum distance to the nearest
known source of that pollen species. New molec-
ular techniques for pollen DNA barcoding and
quantification may allow the method to be
employed more widely, requiring less expertise
in visual pollen identification, and potentially at
a finer resolution (Keller et al. 2015, Bell et al.
2016, 2017, McFrederick and Rehan 2016). The
use of pollen analysis is likely to be especially
valuable in combination with other approaches
like mark-recapture where researchers could ob-
serve visually distinct returned pollen in real time
and use that to inform their search efforts.

3. COMMON LIMITATIONS AND
COMPARISON OF METHODS

In our review, we find several common meth-
odological limitations. All methods we describe,
except for homing studies, tend to underestimate
movement distances because of detection biases
or omissions at larger distances. Genetic mark-
recapture and traditional mark-recapture provide
the minimum estimate of maximum foraging
range, harmonic radar is limited to a radius of
detection less than known foraging distances,
and pollen analyses only reveal what species
was collected and assume the nearest patch as
most probable. Studies examining displacement
measures (i.e., foraging range, dispersal distance,
and sibling separation) further bias towards “near-
ness” or shorter distances due to the concentration
of sampling effort at smaller radii. To avoid it,
effort would need to increase proportional with
the increase in size of the sampling area. Because
this quickly becomes impractical, it can produce a
systematic underestimate of foraging range and a
bias towards recaptures close to the area of mark-
ing. In early studies, this led to the erroneous
conclusion that bumble bees forage over short
distances (well criticized by Dramstad 1996).
Some authors have corrected for “transect end
effects” or reduced effort across a range of dis-
tances to calculate relative foraging kernels (e.g.,
Darvill et al. 2004, Jha and Kremen 2013), but
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these corrections are not always made. Simple
corrections for effort across annuli of increasing
size are also possible and have been implemented
for other insects (Sivakoff et al. 2012). These area-
effort corrections will increase the weight of dis-
tant recaptures and down-weight nearer recap-
tures. Combined with area-estimates informed
by habitat mapping, our understanding of the
commonality of long-distance foraging by bumble
bees can be clarified.

Nevertheless, we may view movement as less
flexible and dynamic than it is. Given that eco-
nomic models of foraging suggest that foraging
distances exceeding several kilometers can still be
profitable (Dukas and Edelstein-Keshet 1998,
Cresswell et al. 2000), these constraints on our
tracking methods are troubling. We know from
studies of the range-expansion rate that queen
dispersal distances may exceed tens of kilometers
per year (Kadoya and Washitani 2010, Morales
et al. 2013, Schmid-Hempel et al. 2014 p. 20), but
it is highly unlikely that a reliable search effort
could occur over such a scale or yield consistent
results. Although the investigation of foraging and
dispersal movement over the scale of several ki-
lometers may be infeasible, investigations into the
resulting genetic connectivity of populations are
likely to be more profitable.

It may be possible to address the biases of the
common methods for tracking bumble bees by
pairing them with other, more ancillary, methods.
For example, because dispersal distances may be
difficult to measure, even with genetic mark-re-
capture, our estimates of dispersal can be paired
with studies using captive individuals within teth-
ered flight mills to determine movement capacity
(Minter et al. 2018). This complementary ap-
proach would help address the problem of limited
captures of queen-worker pairs between years
(e.g., Lepais et al. 2010, Carvell et al. 2017) and
remove the influence of cognitive factors affecting
movement, allowing research to focus on the
physical capacity under controlled scenarios.

Another common shortfall of most methods is
that the observations of individuals tell us little
about their habitat preferences or mobility within
those landscapes. By exploiting the tendency of
animals to increase residency time within habitat
of greater suitability, we can examine the
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relationship between animal movement and land
cover (Schultz and Crone 2001, Brown et al.
2017). In bumble bees, this would functionally
mean tracking individuals, such as nest-
searching queens, either visually or using radar
and measuring aspects like turning angle, move-
ment speed, and step length to determine residen-
cy time in different potential nesting habitats. In
addition to these two complementary methods,
there are certainly many more ways to leverage
related techniques and behaviors to further exam-
ine bumble bee movement, and researchers should
look towards the more developed literature on
larger organisms to see where we can begin mak-
ing inroads.

At present, it is difficult to determine when
estimated differences in movement reflect method-
ological bias versus inherent biological differences
between species or landscape context because gen-
erally more than one of these factors change among
studies. For example, there are eight studies that
estimate foraging range for Bombus terrestris . Half
of them use genetic mark-recapture, the others are
evenly divided among alternate methods, but these
also occur in different landscape contexts making
separation of methods versus context challenging
even for this most widely studied species
(Supplemental S1). Despite this limitation on our
ability to compare methods, there are consistent
rank-order differences in movement between a
few widely studied species (Figure 1), suggesting
that biological differences in movement can be
revealed through repeated estimates across land-
scapes and methodology. If future studies are to
investigate drivers of bumble bee movement pat-
terns, consistency between method and study de-
sign is needed as the ability to detect differences
among treatments may otherwise be obscured by
methodological artifacts.

Although we have outlined the utility of several
of the established methods, none of the methods is
directly tied to a colony or individual’s fitness.
This disconnect stands as a key gap in our ability
to link assessments of movement propensity, rate,
direction, or distance to functional implications
for populations even though it seems logical that
one should follow from the other (e.g., it is diffi-
cult to imagine a scenario where all individuals in
the colony experience reduced homing ability
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from pesticide exposure without a negative effect
on colony performance). For solitary bees, a link
can easily be made between reproductive success
and distance from resources, such as was shown
by Zurbuchen et al. (2010a, 2010b). However, this
“simple” solution is unlikely for bumble bees as
replication would become difficult with large col-
onies of foragers compared to the much more
manageable placement of many solitary individ-
uals within nesting blocks.

4. FUTURE DIRECTIONS

Future applications of the methods de-
scribed here should explicitly consider the dy-
namic nature of movement focusing on life
stage, ecological context, environmental
drivers, and nutritional influences on move-
ment. At present, most studies are of workers,
often with static measures of foraging distance.
We encourage practitioners to use available
methods to investigate differences between in-
dividuals, castes, age classes, body sizes, or
differing contexts. More recent studies have
begun to reveal the ontogeny of forager flight
and differences between individuals
(Woodgate et al. 2016), as well as colony-
level variability in foraging effort as the re-
source landscape changes (Hemberger and
Gratton 2018, Pope and Jha 2018). Continued
efforts are likely to reveal more about the
plasticity and flexibility of movement among
life stages, allowing us to understand the im-
pacts of habitat fragmentation, agrochemical
exposure, changing climate, and resource
availability on the movement patterns and pop-
ulation viability of bumble bees. Studies on
queen movement are likely to be especially
rewarding as radio telemetry (Hagen et al.
2011, Kissling et al. 2014) and genetic mark-
recapture (Lepais et al. 2010, Carvell et al.
2017) open new opportunities into investigat-
ing this poorly resolved portion of bumble bee
life history.

The influence of other environmental factors
like temperature, agrochemical exposure, parasit-
oids, and disease on movement pattern or scale is
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largely unstudied, even though they are ubiquitous
aspects of bee ecology. Studies of foragers indicate
high levels of micro-parasite infection in various
regions (e.g., Schmid-Hempel and Durrer 1991,
Plischuk et al. 2009, Li et al. 2012, Gillespie and
Adler 2013, Gillespie et al. 2015), and pesticide
exposure strongly affects flower handling and spa-
tial foraging behavior (Gill et al. 2012, Samuelson
et al. 2016). These factors likely impact foraging
success and homing ability and could affect dis-
persal motivation and distances of queens in fall
and spring. An explicit understanding of these
factors could be gained from studies controlling
for methodological and species-specific differences
but varying ecological context.

A further priority for the research tools de-
scribed here should be an understanding of
how internal state, biotic interactions, and
colony-level resource demands influence
movement motivation and motion capacity.
Primary among such internal state variables is
nutrition (Woodard and Jha 2017), which
could be investigated using homing, radar
tracking, or RFID/optical tagging alongside
manipulations of diet. In bumble bees, the
relationship between nutrition and movement
is poorly understood yet likely to profoundly
impact the net displacement of all stages of the
life cycle — from the timing and extent of
foundress emergence and site selection to the
foraging of individual workers. Investigations
into nutritional states and how they impact
flight motivation versus capability could help
reveal the causes and consequences of long-
distance movements and whether bumble bees
thrive from these displacements or merely tol-
erate them. In general, studies should advance
towards the application of these tools under
different natural or experimental conditions to
help reveal how bumble bee movement chang-
es with differences in context.

5. CONCLUSIONS

Although an understanding of bumble bee
movement is needed for species conservation and
maintenance of pollination services, the
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methodological difficulties of study limit our abil-
ity to close key knowledge gaps. Our review re-
veals that selection of the appropriate method and
analytical techniques will often be context and life-
stage specific and there is no single best method.
Rather, it is important to match the approach to the
specific context and details of the questions con-
sidered. In practice, one is likely to select the
method which balances logistical constraints and
the data necessary to address the question of
interest.

Overall, technological advances and an in-
creased awareness of the need for well-informed
bumble bee movement data for species conserva-
tion provide a promising future for addressing key
knowledge gaps. We hope our review has provid-
ed practitioners and readers with a streamlined
guide to understanding the tools available and
the ability to contextualize their advantages, lim-
itations, and appropriate application.
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