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T
HE MIGRATORY MOVEIvl.ENTS OF BATS have proven ex


tremely difficult to determine. Despite extensive efforts during the past 

century to track the movements of bats across landscapes, efficient meth

ods offollowing smaIJ- to medium-size volant animals «240 gl for extended peri

ods (>8 weeks) over long distances (>100 km) have not been developed. Important 

questions about bat migration remain unanswered: \Vhicb bats migrate? \Vhere 

do they go? How far do they move) How bigh and fast do they fly) \Vhat are their 

habitat needs dunng migration) How do bats orient and navigate dunng migra

tion) Address111g these apparently simple questions wiIJ be a considerable chal

lenge to anyone interested in advanc111g the study of bat migration. In this chapter, 

we present direct and indirect methods used to study bat migration. as weI] as 

techniques that bave worked for studying bird migration that could feasibly be 

adapted to the study of bats. 

FOLLOWING MARKED INDIVIDUALS 

As detailed in other chapters oftblS book. bats can be marked using a vanety of 

methods. Herem we categorize sucb markings as either passIve tags-tllOse tbat 

must be relocated without guidance, or active tags-those tbat broadcast thell 

whereabouts. Passive markint: tecbniques that are appropriate for migration stud

ies. SUcll as banding (ringing' or implantation of passive integrated transponder 

(PIT, tags, are detailed ebewhere 111 tbis volume (set Kunz and \\ieise. thIS voJ

ume) These marking metbods are relatively permanent and add little to tbC' rotal 

mass of tbe bai r<O.2gi, an important consideration in behavioral studies. Tbe 

major drav."back of usmg passive tags for migration research is that marked bats 

are extremely difficult to relocate or recognize after tbey leave the tagging site. 



Delays associated with relocaLing bats marked with ITas 

sive t~lgS typically preclude gathcnng mrorm:J1l0n <)]1 the 

clel.dils (e.g., speed and route) or 1110VCITleni (CrJf'fin, !Y7U; 

Dingle, 19%). /\Clivc tags, such dS radiO :1tld s:Hellne trans 

miners (see Amelon el aI., thIS volume), are more easily 

relocared, hur: thelr usc In mlgration research IS currently 

limll.ed hy a combillal.lon or tag SIze, transmISSion e1IS

Lance, ~1l1c1/or barrery lire. 

Passive Tagging 
Much of whaT we currentiy know ahoul hal rnigrdtion 

IS rhe result or mark-recaprure srudies conducted using 

Wing bands (Strclkov, 1069; CrifJin. \ 97U; Cunler, 1972; 

HUIllphrey and Cope, 1076; Tuttle, 19711; flaker, 1978; Glass, 

1(82). Although the details of applying bands to bOltS are 

covered ill other chapters of this book, there are impor

t<ll1t consideratIons to make when marking h:ltS With pas

sive tags [or migration studies. Foremosr, it is essential 

that the tags are imprinted or encoded with sufficiem in

formation so that anyone who recovers them can report 

the recovery. At the least, bands should be imprinted with 

the name of the institution responsible for attachment 

and a unique identifier number. Many band manufactur

ers offer the option of custom characters at a modest cost. 

Whether banding efforts are for migration studies or not, 

r~searchers should consider including contact informa

tion on bat bands in case the bat is recovered at a dIstant 

location. For example, a female hoary bat (Lasiurtls cincrclls) 

was l'tcently recovered in \Vayne County, Nebr:.rska, 

marked with a numbered plastic band typical or many 

studies. The absence of contact information on the band 

made it difficult to identify the bat's origmal banding loca

tion; in this case, the band matched the description of one 

applied to an animal marked for a study in Saskatchewan, 

Canada, nearly 1300 km from the recovery site (C Willis, 

pers. comm.). 

Although mostly used for studies of population dynam

ics, PIT tags may prove useful in tracking the long-distance 

movements of bats. PIT tags can only be detected at short 

range (a few cm), but offer several advantages over bands 

for migration studies: (1) they are persistent and not likely 

to influence the long-term survival of bats , (2) they can be 

detected without handling the animal and in situations 

Where Wing bands may not be visible (e.g., tight clusters of 

hibernating bats), and (3) they can be detected by remote 

systems at roost entrances. Detection of PIT tags in bat 

carcasses submitted to health department laboratories for 

rabies testing may also disclose migratory movements, 

particularly in regions where large numbers of bats have 

been marked for other studies. For example. several of the 

rnore than 4,000 big brown bats (Eptcsicll5 jlLSCllS) marked 

for a population study in Fort Collins, Colorado (O'Shea 

et aI., 2004), subsequently turned up in samples of dead 

bats submitted to surroundmg health departments (T. J. 
O'Shea, pers comm.). Unlike bands, all PIT tags are en-
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coded with L1l11guc identIfication llurnhers, tbus providing 

a beuer means of tracking their source a(TOSS pulirical 
bouncbries. 

/\n llnportant componcnt of any Il1lgl'arioJ) srudy thal 

employs paSSIve tags is tbe establisbmenr and maint.cnance 

or a data clearinghouse. Bats might be recovered long ai

rer completion of the study for whIch they were marked 

and the history of rheir marking should be archived and 

accessible. At present, efforts to coordinate the numbering 

and history ofbm bands deployed at continental scales are 

uncommon (e.g., Australian Bird and Bat Banding Scheme). 

Where banding coordin:lllOn programs exist, such as in 

1111 merous Ell ropeall counrries, they typlcaiiy FunctIon at 

only a national scale and are often driven by legislation or 

transnational agreements (e.g., Convenrion on the Conser

vation of Migratory Species of Wild Animals) for l:he pro

tection of bats. Unlike migrarory birds, [here are ellr

rently neither transnatIonal laws {or tlle protection of 

migratory bats in the Americas (O'Shea and Bogan, 20(3) 

nor numbering systems or information repositories for 

banded bats. In the United States, the Bat Bancling Office 

(BBO) of the U.S. Fish and Wildlife Service at the National 

Museum of Natural History operated in the latter func

tion from the 1930s through the mid-1970s (Peurach, 

2004). During its operation, the BBO issued more than 2 

million bat bands that included unique identifier numbers 

as well as contact information for reporting the recover

ies. In addition, the BBO served as the data repository for 

information on banded bats. Although the BRO still ac

cepts information on recovery of animals marked with 

bands it originally issued, it has not distributed new bands 

or archived new bancling data since 1973 (Peurach, 2004) 

because of concerns that bands were harming bats (O'Shea 

et aI., 2004). Considering the relatively long life spans of 

bats (Wilkinson and South, 2002) and the comparatively 

short durations of most research projects, it is important 

that records of permanently marked bats are somehow ac

cessible into the future. Scientists that permanently mark 

bats should consider how their markings would be inter

preted and made use of if the marked alllmal or its re

mains are recovered decades later. Adequate measures, 

such as including band or PIT tag numbers in the meth

ods sections of publications or reports to permitting agen

cies, should always be taken to ensure that information 

from marked bats is not lost. 

The techniques discussed in the previous paragraphs 

rely on marked individuals being found at sites remote 

from where they were originally tagged; however, most 

recaptures of banded bats occur at the original marking 

site (Griffin, 1970). Considering that bats often exhibit year

to-year fidelity to particular sites (Kunz. 1982; Willis et aI., 

2003), the future development of passive devices that re

cord the geographiC movements of bats while away from 

known roosts, but are then recovered and analyzed on 

their return, may be rewarding. For example, mllllature 
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(5 -g) daylight level recorders are currently being used to 

track the global movements oflarge pelagic birds and ma

rine mammals (Delong et aI., 1992; Croxall et al., 2005). 

These devices are relatively easy to build from compo

nents that cost approximately US$lOO per unit; average lo

catIon error on pelagic birds is approximately 180 ± 114 km 

(e.g., Afanasyev, 2(04). \Vhereas the use of daylight log· 

gel's on bats will be limited because of direct-light require

ments, development of other miniaturized passive loca

tion recording devlccs (e.g., CPS) wilJ likely prove more 

practical than trying to relocate bats marked with passive 

tags at locatiom distant from the marking site. Currently 

use of such devices on bats is limited by their size and 

mass. 

Active Tagging 
As detailed by Amelon et a1. (this volume), radio trans

mitters are a practical means of following the movements 

of bats. Unfortunately, the use of radio transmitters to 

track bats as they migrate has been limited, likely due to 

the perceived cost and logistical difficulty of such endeav

ors. To date, there is very little quantitative information 

on the flight behaviors or distances traveled on a daily ba

sis by migratory bats and even minor attempts to study 

such aspects of bat ecology could be worthwhile. The 

most likely efforts to succeed are those that attempt to fol

low bats marked with radio transmitters using a combina

tion of ground or water vehicles and aircraft, although it 

is likely that researchers wilJ be able to pursue some spe

cies, in certain situations, using ground vehicles alone. 

Circumstantial evidence suggests that some migratory spe

cies forage as they migrate (Miller, 1897; Zinn and Baker, 

1979; Valdez and Cryan, in press), a behavior that may 

slow their progress. Successful pursuit in ground vehicles 

wilJ rely on the availability of roads, thus pilot efforts in 

geographically homogeneous, developed regions (e.g., 

American Midwest) would be adVIsable. It is likely that 

high-altitude flight behavior exhibited by some species of 

bats during migration (e.g., LasiunLs CillereHS at an altitude 

of2,438m; Peurach, 2003) wilJ make them easier to detect 

while migrating than is typical during forag1l1g or roost

ing studies. Aircraft are an effective means of continuo 

ously fdlowing anim;ils as they migrate but can be expen

sive and 10gistlcalJy difficult (e.g.. flying at I1Ight without a 

predetermined flIght plan). Most bat species have been 

observed flying at speeds less than 10 mis, although 

slightly faster flight speeds (J4 m/s) by migratory species 

have been recorded (Hayward and Davis. 1%'1; Ransome, 

1990; Sahley et a1.. 1993) The mmimum (stalll speed of a 

typical small aircraft such as a Cessna is approximately 

30 m/s. or more than twice the flight speed of tht fastest 

recorded bat. Thus, it is likely that the chase plane will far 

outpace any bat carrying a transmitter, necessltatll1g fre

quent maneuvenng For detailed methods and conslder

,nions for tracking wildlife by aircraft, see Amelon et aI., 

thIS volume, and Seddon and J\llaloney, 20(4). A more cost· 

effective use of aircraft for tracki ng migratory movements 

is to use aircraft to find bats in their day roosts between 

nightly migration flights. Efforts to follow bats in ground 

vehicles during the night can inform such daytime 

searches with aircraft by providing the direction and ap

proximate speed at which the marked bat was last de

tected. As it is probable that wme species of bats migrate 

1D groups, the deployment of numerous radio tr:1l1smit

ters and use of radio receIvers that rapidly scan multiple 

freguencies ""'ou lcl ll1crease the likelihood of successful 

pursuit by ground vehicles and aircra ft. Any effort to fol

low migrating bats using radio transmitters must over

come the difficulty of determining the appropriate time to 

attach the transmitter. Most miniature «I g; radio trans· 

mittel'S have a limited life span (e.g, 10-15 days); there

fore, it is crucial to attach them either at the commence

ment of migration or during migratory flight. Because 

prior knowledge of the period during whicll bats leave on 

migration may not exist, intercepting bats along their mi

gration route may be the best starting point for new stud· 

ies. Evidence of potential migration stopovers can be 

found throughout the literature (e.g., species of Lasillrus 

on the Farallon Islands; Tenaza, 1966; Cryan and Brown, 

2007). 

Problems of detecting active tags over long distances 

are generally overcome with the use of satellite transmit

ters. Platform transmitter terminals (PTTs) emit UHF 

(ultra high frequency) signals (401.650 MHz) to polar

orbiting satellites and their locations are subsequently cal

culated from Doppler shift information as the satellites 

pass overhead (ARCOS, 2005). After processing, localtty 

coordinates are emailed to the researcher on a daily, 

weekly, or monthly basis. PTTs are an expensive yet effec

tive means of tracking large bats over long distances and 

periods; transmitters cost US$1,OOO-3,OOO and location ac

quisition and processing by ARCOS is approximately 

US$35 per day of tracking. The smallest PTT devices cur

rently available weigh about 12 g (not including the mass of 

an attachment collar), and thus their use is limited to bats 

weighing at least 240 g (largest members of the family 

Pteropodidae, such as species of EidoLo11, Ptcroplts, Acero

don, Do!Jsonia, and Hyp.lignat/ws). Tidemann and Nelson 

(2004) successfully used PTTs to track the long-distance 

movemems of two gray·headed flying faxes (PlITOPIIS poLio

cepltaLIIs; in Australia. Both animals IJ.1oved approximately 

2000 km and across more than 4 degrees oflatitudt during 

the courst of their annual migrations. Location errors of 

PTTs range from several meters to tens of kilometers and 

are dependent on thr position of satellites as they pass 

overhead and obstruction of the transmitted signal. Error 

estimates are provided with the PTT location coordinates 

sent by ARCOS. As with other trackll1g clevlces. hghter 



PTTs may be developed during the coming years, but 

limJl:atiol1s of eonrempora ry ban-erics to eu ITent power re

quirements, as well as the problem of increased location 

error with decreased size !Britten et a1., 1(99), are imped

ing such miniaturization (F. IZiskey, pel's. com111.). 

An eHort is currently underway to establish a sysrclll 

for tracking the signals of conventional, miniarure radio 

transmitters «1 g) Llsing earrh-orbiring sarellites (Vlikel
ski er at., 20(7). If implemented, such a system would be 

ideally suired for following rhe long-distance movements 

of small, insectivorous migratory bats. 

IN FERRI NG BAT MOVEM ENTS 

Although it" is preferable to follow the migratory move

ments o[ known individuals, rhe difficulty o[ doing so 

makes researchers often settle [or inferential techniques. 

By monitoring bat movements ar the popubtion level, 

certain demographic data are sacrificed, but potentially 

important information on the timing and direction of mi

gratory movements can be gained. 

Observational Techniques 
Observing migrants from a fixed point as they pass is a 

simple and effective way of collecting information on the 

migratory movements of animals (Dingle, 19%). Geo

graphical features where birds are often observed in high 

numbers during migration include ridges, peninsulas, 

isthmuses, rivers, coastlines, and offshore islands. Circum· 

stantial evidence indicates that concentrations o[ migrar

ing bats may occur at similar features (Miller, 1897; Tenaza, 

1966; Strelkov, 1969; Timm, 1989; Cryan, 2003; Cryan and 

Brown, 2007), although visual observations of groups of 

migrating bats are rare (Mearns, 1898; Howell, 1908; Hall, 

1946; Heppenstall, 1(60). Whereas monitoring the night 

sky for bats during migration periods has proven imprac

tical in the past, new methods of "watching" bats in the 

dark might increase the utility of fixed-point observa

tions. Infrared thermal imaging techniques, as described 

by Kunz, Betke, Hristov, and Vonhof (this volume), offer 

promise toward monitoring the movements of migratory 

bats, particularly at sites with wind turbines, where their 

movements through an area may be of conservation con

cern, and radar techi1iques, described below, may offer 

additional methods for monitoring migrating bats. 

The use of radar for biological purposes began shortly 
after World War II (Lack and Varley, 1(45). Since that 

time, biologists studying aerial animal movements have 

benefited from continuing advances in radar technology. 

Today's radars are sophisticated, digital instruments ca

pable of yielding enormous quantities of data on biologi

cal processes such as migration. For a review of the effi

cacy ofdifferem types of radars used in biological research, 

see Larkin (2005). Herein we will consider basic opera
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liona I c!ilTcrcnces In two general classes of radar cum

monly used by biologists and collsider their value as tools 
in the study ofbal migrariun. 

The most common rypes of pulseci radars used for bio· 

logical purposes fall roughly into two categories, based on 

the scale ofinformation they provide. The firsl category is 

comprised oflarge and srationary surveillance rad8rs (here· 
after, surveillance radar), which emit longer wavelength sig

nals to capture patterns in the broad distributions of hUIl

dreds to millions of aerial targets across large spalial 

scales. 1n panicular, weather surveillance radars such as 

those within the United Slates NEXRAD (NEXt genera

tIOn RADar) system have seen conslderabie use in biologi

cal studies during recenl years. The second carcgory of 

pulsed radars include small portable raclar units (hereaf

ter, portabLe radar), whicb emir shorter wavelengrh signals 

to capture the specific movements of individual targets 

across relatively small spatial scales; these include com

mercial marine radars and military tracking radars. Un

fortunately, given the difficulties of acquiring and main

taining tracking radars, we are aware ofonly one currently 

in use in North America for biological work, although 

several are in use across Europe. All of the systems de

scribed above differ considerably in design constraints, op

eration, and portability; therefore, they complement rather 

than overlap in their usefulness for biological research and 

monitoring. 

The usefulness of radar as a tool for studying bat mi

gration is currently uncertain, although that uncertainty 

is more a consequence of problems with larget idemiflca

tion (see below) than an inadequacy of any particular radar 

system. Because the design and use of surveillance radars 

often centers on monitoring air traffic or severe weather, 

physical constraints and policy usually predetermine scan 

strategies, radar siting, and other aspects of operation 

that may not be optimal for studying biological processes. 

Despite these constraints, mobility is less important when 

surveillance radars are numerous and comprehensive in 

their coverage, as is usually the case in the U.s. (e.g., 

NEXRAD; see Crum and Alberty, 1(93), and the biologi

cal phenomenon of interest occurs over large spatial 

scales, as migration often does (Baker, 1978). 

Reliable identification of radar targets is a prerequisite 

for using radar as a research instrument. The greatest 

challenge in applying radar to studies of bat migration lies 

in target identification; in particular, whether bats can be 

distinguished from other biological targets. Separating 

biological from nonbiological targets such as precipitation 

is more straightforward and beyond the scope of this dis

cussion. Because surveillance and portable radars differ 

considerably in spatial and temporal resolution, the kinds 
of data used in target discrimination differ as well. Spatial 

resolution is determined by the size of the radar's "pulse 
volume," the smallest volume of airspace within which 
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echoes are quantified Portable radars typically quantify, 

at high sampling rates, the echo in volumes of airspace 

small enough to contain single biologICal targets. Conse

quent]y, these radars gather highly detailed data on the 

behaviors of individuals (e.g., wing beat rate, climb rate, 

and changes in track). Surveillance radars quantify, at 

comparatively low sampling rates, the amount of echo 

from pulse volumes large enough to contain tens to thou

sands ofindividuals (depending 011 the targer type and the 

manner of their distribution in the airspace). Because 

many individuals contribute to a single measure of radar 

echo, rhe details of individuaJ behavior are traded in favor 

of providing less specific information on larger numbers 

of individuals over larger spatial scales. Surveillance ra· 

dars quantify such large amounts of airspace that single 

pulse volumes frequently contain multiple taxa. Accord

Ingly, target discrimination on surveillance radars is not 

absolute, but focuses lllstead on determining what kinds 

of animals dominate the airspace. Portable radars benefit 

by generally not being subject to these ambiguities 

Ornithologists have long been challenged by the need 

to separate bird from nonbird targets (Emlen, 197~; Flock, 

197~; Larkin, 1991; Gauthreaux and Belser, 1998), and their 

experiences offer insight into the challenges facing the use 

of radars to study bat migration. Biologists typically make 

discriminations between target types based on differences 

in behavior and, to a lesser degree, size as apparent to ra

dar (Diehl and Larkin, 2005). Organisms that differ in 

body size and shape can be distinguished by' some specially 

equipped radars that are not yet widely available (Zrnic and 

Ryzhkov, 1998, 1999). However, when body size (e.g., 

body height or length) is similar to the wavelength of the 

radar-as is often the case-the amOUDl of radio energy 

reflected by a target is not easily predicted from the tar

get's size. As a result, in many circumstances a target's size 

on radar is typically not a useful factor for distinguishing 

taxa (Vaughn, 1985; Larkin, 2005). 

Differences in natural history and beh;lVior have proven 

useful in general target discrimination. Behaviors used in 

discriminating among target types include habitat prefer

ence, range of a species, response to weather, timing in 

the onset offltght, hetght anel speed offlIgh L. variability in 

flight behavior among individuals. and dates of migratiOn. 

Numerous taxa have been associated with distinctive spa

tlotemporal patterns of radar echo using this approach, 

thereby permitting productive use of radar ill bIOlogical 

resem'ch; however, migratory animals often show conSid

erable overlap in such behaviors. Because behaviOl and 

natural history during migration are often poorly under

stood, especially among bats, only coarse taxonomic reso· 

lllllon is currently possible through radar. Biolugists are 

challenged to develop means of tdentifYll1g btologlcal ra· 

dar targets below the taxonomic levels of Class and even 

Order le.g.. foraging bats. foraging waterfowl. migrating 

raptors, migrating songbirds, migrating insects, aenal 

plankton). Nonetheless, as research has progressed in the 

area of target Identification, the number of taxa discern· 

able from idimyncratic signal pallerns has increased. 

The pnmar)' challenge in using radar to study bal mi

gration lies in discriminating bats from migrating song

bIrds, which also move in large numbers during the 

night. Becaust mIgratory bats and songbIJ'ds overlap Con

siderahly in body size and shape, morphological differ

ences are of linle use in target identification. Further

more, SImilarities in body size between bats and birds 

result in many overlapping fllght characteristics. Similari

ties in airspeed, alLIlude, wingbeat rate, and other attri

butes offlighl (Hayward and Davis, J96~, Williams et al., 

1973; Sahle)' et aI., 1993;. Lark1l1, 19C)1; Rayner, 19(5) lImit 

the range of behaviors available for distingUishing taxa 

using portable radars, which examine the finer details of 

individual flight. Unfortunately, because migration in bats 

is so poorly understood, httle knowledge of behavior or 

natural history can be hronght to bear on the problem of 

discriminating migratory bats from songbirds. For exam

ple, both bats and birds migrate in spring and autumn 

over much of North America (Griffin, 1970; Baker, 1978; 

Fleming and Eby, 2003), but are there regions of the conti

nent where bat migration dominates' How large are mi

gratory populations' Do migrating bats and birds exhibit 

similar flIght speeds and heights during migratIOn? How 

long do migranng bats remain aloft and do their flights 

occupy specific times of the nocturna I period? Foraging 

bats freguently exhibit erratic flight unlike that of song

birds, but is migratory flight similarly erratic (Gau

threaux and LivIDgston, 2006)? More research into the 

behavior of bats during migration, togethcr with the 

wider application of more sophisticated radar technoiogy 

(specifically tracking radG t'j, may allow biologists to iden

tif\- differences in radar echoes that distinguish bats from 

bIrds. 

Conversely, differences between the behavior of bats 

and birds may be roo subtle to be captured by radar, leav· 

ing biologists to make broad generalizations about the 

likelihood that monitored targets are one taxa or another 

based on their supposed I'clative abund;ll1ces in the aIr

space. In North America, hundreds of bird species thought 

to number in the billions (Gaston and Blackhurn, ]'JC)7) 

migrate long distances each spring and fall. On the whole, 

migrating birds likely outnumber migrating bats by a 

considerable amClUlll and therefore explain the bull; of 

biologIca I radar echoes dUring this time; however. the 

relative proportions of migrating bats and birdc in the 

airspace are not well known and certain]\, van locallY. 1n 

certain locations and a1 certain time:; of vear. migrating 

bats may dominate the airspace. 1f pallertl~ In the relative 

abundance of migratint; bats and birds ir the airspace al-e 

discernable. then application of large surveillance radars 
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ru studlC::s 01" llllgr3ting hals llld)' he relegated 10 rel,Hivel)' 

sm,lll scales where bals and birds exhibil lilt:!l' spaliOleDl

por,d overlap. Furure studies thai use radio Lransmlllers. 

PTTs, or other devices 10 track bats as they move through 

an airspace wh i1c si m u Ita neousl)' monirorll1g the airspace 

by radar may shed 'light un the question orhow we discern 

bats fi:011l other lax;}. 

Analysis of Occurrence Records 
A wealth or information on the seasonal distriburioll 

parrerns ancl potenrial llligr,ltion roules of bats lies un

tapped In the J(Jrm of disparate occurrence records. Map

plll.g the m onthi)' or seasonal distribmion 01 occu rrence 

records is an effective yet underutilized technIque. For 

examples of studies that mapped the seasonal distribution 

of occurrence records see Dalquest (l943), Findle')' and 

Jones (1964), Hoffmeister (1970), and Cr)'an (2003). The 

difficulty of accessing, consolidating, and mapping occur

rence records has historically limited the use of such tech

niques, but recent advances in information management 

and analysis make them ever more practical. Geographic 

II1formation systems (GIS) provide an effective means of 

storing, displaying, and analyzing occurrence data. At the 

forefront of accessibility and verifiability are data associ

ated with museum specimens. Scientific museum collec

tions are the best source of information on historical bat 

occurrences because, unlike other types of records, mu

seum data are well archived and are associated WIth verifi

able specimens. Furthermore, several large museum collec

tions are computerizing specimen data, adding geographic 

coordinates to specimen localities, and then making them 

available on the internet. For data not available on the In

ternet, museums can be queried for occurrence records, 

and geographic coordinates can be assigned based on 

place names of the collection locality using internet re

sources such as the U.S. Geological Survey's GeographIc 

Names Information Server (http://geonames.usgs.gov/ 

redirect.html), Environment Canada's Canadian Geographic 

Names Server (http://geonames.nrcan.gc.ca/index_e.php), 

and the Geographic Names Server of the U.S. National 

Geospatial-Intelligence Agency (http://earth-info.nga.mil/ 

gns/html). A list of active mammal collections and their 

assOCIated contact information can be found in Hafner 

et a1. (1997). Researchers should be cautioned that even 

the most reputable museum collections sometimes mis

identify bats. Therefore, when possible, museum collec

tions should be visited so that specimens can be examined 

and verified. Although museum records offer a convenient 

means of mapping the seasonal distributions of bats, in

terpretation of these occurrence data should be treated 

cautiously. Museum records indicate presence only and 

absence of records from an area does not necessarily mean 

that bats do not occur there. Biases associated with vari

able collection techmques (e.g., shooting or band-capture 

versus nettll1g) and variation in seasonal activity levels 

musr be considered. For example, many specles of bats use 

torpor or hibernation, and the nonbward progression of 

occurrence records dur1l1g spring, indicative of popula

tion Dlovement, may be also be indicative of preViously 

dormanr individuals becoming active with the northward 

progreSSion of warm temperatures (Baker, 1(78). Other 

potential biases to occurrence data include underrepre

sentation of records from seasons during which biologists 

arc not conducting fieldwork, or lack of records from <11'

CIS where specimen collection IS not commonly practiced. 

Additionally, the age and reproductive condition of bats 

111;;1'y also affecl iikelihood or encounler (e.g., pregllClIll [e

mail'S and juveniles may be more likely to be captured). 

Despite these inherent biases of museum records, trends 

in rhe data sucb as the summer disappearance of records 

from wintering areas or disappearance of only one sex 

from an area probably indicate true movement patterns. 

Currently underutilized, yet more biased, sources of occur

rence data include bats submitted to state health depart

ments for rabies testing, capture data submitted through 

permitting compliance with state wildlife agencies, and in

formation from acoustic detectors. 

Population Genetics 
The growing field of population genetics offers much 

promise 111 the study ofbat migration. Details on the back

ground and methods of population genetics as they apply 

to bat migration studies can be found in Ruedi and Mc

Cracken (this volume). 

Stable Hydrogen Isotope Analysis 
Analyzing the stable isotope ratios of biogenic materi· 

als (e.g., hair, feathers, whale baleen, butterfly wings) is a 

useful way to infer the long-distance movements by mi

gratory animals (Hobson, 1999). The basic procedure of 

such methods is to measure the isotopic ratio of a given 

element in an animal's tissues and then relate that isotopic 

"signamre" back to the most likely geographic regIon 

where the tissue was grown. 

The analysis of hydrogen isotopes (deuterium [0]: hy

drogen [HJ) is particularly useful for animal migration 

studies, because no other element (except oxygen, which 

is highly correlated with hydrogen) exhibits such consIs

tent patterns of distribution across the globe. The stable 

hydrogen Isotope ratio (00) of precipitation is inversely 

related to latitude, elevation, and distance from the coast 

across all continents (Rozanski et aI., 1993): 

o 3[(D I H)sample JaD = x 10 
(D I H)referel1ce 

After initial shifts in 00 between precipitation and pri

mary producers (Ziegler, 1988), isotopic signatures tend to 
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change systematically across trophic levels (Birchall et aI., 

2005). Thus, in most cases, 6D values of the tissues thal an 

animal grows correlate in a systematic way with the hy

drogen isotope ratios of local precipitation (6D ; Hobson
r 

and Wassenaar, 1997). This relationship between OD" and 

the 6D values of animal tissues has enabled researchers to 

infer the geographic origins of migratory animals by ana

lyZing tissues collected at different seasons anc! in differ

ent parts of their range (Chamberlain et al, 1997; Hobson 

and V/assenaar, 1997,2001; Meehan et a1., 200]). Cryan 

et al (2004) used stable hydrogen isotOpes to infer migra

tory movements of up to 2,000 krn by hoary bats in North 

America. 

There are two major criteria that must be satlsfied IJ1 

order to use stable isotopes. The first criterion is that the 

animal tissue being analyzed was grown before migration 

took place and that there has been little change in its isoto

pic composition after growth. Bat hair seems idea]]y suited 

for use in migration studies as it is biochemically mert and 

not subject to subsequent isotopic turnover once it is 

formed. Therefore, bats carry the hydrogen isotope signa

tures of the places where they grew their fur. Bat species 

in temperate latitudes typically molt into new pelage just 

once per year (Quay, 1970) and pelage replacement at such 

latitudes tends to occur from mid to late summer (Con

stantine 1957, 1958; Jones and Genoways, 1967). Evidence 

suggests that some variation in the timing ofmolt between 

age and sex groups may occur, with reproductive females 

molting later than males and juveniles Uones and Geno

ways, 1967; Quay, 1970; Cryan et al, 2004). Despite such 

variation, it is likely that the majority of new hair growth 

occurs before migration takes place. Body tissues other 

than hair may nor be well suited for migration studies be

cause their different isotope turnover rates likely reflect 

pooled dietary inputs over recent weeks (e.g., blood. heart, 

liver) or years (e.g., bone), rather than a discrete time pe

riod before migration. 

The second criterion required to apply stable isotopes 

is that OD of the alltma] tissue in question reflects bD of 
r 

the geographic location where the tissue was grown. Ex

cellent correlation between aD of fixed tissues and pre

CIpitation al the location of tissue formation has been 

shown for several species (e.g., Wassenaar and Hobson, 

1998: Hobson et aI., 1999b). For bats, Cryan et al (2004) 

showed that the stable hydrogen isotope ratio of hair ((')D )
h

collected from hoary bats during summer in North Amer

ica was correlated with 6D of the collection site and the 
I' 

relationship was similar to thaI observed among birds. 

Although mammal hair is composed of a.-keratln and bIrd 

feathers are made of r:l-keratin. processes ofhvdrogel1 up

take from food and water inle> thest' tissues are apparently 

similar. However. given the nature of the way that the data 

wcrt collected by Cnan et· al. (2.004, il is unknown hoY" 

well the relationship observed between COL and 6D r in 

hoary bats describes that of bats in general. Controlled 

"! 

laboratory experiments, 111 which several species of cap

tive bats are fed a diet of known isotopic composition, 

would help refine our underst<ll1ding of the relationship 
between 6D and aD in bats. 

1• I' 

Sample Collection and Preparation 
Hair is a well-suited tissue for stable hydrogen isotope 

anal ysis because 1l is easy to collect, it stores well, and onl y 

miniscule amounts (less than 0.5 mg) are needed for anal

ysis. Al present, very little is known aboul variability in 

aD across the pelage oian individual bat. Because consid
h 

erable intra-mclividual variation has been observed among 

the flight feathers ofbirds (Kelly et aI., 2001; Meehan et aI., 

2003; Smith and Dufty, 2005), it is prudent to assume that 

such variation occurs in bats as weli, until proven Other

wise. Hair samples should always be cut from the same 

area of the bat's pelage and as close to the base of the hair 

shaft as possible. Samples can be stored in any type of 

clean and dry container for indefinite periods. Prior to 

analysis, hall' should be cleaned of surface oils using a 2:1 

chloroform:methanol solution. An effective technique for 

cleaning samples is to (1) place them in smalJ glass vials; 

(2) pipette the cleaning solution directly into the sample 

vial; (3) slowly turn the vial so that most of the hair ad

heres to the sides; (4) pour off the solution through a clean 

screen; and (5) allow the samples to air-dry for 48 hours 

under a fume hood. After the samples are cleaned, it is im

portant that they not be handled with anything but clean 

instruments, as conrammation by surface oils can influ

ence analYSIS results. Clean samples should be weighed into 

small increments onamicrobalance (typically 0.25-0.35 mg); 

sample weights usually specified by the analysis labora

tory. The weighed sample is then placed into a silver foil 

capsule and rolled or crushed using forceps to secure the 

hair within. Foil-wrapped samples can then be loaded into 

a sample tray for transport to the analysis lab. 

Sample Analysis and Laborator)1 Standards 
Several commercial and academIC laboratories now pro

vide stable Isotope serVices. Cost of analysis of biogenic or

ganic materials for aD currently ranges between approxi

mately US$10-30 per sample. At the laboratory, hair samples 

and their silver foil capsules are typically pyrolyzed in a 

thermal combustion elemental analyzer and the resultal1t 

gas is ana lyzed using continuous-flow isotope ratio mass 

spectrometry. Values derived from mass spectrometers 

are reponed In b-notatiol1 as parts per million (%Oi rela

tive to VIenna Slandard Mean Ocean Vlater (VSMO\,,'). 

For detailed information on stable Isotopes and their usc 

in ecological studies. see Laitha and Michener (J 994). 

There are several importanl considerations to make 

before commencing a study using stable hvdrogen iso

topes and bat hair. About 20(/{, of the hvdrogen in kerati

nous tissue (i.e .. hair, feathers. exchanges freely with lw

drogen in ambient water vapor (\Vassenaar and Hobson, 
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;COOO,l) Cryan el JI. (ZOO'!) delermined thal 17'Yo ofthe hy· 

drog<~11 in the hall' of hoary hats could exchange with the 

cnvJr(mment: rhis value IS simtlar 1'0 proporrions of ex

changl:able hydrogen reponed for other vertebrale tissues 

(about 16- 22''lI1; Wassenaar and Hobson, 2000a). [Jecause 

the propurt,on olfreely exchangeable hydrogen may vary 

among diiferenl types of mammal hair, prelimin,lry ex

periments should be carried out to quantify such amounts 

for the species of interest using the steam-equilibration 

method described by Wassenaar and Hobson (2000a). 

Tlw free-exchangeable hydrogen in organ ic samples 

presents a problem for stable isotope analyses because 

tenlporal or geographical differences in the: isotopic com, 

position of ambient moisture can affect analytical results 

(Wassenaar and Hobson, 2(03). Thus, the total bydrogen 

isotope ratio (00) of a sample derived from mass spec

trometry must be correctecllor exchangeable proportions 

of hydrogen if results are to be comparable among analy

sis runs, studies, and laboratories. This requires a cali

brated laboratory standard to correct for variation in the 

Isotopic compOSition of ambient moisture over time and 

space. Unfortunately, widely available laboratory stan

dards [or hydrogen isotope analysiS of organic samples 

having exchangeable hydrogen (i.e., keratin standards) are 

not yet widely available, thus researchers or analysis labo

ratories must develop their own. At least rwo keratin stan

dards are needed with OOh values that span the entire 

range of the samples being analyzed. Sufficient quantities 

of keratinous tissue, preferably mammal hair, should be 

acqUired so that 0.25-0.35 mg increments of each standard 

can be included during all sample analysis runs. Large 

quantities of hair can be cleaned (as described above) and 

homogenized into a fine powder « 200 micron sieved par

ticle size) using a cryogenic grinder. Once appropriate 

keratin standards are obtained, comparative equilibration 

methods (Wassenaar and Hobson, 2000a) must be used to 

determine the nonexchangeable hydrogen isotope ratio 

(00 n) of each st~lIldard. Standards should be included and 

reported for each batch of samples to be analyzed. If stan

dards are used, analySIS results from the Laboratory will 

include measures of80 from the keratin standards, which 
t 

,	 can then be plotted against their known OOn values to de

velop a regression equation for calculating 80 n of all other 

samples III the batch (Wassenaar and Hobson, 2003). 

Interpreting Hydrogen Isotope Data 
The greatest difficulty associated with the application 

ofstable hydrogen isotope methods to studies of continen

tal migration lies in the interpretation of laboratory re

sults. Currently, the relationship between OOh and 00pin 
bats is not well defined. For example, Cryan et al. (2004) 

Were unable to account for 40% of the variation observed 

between OD h and oD in hoary bats. Potential sources 
p ~ 

of variation in 00 include differences in temDeratureh	 ;, 

(McKechnie et aI., 2004) or relative humidity (Cormie 

er aI., j9l)4) across sill'S or years, input of warer from 

sources orher than precipitation (Wassenaar and Hobson, 

ZOOOa), drinking water effects (Hobson et aI., JC)9C)a), po· 

lf~nrial differences between aclults and JU veniles (Meehan 

et aI., 2003; Smith and Ouffy, 20(5), or movement by bats 

over large ~Ireas as they molt into new pelage. Further

more, valnes of 00 on which relationships arc investi-
I' 

gared arc usua 11y taken from maps or weighted growing 

season 00" (Bowen and Wilkinson, 2002; Meehan et al., 
ZOO'I; Bowen et aI., 2005; Durton et aI., Z005). Such maps 

are derived hy interpolating climate data from relatively 

few sampling sites, and these data have been averaged 

over rTIonths and years, thus obscuring the potentia.] sec.1

sonal, annual, and geographic variation in 00,) Thus, a 

bener approach may be the construction of species

specific isotopic base maps (cf. Wassenaar and Hobson, 

]998). Until vanation in OOh ~l1ld OOp is better understood, 

it IS unlikely that stable hydrogen isotope techniques will 

provide accurate (i.e., potential error less than hundreds 

ofktlometers) quantitative measures of distances traveled 

by migratory bats. Regardless, the technique is very prom

ising for relative measures of migration movement. For 

example, there is a current need to determine whether 

bats killed at wind power facilities are local residents or 

migrants from other areas. Stable hydrogen isotope analy

sis is well suited to answering such questions. 

Use of Other Stable Isotopes 
Several studies with migratory birds have shown that 

the incorporation of other stable isotopes (carbon, l11trogen, 

and sulfur) into analyses of movement can increase the 

probability of inferring the source areas of migrants (Cac

camise et aI., 2000; Wassenaar and Hobson 2000b; Hebert 

and Wassenaar, 2001; Hobson and Wassenaar, 2001; Ruben

stein et aI., 2002; Lott et aI., 2003; Pain et ai., 2004; Hebert 

and Wassenaar, 2005a, 2005b; Wunder et a!', 2005). For a 

discussion ofproblems associated with the interpretation of 

data derived from multi-isotope migration studies see Wun

der et al. (2005). Although the stable isotopes of carbon, ni

trogen, and sulfur are not known to vary in a systematic 

way across continents, known distributIon patterns of 

these isotopes in the environment can sometimes be used 

to study migratory movements at smaller scales. For an 

example and discussion of how stable carbon isotopes can 

be incorporated into studies of bat migration see Fleming 

et al. (1993), and Fleming (1995). These authors observed 

monthly changes in the stable carbon isotope ratios of tis
sues from nectarivorous bats (Lepconycteris curasoae), indi

cating seasonal shifts from a diet comprised of mostly cac
tus and species of Agave (CAM photosynthetic pathway) 

during spring and summer to a diet of mostly other types 

of flowenng plants (C3 photosynthetic pathway) during 

winter (Fleml11g et a!', 1993). This information supported 

hypotheses of 111lgration movement by the species as well 
as identified a region where migration may not occur. 
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HOIV1I NG AN D ORI EI\JTATIO N 

It is well established that bats are capahle of returning to 

specific sites after making long migrations. The details of 

how b8ts consistently find their way across such distances, 

however, remain unknown. Most experiment<ll studies 

intcJ the navigational ahilities of bats are those thaI exam

ined hommg ability. The majority of homing experimenLo 

on bats involved simply releasing m8rked 1l1dividuals at 

varIOUS distanceo from their known l'(Josts and waiting for 

them to return (see Griffin, ]970, for an in-depth revIew). 

The major assumptions of such homing experiments are 

thal (]) the relocated anim8] actually wants or needs to 

return lo the orig1l1al roost, and (2) the point 8r which the 

bat is rele8sed IS outside of its famil18r area. Given our 

limited understwding of site fidelity and distance rr<lV

eled in the course of a lifetime by mdividuals of most ba t 

species, such assumptions are hard to assess. To further 

eliminate biases, homing experiments must be designed to 

address hypotheses of random scattering 8nd systematlc 

se8rching for famili8r territory (Griffin, 1970; \VJ!son and 

Findley, 1(72), as well as to account for the possibility that 

bats often return to different day roosts near the home 

roost after rna rking (Griffin, 1(70) or frequently swilch 

between several alternate day roosts (Lewis, 1995). 

Several studies investigated the role of vision in long

diswnce orientation by either permanently or temporarily 

blinding bats during homing trials (Griffin, 1(70). Tech

niques for temporarily obstructing the vision of bats in

clude blindfolds (Mueller and Emlen, 1957) and miniature 

goggles (Williams and Williams, 1967). Williams and Wil

liams (1967) r8dio-tracked bats with both impeded ([real

ment) and ummpeded (comrol) viSIon during homing 

flights of 10km. Surprisingly, there has been only one sub

sequent attempt to follow homing bms using radio trans

mitters (Holland et aI., 2006). 

Although rel8tively biased, homing experiments on 

blinded animals conducted during the latter pan of the 

ZOth century offered import8nt insighr into the long

dist8nce navigation of b8ts. Through these experiments, 

the general conclusion was reached [hat vision plays a key 

role in rhe ability of bats to orienl during long-distance 

flights (\Villiams and Williams, 1967; Mueller, 1Y6S; Grif

fin, 1(70) Funhermore, because high frequency sound 

anenU<ltes quickly in <lir, it is unlikely thaI echolocauon 

plays a major role in long-distance orientation (Criffin, 

1971) 1n the words ofDon8ld Griff-in (Griffin, 1970, p. 257), 

the discoverer of bal echolocation and pioneer of b<ll mi

grauon studies, "If we 8ccepl rhese indication;, thaI mi 

grating <lnd homing bats navigate by VIsion, we must thell 

face the question of "Vhat thev are looking al." To this d<l)', 

the delails of how b8ts use vision and other cues to navi

gate oyer lung distances remain relatively unexplored 

Al present, the possibi1Jt} that bats nilvigatt using Ct

lestial, solar, or m8gnetic cues cannOl be discounted. Lab

',' 

"·1'" 

oratory experiments on trained big brown bats, EpLcsicHS 

fHSCHS, demonstr<lted that they were capable of detecting 

light levels similar to those produced by bright stars 

(Childs and Buchler, 1(81). Additionally, field and labora

tory experiments indic8ted that E. !llSCllS orients using [he 

postsunset glow as <l reference point, 8pparently compen

sating for season<ll ch8nges in solar azimuth a[ IWilight 

(Buchler <lncl Childs, 1(82) Bats may 81s() onent using Cer

tain acoustic cues from the environment (Griffin, 1970; 

Buchler and Childs, 19i>1). Magnelic n1.aterials have been 

detected in tbe carcasses ofb8ts, suggestmg the possibility 

of their perception of the earth's m<lgneLIc field, but e8rly 

lilboratory and field experIments to test for magnetic per

ception in bats were unsuccessful (August, 1984; Buchler 

8nd Vhsilewski, 1(85). However, Holland el a1. (2006) re

cenlly exposed E. filSCtlS displaced from a summer roost 

to magnetic fields at sunset and observed expenmentaJ 

effects in the flight paths ofb,lts as they returned home. 

These results suggested the bats were using a sunset

calibrated magnetic compass. As has been experimentally 

demonstrated with migrator)' birds (Berthold et aI., 2003), 

it is likely that mIgrating bats navigate using a combina

tion of sensor)' inputs that 8re informative at different 

sp8tial swles (Holland et aI, 2006; Holland, 2007). Radio 

tracking of experimentally manipul8ted bats over various 

distances during migration may be a useful means of de

termining the relative importance of different sensory 

systems. Such techniques have been useful for studying 

orientation behavior of resident bats and migratory birds 

and, in combinatIOn with laboratory experiments, may 

work for bats as well. For example, Cochran et al. (2004) 

exposed migrating thrushes to artifiCial east-west mag

netic fields at sunset and then radIo-tracked them after 

release; the results l11dlcated that migrating thrushes ori

ent with a magnetic compass calibrated daily from twi

light cues. Anyone interested in studying the n8vig8tion 

and orientation behavior of bats would benefit by famil

iarizing themselves WIth the considerable headway made 

In these areas by avian biologists (e.g., Alerstam, 1990; 

Berthold, 2001; Berthold et aI., Z(03), yet not let such in

formation limit then thinking about potenti8] migration 

behaviors tlnt are unique to bats. Holland (2007) recently 

provided a thorough review of ll1formation on homing 

and orienLation in bats. and identified severa) directions 

for future research. 

SUMIV1ARY 

Tracbnf: bats over long distances has proven extremely 

difficult, but recenl advances in teci1l1ology offer much 

promist toward our future understanding of this Impor

ta11l phenomenon. Active efforts to foJ]ow b8ts as they 

migrate as well as the application of techniques used to 

smd)' bIrd l111gr8tion, will likeh reward those witb the 

patience and energ'- to undertake such endeavors. 
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