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Pollinator individuality: when does it matterl

I h.ve dwrys rcgrctted thrt I did not merk the bees by attach ing blrs of
cotton wool or eidcrdown to tbem witb rubtrer, bec.uie tbh would
Mve mde it much e.sler to follow thetr paths.

d'arlcrDrRin,.k d by Fftn:n ('e63)

The symposiurn that stimulat€d this book aros€ from the editors' convic-
tion that botanists int€rest€d in biotic pollination would benefit frorn a
consideration of recent research on the behavior and the sensory capabil-
iries offlower-visiring animals. We hoped to offer perspectives that would
coffect misepprehensions, enrich future work, and opcn oew quesdons,
In this chapter, vre continue in this €vangelistic v€in bt indulging in long-
strnding personal interesn in tbe individuelity of pollinating animals.
Ignoring rhe uniqueness of individuals will invite r€gr€ts like 6ose
€xpressed by Derwin in revie\ring his work on the flight patterns of male
bumble b€es. Although he investigat€d thh question for several yearc,
Deffin never published his observations. Might he have considered his
failur€ to mark th€ b€es a fatal flawl

Our goals are ro oudine some ofrhe insighrs thar are made possible by
treating pollinators as individuals, and to show possible pidalls of rot
doing so. some w€ll-known conclusions regarding pollin.tor physiolog,
and behavior cen be given alt€rnative inteipretations by iovoking indi-
viduality. we hope that this chapter will stimulete more syst€hadc
approaches to poliinator individuality.

rhere are mant relevant axe, along which individual pollinators rnay
vary, including gross behavioral aspecs such as foraging-site preferences,
food-plant preferences, end num€rous aspects of for€ing style (includ-
ing sampling €ffon, level offlower consancy, giving-up thresholds, €tc.).

11e4
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These in turn maybeunderlain by variation in basic n€urophysiologicxl

process€s such as learning ability GP€ed, capacity, and duratioo), sensitiv-

ity to int€rfer€nce, €mciency at detecting flowers, etc. There ar€ also

multiple caus€s for observ€d variations in foraging b€havior. These can be

genetic, leerning-related, age-dePendent, or indlced by Parasites. In

what follows, we are mostly concerned with cases where neglecting Polli-
nator individuality mry lead to€rioneousconclusions.

B$lc obscnetions

SmaI fo.aging ar€as
sev€ral studie, showing that sociel insects use spatirl memory in foraging

date back to the penultimrte c€ntury (e.g. Fabre 1879; Miiller $82). After

many decades ofdetailed res€arch on spatial m€mory ofbe€s (€,9. chitrka

df al r99r Menzel, this volume), most pollination biologists accept that

such m€mory €xists, but most associate it with finding the n€st rath€r

rhan finding food sources. optimal foraging theory is Partially resPon-

sibl€ for this {H€aly & Hurty, this volume): some adher€nts ofthis th€ory

proposed that pollinatorc forege using ess€niially the same rules as protc

zoans" Th€ nurnbers of places visited during a foraging bout seem€d to

many biologisrs too high (often, several thousand flowers must be visited

to fill the stomach of a bee) for bees to memorize much detail of the

complex flightpath.
Yet, ifone catches bee workers at a patch offlowers, mark $€m, end

rel€ases them, on€ will fr€que.tly see some ofthem r€turn to the site

(Ribbands i949; Heinrich 1976; Fr€e 1993). This indicates that at least

some individuals have €stablished small foraging areas to which they

return for all or most oftheir f€edin8. In one study, 37 Pl^nts of Penttemon

rtri:trr were planted in a meadow in a h€xagonal pattern with 1.5 m

b€tween plant5 (Thomson etdt 1992). we marked bees and followed som€

of them intensiv€ly from 23-zs July 1990. s€v€ral bees did atl of their for-

aging in this rr€a; one worke. in panicular, Brr,trt{ favifont 
"Bl\le:

worked the array for our entir€ P€riod of clos€ obs€rvations {23 Jult
through s Augusi 1990). she would visit the:zplants (and some ofother

m€adow species that grew int€rsP€rsed with the Pdtutedor) essentially all

day, disappearing for only a f€w minutes at c helf-boff int€rvels to droP

ofcollected rewards at th€ nest. Bumble bees ofother species have per-

formed comparably on other plants (Thomson et d 1987), but we do not

know wh€ther this site fidelity is typical
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rie.'o.r.Frcqucnciesof vGhiinonedrytoxfocalplantof r.dtt.nan lttuttoby
.  numbero f  n r ! rk .dbumbl .bccs(w i l l i ams&Thonsonr993)  Bccnrmcs
monlyindi.rtepiintcdcolornarks(e.s..RY=rcd ycllow),ahhoughafcw
distin.tivc bccs were identi6ed by naturil rttributcs (e,g,, HUCE).

In another study of Pn rtemon ttritut, willirrns & Thomson (1998)
videotaped all visits to r singl€ potted plant in a circular array of 27 planrs.
we had marked visitors on previous days. Four individuak m:d€ over
halfofrhe plantvisits (Fig. ro.r); these bees returned to the focal planrat
starisrically regulir intervils, with nean interirrival times of5.36, s.9o,
zoz and z9r min. Unmirked bees might have becn vrgabonds with no
site fidclity, site-fairhful bees that evaded marking, or sire-faithful be€s
that wer€ n€warrivils.

tndividual burnble bees may maintiin more thrn one foraging arer
Brian (r9sr)noted that Bortbu: agrarun (rcw pattuorurnl workers tended to
Ieavethenesrincherrcter ist iccompassdirect;oD,butthatsomeindividu-
ds had more than onc dcparting direction. These bccs also cime brck
with differenr pollens when thcy left in differenr directions. Krren
coodell (personal com mu D ication) found that certair workers ofB..y'it'

/td,!rr collected one ofrwo differentr.t'rofsev€ral poll€n species on diFer-
ent trips in e montane N€orropical habitat. Th€ most likely explanation
forthecovarirtion ofseveral species;s thatthebees weregoing to two dif-
ferenr local ities, then foraging inconstlntly in each plac€.

rollin.ror individualiry
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Traplining b€havior
Ifbcet do return frequ€ntly to foraging areas, they may also tend to visit a

s€t of plants within those areas in a Partictrlar, somewhat r€peatable

circuit (Manning 1956;Heinrich 1976; Thomson erdl t9a2'19av997) tn

fact, such traplioing is a cas€ where pollinator individlality manifesb

itsElf pat ,*cllefl.e. rn one study, w€ l€t bumble be€s (B,nbw in4tknl

forae€ in an arena with six artificial flowers at 6x€d positions. The neaar

rew;rds were adjusted to b€e ciop caPacitt, 5o that bee, had to visit ali six

Bowers {but not more) to 611 their stomach once. Each bee was t€sEd indi

vidually and encountered an absolutely identical aftay during 40 succee

sive foraging bouts. Yet, each b€e found a uniqu€ solution to rh€ probl€m

oflinking the six flowers, and used this solution r€P€atedly (sec Fig' 10 4'
Although we lack comparative studres that would indiote how often

bumbte b€e! show trapline behavior, or what circumstances t€nd to elicit

ir, it seems likely thar traplining is most lik€ly to em€rge (r) wh€n nectar

or pollen rewards are replenished nPidly aft€r being drained by a visitor,

and 1z) when there are spaces be*een Plants, with sufrcient landmuks

to allow b€es to ori€nt. Bumble bees, esP€ciauy Bontdttt tffttdtl,r, showed

clexr traplining behavior on sca$ered Plants of Ard&4 hisPidi in .enn?J

N€w Brunswick (Thomson er al rgez); in dense stands of sdtdago spp.

(goldenrods) nearby, however, b€es of the same sPeci€s show€d oo dis'

cernable tend€ncy to repeat their flight paths' although they were using

small foraging areas (J. o. Thomson & w. Maddison, unPublished dat')

Two aspects ofbumble bee traplining are most relevant to this PaP€r'
Firsr, although raplines are quitc flexible - bees do not slavishly follow a

fixed rout€, but rather add new plants end droP old ones as conditions

change - th€re is a conservativ€ tendency for bees to keep using accus'

tomed flight paths (Thomson 1996)and io ke€P returning to plants that

have been particltarly r€warding in the Past (Thomson 1988). For

example, Manning (19s5) described ho\a, b€es that had be€n tnined to

visit Dofted planrs still returned to thos€ locations aft€r th€ Pots had be€n

co.il.t"ly ie.o""d. second, bees return to plana on their traplin€s at

surpiisingly brief intervals, t 10 min in both P€nrn tton sfticdlt and Anlid

variation in working sP€ed
wh€n fotlowint marked Pollinators, one is frequently struck by varie-

rions in the spe€d ofindividuels. some oftbis varietion is caused by differ-

enc€s in the n€€tar ofierings of plants on which these individuats forege.
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For exa$ple, b€€s and butterflies will fly more raPidly when mor€ n€€tar
is available, an observation wirh several possible explanetions (N{nez

r97o; xunz€ & chittka 1996). But th€re is also variation betw€en individu_

als who are using thc same resources at the sam€ time. some such varia_
tion can be explained by size larger bees are faster fli€rs (spaethe erdl
zooo).In addition, some sensory attributes correlat€ with siz€ and influ_

ence the speed with which b€es d€t€ct flow€rs. spaethe ct al (zooo)

rec€ntly found that larger bees hav€ bett€r visuc6petial resolution, and
are th€refore substantially more acdrat€ and falt€r at del€cting small
flowers. Furthermore, foraging speed is dependent on colony needs in

bumble bees (cartar tqgza).
In studier {,ith numerous rnarked bees, Thomson has frequently

encountered a fcw individuals that seem to 6y much faster and to handle
inflorescences very quickly. Because such bees are hard to observe for long
bouts, they may be underr€presented in cerrain types of obseNational

data.
Even among the more srolid be€s for which datx ar€ available,

how€ver, ther€ ar€ individual differences in working sP€€d aod in other

asp€cts such as flow€r constancy (Table ro.r. Tbe mean flow€r+andling
rim€s of 17 bees in the 1994 data vaded t'to-fold. Recall that all of these
data come from the same plant on a single day. Bees also varied aboui two-
fold in the duration oftheir plant visirs (measur€d a! the mean numb€r of

dowers visited per plant visit) but plati'visit durations veried so much

wirhinbees that tbe variation amongbees was insignificant.In addition

to showing variation among individuals, the data for'llue" suggest that
this be€t foraging t€mpo sloned over the two weelc she was obs€rved.

varietion in fo.aging mode
Differ€nt b€€s may edopt diFer€ht ways ofusing Rowers. one ofth€ mor€

conspicuous diE€r€nces involves the type of floral reward - pollen or

nectar - b€ing actively sought. on Pentknon stritus, for examPle, most

8rr,',016 work€rs ent€r th€ larg€ flowers rightsid€-up and tongue the
paired nectaries at the filamenr bascs. These b€€s usually acdrmulate
small potlen loads, but they never fill thcir corbiculae, presumably

bccause their honcystomachs 6n 6rst, other bees, mostly B. ,,tdrt6,
ignore the n€ctari€s, turning upside-down to gr.sP rhe anth€c and soni_
cate pollen from them. These b€es accumulate v€ry large pollen loads.
some bees combin€ the two b€baviors, but most indiyiduels tend to stick
with one type ofbehavior ov€r at least a f€w days. still, changes occur; b€es
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thet collected pol€n whil€ young may turn to n€ctar collecting with age'

or vic€ versa. "Blu€," for example, accumulated small corbia ar loads

during all bouts from 23-28 July, but by 5 August was no longer cerrying

visibleloads.
Eventhough the r€lative effora made into pollen and nectarforeging

are gen€tically conrrolled (Robinson & Page 1989), ther€ is also strong

plalticity in the way in which individuals r€act to colony needs (carter

tgg'! Plowight et al. ry93; Fewell & Bertram 1999). There have been

recent attempts to und€rsrand such task allocation in bee colonies by self-

organization mod€ls in which each bee is an automaton that difers from

oth€r colony members only in the resPonse threshold to Particular
stimuliin rnd outsidethenest(Eonrbeau ?'al t997: Pankiw & Page 2ooo)

Even if thes€ modets explain some of the observed behavior, there are

potential difficultier, b€cause th€y neglect th€ individuality ofPoUinetors

beyond their inborn threshotds. All animals encounter a basic dimculty

when they set our to perform a novel skill: rhey generally need to learn

rhat skill, ev€n if it has innate comPonents The investments in learning

difr€rent types of foraging ectivities (and th€ costs of inftrference when

switching) can b€ substantial (Dukas & vissch€r r994)i therefor€, we

cannot understand uskallocation and task switching without quantiry-

ing these costs (and how b€es perc€iv€ them). surprisingly' howev€r, on€

review ofnew breakthroughs in task allocation (Gordon 1996) avoids such

terms as "learning" and "memory" altogether.

r-.arnlng-clrt.d iddlvldr..litt

Pollinrrors leern about diverse xpects of their environm€nt (see olher

chapters of this volume). Because eacb pollinator! exPerieDce is uniqu€,

its b€havior may also be uniqu€. Much of this €xPerience' howev€r, is

b€yond the control of the observcr' Moreover, each beet €xP€rience (€'8 '

which Rower species it exp€riences as rewarding) may in Part be an ePi-

phenomenon of its decision where to forage (see above) or may simply

r€fl ect stochastic processes.
The efrci€ncy and accurag with which pollinatots hendle flowers

dep€nds substantially on thek exPerience wirh tbe resPective flow€r

type (Laverty 199a; chittka & Thomson 1997). some comPl€x handling

skills, such as nectar robbingin cortdalit ca'd \F rmariac€ae) bv bumbl€

bee que€ns cen tak€ several days to dev€loP (olesen 1996). But handling

efficiency on a given flower tyPe can also be influ€nced by pollinators'
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experi€nce on other flow€r types. Depending on th€ similarity of moror
parrerns involved {and depending on the timing of visirs to rh€ rwo
flower types), transfer or inrerferenc€ may occur (Chiftka & Thomson
199r Geg€ar & Laverty, this volume).

In th€ following paragraphs, we are concerned with rhe possibility of
more formative types of leerning, i.e., rh€ possibiliry that early experi-
ence may substantially influence how a pollinaror lat€r reace to flowers.
Memory-through-m€tamorphosis has been invoked as a possible mecha-
nism to determin€ foraging pr€ferenc€s in specialist be€s (Dobson 1994),
i.e., th€ posribility that b€es become imprinted on particular scents (sucb
as polien odor) as lawae, and as adults show a preference for flowers with
the same scent The nervous syst€m is entirely reorganized during m€ta-
morphosis; therefore a memory rhat persisB through fundamental rewir-
ing ofneuronal circuitry is not trivial. Howev€r, Lindau€r (1985) earlier
fomd evidence for memory-through-metamoryhosis in honeybe€s. The
phenomenon, ho\rever, was also shown in grain beedes (Atloway l9z2)
and fruitflies (Tully dfd, 1994), so ir is nor r€srricted io pollinators.

Do€s early experi€hc€ shape the bnin, as some studies on humans
suggest (Elbert e,al r995)?The mushroom bodies, a prominent srructure
in the insect brain, are €ss€ntial in memory formation (Menzel, this
volume). Int€r€stingly, rhe size of the rnushroom bodies in honeybees is
correlated not only with age, bur elso with ryp€ of activity. Dursr ct da
(1994) show€d rhar foragers have larg€r mushroom-body volum€s than
nurse be€s ofthe same age, concluding that mushroom-body size is exp€-
rience-dependent The rational€ was thar more inforhation srorage
requires more neural substrate (e.g more neurons or dendritic prolifera-
tions). How€v€r, it was not clear whether the mushroom bodies increare
in size as a result of e,rperience, or whether th€ increased mushroom-
body volume is a prerequisite in hon€ybees to swirch from nursing to for-
agingactivities.

To resolve rhis problem, Fahrbach rt d|. (1998) reared honeybees in an
€xtr€melt d€prived envircnment {social isolarion rnd complete dark-
n€ss). Mushroom-body volume increased even when bees collect€d no
foraging experienc€, suggesting thar rhe observed changes in bnin srruc-
ture served to /rlltn the animrl for handling compl€x informarion in the
context of foraging. But the correlation betw€en brain-region size and
storag€ capacity (or behavioravcognitiv€ abiliry) rerneins to be shown
empirically,

hrly learning may influence later learning wirhoui fundem€nral
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changes in brain structure, however. W€ found that when bees wer€
trained €xtensively on only a single artificial flow€r tyPe, th€y had more
diftculty in t€erning to switch beMeen flower typ€s rha. did b€es that
learned to switch without the prior ph:s€ of visiting only one flow€r ttPe
(chirtka & Thomson r99z). The effect ext€nded to only r few hundred
visits (or a few hours), so it may be marginal during a bee! stveral-week+
long foraging cxreer. on th€ oth€r hand, the trining phase also involv€d

only a few hundred nower visits, xnd therdore was much sborter than

whar b€es may really exp€rience in natur€. som€ b€€s mey spend th€ first

s€v€rat days of their life foraging in low-diversity situations - such as

floweringtrees-visitingtens of thousands of ffowers of exadly thesame
type in rapid su€€€ssion. Might such bees leter have mor€ di6culti€3 in

learning new Rower types, or in learning to minimize interfercnce \then

switching betw€en flow€r typ€s: or do b€es maintain comPl€te fl€xibiliry,
€v€n if th€ir foraging history in€ludes phases where no flexibility i5

r€quir€d?
Theskillwith which be€s solve a panicul* foragi.g task depends sub-

stantially on their earlier exp€rience with relet€d teslc (zhang &

srinivasan 1994). If bees are €xposed to s€veral flow€r tyP€t some of

which xre rewarding and others not, bees .re able to extrect cat€gories
and concepts to pr€dict the profitabiliry ofnovel flowers (Dukas & waser
1994, ciurfa.,at 1995). whether or not be€s acquire such complex skills

depends substantially on the sequ€nce with which different flower gpes

are encount€r€d (zhang & srinivaien 1994, chittka & Thomson 1997). An

entirety unresolved question is whether, in nature, thiss€qu€nce is pr€'

dominantly det€rmined by th€ spatial arrangement of ditrerent flower

rypes, or whether young be€s actually choose to forag€ in diverse floral

patches in order to gain th€ €xperience nec€ssery for comPl€x copitive

abilitie!.

Efrc.lt ofgcno.tF

M€nzel (r98s) claimed that the information available to a foraging bee

comes from two sources: ir, own individual experience, and the "sPecies

experience" which is derived from evolutionery history and which is

wrinen into the spe€i€s'genome. Th€ implication here is that the "species

memor/ is identical in all members ofthesp€cies. This is strictly true only

when rhere is no g€netic variability for the trait in qu€stio& eith€r b€cause

ofconstraint. or because s€l€ction or drift have eliminated varianc€ in th€
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pait. However, recent studies hav€ shown rhat th€re is h€rihble varietion
in lerrning sp€ed (Br:ndes 1988), and several other foraging relat€d treits
(see references in waddington, this volume) which mexns rhat the ltmifa-
r,b^r ofthe plasticiry discussed els€wh€re in this chaprer are variable and
subject to selecnon. Thus,.iusr rr much as fonging is shaped by individual
experience, it is also det€rmined by individual gen€tic hisrori€s.

we hop€ for rnore studies ofheritablc variation ofsensory and behav-
ioral traits releted to foraging. To confirm a hypothesis that a trait is adaP
tiv€, w€ should ideally show ihxt animals 1'rlft that trait have grearer
fitness than animals yifud that trait, or with a different quantitative
exp.esrion ofthe trait.Is rraplining adaptive, forexampl€tIs flower con-
stancy a srrareF (Menzel, this volume)or a suboptimel solution (ceg€ar
& Laverty, this volume)? Do bumble bee, with red preference perform
b€tter on some islands than on the mainland, whereas bumble bees
without such preference outcompete those wi$ red pr€ferenc€ in
Europ€an mainland habitats (chittka €r dl, this volume)) we oeed to
exploit herirable variation to understand whethet thc cognitive, behav-
ioml, rnd sensory attribute, of pollinators are rruly sitting on narrow
adaptiv€ peak, as many workers assume.

P.rasitFindu.cd .hang€ ln foragcr b€havtor

cenain parurites may force changes in foraging behavior. Late-instar
larvae of conopid dies, which occupy much of the hostt abdomen,
prevenr filling of ihe honey clop (schmid-H€mpel & schmid-Hempel
r99r; these bees conc€nrate on poll€n foraging. on the other hand, para-
sitism by the protozoan cfl thilia bofthi is asso.i^ted wlth r€duced pollen
foraging (shykoff & schmid-H€mp€l r99t, These pararites can be
common. shykotr& schmid-Hempel (tee4 found ,o.z% ana3s,7%infe.-
rion rates by conopids and c 6on&r, respectively, in bumbl€ b€et in the
swiss Alps. schmid-Hempel & stauffer (1998) also found that paraskes
affeded floral preferences and switching behavior, but since borh parasir€
load and experienc€ may corf€lare with age, these changes might also
have been driven directly by experience.

Efrccts ofagc

cartar (r992a) and Dukas & visscher (1994) found rhat eficiency increas€s
ov€r roughly the 6rst week of a bee's foraging career (an efect which can
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likely be attribut€d to l€arning whar, where, end how to forage, and more
complex foragihg ruler). Dukas & Visscher also ob'served that foraging
efficiency d€clines later in lif€, but this effect ne€d not necessarily be
related to an age*elated decline in cognitivc ability. In facg contrott€d
studies show no effects of age on leaming abiliry in honeybe€s (Bhagavan
fr dl 1994) or bumbl€ b€es (chiftka & R€inhold 1999), S€v€ral factors
atr€cting foraging emciency are pot€nti.lly coff€lated with age offorag-
ers, for exampl€ parasire load (Schmid-Hempel & Staufrer 1998)or wing
w€ar {Camr r992b). Having seen several marked bumble beer di€ during
foraging bouis, one ofus (JT) can stare wirh c€rreinry th.t th€y slow down
gteetly as their time runs out. In honeybees, a decline in foraging e6-
ci€ncy with age might also be explained by assuming that s€asoned forag-
€rs invest more time into scouting for new food sourc€s rhan ihto
harvesting.

Problcm.tltr€glecttngin.eitndlvldrnlvarlane:foraging

on€ can fall into various misinterprerations by aggregaiing hererog€ne
ous sets of individuals and rherefore obtaining spurious coffelations.
H€re we .re dealing with specific, pollination-related manif€stations ofa
gen€ral statistical probl€m. Ifbees do v:ry sub,stantially in performance,
but are treated statistically as equivalent repl icetes, the int€rbe€ variarion
can pop out in a variety of spurious rel.tionships. For example, Pyke
(1978) hypothesiz€d tha. optimally foraging bees ought ro show area-
restricted search, i.e., th€y should fly shorter disrances berween plants
after they have just received larget than average rewards. Because it is
hard to know how much n€ctar a b€€ has r€c€iv€d, Pyke and many others
have substitut€d rhe tim€ spent at a flower as a surogate variabl€ for th€
amount of reward r€ceived. This is r€asonable, as it takes more tim€ to
cxttact morc nectar (Harder 1985; Kato 1988). Making this substitution,
one then t€sts for area-restricted search by testing for positiv€ cor€larion
betw€en the tim€ spent at one flower and the distance nown to th€ nexr.
Pyke found rhis prtrern. Although this pror€dure would be rrusrworthy
for observetions ofasinglebee,suppose that some bees in a populetion-
say, those with tatt€r€d wings - work all flowers morc slowly, and always
tend to fly shorter distances. Ifon€ then combines data from fast and slow
bees, one could obtein ihe e\pect€d positive correlation, ev€n if no indi
viduel beeshows ar€a-restricted behavior(Thomsonrtdl 1982).



Analogous diffculties attend field studies of flow€r constahcy, Hcre,
an attractive hypothesis is that a flower visitor should be rnore willing to
switch to another spcies of flower after having received littl€ r€ward.
This flexibility would allow individuals ro track the reletive value, ofdif-
ferent resources and concentrate on the best ones. lfflower-handling tim€
is used as a surrogate for reward, if int€rb€€ variation in constancy is cor-
relared with variation in working sp€ed, and if dar: are pooled across
bees, however, spurious corr€lation can cause the hypothesis to be
.rccepted when it should be rejected, or vice versa.

Probl€ms of thh sort aros€ in a srudy of constenry in many lnmarked
bumble bees that were followed for as long as posibl€ as they foraged
freely in a meadow wirh several suitable flower species (chittka ea al r99z
L. chirka, unpublished dar4. The authors initially classifi€d nower-
hendling times into two categories, either above or below the gnnd
median for all b€es.In this dataset, bees w€resignificantly more likely to
switch plantspecies if their last (several) visits had been shorter than the
rnedian, and more likely to stay constant if their last visits had been
longer than the median. This seems consistentwith the hyporhesis that
bees swirch when chey are dissatisfied, but when each beet visit rimes
were re-scaled by the rnedian for riar beet bout (rather than th€ grand
median), the efect disapp€ared. Further exploration of the data sug,
gested that the heterogeneity causing rh€ spurious coftel.tion arose not
so much fiom inierb€e variation as from temporal variation. In the
morning, ell bees hendled flovrers slowly, presumably because nectat
levels were high, and all bees tended ro be constant. In the afternoon,
visits were shorier and constancy dropped overall, so the reletionship
betwe€n visii length and subsequent mnstanq could not b€ clearly
aaributed to shon-term behavioral fl€xibility. In fact, chiitk. dt d/. (1997)
resurrected the flexibility hypothesis; they reanelyzed the data within
bouts, considering nor just the upper and lower halves of the visit times
but the upper and lo*er quartiles. Then, be€s u,€n more likely toswitch
followingvery shortvisits, and more liLely to be constantfollowing very
longvisits.

This exampl€ illusrrates not just the danger ofspurious conelation
but also a reasonable way ofhendling existing data to avoid problems.
Although marking animals is not always feasible, more trustworthy
results will be obteined by rertricring analys€s to comparisons witbin
bees, as well as considering other cryptic sources ofheterogeneity (such as
time of dar. one investigation of flower consiancy that apparently did
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nor include such precautions is a study ofskipp€rs by coulson tt dl (reez).
rhey used exactly the procedur€ initidly tri€d by chittk^ er al. QesT),
except that they used means rather than medians for dividing the data
and they reached the same initial conclusion. Ir might be worthwhile to
analyze their data turther, along the lines ofchittka.tdl (1997L assuming
thei the bout lengths are long €nough.

Modes offoreging
As cal€n & Plowright (re8s) showed, bumble bees that forage for nectar
on Elilobiun angustifoliun lisit the vertical inflorescences differendy from
tho6e that s€ek pollen from the same plant. These euthors interpreted
th€ir r€suks in t€rms of reward maximizetion crit€da, as if mernbers ofa
group ofequivalent bees first made a decision to specialize on pollen or
nectar, then adjusted their movements accordingly. on€ would also lik€
to know, however, whether pararitic infections also play€d r role in the
food-type decisions; ifso, then the population might be mor€ proitably
viewed as comprising het€rogeneous groups of infected and uninfected
individuals with different behaviors.

From theplant! pointofviewitiscl€ar that th€ adoption ofpoll€n- or
nectar-collecting behavior by a vhitor can gready change the fitness value
of rhat visitor io the host-plant (cal€n & Plowright r98s; shykoff &
Schmid-Hempel r99r; wilson & Thomson 1994.

Familiarigwirh individual plantcharacteristicr
Ignoring pollinator individuality crn lead not only to spurious corrcle-
tions, it cen hamper insight regarding the adaptive probl€ms that
animelsor plants ere "tryi ng" to solve. Xnowledgeofindividuals can le.xd
on€ to pos€ questions rhat would otherwise go unasked. ror example,
researcherc concerned with pollinators' responses to variarion in planr
phenogpes tend to assume that th€ plant's visitors are influenced only by
the cheracteristics, such as inflorescenc€ size, that the plant presents at
the moment Honever, the behavior ofbees that return frequently to par-
ticular plants might also be sensitive to qualiti€s that the plant d ispleyed
previously but no longer do€s. For example, .{ral,ir ,trfridd plants chante
sex from rnale to female phases s€veral times during a flowering s€ason.
when foral r€wards were manipulated in male-phase inflorescences
(rhomson 1e88), bumble bee visiration increas€d to the richer inflo.es-
cences. when all of the variable mal€-phase inflorescences were replaced
wirh uniform f€male ones, simulating rhe nrtural s€x change, th€ be€s
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pref€rentially visired female inflorccences thar were loc.ted wher€ th€
richer inales had b€en. This rcsult highlightedanambiguity in inrerpreF
ing selection on floral displays in terms of sex allocation th€oq,: n€crar
secreted by a flower in male phase can increase rhe visitaiion rare to rhar
flower in female phare. Should the cosr of producing that necrar b€ con-
sid€red a male or a female cost?

Even withoui special subdeties due to sex roles, early flowerc can
influence visitadon rares ro lrter flowers if pollinarors show "rrapline

holdover," as bumble bees sometimes do (Thomson 1988, 1996), This
effect could provide adapriv€ €xplanarions for some aspects of doral
biology, such as the teodency ofmany plan6 to burst into bloom wirh
meny Roweff, then to tap$ off flow€r produdioo. H€r€, rhe €arly
flowers may beneft the planr nor only through rheir own gametes bur
also by recruiting a fairhful s€t ofindividuxl pollinarors thar will con-
tinu€toselve the plant rhrough its blooming period (d. Thomson 1988).
without knowing the sire fideliry ofindividual pollinarorc, one c.nnor
fully interpr€t how pollinator-based selection mighr acr on inflorescenc€

Scent-marking.t fl owers
W€ hav€ long had indicetions rhat bumble bees scent-mark flowers anil
respond to those harks (e.9., Cameron 1981; Kato 1988: ScbmiE & Berrsch
r99o), but this evid€nce has not yet been well incoryorared inro th€ rhink-
ing of many who study foraging primarilt from an energeric poinr of
view. The energetic viewpoint has interprered bees'd€cisions ar flowers al
being driven mostly by d ire€t assessmenr ofrewards gained ar a blossom,
rather than indlect olfactory assessmenr of r€cent visirarion. This is
panly because th€ evidenc€ fof sc€nt marks has b€en mostly indire€t and
partly because th€ interpretation bas been somewhar confusing. Schmitt
& Bensch (r99o)r€vi€w the evid€nce up to that dar€ for bumble be€s and
honeybe€s; th€y indicrte that some chemicals d€posited on flowers may
serve as attractants that denote rewarding flowers, while others, probably
more volatile and shonlive4 mxy s€we as repellents that signal be€s not
to revisit flow€rs rhat have recently been draincd. SchmiF & Beftsch inref-
pret their results al strong €videnc€ for an artracranr role. Conversely,
ciurfa & Ndflez (1992) found evidence rhat marks recendy left by honey-
bee foragers act as repellenrs. More recendt coulson eaat (1998)hav€
repofted field evidence from bumble b€es for a rep€llent role,. finding
reinforced by exp€rimentalapplicarionof exrracrs from be€ tarsal glands
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to flowers (stout et di. 1998). To dat€, how€v€r, it is not cl€ar if b€es use
more than a single sc€nt to mark flow€rs, nor whether scent-merking is
an rcriv€ proc€ss (Chittka rt at 1999). tr is €qually possible that tersel
secrctions are used for adherenc€ of bec feet to floweff, and are us€d as
scent marks only as an €piphenomenon: bees might use th€ s€ent merk
es r€pellents if rh€ flow€rs ar€ known to refill slowly, and as attra€tant if
th€y remember the now€ts as h.ving high refill nres.

our goal in considering scent merks in this chapt€r is not to r€solve
controeersies but to show how en individualistic perspective can help
cleriq how these marks should be interprecd. If one adopts rn adapta-
tionist viewpoint of be€s as opdmel for.gers that s€arch widely for food'
scenr-narking is hard to understand. ofcours€, it is easy to se€ that a
shortliv€d repetl€nt mark might be useful inhelpingan individual avoid
revisiting floq,ers that it has just probed, but it is harder ro s€e how it
could be .daptiv€ to leave long-lived !ft.ctive marks on r€watding
flowers. It would s€€m to reguite somc special condiiions. First, th€re
must be an €xpectation that th€ b€e who does the marking will return in
tim€ to benefii from the mark. This condition is €!si! met ifbees use
small foraging areas. second, and more on€rous, th€ mark must be
exDected ro be ofnor b€nefit to th€ be€ who l€ft it than b otber bees thet
rniy also detect ir. lt will do an individual little good to flag a dch resource
if the pimart result is to help €ornpeting bees exploit that resourc€. This
paredox could be explained by kin s€lection if most of th€ visitors to a
plant werc sisters. In honeybees, which might combine scent-marking of
nowers with sik-specificdance information in the hiv€ (von Frisdr 1962),
this may som€tirnes be the cas€. In bumbl€ be€s, how€ver, these condi
tions probably do not appl). th€t lack a siresp€cific t€cruitment system
(Dornhaus & chittka 1999); workers range too far, workerc p€r colony are
too few, and colony d€nsities rr€ roo high (cumber 19s3i Harder 1986), for
sibling encounters to be frequent.

on rhe orher hand, ifa traplining individual is making r subst ntial
fracrion of rhe visits to a plant (Fig. ro.4, that bee mey reap enough
benefirs from attnctive scent marl{s m ofrset the possible adv.nrage given
to competitors. Som€ analogous mechanism might help explain a puz_
zlingobseNation by willians & Thomson (1998)in the r9e4 data men-
rion€d ebove. Mod€ling n€cat ptoduaion and removal with some simple
a$umptions, they estimat€d that lhc bees that visited the foral Plant
most often - i.e., tbe regular traplin€rs - gained more reward per plant
visi hah did the esual visitors that affiv€d l€ss often.Inr€rertinglt ihe
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trapliners achieved their edge not bt arriving at times wh€n the plant had
more reward overall, but rather by being better at selecing th€ flowers
that had not been visited recently by others. Positing scent cues does not
in itlelfdispel rhe puzzle, for the casual visitors presumably have a5 much
access to scent clr€s as the tiapl in€rs do. Conccivably, lhe trapliners simply
pay more attention to thes€ cu€s for som€ reason; xn interesting alteme-
tive is rhar bees can leave some private cues that ar€ nor acc€ssible ro
others. Individual-sp€cific trail nark are known in some speci€s ofantl
(Malchwitz rtdl 1986). tn laboratory resrs, scent marks left by bees on arri-
ficial flowers have also been showo to be more cfrcienr in repelling th€
individuel which left thern than other bees (ciurfa 1993), bur whcther this
effect holds up in rh€ 6eld remains to be shown. If it do€s, trapliners that
return at regular inrervals might be able to rnake the best use ofmark left
by themselves and those lefr by orher bees.

Probl€mr in neglccting interindividul v.ri|ncc: pollit|ator
3€nsory physiolosf

Many physiologists heve treated all vadsnce b€iween individuals as
noise, and €liminated it by averaging the tesponses from s€veral animals.
A typical example is a study by Peitsch et dl (1992), who rneasur€d the
color-receptor wavelength positions of sev€ral species of Hymenopiera.
They found rhat differences between species, although dight, exceeded
differences between individuals of the same species, and concluded that
variance between data from animals ofone species war entirely caused bI
measurement error. This may be coffecq however it would also be worth-
while to tak€ the possibility seriously tbat th€r€ mighrbe ndl(i.e., herit-
eble) varietion between individuals. whil€ such variation rnay b€ a
nuisance for the physiologist trying to €xtract smoorh tunctions from
noisy data, ir is a resource for the €volutionary biologist inrerest€d in pr€-
dicting how animrls will respond ro direcrional s€l€ction.

A more serious (and common) error in physiologic.l lsork is caus€d by
equating iotraindividuxl variance with interindividual variance. Many
authors regaided it is legitimat€ to take r€p€ated m€asur€menis from the
same individual animal, and rreat these as ifthey had taken independent
measur€ment! from different animels. In fact, numb€rs of individuals
t€sted are not even available in some behavioral or physiological studies
ofhoneyb€es; instead, only total numbers ofchoices or meaJurcments are
given. The resuli is thet the nurnbers ofobservetions, in such studies, is
often drastically inflated. It is trivial io mosl biologists thet one c:|nnoi
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obtain asampl€ siz€ oflso l€afdiameters by meesuring 3leav€s so times
over. Yet, this is precisely whet some physiologists do in their dau analy-
ses. This is especially dangerous when comparisons berween groups of
animels ar€ performed. For example, votobyev rt dl (1999) tested hon€y-
bees'abilirt to det€ct artifciel "flowers" of different colors on a gre€n
ba&ground. rhey used th€ total '| ofchoic€s (27o) es a basis for th€ con-
clusion rhat whit€ was more easily detectable than gra, but the number
ofindividuals tesred (which sbould heve been used for statistics) for whir€
flowerc was only threet clearly, within-individu.l b€hevior is noist and
therefore one n€€ds sev€ral data points froh each animal. Howeeer,
behavioral veriance across individuak can be large, pxnicularly in honey'
be€s whos€ exp€rience before and between expedm€nts is outside the
control ofthe experimenter. Thus, once each animal! behavior is quan_
tified (ifnecessary, with several tests), only a single data poinr p€r animal
may be used for compatison between groups of individuals (see, e.9.,
cbittle & Thomson r99z chittkaet al. 1197).

Because int€rindividual diferences were r€gerd€d as noise, many
authors pooled daie from individuals without testing for h€tercgeneity.
This can b€ hazardous. For example, schef€r & Kolb (1987) t€sted innat€
doral color preferences ofP,eat butterflies. Tbey found that colors both in
rhe blue and the red part of the specirum were preferred, and conjecmred
that a neuronal mechanhm summing up the responses from blue ard rcd
receptors mightdrive this behavior. This m€chanism is simple and ther+
fore attractive, but ther€ are alternative explanations. In essence, scherer
& (olb (1982) used average groap behavior to deduce the neuronal mecha-
nisrns implem€nred in idrvidrals. when only pooled data are presented,
it is equally possible thet group behavior is caused by some individuals
prderring r€d, oth€rs blu€. Ifthis were th€ case, no single bunerfly would
use summed inputs from two receptors to s€erch for flowers.
Funhermore, pooling the data masks possible sequence effecB. say, for
example, thetbu$erfli€s tend to visit blue 6rst (bypassing rcd flowers),
then red (bypassing the blue fowers it has already found unrewarding[
such a pattern would elso sugget r different model ofneuronal control.

R€comm€nd.aton.

Pollination biologists ought to consid€r tbe ways in which pollinator
individualiry may afect rh€ir int€rpr€tetions ofboth poUinator behavior
and pollinator-driven selection on plants. In addition to documenting
variation among pollinatorc in charackristics such as constancy and thc
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mode and t€mpo of working flowers, future studies should conc€ntrate
firsr on how these tr.iis covrry across individuxls, end second on how the
varietion and covariaaion change as individuals gein experience.

For any interpretetion ofhow pollinators respond to v.riation among
plants, and thereby exert s€lection pressure, it is imponant to know
wherher individual pollinators show site fidelity or traplining behavior.
Th is is particularly important wirh resp€ci to scent-marking behavior. In
pxrticular, we need to go beyond eyisting studies, which show only that
rome individuals n pline in some situations. w€ need to know wh€th€r
this behavior is typicel, xnd we need to know what circumstances

In ouropinion, an int€resting unanswer€d question in pollinator for-
aging ecologji is, "How do individualanimalschoose foraging areas?" For
€xample, do they pref€rentially forage in areas with rich spatial detail, so
as to facilitate memorizrtion ofparticularly rewarding patches (coh€n &
Keasar 2ooo); Do€s spatixl memory develop "pxsively''as animals move
between flowers bxed on simple foragingrules, ordo animah first estab-
lish r 'cognirive map" of rheir home rangewithin which th€y then place
the coordinat€s of profiuble foraging sit€s (Menzel, this volume)l
H€inrich (1929, p. fl4)states that "Young bees wand€r about a great deal
b€for€ settling down," but w€ know littl€ about ho\t their exp€riences
whil€ w.ndering rff€ct their uhimare de€isions to settle. we also do not
know if the waodering phxe simply s€rv€s searching for the most
rewerding flon€rs, or whether pollinatots "deliberately" visit many dif_
fer€nt flow€r typ€s to extract more complex foraging rul€s, includin& for
example, cat€gorization of food types, or optimal decision rul€s for when
to leave floral patches. Perhaps b€es whose early exp€riences have f.vor€d
flower-constant behavior will pref€t€ntially choos€ foraging ar€as with
monospecific strnds of flowers that make it easy to be constant,
R€lationships of this sort would necessarily color our mechanistic inter-
pretations of behxvioral patt€rns, yet we t€nd to ignore them. Focusing
on flower visitors rs individuals - wirh individual histori€s oflearnine
about rhe world - can be a useful corrective.

Alloway TM he72) Ret€ntion of lsroin8 throush ncranorphosis in th€ grdn b.etl.
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