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Foraging dynamics of bumble bees:
correlates of movements within and between
plant species
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What rules determine whether bumble bees continue exploiting plants of the species just visited or switch to another spocies?
To tackle this question, we recorded handling fimes and fight times from bees foraging in a natural meadow containing fhve
plant species. Inter- and intra-specific plant distances were quantified. The bee-subjective colors of the five species were deter-
mined; two of these species had similar colors and siructures, while three species were distinct from all others. The following
rules were identified: (1) The decision 1o switch species was correlated with previous flower handling time, which we assume is
a function of the reward amount received at the Hlower. After short handling times, the probability of switching to another
species increased, whereas it decreased after long nandling times. This difference became even greater if the bee had had a
run of several short or several long handling times. (2) Constant flights (those hetween flowers of the same species) and
transition flights {those between flowers of different species) followed stereotyped temporal paterns independent of the dis-
tances between flowers. Constant flights within five plant species consistently had median durations of abows 2 seconds, whereas
median transition times between species took 56 seconds. (3) This temporal rule broke down, however, il the Howers of two

species had similar eolors, in which case transition flights had equal dynamics as consant flights. {4) Bees switched more
frequently from rare than from common species but even more frequently between similar species. We conclude that the hees”
choices were determined by a set of rules that guided them to siay with the curremt plant species as long as flowers were
rewarding and available within close distance but to switch w another species if Howers offered low rewards or were not
encountered at close range. Key words bumble hees, Bombus, flower color, flower constancy, foraging, pollination ecology,

switching. [Behav Ecol 8:239-249 (1997)]

Foruging bees have o make economic choices among a
multitude of difterent flower species with different sig-
nals and rewards (Giurfa et al., 1995; Greggers and Menzel,
1955 Waddington and Heinrich, 1981; Waser, 1983). The
principles by which bees forage among plants of a single spe-
cies have been the subjects of numerous studies. A well-estab-
lished rule is, for example, that bees leave patches or individ-
ual plants and tend 1w fly longer distances when several of the
previous rewards were low {Dukas and Real, 1993; Giurfa and
Nifiez, 1992; Pyke, 1978; Thomson et al., 1982 Zimmerman,
1983). Bumble bees, however, often visit several distinet flower
types during single foraging flights (Benneu, 1883; Clements
and Long, 1923; Grant, 1950; Waser, 1986}, Bees” decisions 1o
stay constant on cheir current plant species or switch tw an-
other are not well understood.

According to Heinrich (1979}, visitation of ditterent flower
species can be categorized into two types: majoring (systematic
exploitation of flowers of only a single type) and minoring
{exploratory visits 1o cther tvpes). A minor can become a ma-
jor when the bee finds it flowers more rewarding than is
current specialty. However, bumble bees are often observed
to forage systematically from flowers of several species during
single bouts (Bennett, 1883; Free, 1970; Grant, 1950; Thom-
son, 1981; Waddington, 1983), and so the majoring-minoring
dichotomy cannot fully explain how bees make choices in a
mixed floral array.

Laboratory studies using artificial Hiowers have primarily in-
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vestigated the overall distribution of choices hetween targets
of different color (e.g.. Chittka et al., 1992; Waser, 1986), or
different nectar amounts and variances (eg.. Banschbach and
Waddington 1994; Heinrich, 1976; Real, 1991; Thomson et al,,
1958%), but not the question of what induces a switch between
floral types, Onlv a few studies have analyzed the sequential
dynamics of choices made by bees foraging from mixed food-
source types (e.g., Greggers and Menzel, 19893), although the
impartance of considering visitation scquences in addition to
frequencies was recognized long ago (cg. Waddingon,
T9E3).

Here we relate a realtime sequemial analysis of bees’
choices to the spatial distribution of five plant species on
which the bees forage. We ask which events along a foraging
bout trigger a transition from one species to another, and
under which circumsiances bees stay flower constant. In de-
wil, we attempt 1o answer the following questions:

1. Does recent foraging history, as assessed by measuring
flower handling times {which possibly is a function of the nec-
tar amount in the fowers) correlate with the frequency of
fransitions between species? In other words, is a transition
from one species to another more likely after the bee has
encountered one or several flowers with low rewards on its
current specialty?

2, Is travel time between Howers relawed o the probability
of leaving rthe plant species on which the bees currently collect
fond? Foraging pigeons, for example, become less selective
the longer they spend searching for potential food sources.
As travel time increases, the birds are more likely (w0 accept a
less-preferred prey type (Fantino and Abarca, 1985). This
miakes sense because a forager that spends excessive time in
searching for a food tpe that has become less available or
more difficult 1o locate will waste energy and time, Another



240

reason why travel time mighe be positively correlated with
transition probability is mechanistic. There may be interfer-
ence effects when different foraging tasks are executed at
short time intervals (Greggers and Menzel, 1993; Menzel,
1979), which may favor nar swirching to another plant species
when it is encountered at close range. Are bees more likely
to switch between plant species when tavel times between
potential food sources are increased?

3. What is the role of the similarity between floral signals
in, relation to transition frequency and wavel tme (Waser,
1986)? This question is tied into the above o, because all
rules predicting a transition between plant specics may break
down if two species are indistinguishahle and may apply only
partially when species are distinguishable but similar, A for-
ager that has decided to leave its current specialty becanse of
low yields will not switch to a species that appears indistin-
guishable from that specialty. If a bee searching for another
flower of the species just visited encounters a flower of a dif-
terent, but indistinguishable species, it should be ready to ae-
cept this flower even in a short time window after the last visie
Thus, questions | and 2 cannat be answered without taking
into account the bee-subjective similarity of the flowers of the
§pecies in question.

4. Finally, we ask how the foraging rules established in an
anempt o answer questions 1-3 influence transition frequen-
cies in relation (o Mower density and similarity, which we hope
will ultimately allow us to extrapolate from those rules w im-
plications for plant reproductive success.

METHODS

A meadow was selected with five plant species in bloom in a
nature reserve near Berlin (Naturschutzgebiet Lange Damm-
wiesen, Strausberg, Brandenburg, Germany). The species
were Lofus corniculadus L., Lathprus pratensis L., Vida oacen
L., Fabaccae; Cirsium oferacenm (1.) Seop., Asteraceae, and
Lythrum salicaria 1., Lythracaceae. Viga, Lotus, and Lathyrus
have sygomorphic flowers of relatively low complexity; all of
them are fabaceous and theretore similar in handling. Zyth-
rum has radially symmetric open flowers presented vertically
on an elongated inflorescence. Cirsium is a long-tubed thistle
whose inflorescence faces upward.

We chose an area of 8 m ¥ 20 m within which the distri-
butions of inflorescences of all five species appeared muxi-
mally homogeneous, All observations of bumble bee choices
were made within this plot, which contained 777 inflores
cences (henceforth “Mowers™) of Vidia, 642 of Loms, 25% of
Lathyrus, 153 of Cirsium and 120 of Lythrum.

Four species of bumble bees foraged in the meadow: Bom-
bus pascusrum, B, veteranus, B, terrestris, and B. Inapidarius.
Observers recorded the choices of individual bees on tape by
announcing (a) the species of 3 Aower at the moment a bee
landed on it, and (b} the moment of departure from this
flower. The tapes thus contained the sequence of flower
cholces, the flight times between all Nlowers, and the tme
spent on each flower. Choice recordings were stopped when
a bee left the 8 m % 20 m plot or was lost by the experimenter.
All data were recorded during five days in July 1993 between
1M and 1400 h. During 11 hours of choice sequences re-
corded during this period, a wial of 4464 visits o Nowers (and
flight times between these) was accumulated (5. Prascrorien
2368 visits; B. veteranus 1122; B. tervestris 107, and B. lapidar-
fus BET).

Does the reward sequence influence transition frequencies?

It is likely that the reward sequence influences the bee's de-
cision to stay constant on one species or to switch w another,
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To test this possibility, we used the handling time as an indi-
rect measure of the reward received at an individual flower.,
The rationale is that cxiracting a larger amount of neciar
takes a longer time (see Discussion for references and cave-
arg).

Handling tmes as well as interflower distances and flight
times, here (Figure 5) as clsewhere (e.g., Brown and Clegg,
1084; Kunxe, 199%; Levin and Kerster, 1969) arc skewed 1o-
ward longer values; thus the median, rather than the mean,
will be used as a measure of descriptive statistics, Handling
times differed surongly among plant specics, with medians (N
of observations) as follows: Cirsium 9.4 (288), Lythrum 5.9
(578), Vida 4.1 (2205), Loius 3.5 (880), and Lathyrus 2.7
(512} seconds. They also differed widely among individual
bees. For example, one individual of Bombus pascuorun had
a median hundling time of 7.5 seconds (& = 30} on Vicia,
while another individual of the same species took a median
of 2.2 seconds (n = 34). Thus, 1o test whether handling times
could be pooled across bees, we used the Kruskal-Wallis west
{Sachs, 1484: 238). Twenty tests were performed (i.e., for all
four species of bumble bees and all Five species of plants}.
Handling times differed significandy {# < .05) berween indi-
viduals in 11 of these 20 tests. An overall p value was then
determined using Fisher's test for combining probabilities (p
< .001; Sokal and Rohli, 1981: 780). To cope with this het-
erogeneity, handling times were related 1o each individual
hee’s median handling time on the plant species in question.
To this end we evalvated an individual bee's handling time
on a single Mlower relative o the distribution of all that bee's
handling times on the flower species, not relative w the dis-
tribution of handling times of all bees on that species, Cmly
bees that had visited a given flower species at least five dmes
were included in the analysis of handling times. Medians, low-
cr and upper quartiles of the handling time distributions were
determined for each individual bee. This procedure was re-
peated for each flower species visited by that bee, Subsequent-
Iy, the following guantities were determined: s, number of
times a handling time befow the median (lower guartile) were
followed by a wansition; m, number of times such handling
times were followed by a constant flight; p, number of tmes
a handling time abore the median (upper quartile) were fol-
lowed by a wansition; g, number of times such handling times
were followed by a constant flight.

The probability that a bee switches after a short (< median)
bandling time is defined as n / {n+m), whereas the proba-
hility that it switches afier a long (> median) handling time
is p/ (prg). To test whether the wo pairs of values were
significantly different, n and m vs. p and g were evaluated by
means of the chisquared goodnessol-fin test (Sachs, 1984:
251). To determine whether only extremely long o short han-
dling times were likely o result in increased or reduced prob-
abilities of switching species, the same procedure was repeat-
ed. taking into account only handling times that fell above
the upper or below the lower quartile of cach individual bee's
handling times. We also tested whether the transition proba-
bility mighu significantly change after two or three consecu-
tvely visited flowers above or below the individual medians
tupper or lower quartiles),

Can flight times be predicted from interflower distances, or
by a choice rule applied by the bees?

We examined whether the flight time distributions for the 25
pussible flower combinations differed significantly among bee
species. Each species was tested against all other species by
means of the Mann-Whitney 7 test. There were six pairwise
bumble bee species comparisons for 25 plant combinations, a
total of 6 % 25 = 150 tests. Fifiy-one of these possible com-
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binations could not be tested because bees of one or both
species compared never moved between Howers of two species
in question in the direction required, This means that Y tests
were performed. Fisher's combined probability value for these
tests is fr = 426 (n.s.); thus, we pooled the flight time distri-
butions for the four bumble bee species.

We then tested whether flight time distributions bemween
all flower specics can be pooled across individual bees. We
started by testing individuals of each bumble bee species by
means of the Kruskal-Wallis test. All 25 possible combinations
of the five plant species were tested. An overall probakulity
value was determined using Fisher's test for combining prob-
abilities (p = .325, n.s.). We thus conclude that the flight time
distributions may be pooled within species,

The distances between Nowers of all pairs of species must
be quantified to interpret the flight times of bees between
these species, The species from which distances (or flight
times) were measured is termed the reference species. The spe-
cies to which distances (or flight times) were measured is
called the target speaes. To quantify distances, a flower of the
reference species was randomly selected out of the meadow. The
distance to the nearest flower of the same species was deter-
mined, as was the distance to the nearest flower of another
speries. In some cases, only the distance to the nearest flower
of a different species was determined. This procedure was re-
peated several times for each paiv of species (see Figure Zu
for numbers of measurements). Note that the distance distri-
butions are not necessarily reciprocal for a given pair of spe-
cies; for example, distances from the most common species
t the least common species may be greater than those in the
appusite direction. Hence, distances were measured from ev-
cry reference spectes 10 every largel species.

For each refersnce species, we compared the flight tme dis-
tributions of constant fights and wansition flights that origi-
nated an this species, using the Mann-Whimey {/test. We then
asked whether the flight times observed could be predicted
from the interflower distances as measured (which would be
the null expectation predicted from random movements), or
whether an additional cheice rule applied by the bees is nec-
essary to cxplain the flight times of the bees. Specifically, we
asked if bees generally spend a set time searching for Howers
of the species just visited, before their readiness to accept flow-
ers of a different spocies increases.

What are the effecis of fower signal similarity and density
on transition times and frequencies?

To assess the similarity of flower signals and its effects on bee
MOVEMEnts, it is necessary o quantify the bee-subjective propr
erties of these signals. For this purpose, the reflectance spec-
tra of the five plant species were measured by means of &
photodiode-array-spectrophotometer (for details, see Chittka
and Menzel, 1992, The formulas for converting flower spectral
reflectance into bee-subjective colors can be found in that pa-
per as well), The specural sensitivity curves of Bombus rrrestns
as electrophysiologically determined by Peirsch et al. (1992)
were nsed to calculate color loci. It is appropriate io use these
functions to predict color appearance for the other Bombus
specics, since photreceptor spectral sensitivity is conservatve
in the Apoidea (Chittka, 1996).

We looked specifically for pairs of tlowers tha differed
strongly in their similarity. We then asked whether transiuon
times between more similar species differed from those be-
tween plants whose signals are clearly distinguishable. Finally,
we asked whether transitions were more frequent between
similar species and whether transition frequencies also de-
pended on the relative densities of the five specics present in
the array.

241

RESULTS

Handling times are negatively correlated with transition
frequencies

No significant differences were found between the transition
probabilities following flower handling times that fell above
or below the individual bee's median handling time of thas
flower species (p => 0.1 for all plant species), nor even after
two or three consecitive visis with handling vimes all above
or below the median (p > 5 for all plant species).

The wansition probabilities for 1-3 consecutively visited
flowers of each of the extreme categorics (Le., below the in-
dividual bee's lower quartle of handling times for that plani
species, or above the upper quartile) are given in Figure 1.
The wansition probabihty increased with the number of pre-
viously visited Hlowers whose handling times fell below the low-
er quartile and decreased with the number of previously vis-
ited] [lowers with handling dmes above the upper quartile. In
Lythrwm and Cirsiwm, the difference was significant when the
previous visit only was evaluated. In Viga and Lofus, the dil-
ference became significant after two consecutively visited tlow-
ers of these handling ume categories (Figure 1). The devia-
tion became even stromger al three consecutively visited flow-
ers in most species; however, since the number of cases 1o be
evaluated declines rapidly as one proceeds to Ionger sequenc-
s, this difference was no longer significant. In summary, ¢x-
tremely short handling times were associated with a higher
probahility 1o switch species, while this probability became
progressively lower with increasing numbers of consecutively
visited flowers with exiremely long handling times.

Tramsitions between species are longer than constant flights,
independently of the spatial distribution of flowers

With very few exceptions, ransitions were significantly longer
than constant flights (Figure 2b). Since plants are often patch-
ily distributed, this result may be an artifact generated by the
fact that distanees hetween flowers of the same specics are
usually smaller than those 10 flowers of any other species. To
exclude this possibility, il must be demonstrated that, at least
for some species, heterospecific distances are not longer than
distances between plants of the same species. If there are such
pairs of species, and if uansitions berween such species are
still longer than constant flights within each species, we can
assiume that Hight times are notsimply a function of distances
bemween plant species. To this end, descriptive statistics of dis-
tance distributions of nearest neighbors between all pairs of
species can be compared with flight times berween these spe-
cies in Figure 2,

We started by inspecting flights originating on {and dis-
tances measured from) the most common species, Vide and
Lotus. Heterosperific distances from these two species o all
others were significanty longer than those from Vida w Viaa
or from Letus to Lotus. Correspondingly, as one might expect,
flights from Vicia w0 all other species wok significantly longer
than those from Vicia 1o Virda (Figure 2b). The same was the
case for Lotus (with the exception of flights from Latus 1o the
similar Lathyrus; see subsequent section). Clearly, for Viga
and Lorus, the observation that wwansitions wok Jonger than
constant flights can simply be explained by the distances be-
tween plants.

Does this also apply in the rare species, Cirsfum and Lyth-
sum In both of these, distances 1o all other specics were
significantly longer than inwaspecific distances. Thus, here
are two inleresting cases where we would expect equal nmes
fior comstant and transition flights, if flight dmes were a simple
function of distances. They were not; all the transition Hmne
distributions originating on Cisiers and Lythrum were signif
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The probability of leaving a plant species bs relared to the handling times of the last visited flowers. The continuous line denotes the
transition probability after 1-3 consecutively visited Nowers with exiremely shon handling times (those that fell below the lower quartile of
the handling time distributions of each individual bee for that plant species). The probability was devermined as the number of cases a
switch occurred after short handling times, divided by the total number of such handling times. Mumbers of observations are given next 1o
cach data point. In the lower right graph ( Cirsinm), for example, the uppermost paint indiczies the following: there were two cases in which
a bumhble bee had a run of 3 consecutive visis 10 Cirsium with handling fimes that all were shorier than that bee's lower quartile of all its
handling times on Cirsiwm. In one of these wo cases, this run was followed by a switch to another species; hence, the wansition probability is
-3. The dashed line indicates the wansivon probabilicy alier 1-3 flawers with cxtremely loog handling dmes {ahove the tower quartile of cach
hee), caleulated in the sune fashion, Asterisks indieate signiticance differences between the two curves (e 05 e DL ey < (0T,
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Descriptive statistics for the distance disriburions (Figure 2a) and flight tme distributions (Figure 2h) for all 25 pairs of plant species. The
vefireice specizs {from which distances are measured, o from which bee flights originate) is given abine each of the fve verdcal sections of
the graphs. The target species (fa which distances are measured, or where hee tlights terminate) are listed below Figure 2b, followed by the
Aumber af observitions of flight times. Species are sorved from left 1o gt in the order of their densities, Mumbers of distance
memsurements are gien below Figure 2a Squares indicate medians, whishers denote upper and bower quartiles. For cach reference sprcies,
distance distributions within the refermer species (left in each of the five section, black squares for medians) are compared with distances o
the four other target species (white squares for medians) by the Mann-Whitney I7tesn (Figure 2a). The same comparisons are performed for
the Hight time disributons. Asterisks indicate significant differences (see legend Figure 1.

icantly longer than the constant flights (Figure 2b, Figure 5a).
Thus, the flight time distributions cannot simply be explained
by the spacing of nearestneighbor flowers for the wo rare
ﬁlﬂ]fﬂ.

This picture is confirmed when one looks at the species that
grew at an intermediate density (Lathyned). The distances to
lesscommon species | Girstum, Lythrum) were significandy
longer than to other Lathyris flowers, whereas distances 1o
more common specics { Vica, Loius) were not. However, with
the exception of flights from Lathyrus to the most similar spe-
cies {Faotus, see subsequent section), olf transitions were sig-
nificantly longer than the constant flights starting from Lath-
jres (Figure 2b, Figure 5b) In summary, there were several

cases where interspecifie distances were not significantly lon-
ger than intraspecific anes, Mevertheless, transition times were
longer than constant flights, and thus Hight times do not ap-
pear 1o be a simple function of flight distance.

To test whether there was an overall covcelation between
distances and flight times for all pairs of species, we plotted
the median Hight times over the median distances for all 25
combinations of plant species (Figure 3). The correlation was
not significant (r, = 28% n = 25 p = .159). Some of the
distance measurements are supported by only very few data
points (Figure 2a). We thus recalculated the correlation for
those data points, which were supported by more than 10 dis-
tnce measurements. Again, the correlation was not signih-
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cant (r, = 0.419; = = 16 p = 106). Since bees might only fly
1o flowers of a given species when these are close o a partic-
ular starting point, they might predominanty ily distances at
the Jower margin of each distance distvibution, In this case,
the median distance might not be an appropriate measure
when distributions have identical medians, bot different vari-
anees and minima, Thus, we also caleulated the correlation
between median flight times and (a) the minimal distances of
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Figure 4

The color loci of the fve species plant present in the investigation
in the color hexagon (Chitka, 1992 Chitks e al., 19943, The
continuous curve denotes the specorum locus, in 19 o steps from
S0 o B4 nm. The bottom segment of the specirum locus
connccls the beci of 300 and 540 nm in ning mistures of the owo
Tights i ratios of 0.9:01; 0.8:0.2, e, (see Chittka, 1992, for details),
Distances in the color hexagon are correlated with color differences
s pereeived by a bee.

MEDIAN DISTANCE (CM)

ecach combination of plant species and (b} the lower quartile
of the distunce distributions. Again, we used only the 16 sets
of distance measurement supported by n > 10, Buth corre-
lations were not significant (a:», = 38& p = 021, b r, = 419;
# = 0.106).

Rather than being correlated with median distances, me-
dian flight times fell into wo distinet clusters along the time
axis (Figure 3}, those generated by constant Mights (about 2
sec) and those produced by transitions {about 5 sec). The
former cluster, however, also contains two heterospecific fhght
time medians that belong to the species with similar signals,
i.c., Lotus and Lathyrus (see subsequent section).

In conclusion, assuming that our samples of iner-flower dis-
tances yield unbiased estimates of the distances encountered
by the bees (see Discussion for potential problems), the wem-
poral dynamics of flights herween the plant species in our
studly cannol be E'thiﬂt:ﬂ v the sp;l‘l‘_'[,.jl arvangement of flow-
ers in a straighiforward way. Constant flights and wansitions
follow stereotyped temporal patterns clearly distinguishable
from one another. Thus we conjecture that flight dynamics
are actually governed by a fixed choice rule of the bees rather
than by the spatial distribution of flowers directly. Using such
a rule, bees might choose to stay faithful w0 the species just
visited whenever a novel flower of that specics is encountered
in the immediate time interval after the last visit, On the other
hand, they might swirch preferably when Aowers of the same
species have not been encountered for more than 3 sec of
flight.

Flower signal similarity affects the dymamics of transitions
between species

The flower eolors of the five species wsted here are depicted
in a hexagonal space that indicates how a bee will perceive
color (Figure 4). Lotus and Lathyrus have bee green colors
that lic extremely close 1o cach other in this color space. Ad-
didonally, their sizes and shapes are practically identical. The
experimenters, who had (o identify the plants quickly when
recording insect choices, were only able to el these two spe-
cies apart by their leaves and the presence of tendrils an Lath-
yrus only. Visually, they should be hardly distinguishable for a
bee. All other species are distinct in both color and shape.
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Frequency distrilutions of representative flight tme distributions for Nower constant Aights (continuous lines) and wransivons (dashed lines),
given as percentages caleulated for cach 1 interval. Numbers behind speries abhreviations indicate how many flights were evaluated.
Abbreviations indicate the two species that were connected by the respective fights, Each transition ume distributon is compared with the
constant flight tmes that criginale on the same reference spedes by the Mann-Whitney L7 uest; asterisks indicate signiticant differences.

Cirsium is bee blue-green, Vicia is hee blue, and Lyihrum is

“blue (color terminology, see Chittka et al., 198%4). Are
these similarities apparent in the flight time distributions?

Of the 25 combinations tested, there were only two excep-
tioms o the rule that constant flights took shorter times than
mansitions. These were (1) the {lights from Lotws v Lathyrus
{whose distributon forms an almost perfect mateh with thac
of the Lotus to Lotus flights, Figure 5¢) and (2) the flights
from Lathyrus w Lotus {which matches the Lathyrics to Lath-
yrus flights equally well, Figure 5d). This is remarkable since
these are the only two species that are similar in color and
pattern. Is it possible, then, that bees treated flowers of both
species a3 members of a single one? To examine this possibil-
ity, it is necessary w test whether the dynamics of flight be-
vween and within these two species might simply be a funcrion
of their distance distributions.

This may indeed be true in one of the cases. Distances from
Lalhyrus wo Lotus were, in fact, not longer than intraspecific
distance among Lathyrus Howers {Figure 2a). Corresponding-
Iy, the flight times among Lathyrus tlowers and those from
Lathyrus w Lotus were statistically indistingushable. Note,
however, that this was the enfy pair of species where transitions

from a rare to a common species did net ake longer than
comstant tights within the rare species, as one would expect
from the distance disiributions,

We then asked whether bees switching from Lathyrusto a
more commoen species gencrally exhibited this pantern. To
this end, we evaluated the flights from Lathyrus to Viaa. Dis-
mances from Lathyris o Vieda were not statistically different
from intr.isp:::'iﬁl: distances between Lalhyrus flowers, atel so
the situation is directly comparable w the Latfprus to Fatus
transitions above. We would expect no dilference between the
ﬂight times for the two Pﬂirs of s.pcr.i-r:s, if these times were
simply a function of distance. However, this expectation is not
met; transitions o Vicie were signiticantly longer than for
flights hetween Lathyrus Howers {Figure 2b, 5b). Thus, the
difference between the vansifions orviginating on  Lathyrues
and ending on either Vica or Lofus can be likely explained
by the observation that Fotws matches Fathyrus in signal,
whereas Vieia does not. Turning to Lofus as a reference speaes,
the flight tme distributions are evén more surprising. As pre-
dicted from the distances (Figure 2a) all tansitions starting
on flowers of this species should be longer than the constant
tlighis. However, this was not the case for the LofusLathyrus
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flights, which showed the same dynamies as the constant
Hights lrom Lotus (Figure 5c).

Thus, in the case of Latus and Lathyrus, the general rule
that wansitions between different species took Jonger than
constant flights did not apply. Since this observation could not
be related to the spatial arrangement of flowers, we conjecs
ture that it is based on the strong similarity of the two specics,
Because of this similarity, bees were more prone to switch be-
tween these two species in the first few seconds of a Dight
than o switch to a species with well-distinguishable signals,

Flower similarity and density together influence transition
frequencies

Bumble bees switched between species frequently, on average
vight times per minute or 18 times per 100 Qower visits. How-
ever, from every reference plant species {cxcept Lathyrus),
the trequency of constant flights was significanidy higher (for
all species x* > 40: df = 1; p < 001) than the frequency of
tangitions between species {Figure 6). This was true for the
more common species Vide (B6% constant flighes) and Letus
(69% constant flights) as well as for the locally rare species
Cirstum (T8% constant flights) and Lythrem (71% constant
flighrs}. This result may be produced by the fact that flowers
of each species are aggregated in space, although in Cersium
and Lyifrum, Nowers of other species are generally wailable
at equal distanee as conspecific flowers (Figure 2a). The pres-
ent data do not allow us Lo test dgorouwsly whether bees are
actually more constant than would be expected by the spatial
arrangement of plants, but they do permit us 1o test whether
transition Irequencies are influenced by relative flower density
and similarity. The null expectation is that switches from less
COTIIN (1] Sp-{‘ﬁrs O IMOTE COITIIGE sp-ecives ale monre fn;qu{'.nt
than vice versa. To test this possibility, we compared the num-
bers of constant and wansition flights that originawed on Vicia
with the numbers of constant and transition flights thar scare-
ed on Lythrum.

The frequency of ransitions relative 1o constant flights was
sigmificantly higher when these flights originated on the less
commaon species (Lythrum) than when bees came from a
more common species (Viaa); x2 = 78, df = 1, # <2 001,
The same is rue il one compares Viede and the second least
commaon species, Cirsiem (x2 = 14, df = 1, p < 001). Thus,
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bees did indeed switch more frequently between species when
their flights originated on rare species than when they started
oft a commaon species. This result fits the null expectation;
these transition frequencies might be explainable by random
THOVEments.

This relationship becomes less clear if one looks at Lotus
and Lathyrus. Likewise, one would expect a higher frequency
of transitions o the most common species, Vicde and a low
frequency of flights to the less common species. Indeed, the
percentage of wansitions w Vicie from these two plant species
{105 of all flights from Lofue 16% from Lathyrees) was higher
than to Cirsium (1% from Lotes 1% from Lathyrus) or Lyth-
rum (4% from Lotus; 3% from Lathyrus; Figure 6). Again, this
nbservation Tﬂllght b uxplaim:rl b}-‘ random movements, How-
cver, transitions from Lathyrus to the most similar species, Lo-
fus (30%) were cven more frequent than those to Vicia
(16%), even though Vicia was the more commaon species. The
same was the case for Lotws (o Lathyrus 16%; 1o Vieg 10% ).
These differences were significant when tested against ran-
dom (LatusVida vs. Lotus Lathyrur x2 = 7.1;dr = 1; P01
Lathyrus-Vidia vs. Latkyrus Lotus x2 = 10.6; df = 1; p < .005),
Maote that 3 test against random is conservative here because
the null expectation from the reladve densities of flowers i
that switches to the more common species are more frequent
than vice versa. Thus, the effect of flower similarity on wran-
sition Irequency was even greater than that of relative densi-
ties. The percentage of flower canstant flights originating on
Lesthyries {a species intermediate in density and similar o a
Pere COmmon species) was only 44% - the lowest of all plam
species in the present investigation. Constant Hights and tran-
sitions from Lathyrus were not significamly different from
random (32 = 0.04; df=1; p> 0L5).

In summary, while durations of mansitions between species
cannot be explained with the spadal arrangement of Mowers,
the frequency of transidons ¢an, at least where Aower signals
are clearly distinguishable, Switches from rare species are in-
deed more frequent than from common species. Moreover,
signal similarity stongly affects transition frequency. Transi-
tions o a similar species are even more frequent than to a
OTE COMITION Species.

DISCUSSION

I this study we present a real4ime sequential analysis of han-
dling times and flight durations in a mixed array of natural
flower species. The goal was to determine which events wigger
a transition ftom one species w another. The following com-
ponents of the bees' furaging bouts were investigated,

Handling times, flower rewards, and transition frequencies

We found that bees were more likely 1o leave & plant species
when the dme spent an the previous flowers was extremely
short. The reverse was found for sequences of visits with out-
standingly long handling tdmes. When other influences are
kept equal, handling tme is a correlate of the reward
{Bertsch, 1987, Greggers and Menzel, 1993 Kunze, 1945
Pyke, 1974; Schmid-Hempel, 1984; Taneyhill, 19494;). From
this perspective, the observed behavior makes sense, in that
bees leave a species when the last rewards indieate that Aowers
of this species are depleted in the immediate neighborhood;
thus it may be more favorable o switch to a different specics.
However, since handling Gme is potentially correlared with
several other parameters, it is eritical that these other influ-
ences be eliminated before correlation with nectar amount is
dliscussed.

(a} Handling dmes are a function of individual handling
skills (Laverty, 1980, 1994a). We eircumvented this difficulty
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by relating the handling times to the median handling time
of individual bees throughout their foraging bout. In theory,
it is also possible that handling skills improved during our
observation of a single bout. This is unlikely because learning
to handle Howers of relatively low complexity takes up anly a
small fraction of the bee’s lifetime. For E:-:amplt-. laverty
{19944} showed that the fime required by naive bees 1o reach
the handling efficiency of cxpenmced bees on flowers of Vi-
aa rrecra (one of the species used in our study) is Jess than
Bomin (B0 visits), which appears to be 2 negligible portion of
a bee's foraging career of several weeks. Hence, we consider
it unlikely that novices starting w forage in our meadow might
have distorted the data in a noticeable fashion. {b) Handling
times are different for different plant species, beoawse these
differ in morphological complexity and the way in which nec-
tar must be extracied {Laverty, 1%M4a; Schmid-Hempel, 1984;
Waser, 1983). This difficulty was overcome in our study by
evaluating the Inndhng rimes of each plant species 'ﬂ"‘P’JJ’d.l-El}’
(ch Finally, handling time can be an indicawor of cos, rather
than reward; for example, handling tmes mayhe increased
immediatcly after a transition bewween species (Heinrich,
1976; I_,,nn:rljl, 19%4b). This problem is not relevant in our
study, because we looked ar handling times before (not after)
Lransitions.

Thus, we assume that time spent on (lowers is indeed 2
correlate of the reward received. Fram this viewpoint, we con-
jecture that the decision w continue visiting Howers of the
s species or W switch is based on an estimanion of the
reward from the previausly visited flowers, This is not surpris-
ing, given that several studies have shown that bees assess the
reward levels of individual flowers relative to an expectation
for mean rewards at the species in queston, leave flower
patches and rend o fly longer distnces after encountering
several depleted flowers (Dukas and Real, 1893; Giurfa and
Nificz, 1992 Heinrich er al., 1977 Pyke, 197; Schmid-Hem-
pel, 1984; Tanevhill, 19484). Our findings are consistent with
those of Dukas and Beal {19932) and Taneyhill (1944} in that
more than a single previous visit is evaluared for comparison
with the average reward 10 be expected at the respeciive flow-
er species. However, 1o the best of our knowledge, this is the
first study that relates vansition frequencies in a mixed spe-
cies array to estimated reward levels.

The olserved behavior makes sense it nectar is patchily dis
wibuted in flowers of a given species (Pyke, 1978). Such dis-
tributions are reasonable, but have seldom been demaonstiar-
ed, except at very small spatial scales {Pleasamis and Zimmer-
mnan, 1979; Thomson et al., 1982; Waser and Mitchell, 19907,
If the Yast several rewards were low in a patch of Hlowers, the
probability is high that the next one is likewise low, If patch-
iness in tlower rewards is primarily determined by flower con-
slant nearest m::ghbor movements by pollinators, then flowers
of one species in a patch may have been recently depleted,
whereas those of another species still offér a high reward.
Thus, in a mixed species array, it may be adaptive 1 swirch
to another species rather than fly a large distance to another
patch, whose conditions may be equally unpredictable,

Flight titnes, distances between llowers, and a temporal rule
for switching species

Flights between Howers of different species take consistently
longer than those bemween Howers of the same species. Con-
stant flights peaked ar 1-2 5, whereas wansitions of all kinds
were most frequent at 4-5 s, Several observations suggest that
this difference cannot be explained simply by interflower dis-
tances. (a) The distances from {lowers of the low density spe-
cies o Nowers of another species were often not larger than
i flowers of the same species, (b) Flight times were pootly
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correlaied with nearese-neighbor distances between specics
{Figurc 3). Rather, flight times fell into two clusters, which
appeared to be independent of distance. Membership in the
clusters was determined by whether the Mights link pairs of
flowers of the same or of different species. (c) The velocity of
bumble bees fhying between flowers of a pach can be as low
as 35=-50 cm/s (Kunze and Chiodka, 1996), but even most of
the heterospecific distances between Howers were consider
ably below 30 cm (Figure 2a). Thus, 1t is unlikely that dis-
tances alone set the limit for the drasiically longer wansition
flights.

These analyses assume that our samples of inweeflower dis-
wnces yield unbiased estimates of the distribution of distances
actually experienced by foragers. This may not necessarily be
the case at each given point of a foraging uajectory. Ideally,
it would be desirable w know the bee’s options at each par-
ticular peint of a bout and w evaluate which option is chosen
among the available ones. In a natural flower array. this would
imply mapping the complete three-dimensional wrangement
of [lowers and monitoring the entire Aight rajectory of the
bee among individually labeled fowers. Since this s hardly
practicable in arrays with large numbers of Nowers, we chose
w compare median flight Gmes w the medians, lower guar-
tiles, and minima of nearest neighbor distance distributions.
While individual distances may certainly deviate from these
estimates, it is hard 1o see how this bias would produce a pat-
tern in which all median transition tmes are longer than me-
dian constant flights, with the two exceptions that involve the
s.p-c{;iuf,' whaose .t'.ignu.l:i are similar,

Thus, we conjecture that flight durations between species
are determined by a choice rule applied by foraging bees rath-
er than directly by distance, This rule might guide the becs
[y ITRENwE: pl'l;fcl".‘:"l'_-LHJI}' Ly ﬂ[l“'fl!- uf qu.li:ll hi.gl'li:ll 'IA'I'II:"I'I 1]'“'.'5!."
are encountered in the lirst fow scconds of flight bat favor
switching afier more than 3—4 seconds have passed without
finding another flower of the same species. A related strategy
has been deseribed in foraging pigeons, which become less
selective in their food gpe preference the longer they spend
raveling between potential food sources (Fantine and Abarca,
1985). This makes sense because a forager that persists in
searching for a [ood wpe that bas become less available will
waste precious time and energy. However, in bees foraging on
several species of flowers, the explanution is not guite so
straightforward. There is no reason 1o assume that the Hower
oype last visited is inplicidy the most preferable one, nor is it
nccessarily the ope most familiar 10 the bees, unless one, or
both, of the foliowing conditions are true: {a) there is a lim-
itation of memory which does not allow reieval of more re-
mote rmemories with equal ease as those for the previous visits,
or (b) rewards across species are so unpredictably distribuged
that it is generally preterable to stay with the current species
20 long as it vields accepable rewards. While our data do noe
allow us 1o distinguish berween these explanations, the follow-
ing studies on honey bees are of relevance o this problem.

Marden and Waddingron (1981) wsied becs in arrays ol
tquall'!.r n-.w;,u'ding yellow and blue artdficial Nowers. Tht"!r'
tound that when bees were given the choice between a vellow
and a bloe Hower equidistant from the current fower, they
predominanty chose a target with the same color as the one
Just visited. However, when distances were unequal, bees most-
Iy chose the nearest flower irrespective of color. While the
lawer is elearly advantageouws, the lormer finding is difficul
o understand by adaptive reasoning, When flowers are equal-
Iy vewarding, and Both types Familiar wo the tested bees, there
s no adaptive reason to move preferentially beween Mlowers
of equal color. Do these resulis mean that bees only remem-
ber the last food source that they have visited? No. Menzel o1
al. (1993) review several experiments to show that long-term
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memory capacity in bees is large and holds acourate records
of signals and reward probabilities over long periods of ume,
However. more relevant o the present discussion, Greggers
and Menzel (1993) showed that there may be shori-lerm in-
terferences when diffevent memories are rewrieved at short-
time intervals. Data on bumhble bees concerning such con-
straims are not available, but the above studies hint that, in
general, there may be limitations that favor executing equal
tasks (visiting flowers of the same species) repetitively, rather
than alernating randomly between familiar tasks.

Such a retrieval eonstraint is clearly maladaptive when flow-
er rewards are predictable and similar across species. To avoid
bypassing rewarding flowers, memories of familiar Aowers
should be available at any time (Waser, 1986), This limitation,
however, may possibly be wrned w advanage in nawral con-
ditions, where rewards are variable (Heintich, 1979, Kunze,
1995; Thamsen e al., 1982; Waser, 1988) and less prediciable
for the individual lforaging bee (Mangel, 19%0). In nature,
numbers of flowers are large compared w the experimental
arrays in the above smdies {Greggers and Menzel, 1993; Mar-
den and Waddingron, 1981}, and the foraging activities of oth-
er visitors make rewares 1o be expected at individual flowers
less reliable (Mangel, 1990; Waser and Mitchell, 19%0), Under
such conditions, it may be useful 1w apply a win-stay, lose-shift
strategy: stay with the current plant species as long as flowers
are rewarding and available within close distance; shift if flow-
ers offer low rewards or are not encountered at close range.
While our data are consistent with this interpretation, further
experiments are necessary 1o test this hypothesis rigorously.
Such experiments should contrel for the spatial arrangement
of tood source types, and possibly the timing of the onset of
the stimuli marking the next targets after each wvisit,

Effects of Aower density and signal similarity

Unsurprisingly, bees in our study switched more frequently
from the locally rare species than from common species. Tt
has been observed that pollinator constancy decreases as dis-
tances between planis increase {Brown and Clegg, 1984
Grant, 194%9; Levin and Anderson, 1970). Such behavior does
not require a rule applied by the bees; it would be expecied
even from a forager who moves randomly to nearest neighbor
plants.

More interestingly, however, bees are mare likely to leave a
species when encountering Howers of another species similar
in visual display signal. Most likely. this is a consequence of
the temparal Foraging rule discussed in the preceding section.
If it is rue that bees search predominantly for fowers of the
species just visited in the first few seconds of fight, then the
predicnion is thar flowers of other species are bypassed even
it they are available at equal (or possibly, closer) distnce. Cor-
respondingly, mansition frequencies are depressed in the first
few secands of cach flight, so long as visual signals are clearly
disringuishable. If, however, the searching bee encounters a
flower of a different species that closely matches the current
search image during the first few seconds, it may he more
ready 1o switch. As a resulr, bees would switch even more fre-
guently between similar species than to a more commaon spe-
cies found ar close distance. This is precisely the result found
in the present investigation. That flower similarity influences
transition frequencies between species has been suspecied e
fore (Brown and Clegg, 1984; Chittka and Menzel, 1992; Wad-
dington and Heinrich, 1981; Waser, 1986}, but is shawn here
for the first time in relaton to quantified, bee-subjective sim-
ilariry of flower color. For the set of planis used here, judg-
ments of color identity and discriminability would have pro-
duced similar resulis if human observers had assessed the re-
sults. Howewver, this was net predictahle. There are numersus
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pairs of plant species whose colors are indistinguishable for
humans but distinct for a bee, or plants that look identical o
a bee b distinet for humans {Chittka et al, 1994}, Thus,
biclogical color signals must be interpreted using an appro-
priate model of color perception for the receiver of these sig-
nals,

Plants obvicusly profit from pollinators that move predom-
inantly between flowers of the same species, because a direct-
ed and ctficient pollen wansfer will be facilitated (Darwin,
1876; Grant, 1949; Waser, 1986}, It has been comjectured that
species that bloom simultancously and sympatrically should
diverge in signal {Chittka and Menzel, 1992; Eevan, 1978;
Waser, 1983). It is interesting, then, w speculate about the
conditions under which divergence in signals will actually be
favored. In our sindy, the species with the lowest potential o
keep pollinators constant was Lathyris, a species that was in-
termediate in density and similar in color to a more common
species, Lors. Maximal constancy was exhibited by bees for
aging on Vida, which was the most common species and
whose signal was well-distinguishable from all other species in
the array. However, flowers blooming at low density may ac-
tually profit from having signals that converge on those of
other species. While this may be a poor straregy to keep pol-
linators constant, it may be a way to entice bees to switch 1o
a low-lensity species, which otherwise might not receive any
visita at all (Chintka, 1993; Feinsinger, 1983; Heinrich, 1976;
Ratheke, 198%; Thomsan, 19813,

Conclusion

This field study was conducted w idennfy the rules that de-
termine the sequence of choices of bees foraging among
pfants of different species, Some of the results confirm earlier
observations (ie., the dependence of transition frequency on
relative plant density; e.g., Grant, 1949); others had been an-
ticipated (i.¢., relationship of ransition frequency and signal
similarity; ¢.g., Waser, 1983}, For the first time, we show that
bees are more prone to switch species when rewards of their
current specialty are low, This result is attractive; however, we
measured handling time rather than reward jself. Thus, sven
though we have good reasons w believe that the two are cor-
related, tests in which rewards are conrolled are desirable,
The most intriguing result is at the same ime the one that
clearly needs further examination: the temporal choice rule
we have proposed here should be tested in laboratory setups
where timing and spacing of distingt signals are tghty con-
wolled. Data from such tests should allow a more precise iden-
tification of choice rules, their relationship to memory dynam-
ics, and the implications for plant reproductive success in re-
lation to spatial arrangement and similarity of plants.

This work wenld have been impossible without nuimerous simulating
discussions wath Tirs. B Menzel, |. Thomson, N, Waser, and an anon-
vinous referee. Additional comments of Drs. A Filop, P Kevan, D.
Taneyhill, and P. Wilson are gravefully appreciated.
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