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Abstract. This study examines the role of learning and memory in the butterfly Pieris rapae 
crucivora Boisduval during foraging for flowers. In an outdoor cage with 6 flower species, P. rapae 
showed various visiting patterns: some visited only one species, while others visited several species in a 
day. The foraging process for flowers of Erigeron annuus (L.) Pers. could be divided into two suc- 
cessive steps: (1) landing on the nectaring caputs, and (2) finding the source of  nectar in the caput. 
Butterflies learned to proceed through the two steps more efficiently with successive attempts: they 
gradually decreased landings on nectarless caputs and probings on the nectarless petals of ligulate 
flowers respectively. As a result, handling time per unit caputs became shorter, and apparent rewards 
per unit time, i.e. the efficiency of collecting nectar, increased. In addition, once learned, P. rapae 
could remember a rewarding flower color for 3 days, which was not interfered with by learning 
another flower color. This indicates that P. rapae keeps memory for a period longer than 3 days, and 
that they can remember at least two flower species as suitable flower resources. Furthermore, data 
indicated that they sometimes can apply the foraging skills obtained on other flower species to a novel 
one. These abilities could enable butterflies to easily switch flower species, or to enhance labile 
preference. It has been known that P. rapae also shows flower constancy, which may be due to 
memory constraints. Therefore, they may appropriately use two foraging tactics: visit consistency 
and labile preference, to get enough nectar according to their circumstances. 
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Introduction 

Efficient foraging in insects may result f rom constant visits 
to a single rewarding resource. This arises from memory 
and /o r  perceptual constraints under which insects may 
be unable to recognize or learn to handle more than one 
potentially rewarding species at a time (Waser 1983). In 
this case, insects will not switch flower species unless its 
reward is depleted and will not respond even when there 
are other rewarding species. On the other hand, there is 
evidence that insects switch readily between different 
species when relative rewards change (Heinrich 1976; 
1979). Waser(1986) termed this foraging pattern as labile 
preference, which requires insects to recognize and 
remember more than one species at a time, and to be able 
to compare rewards between species. 

Foraging patterns of  butterflies have been studied in 
particular f rom the point of  view of  flower constancy 
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(Lewis 1986; 1989; Goulson and Cory 1993). In the cabbage 
butterfly Pieris rapae (L.), the time required to locate the 
source of  nectar in a flower has been shown to decrease 
with successive attempts, suggesting that P. rapae learns to 
extract nectar more efficiently (Lewis 1986). In addition, 
the green-veined white butterfly P. napi (L.) constantly 
visits artificial flowers of  a single color after a conditioning 
period, suggesting that P. napi memorizes flower color in 
response to a rewarding resource (Goulson and Cory 
1993). Lewis (1986) also showed that learning to extract 
nectar f rom a second species interferes with the ability 
to extract nectar f rom the first, which implies that the 
butterflies only have a limited memory capacity and that 
relearning involves a cost in time, and that as a result, 
constancy may be efficient. 

These studies suggested that butterflies perform efficient 
foraging by visiting the same species constantly while learn- 
ing and memorizing, but they have only partly demon- 
strated flower constancy in butterflies. Moreover, the 
ability to readily switch flower species or to enhance 
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labile preference has not been studied. 
When a butterfly locates a flower and decides to explore 

it, it usually takes two steps to find the nectar: (1) land- 
ing on the rewarding flowers, and (2) finding the source of 
nectar in the flower. By passing through both steps effec- 
tively, butterflies will increase their foraging efficiency. 
However, it has not been examined whether butterflies can 
discriminate rewarding florets or caputs from rewardless 
ones of the same flower species at the first step. Neither 
has it been determined what kind of behavior should occur 
at the second step. In addition, it has not been directly 
examined whether butterflies increase their actual rewards 
by learning and memorizing. Furthermore, since butterflies 
often visit different flower species from that last visited 
(Lewis 1989), is there any special ability in butterflies to 
forage effectively with labile preference rather than with 
flower constancy? 

In this study, to answer these questions, we observed the 
flower visiting patterns of Pieris rapae crucivora Boisduval 
in an outdoor cage. Then we examined its foraging for 
Erigeron annuus (L.) Pers. which can be divided into two 
steps: landing on the flower, and finding the source of 
nectar on the flower. We also measured weight increase 
during foraging, to compare the feeding efficiency of naive 
and that of experienced butterflies. Finally, we in- 
vestigated the memory duration and the ability to 
remember more than one flower species. After that, we 
discuss the possible ability to readily switch flower species 
or to enhance labile preference, and that P. rapae may 
use two foraging tactics: visit consistency and labile 
preference, according to the level of flower resources. 

Pers., which had been kept in a cage with only E. annuus 
for a few days after emergence; (3) butterflies experi- 
enced with flowers other than E. annuus, which had been 
kept in a cage with either Oxalis martiana Zucc. or R. 
indica and which have floral structures different from that 
of E. annuus, for a few days after emergence. In order 
to encourage the butterflies to forage for flowers in the ex- 
periment, the latter two groups were kept without flowers 
for about two hours before the experiment. 

Flower visiting patterns 

To document the flower visiting patterns of each butterfly, 
12 newly emerged butterflies were introduced together into 
an outdoor cage with 6 species of nectaring flowers and left 
there from late April to late May in 1991. Time spent on 
each flower species by the butterflies was observed from 
10:00 to 13:00 almost every day except cloudy and rainy 

days. 
The nectaring plants were as follows; Erigeron 

phlTadelphicus L. (Philadelphia daisy) which was directly 
planted in the cage, and B. oleracea, R. sativus, B. 
campestris L. (rape), Taraxacum japonicum Koidz. 
(dandelion), and Astragalus sinicus L. (milk-vetch) which 
were potted and arranged randomly each day. The 
numbers of flowers differed among the species and 
changed gradually during the observation period. E. 
philadelphicus had 13-55 blooming caputs, B. oleracea 
1--4 inflorescences, R. sativus 4-21 inflorescences, B. 
campestris 0-36 inflorescences, T. japonicum 13-26 
caputs, and A. sinicus 30-51 inflorescences. 

Materials and methods  

This study was conducted in an outdoor cage 
(1.8x 1.8• 1.8m) in a field on the campus of Kyoto 
University. Some P. rapae butterflies were obtained from 
eggs, larvae and pupae collected in fields around Kyoto 
University, while others were obtained from eggs in the 
outdoor cage where P. rapae was maintained for many 
generations. The larvae were placed on fresh leaves of 
either Brassica oleracea L. (cabbage), Raphanus sativus L. 
(radish) or Rorippa indica (L.) Hieron. (yellow cress) in 
200 ml plastic cups. About 10 larvae were reared in each 
cup under natural temperature and day length in the 
laboratory. Immediately after emergence, the butterflies 
were numbered on the hindwings with an oil-soluble 
marker, and introduced into an outdoor cage. 

In some experiments, butterflies were divided into 3 
groups: (1) naive butterflies, which had been left in an out- 
door cage with no flowers for a few days after emergence; 
they fed on sucrose solution once a day; (2) butterflies 
experienced with the daisy-fleabane Erigeron annuus (L.) 

F l o w e r  learning 

Landing on the nectaring flowers 
To examine whether the butterflies land accurately 

on the nectaring flowers, we measured the frequency of 
incorrect landing, termed "mislanding", on the nectarless 
caputs of E. annuus. The caput of E. annuus consists of 
many yellow tubular flowers in the center and white 
ligulate ones on the periphery. Only tubular flowers 
provide nectar. Each individual plant has many caputs 
at different blooming stages, which we divided into three 
categories distinguished by their colors and shapes: (1) 
stage 1, opening white ligulate flowers and closing green 
tubular ones, (2) stage 2, blooming yellow tubular flowers 
from the periphery, and (3) stage 3, decay of all the tubular 
flowers but with the white ligulate ones remaining. P. 
rapae gains a reward only when they land on the caputs 
in stage 2. 

The experiment was conducted in an outdoor cage from 
June to July in 1991, and from July to October in 1992. 
More than 500 blooming caputs of E. annuus were kept 
constantly in the cage. They were collected from the field 
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in Kyoto University and planted haphazardly either in pots 
or on the ground. Three groups of butterflies were 
introduced into the cage: naive butterflies, butterflies 
experienced with E. annuus, and ones experienced with 
flowers other than E. annuus. Each butterfly was in- 
troduced individually into the cage and the number of 
"mislandings" was counted during a maximum of 100 
successive landings on the caputs, then the frequency was 
calculated per each 10 consecutive landings. 

Finding the source o f  nectar in the f lower  
To examine how the butterflies, after landing on the 

caputs of E. annuus, find the source of nectar efficiently, 
we counted incorrect probing by the butterflies, which we 
termed "misprobing". To collect nectar accurately, the 
butterflies should probe tubular flowers with their pro- 
boscis. But they frequently probed the petals of ligulate 
flowers. We counted the number of "misprobings" of 
each butterfly during each 5 minutes of foraging on E. 
annuus. Usually one "misprobing" lasted for less than 
5 seconds, therefore, when a "misprobing" lasted longer 
than 5 seconds, we counted the residual 5 seconds as 
another misprobing. The experiment was conducted 
under the same conditions as for the previous one. Again, 
the butterflies were divided into three groups: naive but- 
terflies, butterflies experienced with E. annuus, and ones 
experienced with flowers other than E. annuus. Observa- 
tions lasted for 40 minutes for each butterfly. 

F o r a g i n g  t i m e  

Efficient foraging by the butterflies on E. annuus consists 
of landing on a nectaring caput accurately and finding the 
source of nectar quickly. To examine the foraging time of 
P. rapae, we measured the time in which each butterfly 
needed to visit 10 nectaring caputs. The experiment was 
conducted under the same conditions as for the previous 
ones. The butterflies were again divided into three 
groups. 

A p p a r e n t  r e w a r d s  

Apparent rewards were estimated by net weight increase of 
butterflies during their foraging, minus weight loss due to 
metabolism and loss of water from their body surface. 
Butterflies were divided into two groups: naive butterflies 
and butterflies experienced with E. annuus. This experi- 
ment was conducted from June to July and in September 
in 1992. Each butterfly was kept without food for one day 
before the experiment and was introduced into the field 
cage where E. annuus was kept with approximately 500 
blooming caputs as a nectar resource. For each butterfly, 
the following examination procedure was conducted twice 
consecutively. One procedure took 10-20minutes and 

consisted of 5 steps: (1) measurement of the weight of the 
butterfly with an electric balance installed in a cabin by the 
cage; before weighing the butterfly was anesthetized with 
CO2 in a plastic cup; (2) the butterfly was put into the cage 
and allowed to recover from anesthesia; (3) the butterfly 
was let forage for 5 minutes; (4) the butterfly was put back 
into a cup and carried back to the cabin; and (5) the 
butterfly's weight was measured again. 

The rate of weight loss due to metabolism and loss of 
water during processes other than actual foraging on E. an- 
nuus is probably the same as that of a motionless butterfly 
because the butterflies were kept motionless during other 
processes. Therefore, the rate of weight loss in motionless 
butterflies was estimated as follows. Butterflies were plac- 
ed in a 200 ml plastic cup in the dark so that they would 
remain still for 1-5 hours. Their weight loss was measured 
with an electric balance. Net weight increase minus 
estimated weight loss during the non-foraging period was 
the apparent reward. This formula probably underes- 
timates the actual rewards because it does not account 
for weight loss due to foraging activity, which was difficult 
to estimate. 

M e m o r y  c a p a c i t y  

We term memory capacity as the ability to recognize one 
or more flower species at a time. This ability will directly 
affect flower visiting patterns. To examine memory capaci- 
ty of butterflies, the following two experiments were con- 
ducted using artificial flowers with different colors. First, 
intrinsic preferences in color of naive butterflies were 
observed, using 6 kinds of artificial flower made of colored 
paper of 5 cm in diameter without nectar: purple, blue, 
yellow, pink, red, and white. These 6 flowers arranged on 
the apexes of a regular hexagon, formed an inflorescence 
of 30 cm in diameter. Each flower was supported by a 
wire combined at the center of the hexagon. Two in- 
florescences were raised, side by side, 60 cm above the 
ground on plastic stick in the center of the outdoor cage. 
Then, 16 naive butterflies, marked on their hind wings and 
having been kept without food for 1 or 2 days after their 
emergence, were introduced into the cage. Only when 
butterflies landed on and probed flowers with their 
proboscises were the individual numbers and the flower 
color recorded. Each inflorescence was revolved 60 ~ every 
5 minutes in order to switch the position of flower colors 
so that flower position would not become a factor. This 
experiment was conducted for an hour around the noon 
of October 12 in 1994. The weather was sunny during 
the experiment. 

Next, to examine whether P. rapae can remember the 
first flower color after learning the second flower color, in- 
dividually marked naive butterflies were introduced into 
the outdoor cage on the day after their emergence. In this 
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Fig. 1. Frequency of time spent on each nectaring flower of 6 species. Only butterflies that visited flowers for 15 minutes or longer in 
total during the observation period (3 hours) are shown. Bar charts in the same column indicate the same date, and those in the same 
row indicate the same individual. Total visiting time during the observation period in a day are on the right of each bar chart. 

case, either 4 yellow or  4 blue artificial flowers suppor ted  
with wire were arranged haphazard ly  at different heights 
f rom 20 cm to 120 cm above the ground.  Under  a small 
hole in the center of  each flower, an Eppendor f  tube 
containing 10% sucrose solut ion was at tached so that  
butterflies could collect nectar f rom the opening. After  
3 days of  condi t ioning to either yellow or blue, those 
flowers were all changed to purple  flowers with 10% 
sucrose solut ion for the following 3 days. Purple  flowers 
were removed in the evening of  the 6th day.  At  about  
noon  of  the next day,  we examined whether P.  rapae  

would prefer  yellow or blue, using an artificial in- 
florescence al ternatively placed with 3 yellow flowers and 
3 blue ones without  nectar.  Each butterfly was allowed 
to land 3 times successively. The da ta  was combined to 
calculate the difference in color  preference. Every time 
a butterfly landed on a either yellow or blue flower and 
probed with its proboscis ,  the individual ' s  number  and 
the color was recorded and the inflorescence was rota ted 
60 ~ . These experiments were conducted on October  and 
December in 1994. 

Results 

Flower visiting patterns 

There were many  different visiting pat terns by the in- 
dividual  butterflies to nectaring flowers in the presence of  6 
flower species as nectar sources. Some butterflies visited 
almost  only one species, which can be considered as com- 
plete constancy, while others visited several species in a 
day (Fig. 1). In addi t ion,  visiting pat terns of  the same 

individual  changed from day to day.  

Flower learning 
L a n d i n g  on  the  nec tar ing  c a p u t s  

Naive butterflies first showed frequent "mislanding" on 
the nectarless caputs,  but  its frequency decreased gradual ly  
with successive at tempts (Fig. 2). In contrast ,  butterflies 
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Fig. 2. Mean numbers (_+SE) of "mislanding" per 10 caputs of 
E. annuus. "Mislanding" means that P. rapae lands and probes 
for 2seconds and more on the nectarless caputs, e ,  naive 
butterflies (sample size: n = 4, 4, 4, 4, 3, 3, 3, 3, 3,3); �9 butterflies 
experienced with flowers other than E. annuus (n 9,9,9, 
9,9,7,7,7,6,6); A, butterflies experienced with E. annuus 
(n 8,8,8,8,8,6,6,5,5,5). The mean numbers for respective 
10 visit intervals followed by different letters are significantly 
different (Scheffe's F; P<0.05). 
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Fig. 3. Mean numbers (_+SE) of "misprobing" on E. annuus 

per 5 minutes. "Misprobing" means that P. rapae probes the 
petals of nectarless ligulate flowers of E. annuus, e ,  naive 
butterflies (sample size: n -  22, 22, 22, 22, 20,17,15,12); O, butter- 
flies experienced with flowers other than E. annuus (n=9,9, 
9, 9, 9, 9, 8, 7); A, butterflies experienced with E. annuus (n = 

18,18,16,14,13,11,8,7). The mean numbers for respective 
5 minute intervals followed by different letters are significantly 
different (Scheffe's F; P<0.05). 

experienced with E.  a n n u u s  showed significantly fewer 
"mislandings" than naive ones from the beginning 
(Scheffe's F; P<0.05).  Those experienced with flowers 
other than E.  a n n u u s  at first showed intermediate rates 
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Mean foraging time (+ SE) of P. rapae per 10 caputs of Fig. 4. 
E. annuus, e ,  naive butterflies (sample size: n-11,11,9,6,6, 
6,4,3,2,2); O, butterflies experienced with flowers other than 
E. annuus (n -- 10, 10, 10, 9, 9, 7,7, 7, 6, 6); a, butterflies experienc- 
ed with E. annuus (n=10,10,10,10,8,6,5,5,5,5). The mean 
numbers for respective 10 visit intervals followed by different 
letters are significantly different (Scheffe's F; P~0.05). 

Table 1. Apparent rewards of P. rapae from E. annuus per 
5 minutes. 

Mean 
(mg/5 rain.) SE n 

Naive 0.388 0.049 10 (5 butterflies) 
Experienced 0.746 0.099 12 (6 butterflies) 

P=0.0084, Mann-Whitney U-test. 

of "mislanding" between that of naive butterflies and 
experienced butterflies on E. a n n u u s ,  though not signifi- 
cantly different from either. Their "mislanding" frequency 
gradually decreased with successive attempts. 

F i n d i n g  the  s o u r c e  o f  nec tar  in the  c a p u t  

Each caput has nectaring tubular flowers in the center 
and nectarless ligulate flowers on the outside. Naive 
butterflies first showed frequent "misprobing" on the petals 
of ligulate flowers, but this gradually decreased with suc- 
cessive attempts (Fig. 3). In contrast, butterflies experienc- 
ed with E.  a n n u u s  showed significantly fewer "misprob- 
ings" than naive ones from the beginning (Scheffe's F; 
P<0.05).  Those experienced with flowers other than E. 
a n n u u s  first showed the intermediate rates of "misprobing" 
between the other two groups, though not significantly 
different from either. The frequency decreased with 
successive attempts. 

F o r a g i n g  t i m e  

The time naive butterflies spent on each caput was approx- 
imately 18 seconds at first, then shortened with successive 
attempts (Fig.4). In contrast, butterflies experienced with 
E.  a n n u u s  took a significantly shorter time to forage each 
caput than naive ones from the beginning (Scheffe's F; 
P<0.05).  Those experienced with flowers other than 
E.  a n n u u s  at first took an intermediate time between 
naive butterflies and those experienced with E.  a n n u u s ,  

though not significantly different from either, and this 
decreased with successive attempts. The foraging times 
of the three groups per unit caput became nearly equal 
by the time that the butterflies had visited around their 
30th caput (Fig. 4). 

A p p a r e n t  r e w a r d s  

The rate of weight loss of motionless butterflies was 
calculated as 0.0438+0.0026mg/5min (n=35, mean_+ 
SE). Using this estimate as the rate of weight loss during 
the non-foraging period, apparent rewards were calculated 
by subtracting the estimated weight loss from the net 
weight increase during foraging. Apparent rewards of 
naive butterflies were significantly lower than those of 
experienced ones in E.  a n n u u s  (Table 1; Mann-Whitney 
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Table 2. Flower color preference of naive butterflies. There 
were 6 flower colors: purple, blue, yellow, pink, red, and white. 
Mean numbers (+_SE) of landings on each flower color per 
butterfly over an hour is shown. 

Color Numbers of landing 

purple 5.88 -4-1.14 
blue 3.31-4-0.55 
yellow 2.69 -4- 0.59 
pink 0.19+0.14 
red 0.06+0.06 
white 0.00+-0.00 

U-test, P :0 .0084) .  This difference must have been 
based on the effect of learning. 

Memory capacity 
Intrinsic preferences of naive butterflies were observed 
using 6 kinds of artificial flower colors (Table 2). Purple 
was most favored, and blue and yellow were next. Using 
these 3 flower colors, an experiment was conducted to 
examine whether butterflies can remember the first flower 
color after being given access only to flowers of another 
color for 3 days. After the butterflies experienced yellow 
flowers for 3 days and then purple for 3 days as nectar 
resources, they landed more frequently on yellow than on 
blue (Table 3a; Z2=20.17, d f = l ,  P=0.0001). Similarly, 
after butterflies experienced blue for 3 days and then 
purple for 3 days, they landed more frequently on blue 
than on yellow (Table 3b; Z2=20.25, d f =  1, P=0.0001). 
These results mean that P. rapae can remember the first 
flower color after they learn a second flower color, and 
that they can remember a rewarding flower color for at 
least 3 days. 

Discussion 

The process of foraging of P. rapae on E. annuus is divid- 
ed into two steps: (1) landing on the nectaring caputs and 
(2) finding the source of nectar in the caput. P. rapae 

could not discriminate the rewarding caputs in the same 
flower species at first, but gradually became discriminative 
after successive attempts (Fig. 2). Presumably, P. rapae 
learns to discriminate subtle difference in color associated 
with rewarding caputs. In E. annuus, only the blooming 
tubular flowers which produce nectar are bright yellow, 
while tubular flowers which offer no reward are either 
yellow-green (before blooming) or dark yellow (after 
blooming). This result is consistent with the result by 
Goulson and Cory (1993) in which they used artificial 
flowers with different colors. 

Table 3. Flower color preference of butterflies. Before experi- 
ments each butterfly experienced either yellow (a) or blue (b) 
for 3 days at first and then experienced purple for 3 days. The 
total of 1st, 2nd, and 3rd landings for each of 8 individuals (a) 
and 33 (b) were counted. 

(a) (b) 

yellow blue yellow blue 

n 23 1 14 50 
(~ 95.8 4.2 21.9 71.8 

After landing on the rewarding caput of E. annuus, P. 

rapae learns to probe the correct source of nectar, tubular 
flowers, with their proboscis. This phenomenon was 
shown by the decrease in "misprobing" when petals of 
ligulate flowers are probed (Fig. 3). This may be nearly 
the same phenomenon as the shortening of discovery time 
shown by Lewis (1986). By learning to land on rewarding 
flowers correctly and to probe the rewarding resource 
accurately, P. rapae can shorten the foraging time per 
caput (Fig.4) and increase rewards per unit time, i.e. the 
efficiency of nectar collection (Table 1). 

Furthermore, in the experiment to investigate "mislan- 
ding" (Fig. 2) and "misprobing" (Fig. 3), butterflies ex- 
perienced with flowers other than E. annuus tended to 
misland and misprobe less frequently than naive ones 
initially, though this was not significant perhaps because 
of small sample sizes. This may be because butterflies 
acquire an image of generic floral structure, such as nectar 
in the center or nectar guide, by experiencing several flower 
species. Presumably butterflies apply this experience to 
collecting nectar from novel flower species. We would 
like to term this phenomenon provisionally as "application 
of foraging skills'. This phenomenon is similar to what is 
called "learning set formation" in psychology found in 
primates (see reviews in Harlow 1949; Mackintosh 1974; 
Macphail 1982). 

Lewis (1986) discovered "memory constraints" in but- 
terflies, where learning to extract nectar from a second 
species interferes with the ability to extract nectar from the 
first. We found, however, P. rapae can remember at least 
2 flower colors. Perhaps remembering how to handle a 
flower may require more memory than remembering a 
rewarding flower, so memory interference may not occur 
in remembering plural rewarding flowers. Lewis (1986) 
explained the mechanisms that enhance flower constancy 
but not those mechanisms which readily allow switching 
foraging flower species nor those which enhance labile 
preference. In this study, we found 3 new butterfly forag- 
ing abilities. First, they can remember plural flower 
species which are rewarding (Table 3). Second, they can 
remember the first flower color for more than three days 
after they have learned a second flower color (Table 3). In 
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addition, they are able to apply their foraging skills to 
novel flower species (Fig. 2). These three abilities will 
enable butterflies easily to switch their foraging flower 
species. In other words, these abilities will allow but- 
terflies to enhance labile preference, though this foraging 
pattern has not  been demonstrated nor  disproved in but- 
terflies (Lewis 1989). In our observation in the outdoor 
cage (Fig. 1), we saw various visiting patterns: some visited 
only one species, while others visited several species in a 
day. Probably  the former is complete flower constancy, 
and the latter may be labile preference rather than random 
foraging, though we need more thorough examination 
to distinguish between them. P.  rapae may be able to 
use two foraging tactics: visit consistency and labile 
preference, to get enough nectar according to their cir- 
cumstances. 

Acknowledgements: We express sincere thanks to Drs. E. Kuno, T. 
Takafuji, and T. Nishida for their valuable advice. Thanks are also 
offered to Michael R.J. Boots, Daniel R. Papaj, and K. Iwao for 
their critical reading of the manuscript. This work was partly 
supported by a Japan Ministry of Education, Science and Culture 
Grant-in-Aid for Scientific Research on Priority Areas (No. 319), 
Project "Symbiotic Biosphere: An Ecological Interaction Network 
Promoting the Coexistence of Many species" (No. 03269209 and 
04264210). 

References 

Goulson, D. and J. S. Cory (1993) Flower constancy and learning 
in foraging preferences of the green-veined white butterfly Pieris 
napi. Ecological Entomology 18: 315-320. 

Harlow, H. F. (1949) The formation of learning sets. Psychological 
Review 56:51-65. 

Heinrich, B. (1976) Foraging specializations of individual 
bumblebees. Ecological Monographs 46: 105-128. 

Heinrich, B. (1979) "Majoring" and "minoring" by foraging bumble 
bees, Bombus vagans: An experimental analysis. Ecology 60: 
245-255. 

Lewis, A. C. (1986) Memory constraints and flower choice in Pieris 
rapae. Science 232: 863-865. 

Lewis, A.C. (1989) Flower visit consistency in Pieris rapae, the 
cabbage butterfly. Journal o f  Animal Ecology 58: 1-13. 

Mackintosh, N.J. (1974) The psychology of  animal learning. 
Academic Press, New York. 

Macphail, E. M. (1982) Brain and intelligence in vertebrates. Claren- 
don Press, Oxford. 

Waser, N. M. (1983) The adaptive nature of floral traits: ideas and 
evidence, pp. 241-285. In L.Real (ed.) Pollination biology. 
Academic Press, New York. 

Waser, N.M. (1986) Flower constancy: definition, cause and 
measurement. American Naturalist 127: 593-603. 

Received 22 January 1996; Accepted 13 May 1996 


