
to the original formulations of learning the- 
ory, in which animals were supposed to be 
incapable of learning outside the context of 
performing the specific behavior that was 
being conditioned (16). Tolman (17), how- 
ever, demonstrated the reality of learning 
out of context, or latent learning, in rodents: 
animals allowed to observe or explore in the 
absence of a food reward, for example, were 
later able to use information gathered dur- 
ing these episodes in performing tasks re- 
warded with food. He called this insuumen- 
tal learning without performance of the 
relevant response a "cognitive map." Later 
work, particularly by Olton and his col- 
leagues (18), indicates that at least higher 
vertebrates can plan behavior to make use of 
novel :md efficient routes on the basis of 
maplike cognitive representations. The re- 
sults of my experiments suggest that this 
ability, which is often considered a basic 
form of thinking (16), is not limited to 
vertebrates. 
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Memory Constraints and Flower Choice in 
Pierls rapae 

Darwin hypothesized that flower constancy in insects that feed on nectar results from 
the need to learn how to extract nectar from a flower of a given species. In laboratory 
tests, Pieris rapw, the cabbage butterfly, showed flower constancy by continuing to 
visit flower species with which it had experience. The time required by individuals to 
find the source of nectar in flowers decreased with successive attempts, the perform- 
ance following a learning curve. Learning to extract nectar from a second species 
interfered with the ability to extract nectar from the first. Insects that switch species 
thus experience a cost in time to learn. These results support recent suggestions on the 
importance of learning in animal foraging. 

I N 1876, DARWIN (1, P. 419) MADE THE 

following suggestions about the well- 
known flower species constancy of cer- 

tain insects: 

That insects should visit the flowers of the same 
species for as long as they can, is of great signifi- 
cance to the plant, as it favors cross-fertilization of 
distinct individuals of the same species; but no 
one will suppose that insects act in this manner for 
the good of the plant. The cause probably lies in 
insects being thus enabled to work quicker; they 
have just learned how to stand in the best position 
on the flower, and how far and in what direction 
to insert their proboscides. 

As pointed out by Waser (2),  this hypothesis 
implies that a limited memory capacity can 
be one cause of floral constancy: were the 
insect able to recall nectar extraction meth- 
ods of more than one species, there would 
be less need for constancy (3). Despite re- 
cent emphasis on the potential role of learn- 
ing in animal foraging (4), this hypothesis 
has received little empirical attention. I pre- 
sent here results for Pieris rapae, the cabbage 
butterfly, that support Darwin's hypothesis: 
(i) the insect displayed flower constancy, (ii) 
the insect learned how to extract nectar from 

flowers, (iii) learning a second species inter- 
fered with recall of the first, and (iv) experi- 
ence with a flower species influenced choice 
between species. 

Recent -field observations suggest that 
some butterfly species, including P. rapae, 
exhibit the constancy reported for certain 
bee species (5 ) .  This possibility was tested 
with Bateman's procedure (6) in which the 
insect is given a binary choice with equal 
quantitites of both species. The identities of 
;he first and second species used are record- 
ed; constant insects will feed from the same 
species on both visits irrespective of their 
initial preference. Both pref;-rence and con- 
stancy influenced choice in P. rapae: most 
butterflies initially fed from Vzcia cracca in 
test 1 and from Lotus corniculatus in test 2 
(Table 1). Thus, initial preference depended 
on the identities of the test species, but in 
both tests, butterflies continued to feed 
from the species they initially fed from, 
demonstrating constancy. 

To  determine if butterflies exhibit the 
kind of learning hypothesized by Darwin as 
an explanation for constancy, caged, individ- 
ually marked butterflies were given flowers 
and their behavior was observed. When 

Department of Environmental, Population and Organis- 
mic Biology, University of Colorado, Boulder, CO butterflies first land On a flower, search 
80309. the sepals and corolla with their probos- 
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Table 1 Tests of constancy. F r r  of Fitial 
and second feedings of butte es glven blnary 
choices. Tests 1 and 2, X 2  with Yates's correction 
(6 ) ,  P < 0.001. 

L. miculatus whose performance was errat- 
ic. These butterflies initially approached the 
flowers from the back of the corolla and 
contacted nectar. They were rewarded for 
this incorrect approach and were apparently 
unable to learn (within eight attempts) an 
approach that more reliably gave them nec- 
tar. 

- Group 2 
," 151 

I 

ln i t ia l  

Second feeding 

First feeding V ,  L. corni- C. yotun- 
cracca culatus dfolia 

Test I 
V ,  macca 67 5 
L. cmiculatus 7 2 1 

Test 2 
C. rotundfolia 8 24 
L. miculatus 68 0 

To test for interference of this learning by 
the learning of a second species ( l l ) ,  indi- 
vidually marked butterflies were divided Initial Final 

into G o  groups. Individuals of both groups 
were given C. rotundifolia to learn until a 
minimum of five and a maximum of ten 
successive discovery times did not exceed 3 

Learning tr ia l  T e s t  t r i a l  

Fig. 2. Test of interference of learning. Group 1 
(n  = 17),  exposed to L. conziculatus between 
learning and test trials with C. rotundfolia, and 
group 2 ( n  = 20), exposed to no flowers during a 
similar period, were used to evaluate the differ- 
ence between final and test times: group 1, 
P < 0.01, paired t tests; group 2, NS (12). 

seconds each.  utterf flies of group 1 were 
then given L. comiculatus to learn until 
discovery times did not exceed 2 seconds 

cides, eventually finding the source of-the 
nectar. I term the time elapsed from landing 
to finding the nectar "discovery time"; it 
does not include the time to actually drink 
the nectar or to move between flowers. 
Discovery times on both Campanula rotun- 
difolia and L, comiculatus improved with 
successive attempts in most butterflies as 
exemplified by the curves in Fig. 1 (7). 
Initial times varied among butterflies as 
among bees (3), but the discovery times of 
most buttedies followed a classic learning 
curve (8). These curves are well fit by a 
power law (9). Such learning occurs in some 
bees (3); to my knowledge, this is the first 
demonstration of it in the Lepidoptera (1 0). 

Exceptions to these patterns are two but- 
terflies on C. rotundijolza that gave up their 
search before contacting nectar, and two on 

each. ~ndividuals of group 2 were given no 
flowers for 20 minutes, the maximum time 
required by individuals of group 1 to notice 
and reach criterion on L. wmiculatus. Indi- 

Implied in Darwin's hypothesis is a fifth 
condition: that the cost of learning nectar 
extraction exceeds other costs associated 
with specialization [for example, increased 
travel time between flowers, (2, 3)]. These 
costs doubtless vary among habitats differ- 
ing in resource concentration and for insects 
in various physiological states; such varia- 
tion may in part explain observations of 
inconstant insects (18). A complete explana- 
tion of flower choice will unite studies of 
learning and of these important ecological 
variables. 

viduals of both groups were then tested on 
C. rotundifolia. Butterflies that fed on L. 
miculatus had to relearn C. rotundifolia, 
whereas those without flowers during the 
same time period did not have to relearn: 
final learning times and initial test times on 
the two rounds of C. rotundifolia were sig- 
nificantly different for group 1 butterflies 
but not for group 2 (Fig. 2) (12). This result 
suggests that interference has occurred, al- 
though it is possible that discovery times of 
group 2 were shortened by hunger. This 
~ossibilitv is weakened bv the observation 
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Fig. 1. Discovery times for butterflies given either 
(A) C. rotundfolia (n  = 24) or (B) L. comiculatus 
(n = 18).  Data shown are medians and first and 
third quartiles. 
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Bacterioplankton: A Sink for Carbon in a Coastal 
Marine Plankton Community 

- - - - 

Recent determinations of high production rates (up to 30 percent of primary 
production in surface waters) implicate free-living marine bacterioplankton as a link in 
a "microbial loop" that supplements phytoplankton as food for herbivores. An 
encloseld water column of 300 cubic meters was used to test the microbial loop 
hypothesis by following the fate of carbon-14-labeled bacterioplankton for over 50 
days. Only 2 percent of the label initially fixed from carbon-14-labeled glucose by 
bacteria was present in larger organisms after 13 days, at which time about 20 percent 
of the total label added remained in the particulate fraction. Most of the label appeared 
to pass directly from particles smaller than 1 micrometer (heterotrophic bacterioplank- 
ton and some bacteriovores) to respired labeled carbon dioxide or to regenerated 
dissolved organic carbon-14. Secondary (and, by implication, primary) production by 
organisms smaller than 1 micrometer may not be an important food source in marine 
food chains. Bacterioplankton can be a sink for carbon in planktonic food webs and 
may serve principally as agents of nutrient regeneration rather than as food. 

u NTIL RECENTLY, BACTERIA WERE 
viewed as relatively minor compo- 
nents of marine plankton commu- 

nities (I). That view is now being revised as 
a result of new discoveries by marine micro- 
biologists. Free-living heterotrophic bacter- 
ioplankton less than 1 ym in diameter may 
constitute up to 20 percent of the carbon 
biomass in marine coastal waters ( 2 4 ) .  
With gross growth efficiencies of over 50 
percent (5) and rapid growth rates often 
surpassing two divisions per day (6), bacter- 
ioplankton are potentially important bio- 
mass producers (2, 7). This discovery has 
prompteci the hypothesis that bacterioplank- 
ton coulci be an important source of nutri- 

tion at the base of plankton food webs, 
supplementing phytoplankton in the diets of 
microzooplankton (3, 8). However, re- 
searchers have concluded that heterotrophic 
microflagellates 2 to 10 p,m long are the 
principal predators of bacterioplankton be- 
cause larger grazers are not capable of effi- 
cient removal of micrometer-sized prey (9, 
10). It is believed that these small bacterio- 
vores are grazed in turn only by ciliates or 
the smallest juvenile stages of other plank- 
tonic forms. Thus the large bacterial produc- 
tion may enter the classical marine metazoan 
food chain only via the protozoa (2, 8) and 
not directly. 

Bacterioplankton and their predators 
form the hypothetical "microbial loop" that 
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production as food for herbivores remains 
uncertain. This speculation about the troph- 
ic structure of microbial food webs has been 
termed the link versus sink question (5, 12). 
Are bacteria a source of carbon for higher 
organisms, or are they mainly the terminal 
group in a detrital food chain? 

We report the results of a large-scale 
experiment designed to examine the fate of 
bacterial production in a representative 
coastal marine plankton community. Most 
studies of production and grazing by marine 
and freshwater plankton have been per- 
formed in containers at most a few liters in 
volume (13). Such experiments are easy to 
replicate, but sampling, surface-volume ef- 
fects, and containment lead to serious arti- 
facts that affect the various components of 

Time (hours) 

Fig. 1. Partitioning of labeled carbon initially 
fixed by bacterioplankton from ['4C]glucose in- 
oculated throughout the enclosed 15-m water 
column. The dissolved label was initially removed 
from solution by bacterioplankton; it later reap- 
peared in solution as dissolved organic and inor- 
ganic carbon. Total water column content of 14C 
label was estimated by integrating data from six 
depths (2.5, 5, 7.5, 10, 12.5, and 15 m) and by 
pumping out a collecting cone at the bottom of 
the enclosure. Symbols: 0 , total label; (@), 14C- 0 labeled POC; (A), ' C-labeled DOC; (A), 
14C02; and (x), sediment. Breaks in lines indicate 
missing samples. The experiment began at noon 
on 12 May 1983. 
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