
model for sympatric speciation through 
seasonal isolation (9). 

In our experiments we used the green 
lacewings, Chrysopa carnea Stephens 
and Chrysopa downesi Banks (Neurop- 
tera: Chrysopidae), sibling species that 
readily hybridize under laboratory con- 
ditions (10) but that remain reproduc- 
tively isolated in nature because of dif- 
ferences in their seasonal periods of 
reproduction. Chrysopa carnea is multi- 
voltine and produces three generations 
each summer in the Ithaca, New York, 
area before the adults enter diapause 
in September (11). In contrast, C. 
downesi is univoltine, and its reproduc- 
tive activity occurs only during early 
spring; summer, as well as autumn and 
winter, are spent in reproductive dia- 
pause (12). Underlying the seasonal dif- 
ferences between the two species are 
their characteristically different patterns 
of response to photoperiod (13). 

The quantitative criteria we used for 
analyzing the genetic basis for the sea- 
sonal differences between the two spe- 
cies was based on their differential re- 
sponses to photoperiod. In C. carnea no 
particular stimulus, other than long day 
lengths, is needed to avert diapause and 
allow continuous reproduction (11). In 
contrast, C. downesi requires an in- 
crease in day length, from short day to 
long day, during the late larval or pupal 
stages to avert diapause and promote re- 
production by the emerging adults (13). 
Therefore, when individuals with a C. 
carnea genotype are reared under a light 
dark period of 16 hours and 8 hours, re- 
spectively (LD 16:8), reproduction be- 
gins without the intervention of dia- 
pause; however, when individuals with a 
C. downesi genotype are reared and 
maintained under LD 16:8, no repro- 
duction occurs and diapause is induced. 
Consequently we used the numbers of 
diapausing and nondiapausing adult 
progeny from each cross (reared and 
maintained under an LD 16:8 photope- 
riodic regimen) as a quantitative measure 
for our analysis. 

Under LD 16:8, the F1 hybrids of re- 
ciprocal C. carnea x C. downesi crosses 
all showed typical C. carnea character- 
istics; that is, they reproduced without 
entering diapause (Table 1). Thus, the 
gene or genes controlling C. carnea's 
seasonal characteristics are clearly 
dominant over C. downesi's. Subsequent 
intercrosses of the F1 hybrids produced 
F2 progeny containing approximately 7 
percent of individuals (both males and 
females) wit.h C. downesi 's diapause 
characteristics, and the progeny (both 
male and female) of reciprocal back- 
crosses between F1 hybrids and pure C. 

downesi stock did not differ significant- 
ly from a 1:3 (downesi,:icarnea) ratio 
when tested by chi-square (P - .2) 
(Table 2). These results are consistent 
with the ratios produced by the segrega- 
tion of a pair of alleles at each of two un- 
linked autosomal loci; the C. downesi 
phenotype results from homozygous re- 
cessive alleles at both loci (14). 

In summary, our results provide ex- 
perimental evidence that seasonal isola- 
tion between two sympatric insect spe- 
cies is based on small genetic dif- 
ferences. These findings support the 
proposal that speciation in C. carnea and 
C. downesi occurred through seasonal 
isolation (9). We propose that analogous 
genetic changes may have had a similar 
function in allochronic speciation in oth- 
er groups. 
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Coevolution of Foraging in Bombus and Nectar Dispensing 
in Chilopsis: A Last Dreg Theory 

Abstract. Flowers of Chilopsis linearis dispense nectar into pools and grooves. The 
bumblebee, Bombus sonorus, extracts pool nectar at a rate seven times faster than 
groove nectar. The result is the coevolution of a plant-pollinator system in which 
bees, while foraging efficiently, increase the number of flowers visited per calorie of 
nectar reward provided by the plant. 

The coevolution of plants and their 
pollinators has received a great deal of 
attention. Much recent work has focused 
either on the coevolution of floral mor- 
phology and nectar secretion, which re- 
stricts visitors and guarantee rewards to a 
limited number of species (1), or on pol- 
linator size, energetics, and behavior, 
which determine the dispersal of pollen 
and the nature of the plant breeding sys- 
tem (2). However, there has been little 
attempt to analyze the efficiency of pol- 
linator movements in relation to optimal 
foraging theory (3) and the extent that 
this behavior is modified by plants. This 
may be due in part to the scant empirical 
evidence to support optimal foraging the- 
ory, even though its logic cannot be de- 
nied (4). The aim of this report is to dem- 

onstrate how desert willow, Chilopsis 
linearis, has taken advantage of the for- 
aging behavior of bumblebees, Bombus 
sonorus, to increase the visitation rate to 
its flowers. 

Chilopsis linearis is a shrubby tree 3 to 
5 m tall, which occurs along dry water 
courses surrounded by desert scrub. It 
produces a profuse number of catalpa- 
like blossoms, which secrete most of 
their nectar in a single peak of produc- 
tion before dawn (5). Plants of the family 
Bignoniaceae, of which C. linearis is a 
member, are typically pollinated by large 
to medium-sized bees and are thought to 
have a long history of morphological and 
phenological coevolution with their pol- 
linators (6). Bombus sonorus queens are 
the most frequent visitors to desert wil- 
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low and are often observed with pollen 
on the head and thorax. Because queens 
generally do not forage after the first 
workers reach maturity (7) the presence 
of large numbers of foraging queens sug- 
gested that they were in the process of 
establishing colonies. Brown et al. (5) 
observed three major visitors in addition 
to B. sonorus queens; two robbed nectar 
without pollinating the flower and the 
third was not native to North America. 
Since none of these four visitors were 
observed to collect pollen, nectar is con- 
sidered the only reward offered by the 
plant. 

Most of the data were collected in May 
1976 near Portal, Arizona (elevation 1400 
m). Desert willow was the most common 
plant in flower within several kilometers 
and represented the major source of nec- 
tar in the study area. As a result of rapid 
removal of nectar by bees, sampling was 
done from dawn to 1030 hours. Micro- 
pipets (1 gtl) were used to measure both 
the standing crop of nectar and the nec- 
tar remaining immediately after a bum- 
blebee visit. Nectar concentrations were 
determined on an hourly basis with a 
pocket refractometer, and all nectar 
measurements were adjusted for evapo- 
ration to the 0600-hour concentration of 
14.7 percent. A tape recorder was used 
in conjunction with an electronic timer to 
record the foraging activities of more 
than 2000 bumblebee visits. Ambient 
temperatures in the shade near flowers 
were measured to the nearest degree 
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Fig. 1. Time required for foraging bumblebees 
to remove all nectar from a flower, deter- 
mined from field (open circles) and laboratory 
(solid circles) measurements (8). In both cas- 
es, handling time (mean time spent on empty 
flowers) has been subtracted from the total 
time spent on a flower to give feeding time. In 
the laboratory experiments, five bees were 
presented with individual flowers containing 
know quantities of sugar syrup. Each open 
circle represents the mean of at least ten tri- 
als, and vertical bars represent one standard 
error. The correlation coefficients and samp1v 
sizes for two linear regressions fitted to labo- 
ratory data on a single queen are given. All 
bees gave similar results. 

Celsius, and insects were censused 
every 20 minutes. 

Bombus sonorus queens extract nectar 
from C. linearis flowers at two different 
rates in response to specialized floral 
morphology. Radiating outward from the 
base of the corolla are five grooves that 
collectively hold by capillary action 
about 1.1 Al of nectar. When grooves are 
full, as much as 8.0 gl of additional nec- 
tar accumulates in a pool at the base of 
the tube. Pool nectar is rapidly removed 
at the rate of 2.0 gl/sec, and because 
each groove must be individually 
probed, groove nectar is removed at a 
much slower rate of 0.3 kl/sec (Fig. 1) 
(8). Observations of foraging bees show 
that they first probe the pool and then 
probe each groove for nectar. 

If, on the basis of extraction rates, we 
recognize pool nectar as the preferred 
food type and groove nectar as a less 
preferred food type, optimal foraging 
theory (4) predicts that when the pre- 
ferred food type is abundant, bees 
should specialize on pool nectar and 
leave the less preferred groove nectar. 
However, as the abundance of pool nec- 
tar declines, groove nectar should be in- 
cluded in the diet with the result that 
queens remove all nectar. A partial test 
of this hypothesis is to examine flowers 
for nectar immediately after a bee visit. 
Figure 2 shows how much nectar is left 
in the flower as a function of how much 
was available. When nectar was abun- 
dant, queens left groove nectar, but by 
0930 hours they switched their foraging 
behavior and removed all nectar (9). 

If queens forage more efficiently by 
leaving groove nectar when pool nectar 
is abundant and then by switching to re- 
move all nectar when pool nectar is re- 
duced, they should have higher net ca- 
loric intake than constant bees that al- 
ways remove all nectar. Since the energy 
expenditure of foraging bees varies with 
ambient temperature and the proportion 
of time spent in flight, it is necessary to 
calculate energy budgets for bees em- 
ploying each strategy in order to make 
this comparison. Studies- of bumblebee 
energetics provide estimates of the cost 
of flight, thermoregulation, and general 
foraging (10). These costs per minute, 
multiplied by the appropriate time a bee 
spends in each of these activities (deter- 
mined from field data), and subtracted 
from caloric sugar rewards derived from 
nectar (11) yield a net caloric reward per 
minute of foraging. During the first hour 
of the morning when flowers conltain a 
mean nectar reward of 2.4 ,ul, a constant 
bee requires 5.1 seconds to remove all 
nectar whereas the switching bee that 

leaves the last dregs requires an average 
of 2.0 seconds to remove 1.7 Al. These 
foraging activities with their associated 
costs and rewards result in a net caloric 
gain of 12.3 cal/min for a switching bee 
and 9.9 cal/min for a constant bee. This 
25 percent increase in the efficiency of 
foraging is a conservative estimate, be- 
cause the calculated costs are only those 
incurred while foraging and do not in- 
clude the cost of flying back to the nest 
or the cost of establishing a colony and 
reproduction. For example, heat produc- 
tion for temperature regulation of the 
nest at night can deplete most of the nec- 
tar collected during the day (12). These 
additional costs are equal for both types 
of foraging, and as they increase, the rel- 
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Fig. 2. Amount of nectar in flowers as a func- 
tion of the time of day. Solid circles represent 
the mean standing crop of nectar in available 
flowers, and open circles represent the mean 
amount of nectar remaining immediately after 
a bumblebee had visited a flower. Vertical 
bars indicate one standard error and numbers 
indicate sample size. 
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ative advantage of greater foraging effi- 
ciency also increases. 

If we assume that plant fitness (that is, 
seed set) is correlated with the number of 
bee visits its flowers receive, the plant 
should maximize the number of visits per 
calorie expended on nectar secretion. 
The result of switching bees leaving 
groove nectar when pool nectar is abun- 
dant is that they must visit 40 percent 
more flowers to obtain the same amount 
of nectar as a bee that removes all nec- 
tar. Furthermore, by leaving groove nec- 
tar, enough nectar remains in the flower 
to make a return visit profitable. Com- 
paring the number of visits per calorie 
expended by the plant shows that 
switching bees, which leave groove nec- 
tar during their first visit and later return, 
provide 1.6 visits per calorie whereas 
constant bees make only 0.8 visits per 
calorie. It should be emphasized that the 
increased visitation rate achieved by 
plants containing pool and groove nectar 
depends on the switching foraging be- 
havior of bumblebees. If all bees were 
constant in their foraging behavior and 
always removed all nectar, the existence 
of groove nectar would serve no func- 
tion. In fact, if a plant mutation arose 
which eliminated grooves so all nectar 
was contained in a single pool, as a result 
of the different extraction rates of pool 
and groove nectar, those plants with all 
pool nectar would become the source of 
the preferred food type. Thus, the 
switching behavior of bumblebees and 
the dispensing of nectar into pools and 
grooves by desert willow probably are 
coevolved traits. 

Given that there are two nectar extrac- 
tion rates, the bumblebee must deter- 
mine either by learning or by evolution 
of its behavior how much of the total 
nectar to remove if it is to maximize its 
net caloric intake. Similarly, if the plant 
is to maximize the number of visits per 
calorie of reward, natural selection must 
determine the total amount of nectar pro- 
vided and its distribution between pool 
and grooves. Figure 3 demonstrates in 
part how this interrelationship has co- 
evolved. The same data (that is, foraging 
costs and nonfeeding times) were used in 
conjunction with feeding times derived 
from the regressions in Fig. 1 to compute 
time-energy budgets for bees that re- 
move only pool nectar and bees that re- 
move all nectar. If bumblebees are to 
maintain the highest net caloric gain per 
minute, they should switch foraging 
strategies when the total nectar reward 
per flower is about 2.0 ,ul When the nec- 
tar reward is below this level, bees 
should remove both pool and groove 
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Fig. 3. The net caloric gain per minute as a 
function of the nectar reward per flower for 
two cases: a bee that removes only pool nec- 
tar and a bee that removes all nectar. Point A 
represents the minimum reward for a visit; 
point B, the last dregs or groove nectar; point 
C, the minimum reward for a bee to leave the 
groove nectar; and point D, the mean nectar 
reward per flower. All possible values of 
groove nectar left by foraging bees (0.0 to 1.1 
,ul) yield intermediate curves, which also in- 
tersect at point C. 

nectar; when it is above, they should re- 
move only pool nectar. The empirically 
derived prediction that bees remove ei- 
ther only pool nectar or all nectar de- 
pending on the total nectar reward is pre- 
cisely the same as predicted by theory 
(4, 9). For the plant to take advantage of 
the switch in the foraging behavior of 
bees, it must ensure that groove nectar 
by itself is sufficient to make a return vis- 
it profitable for the pollinator, and it 
must provide a total nectar reward great- 
er than the predicted 2.0 gl so that bees 
will leave groove nectar. If these condi- 
tions are met, bees can profitably visit 
the flower twice; if not, no nectar will be 
left to reward a second visit. The exist- 
ence of these rather precise require- 
ments suggests that desert willow and 
bumblebees must be finely tuned to one 
another for this system to work. Devia- 
tions from the desired levels of pool and 
groove nectar or changes in the foraging 
of bumblebees could dramatically reduce 
the number of visits or result in the waste 
of nectar. If desert willow supplies pool 
and groove nectar in the amounts re- 
quired by bumblebees in order for them 
to exhibit the switching foraging behav- 
ior, it should be interpreted as strong evi- 
dence that this plant-pollinator system is 
energetically coevolved. 

From Fig. 3 it would appear that 
desert willow has evolved a pattern of 
nectar dispensation that meets these 
conditions with a margin of safety. The 
mean nectar reward of 2.4 ,u produced in 
early morning is larger than the 2.0 ,ul re- 
quired to cause bees to leave groove nec- 

tar, and the amount of groove nectar (1. 1 
gl) is more than sufficient to make a re- 
turn visit profitable (visits decline mark- 
edly at nectar levels below 0.4 gl). Fur- 
thermore, the time of day bees switch 
from leaving groove nectar to removing 
all nectar depends on the density of bees, 
since with increased density, nectar is 
depleted earlier in the morning (5). By 
having pool and groove nectar, the 
plant's nectar secretion is always syn- 
chronized with the pollinator, regardless 
of the density of pollinators, flowers, or 
both; therefore, the plant more efficient- 
ly utilizes its nectar rewards. By allow- 
ing bumblebees to change from a switch- 
ing to a constant foraging behavior at a 
nectar level (time of morning) based on 
bee energetics, the plant has achieved a 
degree of fine tuning not possible in some 
other pollinator systems. This feature al- 
so allows bumblebees greater flexibility 
by making it profitable for bees with high 
costs (distant nests) to visit in early 
morning when pool nectar is available 
while still allowing those bees with low 
costs (nearby nests) to forage when only 
groove nectar remains. In other systems, 
such as those in which nectar is secreted 
continuously, more total nectar must be 
dispensed to achieve the same result. 
These characteristics may be important 
in the desert where fluctuations in rain- 
fall greatly affect the flowering of plants 
and consequently the density of pollina- 
tors. However, the extent that this meth- 
od of nectar dispensation is limited to 
deserts is unknown, and once research- 
ers become aware of its existence, it may 
be found in other habitats. This system 
should be restricted to those plants uti- 
lizing pollinators with relatively small 
energetic requirements, since grooves 
probably could not hold enough nectar to 
make a return visit profitable for pollina- 
tors such as bats and hummingbirds. 

The major conclusion is that desert 
willow and bumblebees have coevolved 
a nectar dispensing-foraging system that 
takes advantage of the foraging behavior 
of the bee while satisfying its energetic 
requirements and at the same time in- 
creases the number of visits for the ener- 
gy expended by the plant on nectar re- 
wards. 
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Dopamine Receptor Binding Enhancement Accompanies 

Lesion-Induced Behavioral Supersensitivity 

Abstract. The binding of [3H]haloperidol to rat striatal dopamine receptors in- 
creases after lesion (made by injection of 6-hydroxydopamine) of the nigrostriatal 
dopamine pathway in those rats which are behaviorally supersensitive, as reflected 
by apomorphine-induced contralateral rotations. The enhanced binding is associat- 
ed with an increased number of receptor sites with no change in their affinity. 

The behavioral changes that occur in 
rats in which specific lesions have been 
made in the nigrostriatal dopamine path- 
way suggest that postsynaptic dopamine 
receptors in the corpus striatum become 
supersensitive to dopamine after remov- 
al of their normal innervation. After bi- 
lateral lesions (induced by 6-hydroxy- 
dopamine) have been made in the dopa- 
mine cell bodies of the substantia nigra, 
rats display increased stereotyped be- 
havioral responses to apomorphine, a 
dopamine receptor stimulant, and re- 
spond to previously subthreshold doses 
(1, 2). After unilateral lesions (induced 
by 6-hydroxydopamine) have been made 
within the nigrostriatal system, behav- 
ioral supersensitivity is manifested by 
the animal rotating after treatment with 
apomorphine in a direction contralateral 
to the side of the lesion (3). This rotation 
provides a readily quantified index of be- 
havioral supersensitivity (4). The nigro- 
striatal lesion induced by 6-hydroxy- 
dopamine may be a useful model of Park- 
inson's disease in which the nigrostriatal 
dopamine pathway is degenerated, and 

the supersensitivity of the dopamine re- 
ceptors in the corpus striatum could ac- 
count for the dramatic therapeutic re- 
sponse to /3-(3,4-dihydroxyphenyl)-L- 
alanine (L-dopa) (5). 

The enhanced behavioral response to 
dopamine receptor stimulants after nigro- 
striatal lesions have been induced might 
result, however, from changes distal to 
the dopamine receptor or in other neu- 
ronal systems. Alternatively, it could re- 
flect a true alteration in the dopamine re- 
ceptor itself. Activity of a striatal dopa- 
mine-sensitive adenylate cyclase, which 
appears to be associated with the dopa- 
mine receptor, has been reported to be 
unaffected by nigrostriatal lesions (6) or 
to show some enhanced activity (7). The 
response of striatal cells to iontophoreti- 
cally applied dopamine and apomorphine 
is enhanced by nigrostriatal lesion (8). 
Recently, dopamine receptor binding has 
been demonstrated in brain membranes 
by labeling the receptor with both the 
agonist [3FH]dopamine and the antagonist 
[3H]haloperidol (9). The binding sites of 
the two tritiated ligands have a similar 

regional distribution, their greatest den- 
sities occurring in brain regions with high 
dopamine levels (10). Dopamine agonists 
and phenothiazine antagonists have the 
same relative potencies in displacing 
both [3H]dopamine and [3H]haloperidol 
binding, indicating that both ligands label 
sites that have the characteristics ex- 
pected of the dopamine receptor (10). 
However, it is only in displacing 
[3H]haloperidol binding that the relative 
drug potencies for all classes of dopa- 
mine antagonists (phenothiazine, buty- 
rophenone, thioxanthene, for example) 
parallel clinical and behavioral effects in 
man and animals (11). We have inter- 
preted this result to indicate that the 
dopamine receptor may exist in two 
states, one of which has a high affinity 
for [3H]dopamine and the other a high af- 
finity for [3H]haloperidol. The l3H]halo- 
peridol binding site [to which dopamine 
binds with an affinity in the 0.5 to 1.0 1tM 
range paralleling its EC50 (effective con- 
centration for 50 percent stimulation) for 
stimulating adenylate cyclase activity] 
thus appears to be the physiologically ac- 
tive form of the dopamine receptor while 
[3Hjdopamine may be labeling a high- 
affinity, desensitized, and perhaps 
physiologically inactive form of the dopa- 
mine receptor (12). We now report en- 
hanced dopamine receptor binding of 
f3H]haloperidol in the corpus striatum of 
rats in which lesions of the nigrostriatal 
pathway have been made with 6-hydroxy- 
dopamine. 

Binding assays were performed as de- 
scribed (10). Homogenates (Brinkmann 
Polytron) of fresh rat corpus striatum in 
cold tris buffer, pH 7.7 at 25?C, were 
washed twice by centrifugation. The fi- 
nal pellet was resuspended in cold 
50 mM tris buffer containing 0.1 percent 
ascorbic acid, 10 AM pargyline, and ions 
as follows: 120 mM NaCl, 5 mM KCI, 
2 mM CaCl2, 1 mM MgCl2 (giving a final 
pH of 7.1 at 37?C). This mixture was 
warmed to 37?C for 5 minutes and re- 
turned to ice. Each tube received 1.0 ml 
of tissue suspension (4 to 6.4 mg, wet 
weight) and contained 0.2 to 4 nM 
[3H]haloperidol (9.6 c/mmole; Janssen 
Pharmaceutica). The tubes were in- 
cubated at 37?C for 10 minutes and trip- 
licate 0.3-ml portions were rapidly fil- 
tered under vacuum through Whatman G 
F/B filters with three 5-ml rinses of cold 
buffer. The filters were counted by liquid 
scintillation spectrometry. Specific bind- 
ing of [3H]haloperidol, measured as the 
excess over blanks containing 100 yiM 
dopamine, represented about half of the 
total binding. Previous experiments have 
demonstrated that 100 bUV dopamine 
displaces [31H]haloperidol binding to the 
same extent as the maximum stereo- 
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