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Ecology (1977) 58: pp. 1284-1296 

NONRANDOM FORAGING BY SUNBIRDS IN A 
PATCHY ENVIRONMENT' 

FRANK B. GILL 
Academy of Natural Sciences of Philadelphia, 

Philadelphia, Pennsylvania 19103 USA 

AND 

LARRY L. WOLF 
Department of Biology, Syracuse University, 

Syracuse, New York 13210 USA 

Abstract. Sunbirds (Nectarinia spp.) feeding at the East African mint Leonotis nepetifolia en- 
counter great variations in the nectar contents of flowers blooming in dense fields. The dispersion 
patterns of nectar are attributable to nectar removal from some flowers by the sunbirds themselves in 
earlier foraging and also to intrinsic floral variations. The problem facing the foraging sunbird is to 
increase its foraging efficiency (net energy gain per unit time) by avoiding recently visited, empty 
flowers and by visiting flowers with greater than average nectar volumes. 

Sunbirds patterned their foraging in 3 major ways. First, they used initial flowers probed on an 
inflorescence as an assay of what the rest of the flowers in that inflorescence contained and they 
rejected inflorescences with little nectar. Such rejection increased nectar intake per flower by as much 
as 15%. Second, territorial sunbirds preferentially fed at unvisited inflorescences, increasing nectar 
intake 25% relative to random foraging. This was accomplished at least in part by foraging at different 
heights on successive foraging bouts. Third, flight distances to the next flower changed in response to 
immediate reward levels in some species but not in others. In general, sunbirds feeding at Leonotis 
responded less to reward levels by differential turning and movement than some other organisms, 
possibly reflecting different prey distributions or boundary constraints on their foraging. 

Key words: Coevolution; foraging efficiency; Kenya; Labiatae; Leonotis nepetifolia; Nectar; 
Nectarinia; optimal foraging; patchy environments; predation; sunbirds. 

INTRODUCTION 

Consumers normally encounter nonrandom, 
clumped dispersion patterns of food items in the 
course of daily foraging (Gibb 1958, Taylor 1961, 
Wiens 1976). A consumer's response to variations in 
prey density or quality can affect its foraging efficiency 
(rate of net gain) (Schoener 1971, Charnov et al. 1976). 
Moreover, the more accurately the consumer senses 
the distribution and availability of its prey types, the 
more efficiently it should be able to forage. The higher 
its foraging efficiency, the more likely it will achieve a 
balance or positive daily energy budget and thus main- 
tain good health or successfully undertake high-cost 
activities like reproduction or migration. Time not 
used in foraging also is available for hiding from preda- 
tors, avoiding local climatic extremes or for breeding, 
all of which may improve an individual's fitness. Thus, 
to the degree that individuals respond differently to the 
same pattern of prey dispersion or patchiness, there 
will be selection favoring those that forage most effec- 
tively. Because of this, understanding how consumers 
exploit environmental mosaics has become increas- 
ingly interesting to ecologists. 

Nectar, a caloric resource contained and re- 
plenished in flowers that usually are conspicuously 
displayed (Faegri and van der PijI 1971, Hainsworth 

I Manuscript received 10 March 1976; accepted 25 April 
1977. 

and Wolf 1972, Heinrich 1975, Wolf et al. 1975), can be 
exploited by flower-feeding birds with increasing effi- 
ciency as the nectar content of the flower increases 
(Wolf 1975, Wolf et al. 1975). Therefore, if other costs 
are equal, natural selection should favor individuals 
that forage in ways that bias their foraging visits to- 
wards flowers with greater than average nectar content 
to increase the net reward above that achieved by 
foraging randomly. To so forage, a bird must either 
remember which flowers or areas were previously vis- 
ited, or else respond to encountered variations in the 
nectar content of flowers in ways that move the bird 
away from flowers with little nectar but keep the bird 
at flowers with much nectar. 

This study was undertaken to determine if sunbirds 
(Nectariniidae) forage randomly within arrays of flow- 
ering Leonotis nepetifolia, a common East African 
mint (Labiatae) that is an important source of nectar 
(Gill and Wolf 1975a, b). In this paper we show that 
sunbirds may pattern their foraging in at least 3 ways 
that improve rates of nectar intake above those ex- 
pected from random foraging. We also consider in a 
preliminary way the detailed nature of the patterning 
and the conditions under which it was manifest. 

METHODS 

We obtained these data during 1973-1975 in the Rift 
Valley of central Kenya on 4 species of montane sun- 
birds feeding at flowers of the weedy mint, Leonotis 
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nepetifolia. We studied the Bronzy Sunbird (Nec- 
tarinia kilimensis; 17 g), the Golden-winged Sunbird 
(Nectarinia reichenowi; 15 g), the Malachite Sunbird 
(Nectariniafiamosa; 13.5 g), and the Variable Sunbird 
(Nectarinia venusta; 7.5 g). The 2 smaller species usu- 
ally were not territorial, and fed primarily at unde- 
fended flowers. The 2 larger species often defended 
feeding territories containing 1,500-2,500 flowers or 
200-300 inflorescences (Gill and Wolf 1975a). Much of 
our study involved watching the feeding patterns of 
uniquely color-marked, resident individuals that fed 
repeatedly in the same group of Leonotis flowers. 

Leonotis flowers are arranged in a ring on ball-like 
inflorescences that we call "paws" (Fig. 1, Gill and 
Wolf 1975a). The plants consist of 1- to 2-m-tall stalks 
with up to 5 paws at -0.25 m intervals. Leonotis plants 
grow densely in open fields, often 10-30 paws/rn2. A 
flowering paw may contain 1-30 open flowers, depend- 
ing on its age. A flower lasts 1-2 days and new ones 
open daily. Flowers produce 0.7 microlitres of nectar 
per flower-h (N = 8, SE = 0.04) from 0700-1 100 h 
and -0.3 p]1/h from 1100-1300 h. The nectar contains 
sugar in a concentration equivalent to 0.52 (range 
0.42-0.61) molar sucrose or 2.93J/tdl (for details see 
Gill and Wolf 1975a). We measured average nectar 
volumes available to the sunbirds by extracting nectar 
from the base of the corollas of single flowers with a 

25-tkl capillary tube. To minimize destruction of 
plants at which the sunbirds were feeding we usually 
picked I flower from each of 50 paws distributed 
throughout the area of immediate study. We occasion- 
ally measured the nectar in all flowers on a random 
sample of paws, which provided estimates of within- 
vs. between-paw variance in nectar volumes of 
Leonotis flowers. 

We marked with small pink flags -35 stalks (50-100 
paws) throughout a territory or feeding area and we 
counted the number of productive flowers on each paw 
on these stalks. We monitored all visits to the marked 
paws by the resident and other sunbirds for at least 4 
h, starting at 0800 h. The time of each visit was re- 
corded to the nearest minute. The visit times and fre- 
quencies by a known individual to the marked paws 
during a continuous observation period of one day 
comprised a "data set." We compared the observed 
frequency of visits to marked paws to the frequencies 
expected if the probabilities of visiting various paws 
were equal and independent of previous visits. We 
used the expected Poisson distribution of visit fre- 
quencies as the model of random paw visitation (Ap- 
pendix A). We statistically compared the observed and 
expected frequency distributions by the G-test (Sokal 
and Rohlf 1969:563). If the data were not significantly 
different (P > .05) from the Poisson distribution, we 
call them 'Poisson" or "nonpatterned." If the data 
were significantly different (P < .05) from a Poisson 
distribution, we called them "Nonpoisson" or "pat- 
terned." 

Direct measures of the average amount of nectar 
available to a sunbird were obtained in samples of 
50 flowers at the beginning and end of, but not 
usually during, the observation period to avoid dis- 
ruption of natural feeding patterns. Average nectar 
volumes per flower during the observation were cal- 
culated indirectly from known visit times to marked 
flowers. The amount of nectar in an unvisited flower 
was assumed to be the average volume at the be- 
ginning of the observation period plus the nectar 
that accumulated due to production up to the speci- 
fied time. The amount of nectar in a flower that had 
been visited was assumed to be the amount left after 
the first visit plus the accumulated volume. The aver- 
age of all these values for marked flowers was then 
calculated for each hour. The average amount of 
nectar that would have been obtained during the ob- 
servation period by a randomly foraging sunbird is: 

n /n 

E aimi/ mi where di is the average availability 
i=1 i=1 

value from each hour (i) and mi is the number of 
marked flowers visited in that hour. 

Sunbirds feeding at Leonotis flowers perch below 
the inflorescence and spin around inserting their bill 
quickly into adjacent flowers around the paw. They 
rarely (<1%) revisit flowers on a paw during a visit 
and normally visit every flower. Nectar intake was 
calculated from the nectar content per flower on the 
paw times the number of flowers on a paw assuming 
all flowers on a paw were visited (see following). We 
also assume that N. kilimensis and N. reichenowi 
removed 90% of the nectar in any flower, N. famosa 
removed 82%, and N. venusta removed 62% above 
2 tkl per flower and 22% below 2 tkl per flower (per- 
sonal observation). The average intake per flower 

8 /n 

during the observation period is: E ip/ mi where 
P=1 i=1 

ip= intake from flowers on the pth paw. The sum of 
the nectar volumes "obtained" included nectar lost to 
intruders that visited the same flowers prior to the 
visit by the territorial male under study. This was 
necessary from the standpoint of how nectar intake 
related to the pattern of foraging per se, which re- 
flects the choice of paws visited independent of com- 
petitive losses. Nectar loss to competitors will be 
the subject of another paper. 

We studied foraging movements of nonterritorial 
sunbirds in 1974. We tagged up to 13 Leonotis paws 
visited in succession by a sunbird and then charac- 
terized each in terms of the number of flowers in the 
paw, height above the ground, distances to preceding 
and subsequent paws and angular relations to preced- 
ing and subsequent paws. We also measured distances 
to all paws within a circle defined from the first of two 
paws as the center and the radius as the distance from 
the center to the second paw. We counted flowers on 
all paws within this circle. Movement direction in the 
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FIG. 1. Relation between standard deviations and means 
of nectar volumes from samples of 50 Leonotis flow- 
ers, 1 per paw. Calculated regression is In y = 0.58 + 0.4 In x 
or y = 1.79 x04. The dashed line indicates the average values 
of the coefficient of variation (SD/X) relative to the mean. 

horizontal plane was evaluated as the angle of depar- 
ture from a stalk relative to the direction of arrival. If 
the directions were the same, the departure direction 
was scored as 00; if the bird left the stalk at right 
angles relative to its arrival, the departure direction 
was scored as +90? (right) or -90? (left). We consid- 
ered the sunbird to have changed foraging height if it 
moved >0.25 m vertically between successive paws. 

RESU LTS 

Variations in nectar content of 
Leonotis flowers 

We present here a synopsis of the patterns of nectar 
variability that a foraging sunbird will encounter. First, 
nectar volumes in Leonotis flowers in 1972 and 1974 
were normally more different between paws than be- 
tween flowers on the same paw (F-test; P always 
<.05). Table 1 illustrates the results of our most exten- 
sive data taken throughout the day on 18 March 1972. 
The ratio of variance between paws:variance within 
paws changed during the day and was greatest in the 
late morning. 

Most of our data on nectar volume variability in- 

TABLE 1. Analysis of variance of Leonotis flower nectar 
volumes on 18 March 1972. All values of F are significant 
(P < .001), indicating greater variability between paws 
than within paws. 

Sum of squares 

Between Within 
Time X S2 paws paws F df 

0700 16.2 14.4 1,014.00 967.82 9.20 14,123 
0900 5.6 36.2 3,447.51 1,725.56 18.41 14,129 
1100 4.0 47.4 6,071.45 627.75 87.50 14,126 
1300 3.4 40.6 4,014.36 1,731.74 21.19 14,128 
1500 1.9 34.5 4,093.94 878.55 43.27 14,130 
1700 0.9 6.2 413.82 425.53 8.61 14,124 
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FIG. 2. Nectar contents (ad) of Leonotis flowers de- 

fended and used by a male Golden-winged Sunbird (WPu) on 
7 July 1973. Feeding during morning lowered average nectar 
volume from 7.0 gl at 0730 to 3.0 gl at 1200 and greatly 
reduced the proportion of flowers with 4 or more microlitres 
of nectar. 

volve samples of 50 flowers, 1 from a paw. The general 
pattern of standard deviations relative to the means of 
these samples is illustrated in Fig. 1. As average nectar 
levels decline (during the day) the variation in paw 
quality also declines, rapidly below 2 tul of nectar per 
flower. However the variation relative to the mean, 
expressed as the coefficient of variation increases 
rapidly below 2 pul per flower. 

The relative frequency of high vs. low nectar vol- 
umes usually declines during the morning as a result of 
sunbird feeding. Figure 2 illustrates the effect of morn- 
ing feeding by a territorial Golden-winged Sunbird 
(WPu - 7 July 1973) on the relative numbers of flowers 
with high and low nectar volumes. It illustrates vari- 
ability between paws that a sunbird could encounter 
while foraging and the dramatic change in the pattern 
of resource availability for these sunbirds over short 
time periods. 

Paw rejection 

Since paws vary in the average nectar content of the 
flowers on them, sunbirds might respond to differ- 
ences between paws in ways that increase the rate of 
energy intake. Early in our studies we noticed that 
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FIG. 3. Relation between probability of finding an empty flower on an initial probe and percentage of empty flowers on 
the inflorescence. This assumes that the sunbird does not visit additional flowers after finding an empty one. The figure 
suggests that sunbirds should almost always encounter an empty flower in 1 of the first 3 flowers probed on a Leonotis paw 
with 50% or more empty flowers. 

sunbirds often left a paw, predictably ones that had 
been recently visited, after probing only a few flowers 
(mode of 2, Table 2). We called this behavior "paw 
rejection.' 

To see if rejected paws contained less nectar than 
accepted paws, we measured nectar volumes in unvis- 
ited flowers. We considered a paw rejected if the sun- 
bird left the paw after 1-4 flower visits prior to visiting 
all the flowers on the paw. We considered a paw ac- 
cepted if the sunbird visited 4 or 5 flowers and had to 
be chased off by us before it visited any more. The 
average amount of nectar in unvisited flowers on an 
accepted paw was significantly higher (P S .005) than 
on a rejected paw (Table 3). The proportion of unvis- 
ited flowers that were nearly empty (60.4 gl of nec- 
tar) was also significantly greater (Mann-Whitney U, 
P < .0001) on rejected paws (57%) than on accepted 
paws (14%). By rejecting paws with low average nec- 
tar volumes per flower, a sunbird increased the aver- 
age amount of nectar it obtained per flower. If 25% of 
the paws visited were rejected (see below), a sunbird 

TABLE 2. Incomplete Leonotis paw visitation: number of 
flowers visited before leaving a Leonotis inflorescence 
with 10 or more flowers. 

Number of flowers visited 

Species 1 2 3 4 5 6 7 8 

Nectarinia reichenowi 11 12 5 5 0 3 0 1 
Nectarinia famosa 9 19 4 3 2 1 1 0 

would increase its intake per flower by as much as 15% 
over feeding at all flowers on each paw visited. 

We hypothesized that sunbirds foraging at high nec- 
tar volumes reject paws upon probing an empty flower 
among the first few flowers tested on a paw. The prob- 
ability of finding an empty flower varies as a function 
of the proportion of empty flowers on a paw and the 
number of flowers tested. It is analogous to drawing 
blindly without replacement from a bag containing un- 
known proportions of black-and-white balls until 1 
white ball is found. If X is the number of empty flowers 
on a paw, and N is the total number of flowers on the 
paw, the probability of the first flower being empty is 

TABLE 3. Nectar volumes in flowers on rejected and ac- 
cepted Leonotis paws. A mean value of nectar/flower was 
calculated for unvisited flowers on each paw. The data 
here collected on 7 July 1974 are based on the sum of the 
means from different paws. 

Av. 
nectar/ 

un- 
visited 

Paws flower 
Species Paw state (n) ,tl z1 P 

N. reichenowi Accepted 23 4.68 
Rejected 22 2.51 2.99 .0014 

N. famosa Accepted 13 4.50 
Rejected 23 2.38 2.59 .005 

1 Mann-Whitney U-test with transformation of U statistic 
to z, (Siegel 1956). 
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FIG. 4. Variation in percentages of empty flowers on inflorescences available to, accepted by and rejected by sunbirds. 

X/N. The probability of the second flower being empty 
when the first flower is not empty is: 

[X/(N - 1)] - [(N-X)/N]. 

The joint probability of finding an empty flower on the 
first probe or finding an empty flower on the second 
probe when the first flower contained nectar is: 

(X/N) + {[X/(N - 1)][(N - X)/N]}. 

Therefore, the sum of the probabilities of leaving a 
paw immediately after finding an empty flower, when 1 
of the first 3 flowers is empty is: 

N [ N- I )( N ) 
X N X [(N- I))-(X 

The relationship between this probability function and 
the proportion of empty flowers on a paw (Fig. 3) indi- 
cates that if 50-60W% of the flowers on a paw (flowers 
per paw fixed at 10 for convenience) are empty, 1 of 
the first 3 flowers probed will be empty =9OW of the 
time. Therefore, a sunbird that rejects because it finds 
an empty flower in 1 of the first 4 probes should reject 
>90W of the paws with more than 50W empty flowers 
and a decreasing fraction of those with fewer empty 

flowers. The characteristics of the paws that were re- 
jected and accepted in 1974 (Fig. 4) support this pre- 
diction. Thus, paw rejection could have been based on 
a system of sampling probabilities using the first few 
flowers to predict what the other flowers on the paw 
contained. Rejection did not seem to take into account 
the probability that some paws with one of the initial 
flowers empty contained only a few empty flowers and 
therefore probably should have been accepted. Instead 
the decision was apparently biased by the conditional 
probability that if one of the first flowers probed was 
empty, the paw was more likely to be bad than good 
(Schlaifer 1959). 

Paws should not be bypassed or rejected when the 
costs of continued foraging are unlikely to be offset by 
improved gains (Pulliam 1974, Gill and Wolf 1975b, 
Charnov 1976). The costs of moving to another 
Leonotis paw are usually minimal because of the high 
density of flowering Leonotis. The time required is =2 
s, the same as visiting 1 or 2 more flowers on a paw. 
The energetic cost of rejection is thus =6.7 joules for 
N. reichenowi (assuming 12.55 kJ/h for flight; see Gill 
and Wolf 1975b; Wolf et al. 1975). Therefore, the cost 
of rejection can be recovered by moving to a paw with 
flowers containing just a total of 2 1.l (@293 J/,ul) more 
than would have been found on the rejected paw. 
When Leonotis flowers are less dense, costs of rejec- 
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TABLE 4. Frequency of Leonotis paw rejection by sunbirds. Nectar availability in microlitres/flower is based on a 50- 
flower sample, 1 per paw. The number of paws visited is indicated in parentheses after percent rejected. 

Mean Median % Percent paws rejected 
nectar empty flowers 

Date Time availability per paw N. reichenowi N. famosa N. venusta 

1974: 

7 July 0900-1130 3.14 15 25 (203) 30 (91) 
21 July 0730-1130 6.38 ... 24(156) 
22 July 0700-1100 6.40 ... 28 (88) 31 (289) \ 30 

28 (286) / (575) 

1975: 

5 July 1500 0.20 ... 8 (271) ... 

J/ 0900 2.08 20 20 (417) ... 
8 July \ 1300 0.80 41 7 (310) ... ... 

12 July 1030 2.47 28 25 (223) 36 (174) 42 (170) 

tion will be higher and we would expect less frequent 
rejection at comparable nectar volumes. 

When the average nectar per flower is low or most of 
the flowers in an area are empty, sunbirds also should 
be more tolerant of paws with empty flowers (Krebs et 
al. 1974, Charnov 1976) because the costs of moving 
probably will not be offset by the improved intake. In 
1974, when average nectar volumes were high, we 
found that the sunbirds rejected 24-31% of the paws 
they visited (Table 4). In 1975 N. reichenowi rejected 
20-25% of the paws visited in the morning compared 
to 7-8% in the afternoon (Table 4). The difference on 8 
July was significant (X2 = 23.60; P < .001) and cor- 
responded to a drop in average nectar volumes from 
2.08 gl to 0.80 gl per flower. The rejection of paws 
thus resembles the leaving of poor foraging patches by 
chickadees (Gibb 1962, Tullock 1971, Krebs et al. 
1974, Smith and Dawkins 1971). The threshold for re- 

jection of a patch was higher in rich habitats than in 
poor habitats as predicted (Krebs et al. 1974, Charnov 
1976) but giving up time (-rejection probability) was 
more sensitive to the initial test of the patch condition 
than is evident in the foraging behavior of chickadees, 
either because search time is minimal in this sunbird 
system, or because initial tests are more accurate pre- 
dictors of patch quality. 

On 12 July 1975 we compared rejection frequencies 
of all 3 species feeding in the same place (Table 4). 
Nectarinia reichenowi rejected paws less often (25%) 
than N. ftimosa (36%) and N. venusta (42%). These 
differences are significant (X2 = 12.83; P < .01) and 
probably reflect differences in ability to remove low 
nectar volumes from Leonotis flowers, i.e., definitions 
of "empty" differ among species. 

Independence of visits to different paws 

We obtained 28 data sets specifying visit frequencies 
to marked paws by a known individual, 20 in 1973, 8 in 
1975 (Table 5). Two of the data sets from 1973 involved 
a male N. kilimensis (X-RG), the rest involved male N. 
reichenowi. In 7 of the 28 data sets the resident sunbird 
fed at but did not defend the marked paws. The fre- 

quency distributions of visits per paw in 6 of these 7 
data sets were not significantly different from the ex- 
pected Poisson distribution. One differed significantly 
from the Poisson distribution due primarily to more 
than the expected number of paws in the 2-visit cate- 
gory, i.e., the sunbird (TS-8/1) revisited some paws too 
often for random foraging. The variance in this data set 
was still less than the mean (s2 = 1.05, x = 1.54) 
and the observed frequencies for other categories of 1, 
3, 4, and 5 visits per paw were close to expected, but 
too many paws were visited at least once. 

Of the remaining 21 frequency distributions of visits 
to defended flowers, 11 (52%) were significantly dif- 
ferent from the Poisson distribution. The principal 
contribution to G was from fewer paws than expected 
in the 0-visit category and more paws than expected in 
the 1-visit category. Thus, significant patterning re- 
sulted from preferential visits to flowers that had not 
been visited earlier in the observation period. In some 
cases, the observed frequencies in the 2-visit category 
were higher than expected, but in only 1 case was this 
category's contribution to the statistic sufficient to 
change significance at the .05 level. The higher propor- 

TABLE 5. Distributions of sunbird visits to marked Leonotis 
paws. 

Distribution of visits 

Data set Poisson Nonpoisson 

Nondivisible 
Nonterritorial 3 
Territorial 5 3 

Divisible 
Nonterritorial 

Entire morning 3 1 
(early morning) (3) (1) 
(late morning) (2) (2) 

Territorial 
Entire morning 5 8 

(early morning) (5) (8) 
(late morning) (2) (11) 

Total data sets 16 12 
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TABLE 6. Estimated nectar intake by territorial sunbirds. 
The contents (in microlitres) of flowers on rejected paws 
are included as is nectar actually lost to intruders. See 
text for details and assumptions of the calculations. The 
difference between average nectar contents of visited flow- 
ers and available flowers is significant (P < .001) for Non- 
poisson data sets but is not significant (P > .3) for Poisson 
data sets. 

Average nectar 
volumes (micro- 

litres/flower) 

Avail- 
able 

Flower Total Visited flow- Differ- 
Data set no. nectar flowers ers ence 

Nonpoisson 
YY-7/23 696 3,273 4.7 (4.8)1 2.8 1.9 

WPu-7/22 423 1,639 3.9 (3.9) 3.4 0.5 
-7/23 561 3,100 5.5 (5.9) 5.0 0.5 
-7/24 619 2,804 4.5 (4.9) 3.4 1.1 
-7/26 655 1,884 2.9 (3.0) 2.1 0.8 

RG-8/3 469 1,498 3.2 (3.2) 2.2 1.0 
-8/4 238 1,142 4.8 (4.8) 4.3 0.5 

PO-8/3 445 1,468 3.3 (3.3) 3.0 0.3 
GB-7/6 497 2,221 4.5 (4.5) 3.5 1.0 
GW-7/13 1,042 2,942 2.8 (2.9) 2.2 0.6 

Average 4.0 3.2 0.8 
Weighted average2 3.9 3.0 0.9 

Poisson 
YY-7/22 480 1,436 3.0 (3.1) 2.6 0.4 

-7/24 747 2,994 4.0 (4.4) 3.2 0.8 
WPu-7/27 1,722 3,644 2.1 (2.2) 1.3 0.8 

PO--8/4 483 2,163 4.5 (4.5) 4.7 -0.2 
YPu-8/3 450 1,683 3.7 (3.8) 4.4 -0.7 
GB-7/7 768 1,908 2.5 (2.5) 2.5 0 

GW-7/14 1,363 1,905 1.4 (1.4) 1.0 0.4 
Average 3.0 2.8 0.2 

Weighted average2 2.6 2.2 0.4 

1 Values in parenthesis are average volumes for flowers 
on accepted paws only. The difference between the two 
values is thus the improved intake per flower visited at- 
tributable to rejection of some flowers. 

2 Sum of products of flower number x average nectar 
volume per flower in each data set, - by total flower number. 

tion of birds approaches a significant difference 
(Fisher's exact test; P = .08). 

The fact that any frequency distributions of sunbird 
visits to marked paws fit a Poisson distribution is 
perhaps surprising because of the way sunbirds moved 
between adjacent paws rather than randomly selected 
paws within the defended area. But the small size of 
the territories, the high mobility of the sunbirds within 
their territories and the intensity of foraging (20-30W 
of each hour; about 120 paws per h) apparently com- 
bine to equalize the probabilities of visits to paws in 
different parts of the territory, except for biases in- 
volving the vertical dimension (see below). 

The nectar encountered per average flower was 
higher in Nonpoisson foraging than in Poisson foraging 
(Table 6). To control for day-to-day variations in nec- 
tar availability, we compared the nectar content of 
flowers on paws visited by territorial birds with the 
average content of flowers a randomly foraging bird 

TABLE 7. Distribution of sunbird visits to marked Leonotis 
flowers in divided data sets. 

Early Data 
morning Late morning Entire morning sets 

visits visits visits (n) 

Nonpoisson Nonpoisson Nonpoisson 5 
Poisson Nonpoisson Nonpoisson 3 
Poisson Poisson Nonpoisson 1 
Poisson Poisson Poisson 2 
Poisson Nonpoisson Poisson 2 
Nonpoisson Poisson Poisson 1 
Nonpoisson Nonpoisson Poisson 3 

TOTAL 17 

would be expected to visit (see Methods). Poisson 
foraging increased the nectar volumes encountered by 
=0.2 gl per flower in 7 data sets (7% increase), or 0.4 

jc1 per flower if the differences are weighted by the 
number of flowers visited in each data set. Nonpoisson 
foraging increased the nectar volumes encountered by 
=0.8 p.1 of nectar (25% increase) per flower in 10 data 
sets. (We could not calculate these figures for all data 
sets because of missing data.) We tested these data 
against the null hypothesis of no difference between 
the amount of nectar in flowers on paws actually vis- 
ited and the average amount of nectar available in the 
flowers on randomly visited (marked) paws (see p. 
1285). The null hypothesis was not rejected for Poisson 
foraging (Wilcoxon matched pairs signed rank test, 
T = 7, P > .05; N = 7; Siegel 1956; paired t statistic, 
t= 1.03, df = 6, P > .3; Steel and Torrie 1960). The 
null hypothesis was rejected for Nonpoisson foraging 
using the same 2 statistics (Wilcoxon test: T = 0, 
P < .01, N = 10; paired t-test: t = 5.59, df = 9; 
P < .001). These statistics support the conclusion that 
nonrandom paw visitation as practiced by these sun- 
birds was advantageous because it increased the en- 
ergy yield per flower visited. 

The territorial sunbirds involved in these data sets 
rejected 5.8% (range 0-16%) of the marked paws they 
visited. Rejection rate was only slightly lower in Non- 
poisson data sets (5.1%) than in Poisson data sets 
(6.6%), not enough lower to suggest that patterned 
foraging reduces rejection probabilities. But territorial- 
ity and nearly exclusive use of a particular set of flow- 
ers apparently reduces the frequency of visiting paws 
with empty flowers. By such rejection, the territorial 
sunbirds increased the average nectar encountered per 
flower visit by an additional 2.7%. Thus the combina- 
tion of rejections and patterned foraging improved nec- 
tar volumes encountered by 25-30%. 

Seventeen (8 Poisson and 9 Nonpoisson) of the 28 
data sets were sufficiently large that we could divide 
them in half and separately analyze visit patterning in 
the early and late morning and compare these results 
to those for the total observation period (Tables 5 and 
7). Four of these data sets involved undefended flow- 
ers. Twenty-two of the 34 (65%) frequency distribu- 
tions for these shorter time intervals were significantly 
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different from Poisson distributions, including some 
nonterritorial data. The directions of departure were 
similar to those mentioned for the full data sets, except 
that frequently there were fewer revisits (2-visit cate- 
gory) than expected. In contrast to the full data set, 
TS-8/1; (see p. 1289) did not revisit paws more often 
than expected during short time intervals. Six of the 8 
full Poisson data sets included some significant pattern- 
ing over shorter time intervals (Table 7). Sunbirds pat- 
terned their visits less often in the early morning (9/17) 
than in the late morning (13/17), when nectar volumes 
average lower and, interestingly, when the variance 
between paws relative to the mean is higher (see p. 
1286). but this difference was not significant (Fisher's 
exact test; P = . I 1). 

If a sunbird forages nonrandomly in the early morn- 
ing, subsequent late-morning foraging may tend to 
erase departures of the frequency distribution from a 
random model unless the late-morning visits are de- 
pendent on the early morning visits. If they are inde- 
pendent, the proportion of all paws shifted from a par- 
ticular category in the first frequency distribution will 
correspond to that category's observed relationship to 
the expected. For example, if the observed frequency 
in a particular category was higher than expected, a 
disproportionately high number (relative to other 
categories) will be visited in the late morning. The net 
result of this sampling phenomenon will be a final, 
combined frequency distribution that more closely ap- 
proximates the expected frequency distribution for the 
full data set. Keeping this in mind, our data suggest 
that the sunbirds were patterning their paw visits 
primarily over short time intervals, and that visits in 
the late morning were independent of previous visits to 
those paws. In most data sets the observed frequency 
of revisited paws was close to the expected, which 
supports this conclusion. Also the average time inter- 
val between revisits in Poisson (119 min) and Nonpois- 
son foraging (144 min) was not significantly different. 

To determine whether the sunbirds preferred paws 
with higher flower numbers, we compared the average 
number of flowers on marked paws that were visited 
(A) to the average number of flowers on all available 
marked paws in a feeding area (B). In 24 of 25 data sets, 
A was greater than B (average increase 12%; range 
2-37%). The difference between A and B was signifi- 
cant (t-test; P < .05) in only five of these but the over- 
all trend is significant (sign test; P < .001). 

Patterns offoraging movement 

A consumer can also increase its rate of prey cap- 
ture, or nectar uptake by moving in response to varia- 
tions in resource density (Tinbergen et al. 1967, Croze 
1970, Cody 1971, Smith 1974a, b, Charnov et al. 1976). 
If resources are clumped in distribution, the consumer 
can tend to move away from areas of low resource 
density and remain in areas of high resource density by 
turning more and moving shorter distances after a 
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FIG. 5. Departure directions relative to arrival direc- 

tions of sunbirds feeding at Leonotis nepetifolia . Data include 
all moves to a new stalk from both accepted and rejected 
paws. Most moves involved a turn; there was no pronounced 
modal peak at 0. 

positive reward. The consumer should thereby 
minimize the proportion of revisited resource points 
and should avoid places visited by other consumers 
(Pyke 1977, Cody 1971), increasing its foraging effi- 
ciency. 

In 1974 we studied the movements of nonterritorial 
sunbirds. Most of the departures from a paw were at a 
pronounced angle relative to the arrival direction (Fig. 
5). There was no pronounced modal peak at 0? in these 
data, suggesting that departure direction was usually 
independent of arrival direction. The mean departure 
direction following paw rejection was not significantly 
different from the mean departure direction following 
paw acceptance (Table 8). There was also no signifi- 
cant tendency to alternate turn directions. 

The modal distance moved by sunbirds between 
successively visited paws was 0.3-0.4 m (Fig. 6). The 
average distance moved after paw rejection was signif- 
icantly higher than after paw acceptances in N. 

famosa and N. venusta, but not in N. reichenowi (Ta- 
ble 8). Both N. famosa and N. reichenowi moved to a 
new stalk more often than they stayed on the same 
stalk (Table 8). N. famosa moved significantly more 
often (P < .05) to a new stalk after a rejection than 
after an acceptance, whereas N. reichenowi did not. 

Sunbirds often moved horizontally while feeding de- 
spite options of moving vertically to higher or lower 
paws on the same or an adjacent stalk. About 80%o of 
the moves were in the same plane (Table 8). The fre- 
quency with which birds changed height was not influ- 
enced by acceptance or rejection (x2, P > .50) 
suggesting height changes were independent of im- 
mediate reward levels. 

We also noted whether a sunbird bypassed a better 
paw on each move between paws. A "better" paw was 
one with as many or more flowers in the same depar- 
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FIG. 6. Distances between visits to successive Leonotis 
paws. Curve fitted by eye. 

ture quadrant as the paw to which the sunbird actually 
went. We did not include better paws in different po- 
tential departure directions as we could not be sure 
these were in the visual field of the bird making a deci- 
sion where next to go. All other factors being equal 
(e.g., nectar per flower, which is presumably unknown 
to the nonterritorial birds on which the data were col- 
lected), a sunbird should not bypass such a paw for 
one farther away if it is going to maximize foraging 
efficiency. In fact, sunbirds bypassed better paws 
-3OW of the time (Table 8). The better paws that were 
bypassed tended to be at the same height as the others 
so they were not subject to a stratification bias. Also 
sunbirds did not bypass better paws significantly more 
often after a rejection than after an acceptance (Table 
8). These data indicate that the sunbirds are not: (1) 
perfect in recognizing the closest, largest inflores- 
cence; or (2) using inflorescence size (i.e., the number 

of flowers on the inflorescence) as an index of quality. 
Regardless of the reasons for the bypasses, it must be 
remembered that each bird showed some departure 
from what we would have considered to be the best 
possible short-term behavioral pattern. 

On 16 July 1975 we measured the heights of paws 
visited by a color-marked male N. reichenowi (YX- 
GB) on different foraging bouts during the morning. 
We tested for differences in average heights of these 
bouts which varied from 124.7 cm to 160 cm, using a 
one-way analysis of variance. The differences among 
bouts were significant (F = 2.48; df = 7, 51; P < .05), 
indicating that foraging height differed more among 
bouts than within bouts. If patterning of foraging bouts 
with respect to height tended to bias visits to previ- 
ously unvisited paws in the course of the morning then 
the final distribution of visits to marked paws of par- 
ticular heights should approximate the actual height 
distribution of those marked paws. We compared 
these distributions for the 7 possible 1975 data sets 
using a 2-sample Kolmogorov-Smirnov test (Siegel 
1956) and found no significant differences. 

DISCUSSION 

Three factors contribute to spatial variations of nec- 
tar availability in a field of flowers. First is the distribu- 
tion of the resource sites themselves, flowers, which 
also can change in time as new inflorescences bloom 
and as the total number of flowers increases and de- 
clines. Second is the rate of nectar renewal in indi- 
vidual flowers, itself a variable (Faegri and van der Pijl 
1971, Heinrich 1975, Gill and Wolf 1975a, Stiles, 1975). 
In flowers with high nectar production and infrequent 
consumer visits, uneven resource removal may con- 
tribute only slightly to variable nectar volumes, but this 
second factor interacts strongly with the third factor, 
consumer exploitation. Not only do previous visits 
lower absolute levels of nectar availability, which may 

TABLE 8. Movements of sunbirds between successive Leonotis paws 

Departure direction Distance moved (m) Change stalks Change height Bypass better paw 

Species: N X + SE N X + SE Yes No x2 Yes No x2 Yes No x2 

N. famosa 

Accepted paws 136 -0.33 ? 8.6 121 0.54 ? .05 98 26 4 73* 23 101 003 0 71 43 
Rejected paws 27 -8.33 ? 14.0 40 0.91 ? .15 27 1 5 20 0 4 19 

163 -1.66 ? 7.6' 

N. reichenowi 

Accepted paws 78 9.87 11.6 62 0.50 .08 57 8 04 13 65 0 17 38 179 
Rejected paws 20 9.25 ? 1.6 22 0.61 ? .11 17 2 2 18 55 7 7 

98 9.74 10.11 

N. venusta 

Accepted paws 27 6.11 ? 18.0 52 0.44 ? .05 
Rejected paws 14 28.57 ? 25.2 27 0.66 ? .09 

41 13.78 ? 14.4' 

' Rejected and accepted paws combined. 
* P < .05. 
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make aggressive exclusion of competing individuals 
economical (Gill and Wolf 1975a), but previous visits 
also change the frequency distribution of nectar per 
flower (Fig. 2, Gill and Wolf 1975b). This is especially 
important in systems with large numbers of flowers 
relative to the number visited by an individual bird in 
the course of a single foraging bout. To the degree that 
birds tend to forage at adjacent flowers within limited 
time periods, spatial patchiness will increase. To the 
degree that birds preferentially select flowers with high 
nectar availability, they may lower the variance in nec- 
tar volumes (Fig. 1) as well as spatial patchiness, as 
preferential foraging by crows on closely spaced prey 
lowers average density (Croze 1970). But as long as 
some flowers or groups of flowers are both renewing 
nectar and remain unvisited, high variance will be 
maintained. 

Sunbirds have several ways of responding to local 
variations in nectar content of flowers. The different 
responses are probably used in alternative situations. 
Territorial sunbirds can favor unvisited flowers be- 
cause they feed repeatedly in the same group of flow- 
ers and mostly relate to their own previous flower vis- 
its. However, proximate response systems such as 
paw rejection and movement rules should be more im- 
portant to nonterritorial sunbirds, which are less re- 
stricted to a particular group of flowers and which 
must relate a posteriori to the visits of other sunbirds 
feeding in the same places. 

Two important problems confront the consumer 
foraging on spatially variable food: (1) How can it 
maximize encounter rates with profitable prey; and (2) 
what patterns of spatial variation will it encounter and 
respond to? The first is a problem of optimal foraging 
rules for a particular situation. The second is a prob- 
lem of learning and probability assessment. At this 
point, we are unable to define all important costs of 
natural foraging by sunbirds at Leonotis and thus we 
are not concerned with establishing optimality criteria 
for this system. Instead we focus on ways that sun- 
birds can increase nectar per flower over average 
levels. 

Foraging rules that increase prey encounter rates 
seem to be "area-restricted searching" and "giving-up 
time." When the prey distribution is clumped, a preda- 
tor should move in ways that keep it in a clump and 
move rapidly between clumps of prey (Tinbergen et al. 
1967). This can be accomplished most simply by turn- 
ing more sharply and moving shorter distances when a 
prey item is encountered than when a prey item is not 
encountered. Such behavior is well documented for a 
variety of organisms (references in Charnov et al. 
1976, p. 252) including some birds (Smith 1974a, b, 
Croze 1970). This behavior requires the predator only 
to assume that the dispersion pattern of its prey is 
clumped and to remember the angle of arrival at a 
foraging stop, and perhaps the average distance 
moved. 

In the sunbird-Leonotis system reported here, some 
tendency toward area-restricted searching was evident 
in the foraging of N. famosa, but none was evident 
in N. reichenowi. Overall, such foraging behavior 
seemed to be less important in sunbirds feeding at 
Leonotis than has been found in bees (Pyke 1977) and 
thrushes (Smith 1974a, b), either because the sunbirds 
were feeding in areas of relatively higher average re- 
ward levels, or because their foraging spatially was 
more tightly bounded. If the acuteness of turning re- 
flects the relative size of the reward just encountered, 
it is logical that birds or bees feeding in areas of low 
density or highly clumped prey should usually move 
straight ahead until they encounter a patch of prey. 
Alternatively, sunbirds feeding in a field of flowers full 
of nectar as was the case in 1974 during this study, 
should turn frequently and minimize distances moved. 
Territoriality also limits the directionality of foraging 
movements both for individuals feeding within the con- 
fines of small defended areas and for nonterritorial in- 
dividuals or species feeding in the interstitial areas be- 
tween the territories. Continued straight movement 
would take the territorial bird away from the higher 
nectar volumes of its defended area (Gill and Wolf 
1975a) and would take the nonterritorial bird into a 
territory where its foraging would be disrupted by ag- 
gressive displacement. Sunbirds therefore should usu- 
ally be constrained by boundary effects and naturally 
feed in a highly localized manner. 

Giving-up time is the idea that a predator should 
leave a patch when the rate of prey encounters in the 
patch falls below the average for the habitat (Krebs et 
al. 1974, Charnov et al. 1976, Charnov 1976). Carrion 
crows give up searching at low rates of prey encoun- 
ters (Croze 1970) but apparently this was independent 
of prey density. Experiments with chickadees (Krebs 
et al. 1974) support the model's predictions in greater 
detail. The predator need know only (a) that its prey is 
clumped and (b) the average density or encounter rate 
of that prey in a habitat. As the average density for the 
habitat increases, the predator should give up more 
easily, i.e., be less tolerant of locally poor foraging. 
Giving-up time may also decrease as level of satiation 
increases. Rejection of Leonotis paws seems to be 
similar to a giving-up time system that increases net 
energy gain per unit time and that is sensitive to aver- 
age levels of nectar per flower in the field, though 
further study is needed to develop this variable in 
terms of optimal foraging. Our data do indicate some 
differences between species in the way they react to, 
and probably sense the quality of a particular patch. 
Insofar as this reflects intrinsic, species-specific feed- 
ing efficiencies, it supports the idea of consumer- 
defined quality gradients (Gill and Wolf 1975a, Wolf et 
al. 1976). 

A third way the predator can increase its rates of 
encountering profitable prey is to pattern its own 
foraging over a period of time in ways that maximize 
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visits to productive sites that were not previously vis- 
ited. To some degree this is a natural consequence of 
area-restriction and giving-up time systems. It is 
hypothesized to be an adaptive advantage of some 
kinds of flocking in birds (Morse 1970, Cody 1971). 
However, monitoring the foraging sites of other indi- 
viduals must be very difficult if not impossible except 
on a most proximate basis, but often it should be feasi- 
ble for an individual to pattern its foraging relative to 
its own previous foraging in systems with even minor 
delays in replenishment rates. This is a problem of 
memory adjusted to specific renewal probabilities. 
Birds can home precisely over long distances and time 
periods and are capable of detailed retention of land- 
marks, places, and territorial boundaries (Welty 1962, 
Emlen 1975), but how refined this capacity may be 
with regard to remembering hundreds of specific flow- 
ers in a Leonotis patch, for example, is not known. 
Hummingbirds do visit nectar feeder locations after an 
extended absence (and removal of the feeder) (Miller 
and Miller 1971a) and under certain conditions orient 
by cues of spatial location rather than color (Miller and 
Miller 1971/v). But while feeding at complex inflores- 
cences. hummingbirds make mistakes; i.e., revisit 
flowers within the same foraging sequence-5-l0% at 
Delphinium (Pitelka 1942), 2% at Penstemon in 
Arizona (personal observation). It is not clear how 
much, if at all, exact location memory influences forag- 
ing behavior of sunbirds. To the degree that reward- 
related turning behavior is demonstrated, limited 
memory of immediately preceding flight directions 
must be involved (Pyke 1977). To the degree that suc- 
cessive foraging bouts are nonrandomly located in dif- 
ferent strata or sections of the Leonotis field, memory 
of the locations of previous foraging bouts must be 
involved. 

Our data suggest that sunbirds pattern their foraging 
mainly over short (1-2 h) time spans, possibly because 
of memory limitations. It often should be continuously 
advantageous to feed at unvisited flowers as long as 
these are available. However, economic consid- 
erations such as increasing rarity of unvisited flowers 
and renewed nectar in previously visited flowers may 
also be important determinants of longer term pattern- 
ing. It does seem clear that effective patterning of vis- 
its is most feasible by a bird that is feeding repeatedly 
at the same limited set of flowers with limited use by 
other birds. The traplining behavior of some hum- 
mingbirds (Feinsinger 1976:265) apparently is I form of 
well-patterned flower visits to predictably renewed 
nectar at scattered productive flowers. To our knowl- 
edge no one has found a hummingbird visiting a series 
of discrete traplines on successive foraging bouts. In 
fact, the details of trapline foraging using color-marked 
birds remain to be described, or even confirmed. The 
flowers on a trapline are not defended. Therefore a 
trapline would only be economical when the number of 
flowers on the trapline is limited and the probability of 

visits to these flowers by competing individuals is low. 
The timing of visits to a flower should be a com- 
promise between maximizing nectar accumulation and 
minimizing loss to other individuals. Similarly effec- 
tive patterning of visits to large numbers of flowers 
should be most feasible for territorial birds that 
minimize disruption of the spatial pattern of nectar 
availability by other competing individuals. However, 
there may be a point where too many chases prevent a 
territorial individual from patterning effectively. If so, 
this is another cost of territoriality. 

The second of the 2 major problems confronting the 
consumer is the assessment of food availability so that 
it can forage in the best way. Predators should tend to 
concentrate their searching nonrandomly in areas of 
relatively high profitability (Royama 1970) and studies 
of the foraging behavior of chickadees (Smith and 
Dawkins 1971, Tullock 1971, Smith and Sweatman 
1974) show that they do so forage. But how do they 
learn which areas are most profitable? How do they 
learn what is the average prey density in an area so 
that giving-up time in a patch can be adjusted appropri- 
ately? The experiments of Smith and Sweatman 
(1974) indicate that chickadees learn to hunt selec- 
tively where the rates of capture are highest. At first, 
when the chickadees were naive about the distribution 
of prey in an aviary, they searched in short bouts and 
often moved from area to area. After 11-20 trials, 
however, they learned to hunt persistently in the better 
areas. The only information available to the chick- 
adees were immediate capture rates and learned as- 
sociations between past capture rates and spatial posi- 
tions in the aviary. The immediate response to reduced 
prey densities in the best area, as would be a natural 
consequence of intense foraging, was to shift their 
preference to the second best area. None of the chick- 
adees foraged perfectly, i.e., spent all their time in 
the best area. It is logical that such predators should 
spend some time monitoring the variations in prey 
availability and adjust their foraging accordingly, i.e., 
they should sacrifice short-term optimal foraging for 
longer-term effectiveness when the distribution of prey 
is likely to change (Krebs et al. 1977). This is what 
Heinrich (1976) has called "minoring" in bumblebees, 
but the degree to which it is a normal part of natural 
foraging is not known. 

Charnov (1976) has suggested that an organism 
should make a decision about when to leave a patch in 
relation to the average patch quality throughout the 
habitat. However, this is a special, limiting case when 
the number of patches sampled approaches infinity or 
the mean value of habitat patch quality has no vari- 
ance, i.e., every patch is of the same quality. In reality 
there is some variation around the mean patch quality. 
It becomes important to understand how the pattern of 
this variation (i.e., the frequency distribution of patch 
quality) around the mean influences the perception of 
the environment by the organism. In most cases, the 
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organism also has a limited foraging area in which 
foraging causes a change in the mean and variance of 
patch quality, which in turn causes a change in forag- 
ing behavior, i.e., patch acceptance and rejection. We 
have suggested that the sunbirds alter their view of the 
mean value of the environment within a period of 4 h 
or less since the rate and "rules" of paw rejection 
changed within that time interval. Unpublished exper- 
iments with hummingbirds (personal observation) sug- 
gest the possibility that information is integrated pri- 
marily from one foraging bout to the next in a laboratory 
situation. Smith (1974a,b) and Baker (1973) have both 
shown relatively short time periods over which behav- 
ior patterns associated with patch exploitation can 
change. 

Even in these cases, the relative importance of past 
and present information is unclear. We suspect that 
the birds probably continually integrate information 
from present foraging into their perception of the envi- 
ronment as it has been accumulated through past 
foraging episodes. The importance of a current episode 
in changing the perception of the environment pre- 
sumably depends on the deviation of the event from 
the mean value as perceived at that time and the varia- 
tion around that mean. In the sunbirds, not only is 
there a mean and variance of environmental quality, 
but the values of each of these parameters changes 
through time as a result of the foraging activities of the 
birds. In this case, the ability to integrate information 
from relatively short-term sequences of foraging 
episodes to achieve a view of the environment is prob- 
ably extremely important in the ultimate foraging 
capabilities of these birds. 

An important difficulty with much of patch exploita- 
tion information from natural situations is that the in- 
vestigators must arbitrarily define a patch and this def- 
inition may have no close correlation with how the 
foraging individual perceives the patchiness of its envi- 
ronment. In fact, we suspect that, as with short-term 
reassessments of average environmental quality, the 
forager has short-term shifts in its definition of patch 
boundaries, at least in most situations. In our earlier 
study of sunbirds foraging at mistletoe flowers on 
Acacia branches (Gill and Wolf 1975b) we suggested a 
patch-foraging hypothesis to explain the observations, 
but it was clear that we could not define either a priori 
or a posteriori what a bird perceived as a patch (Gill 
and Wolf 1975b). In the paw-rejection studies reported 
in this paper we have found a situation where our defi- 
nition of a patch probably corresponded closely to that 
of the bird. 

Finally, the decision process of a foraging organism 
is coupled not only to its view of its external environ- 
ment, but also to its internal environment, especially 
feedback relations between an energy storage com- 
partment and environmental information. Hum- 
mingbirds tend to accumulate energy at approximately 
a constant rate throughout the day (Wolf and 

Hainsworth 1977). Even under conditions of depriva- 
tion, the birds may show different changes in foraging 
behavior depending on the size of the energy storage 
compartment and, perhaps more importantly, what the 
bird views the size of the compartment should be at 
that time of the day (personal observation). Clearly 
this relationship will vary among foraging organisms as 
many, if not most, will not show the gradual accumula- 
tion of energy at a constant rate that the birds do. 
However, this feedback is viewed as an important 
component of meal control in humans and rats (Toates 
and Booth 1974) and also hummingbirds. We expect 
that it will play an important role also in the response 
of a foraging bird to a particular environmental cue. 
This becomes especially important if the response to a 
similar cue varies as a consequence of the feedback 
from the storage compartment. Note that this internal 
environment may be the major integrative mechanism 
for the perception of the external environment. 

Future research on optimal foraging ecology must 
inevitably blend with the data base of learning theory 
in the psychological sciences. Patterns of response to 
reward reversals are comparable to changing prey 
availabilities at particular locations, and psychological 
studies of the "depression effect" demonstrate the 
impact on responses to present rewards of the differ- 
ence between past and present reward levels (Bitter- 
man 1975). Recent studies of the nectar foraging be- 
havior of the Hawaiian honeycreeper (Loxops virens), 
show that they too avoid recently visited flowers, in 
ways similar to the laboratory paradigm of alternation 
learning (Kamil 1977). Not only can animals learn 
probabilities of recurrence and respond appropriately, 
but different animals seem to vary adaptivelyy?) in 
their abilities to learn and in their responses to differ- 
ent reward patterns (Bitterman 1975). An organisms's 
intrinsic capability for remembering and projecting de- 
tails of its past foraging will obviously affect how op- 
timally it can exploit a particular condition of prey 
availability. 

ACKNOWLEDGMENTS 
We are indebted to the Office of the President for permis- 

sion to do research in Kenya and to R. Leakey and A. D. 
Forbes-Watson of the National Museums of Kenya for their 
assistance and their sponsorship of our fieldwork. Leo Mac- 
kie and Ray and Barbara Terry made available the facilities 
and hospitality of the Gilgil Country Club. S. Gupta, T. Hal- 
verson, S. Lanyon, S. Peters, and M. Stolper assisted in the 
fieldwork and/or analysis of the data. W. Ewens and P. De- 
Benedictis helped with statistical problems, and P. DeBen- 
edictis also generously worked out the Poisson generating 
function (Appendix A) for us. F. R. Hainsworth, G. Pyke, H. 
R. Pulliam and R. Baenninger made constructive suggestions 
for improving the paper. This study was supported by the 
National Science Foundation (GB 28956x, GB 40108 and 
DEB76-04 152). 

LITERATURE CITED 

Baker, M. C. 1973. Stochastic properties of foraging behav- 
ior of six species of migrating shore birds. Behavior 
45:242-270. 

Bitterman, M. E. 1975. The comparative analysis of learn- 
ing. Science 188:699-709. 

This content downloaded from 133.11.3.6 on Tue, 20 Oct 2015 03:09:47 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


1296 FRANK B. GILL AND LARRY L. WOLF Ecology, Vol. 58, No.6 

Charnov, E. L. 1976. Optimal foraging: the marginal value 
theorem. Theor. Popul. Biol. 9:1-8. 

Charnov, E. L., G. H. Orians, and K. Hyatt. 1976. Ecologi- 
cal implications of resource depression. Am. Nat. 
110:247-259. 

Cody, M. L. 1971. Finch flocks in the Mojave Desert. 
Theor. Popul. Biol. 2:142-158. 

Croze, H. 1970. Searching image in carrion crows. Z. 
Tierpsychol. Beiheft 5:1-85. 

Emlen, S. T. 1975. Migration: orientation and navigation, p. 
129-219. In Farner and King [eds.], Avian biology Vol. 
5. Academic Press, New York. 

Faegri, K., and L. van der Pijl. 1971. The principles of 
pollination ecology. 2nd ed. Pergamon, London. 291 p. 

Feinsinger, P. 1976. Organization of tropical guild of nec- 
tarivorous birds. Ecol. Monogr. 46:257-291. 

Gibb, J. 1958. Predation by tits and squirrels on the eucos- 
mid Enarmonia conicolama (Heyl.). J. Anim. Ecol. 
27:375-396. 

1962. L. Tinbergen's hypothesis of the role of spe- 
cific search images. Ibis 104:106-111. 

Gill, F. B., and L. L. Wolf. 1975a. Economics of feeding 
territoriality in the Golden-winged Sunbird. Ecology 
56:333-346. 

. 1975b. Foraging strategies and energetics of East 
African sunbirds at mistletoe flowers. Am. Nat. 109:491- 
510. 

Hainsworth, F. R., and L. L. Wolf. 1972. Energetics of 
nectar extraction in a small, high altitude, tropical hum- 
mingbird, Selasphorus flammula. J. Comp. Physiol. 
80:377-387. 

Heinrich, B. 1975. The role of energetics in bumblee-flower 
interrelationships, p. 141-158. In L. E. Gilbert and P. H. 
Raven [eds.] Coevolution of animals and plants. Univ. of 
Texas Press, Austin. 

1976. The foraging specializations of individual 
bumblebees. Ecol. Monogr. 46:105-128. 

Kamil, A. C. 1977. (In Press). Learning and memory in the 
wild: Systematic foraging for nectar by Amakihi (Loxops 
virens). J. Comp. Physiol. Psychol. 

Krebs, J. R., J. C. Ryan, and E. L. Charnov. 1974. Hunting 
by expectation or optimal foraging? A study of patch use by 
chickadees. Anim. Behav. 22:953-964. 

Krebs, J. R., J. T. Erichsen, M. I. Webber, and E. L. Char- 
nov. 1977. Optimal prey selection in the Great Tit (Parus 
major). Anim. Behav. 25:30-38. 

Miller, R. S., and R. E. Miller. 197 la. The memory of 
hummingbirds. Blue Jay 29:29-30. 

. 1971b. Feeding activity and color preferences of 
Ruby-throated Hummingbirds. Condor 77:309-313. 

Morse, D. H. 1970. Ecological aspects of some mixed- 
species foraging flocks of birds. Ecol. Monogr. 40:119-168. 

Pitelka. F. A. 1942. Territoriality and related problems in 
North American hummingbirds. Condor 44:189-204. 

Pulliam, H. R. 1974. On the theory of optimal diets. Am. Nat. 
108:59-74. 

Pyke, G. 1977. (In Press). Optimal foraging: movement pat- 
terns of bumblebees. Theor. Popul. Biol. 

Royama, T. 1970. Factors governing the hunting behavior 
and food selection of the great tit (Parus major L.). J. 
Anim. Ecol. 39:619-688. 

Schlaifer, R. 1959. Probability and statistics for business 
decisions. McGraw-Hill, New York. 732 p. 

Schoener, T. W. 1971. Theory of feeding strategies. Annu. 
Rev. Ecol. Syst. 2:369-404. 

Siegel, S. 1956. Nonparametric statistics for the behavioral 
sciences. McGraw-Hill, New York. 312 p. 

Smith, J. N. M. 1974a. The food searching behaviors of two 
European thrushes. I: description and analysis of search 
paths. Behaviour 48:276-302. 

1974b. The food searching behaviors of two Euro- 

pean thrushes. II: the adaptiveness of the search patterns. 
Behaviour 49:1-61. 

Smith, J. N. M., and R. Dawkins. 1971. The hunting behav- 
ior of individual Great Tits in relation to spatial variations 
in their food density. Anim. Behav. 19:695-706. 

Smith, J. N. M., and H. P. A. Sweatman. 1974. Food 
searching behavior of titmice in patchy environments. 
Ecology 55:1216-1232. 

Sokal, R. R., and F. J. Rohlf. 1969. Biometrics. W. H. 
Freeman and Co., San Francisco. 776 p. 

Steel, R. G. D., and J. H. Torrie. 1960. Principles and pro- 
cedures of statistics. McGraw-Hill, New York. 481 p. 

Stiles, F. G. 1975. Ecology, flowering phenology and hum- 
mingbird pollination of some Costa Rican Heliconia 
species. Ecology 56:285-301. 

Taylor, L. R. 1961. Aggregation, variance and the mean. 
Nature 189:732-735. 

Tinbergen, N., M. Impekoven, and D. Franck. 1967. An 
experiment on spacing out as a defence against predation. 
Behaviour 28:307-320. 

Toates, F. M., and Booth, D. A. 1974. Control of food 
intake by energy supply. Nature 251:710-711. 

Tullock, G. 1971. The Coal Tit as a careful shopper. Am. 
Nat. 105:77- 80. 

Welty, C. 1962. The life of birds. W. B. Saunders Co., 
Philadelphia. 546 p. 

Wiens, J. A. 1976. Population responses to patchy environ- 
ments. Annu. Rev. Ecol. Syst. 7:81-120. 

Wolf, L. L. 1975. Energy intake and expenditures in a 
nectar-feeding sunbird. Ecology 56:92-104. 

Wolf, L. L., and F. R. Hainsworth. 1977. Temporal pat- 
tern of feeding in hummingbirds. Anim. Behav. 25:976- 
989. 

Wolf, L. L., F. R. Hainsworth, and F. B. Gill. 1975. Forag- 
ing efficiencies and time budgets in nectar-feeding birds. 
Ecology 56:117-128. 

Wolf, L. L., F. G. Stiles, and F. R. Hainsworth. 1976. The 
ecological organization of a highland tropical hummingbird 
community. J. Anim. Ecol. 45:349-379. 

APPENDIX A 
Suppose that a sunbird visits paws at a rate, p\t, 

such that the chance of visiting 2 or more paws in the 
time interval At becomes vanishingly small as At ap- 
proaches 0. Suppose that the sunbird feeds from 
exactly N paws, and that on each feeding visit that the 
chances of visiting a particular paw are equal and in- 
dependent of the previous visit then the chance of not 
visiting a particular paw during the time interval At is 
equal 1 - pAt/N; the chance of visiting a particular 
paw is equal pAt/N; and the chance of visiting 2 or 
more paws is negligible. Let p(n,t) be the probability 
distribution function of exactly n visits to a paw up to 
time t. Then, 

p(n, t + At) = pAt/Np (n - 1, t) + (1 - pAt/N)p(n, t); 
(0, 0) = I 

from which an equation for the probability generating 
function, P(z,t), may be derived as: 

dP(z, t)/dt = (p/N)(z - 1)P(z, t); P(z, 0) = 1. 
Hence, the generating function is: 

P(z, t) = e(Pt/N)(z-l) 

which is the generating function of a Poisson distribu- 
tion with mean equal to pt/N. 
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