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Ecology, 69(6), 1988, pp. 1933-1942 
? 1988 by the Ecological Society of America 

TRAPLINE FORAGING BY HERMIT HUMMINGBIRDS: 

COMPETITION FOR AN UNDEFENDED, 
RENEWABLE RESOURCE' 

FRANK B. GILL 
Academy of Natural Sciences, Philadelphia, Pennsylvania 19103 USA 

Abstract. Traplining hummingbirds face a conflict between waiting for undefended 
floral nectar to accumulate to higher levels of profit and losing accumulated nectar to 
competitors. The goal of this research was to learn the rules and temporal patterns of flower 
visitation by Long-tailed Hermit Hummingbirds (Phaethornis superciliosus). Monitors of 
visits by color-marked individuals, particularly lek males, to natural flowers established 
patterns of feeding in space and time. Monitors of visits to nectar feeders that were refilled 
at fixed intervals established patterns of adjustment to nectar availability and competitive 
losses. Competing hummingbirds tended to segregate among undefended feeding sites, with 
one individual becoming the primary user of each site. Competition caused hummingbirds 
to visit a feeder frequently, often before a scheduled refill. In this way one individual could 
harvest most of the provided nectar. Under conditions of nearly exclusive use of a feeder 
with artificial nectar, the hummingbirds adjusted their visits to operant (fixed-interval) 
schedules of food presentation. The scheduled harvesting of floral nectar by traplining 
hermit hummingbirds thus entails the adaptive use of short, elapsed time intervals. 

Key words: exploitative competition,-fixed-interval experiments, foraging behavior; hummingbird; 
operant behavior; Phaethomis; trapline. 

INTRODUCTION 

Foraging circuits, or traplines, enable animals to har- 
vest renewing food from isolated sites in a regular fash- 
ion (Janzen 1971, 1974, Prins et al. 1980, Thomson 
and Plowright 1980, Davies and Houston 1981). The 
rate of food renewal in depleted patches influences the 
foraging patterns of such animals because the rate of 
renewal determines the profitability of return visits, 
and the costs of sharing foraging space with other in- 
dividuals (Waser 1981). In turn, social systems often 
relate directly to spatial and temporal predictability of 
renewable food resources, such as ripening fruit or ac- 
cumulating nectar (Ricklefs 1980, Bradbury 1981). 
Some hummingbirds, particularly the lek species of 
hermit hummingbirds (Trochilidae, Phaethornithi- 
nae), are specialized trapliners that visit isolated and 
undefended flowers containing large amounts of sugar- 
rich nectar (Feinsinger and Colwell 1978, Stiles and 
Wolf 1979, Snow and Snow 1980). Exploitative com- 
petition rather than interference competition prevails 
at these sites. In addition to remembering the locations 
of dependable foraging sites, a hermit hummingbird 
must decide when to visit them profitably. It can delay 
revisitation to increase accumulation, and hence po- 
tential profit, or it can return frequently to reduce com- 
petitive losses, called defense by depletion (Charnov 
et al. 1976, Davies and Houston 1981, Waser 1981, 
Paton and Carpenter 1984). Because hermit hum- 
mingbirds obtain most of their daily energy from such 

I Manuscript received 25 September 1987; revised 4 April 
1988; accepted 18 April 1988. 

undefended flowers, they would benefit from harvest 
schedules that accommodate both the rates of nectar 
renewal and the intensity of competition. 

Hummingbirds are sensitive to short-term changes 
in net energy gains and adjust their behavior to increase 
reward size and profitability (Wolf and Hainsworth 
1983). Shifting to unvisited flowers is beneficial over 
short time intervals, given the slow rates of natural 
nectar renewal (Gill and Wolf 1977, Kamil 1978, Cole 
et al. 1982, Gass and Sutherland 1985, Wunderle and 
Martinez 1987), but returns to previously visited flow- 
ers will be beneficial over longer time intervals.The 
amount of nectar available in a flower increases pre- 
dictably and monotonically as a function of time elapsed 
since the flower was last visited. A hummingbird's 
flower visits, therefore, are subject to operant condi- 
tioning, in which the hummingbird's own behavior 
determines reinforcement (Staddon 1983:274). Some 
laboratory studies of learned instrumental behavior ex- 
plicitly complement field studies of natural foraging 
behavior and tests of optimal foraging theory (Lea 1979, 
Collier and Rovee-Collier 1981, Baum 1982, Abarca 
et al. 1985). Few studies from nature, however, com- 
plement the wealth of laboratory studies of operant 
behavior (Staddon 1983, Schwartz 1984). The sched- 
uled harvesting of renewable food, such as floral nectar, 
entails the adaptive use of elapsed time in a natural 
setting (Pulliam 1981, Kamil and Yoerg 1982). 

In this paper I report field studies on the use of time 
by Long-tailed Hermits (Phaethornis superciliosus), a 
widespread hummingbird species of lowland rainfor- 
ests in Central and South America. I monitored feeding 
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visits of color-marked individuals, particularly lek 
males, to natural flowers. I also tested short-term ad- 
justments of feeding behavior to different schedules of 
food presentation in artificial flower feeders to answer 
the following questions. What are the patterns and re- 
sults of competition for nectar in undefended feeding 
sites? How do traplining hermit hummingbirds re- 
spond to losses of nectar to competitors? Do they learn 
to return to sources of nectar at designated intervals 
of reinforcement? Will they wait longer to get more 
nectar? 

METHODS 

I conducted the field study from May to July 1982- 
1983 in Corcovado National Park in southwestern Costa 
Rica, where Long-tailed Hermit Hummingbirds are 
abundant. The study area, which included a lek oc- 
cupied by 12-15 males, was in seasonally flooded low- 
land rainforests on the north side of the Rio Pavo, 10 
km northeast of Sirena. Lek males and nonlek indi- 
viduals of both sexes visited monitored flowers and 
experimental feeders. I marked individual humming- 
birds with a color-coded plastic tag attached to one leg, 
and paint spots on the back (Stiles and Wolf 1973). 
Identity codes, such as W/R, refer to unique color com- 
binations, in this case white-red. The hummingbirds 
fed mainly at flowers of Costuspulverulentus Presl (Zin- 
giberaceae) (= C. ruber of Stiles 1975) and those of 
Heliconia imbricate (Kuntze) Baker (Heliconiaceae). 
At some sites, they also visited flowers of Costus laevis 
R. & P., Heliconia irrasa Lane, and Aphelandra gol- 
fodulcensis McDade. The flowers available daily at 
Costus sites in the Pavo forests typically included 5- 
15 C. pulverulentus flowers and 2-5 C. Iaevis flowers. 
Lightgap sites with H. imbricate contained 3-8 flowers 
in May and June. I assume that floral nectar is the 
primary source of energy for these hummingbirds; spi- 
ders are an important source of nutrition (Stiles and 
Wolf 1979). 

To study natural foraging patterns, my assistants and 
I mapped all flowering Costus and Heliconia plants 
within 500 m of the lek in 1982 and monitored visits 
to feeding sites by nine lek males and other, nonlek 
individuals. Our vigils at natural flowers totalled 171 
h in 1982, mostly in the morning from 0700-1200. 
Revisit intervals to specific flowers define a hum- 
mingbird's nectar consumption in terms of nectar accu- 
mulation minutes (weighted for changing production 
rates in the course of a morning) (Gill and Wolf 1977, 
1979). A hummingbird's realized nectar consumption 
is estimated as the total of nectar accumulation minutes 
elapsed since a previous visit less those credited to 
intervening visitors. 

Manipulated artificial reward schedules were re- 
quired to test directly the responses of hermit hum- 
mingbirds to patterns of nectar availability, including 
competitive losses. In 1983, therefore, I studied the 
return times of four color-marked individuals (R/G, 

B/Y, Y/Y, Y/R) to artificial flowers with plastic-tube 
nectar reservoirs. Up to three widely separated feeders 
were operated simultaneously on some days, all within 
200 m of the lek. Molded of hard plastic, the feeders 
resembled the inflorescences of Heliconia imbricate 
and H. wagneriana, two plants that flowered naturally 
in the study area. I placed sugar-water in the bottom 
10 mm of 55 mm long plastic tubes of 6 mm inside 
diameter. Hummingbirds with short bills could not 
reach the artificial nectar, which consisted of a 30% 
sucrose equivalent mixture of the three sugars (fruc- 
tose, glucose, and sucrose) present in floral nectars. The 
hummingbirds removed all nectar in 1-3 s. The 
amounts of nectar (10-200 AL) available at the feeder 
were within the range available in natural flowers (Gill 
1987, 1988). The individuals tested had several days 
prior experience with a feeder. Two (R/G, B/Y) were 
lek males. The age and sex of the other two individuals 
were uncertain. Following some segregation of indi- 
viduals among three feeder sites available initially, the 
two lek males (R/G and B/Y) competed daily for nectar 
at feeder site number 3, which became the focus of 
study. I expanded the options available to these two 
males to include three feeders (numbers 2, 3, and 4) 
100 m apart on 28 April, and two feeders (numbers 3 
and 4) on 2 May. 

The study employed operant reinforcement proto- 
cols, primarily fixed-interval (FI) schedules, in which 
I refilled a feeder at 10- or 15-minute intervals (des- 
ignated Fl 10 min and Fl 15 min) following the last 
successful visit by a particular hummingbird. Unlike 
real flowers, which accumulate nectar continuously, the 
feeder remained empty until a scheduled refill. Use of 
the feeder by two or more individuals disrupted a refill 
schedule set to the visits of one particular individual. 
In most cases I quickly replaced the nectar to maintain 
the schedule. In the case of sustained use by both B/Y 
and R/G, I refilled the feeder at fixed intervals follow- 
ing the last successful visit, whether by B/Y or by R/G. 
In this case, intervening visits by different individuals 
effectively converted a fixed-interval (FI) schedule to 
a variable-interval (VI) schedule. In FH schedules, the 
hummingbird could learn that food was available after 
a minimum amount of time has elapsed, and could 
adjust the periodicity of its returns accordingly. In VI 
schedules, there is no reliable relationship between 
waiting interval and reward for any given individual. 
Under this reward regime, laboratory pigeons peck at 
constant rates until food is delivered (Staddon 1983: 
132). 

To simulate an increase in the nectar contents of 
real flowers and to provide an incentive to wait longer, 
I doubled the amount of nectar available in the res- 
ervoirs as a step function of elapsed time, or Fl 10 + 
5 min in the case of 5-min supplement to a Fl 1 0-min 
schedule. To simulate loss of nectar to a competitor, I 
emptied the feeder when the hummingbird failed to 
return 20 min after the F1 (e.g., Fl 10 + 20 min). 
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FIG. 1. Feeding sites of color-marked lek male Long-tailed 
Hermits in the Pavo study area in 1982. Solid lines connect 
lek territories of nine males to their feeding sites (circles with 
letters). Three color-marked males were not seen away from 
the lek; three lek males (A) remained unmarked. Hatched 
areas indicate sites with flowers not used by lek males. * nest 
sites. Dotted lines indicate edge of second-growth vegetation. 

RESULTS 

Naturalforaging behavior 

My data from vigils at natural flowers corroborated 
the observations of Stiles and Wolf (1979), and pro- 
vided some additional, quantitative detail. Lek male 
Long-tailed Hermits in our study area commuted to 
undefended flowers from their territories (Fig. 1). Some 
fed at flowers near the lek; others flew at least 500 m 
to feed and never were seen at flowers close to the lek. 
Lek males were not seen at 11 sites that were visited 
by other individuals. Individual home ranges over- 
lapped broadly, but the actual feeding sites of lek 
neighbors were segregated. Normally two males did 
not feed in the same place, except for infrequent checks 
of each other's site. When two lek males fed at the 
same site, they tended to visit different specific flowers, 
e.g., Costus /aevis vs. C. pulverulentus. Although lek 
males tended not to overlap with each other, each lek 
male shared its feeding sites with other, nonlek indi- 
viduals. Visits by lek males to far sites constituted 17- 
50% of all visits recorded at each site. Lek male B/B 
visited two sites (G and H) near the lek on a more 
exclusive basis (87-100% of all visits). The identities 
of most covisitors were not known, except at site A, 
where two color-marked individuals were an adult fe- 
male and a nonlek male. 

Lek males revisited particular feeding sites 3-7 times 
per morning, at intervals that varied from a few min- 
utes to 2 h. Revisit intervals at far sites (A, B, C) 
averaged longer (n = 54, median = 47 min) than those 

at near sites (G, H; n = 46, median = 12.5 min) (Kol- 
mogorov-Smirnov two-sample test, P < .001). The 
revisit intervals were not significantly correlated with 
time of day either at far sites (Fig. 2), or at near sites 
(one male, n = 46, Spearman rank correlation coeffi- 
cient (rs) = -0.024). Variations in specific flower visits 
increased the median intervals from 47 min at far sites 
to 70 min at specific flowers at those same sites (Median 
test, P < .01). Such regular revisitation by the lek males 
prevented substantial nectar losses to other individuals 
that visited the same sites. Only 16% of 127 flower 
visits by lek males Y/G and B/G were preceded by a 
competitive visit, resulting in an estimated 10% loss 
of accumulating nectar. 

Competition for nectar at feeder sites 

Several individuals competed for nectar at a newly 
established feeder, but one of them usually became the 
primary visitor that harvested most of the nectar. 
Hummingbird Y/Y emerged as the primary visitor at 
feeder number 1, which initially was visited by at least 
six individuals. Its visits increased in number and also 
in predominance over a 3-d period, to 90% of all visits 
(Fig. 3A). One of the other individuals (Y/R) switched 
to feeder number 2, 200 m away. At first, it competed 
there with lek males R/G and B/Y, but its visits in- 
creased daily to 90% of all visits (Fig. 3B) and yielded 
nectar 88% of the time, as R/G shifted to feeder number 
3, 100 m away (Fig. 4). 

Competitive interactions between R/G and B/Y at 
feeder number 3 continued for over a week, with res- 
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FIG. 2. Revisit intervals to far visits as a function of the 

time of day. Intervals between visits to far sites ranged widely 
without significant temporal trend for all data combined (n 
= 54, rs = -0.139) or for the individual (B/G) with the largest 
sample size (n = 17, rs = -0.080). Symbols indicate data for 
particular lek males: 0 G/R and Y/B; 0 B/G; E Y/W; A Y/G. 
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FIG. 3. Visits by one individual (the primary user) of a 

feeder increased in number, whereas visits by competing in- 
dividuals decreased. (A) hummingbird Y/Y at feeder number 
1; (B) hummingbird Y/R at feeder number 2. 0 visits by Y/R 
to feeder number 1 as it shifted to feeder number 2. 

olution on some days but not on others. On the 1 st d 
(21 April), both lek males fed ad libitum; visits by one 
had no effect on the amount of nectar obtained by the 
other (Fig. 5A). The constraints of F1 schedules then 
resulted in frequent unrewarded visits on 22-27 April. 
The two males competed with alternating success on 
22 April, when 200-,uL rewards were offered. One in- 
dividual or the other became the primary visitor on 
each of the next 4 d, when nectar rewards were lower 
(Fig. 5B-E). B/Y obtained most of the nectar on 23 
and 24 April, but then R/G did so on 25 and 26 April. 
A return to 200 AL nectar rewards on 27 April repeated 
the results of 22 April. 

The results of competition between these two indi- 
viduals varied among concurrent feeders. When three 
feeders were in operation on 28 April (Fig. 6), R/G 
controlled feeder number 2 whereas B/Y controlled 
feeder number 4. B/Y visited feeder number 2 sporad- 
ically with poor results; R/G visited feeder number 4 
sporadically with poor results. An unmarked individ- 
ual returned to feeder number 4 at short intervals after 
obtaining nectar on two visits, but left after four unre- 
warded visits. Feeder number 3 offered less nectar at 
a longer F1 interval than the other two feeders. Hum- 

mingbirds R/G and B/Y visited it regularly throughout 
the day, but obtained little nectar. 

When more than one individual used a feeder, the 
principal user visited frequently, often prematurely be- 
fore a scheduled F1 refill. The behavior of B/Y on 2 
May at two feeders 100 m apart, one visited also by 
R/G, the other uncontested, illustrates this response. 
Both feeders provided 100 AL at Fl 15 min. The me- 
dian return time at the contested feeder was 12 min, 
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FIG. 4. Cumulative nectar obtained by hummingbird Y/R 

(0) on three successive days (19-21 April 1983; A, B, C) with 
decreasing competitive interference from hummingbird R/G 
(@). Longer return times within each day reduced unrewarded 
visits. Observations started at 0600 and stopped at 1400; 
triangles are time markers indicating 1000. 200-,uL nectar 
volumes were available for 2 + h during the afternoon of 20 
April (B; visit numbers 32-39). 
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FIG. 5. Competition by two lek males (0 R/G 0 B/Y) for nectar in feeder number 3. Arrows onset of fixed-interval 
(Fl) nectar replenishment schedules beginning with most recent successful visit; nectar was available ad libitum prior to this 
time each day. Triangles are time markers indicating 1000. Data for 26 April (not shown) are essentially the same as those 
illustrated for 25 April. 

compared with 20 min at the uncontested feeder (Me- 
dian test, P < .05). B/Y visited the contested feeder 
21 times by 1000, compared with 13 times at the un- 
contested feeder. It failed to obtain nectar on 9 of the 
21 visits to the contested feeder as a result of premature 
returns (6) and competitive losses (3). When it found 
the feeder empty after a 22-min absence, because of a 
prior visit by R/G, it returned 2 min later. Alternating 
rewarded and premature visits produced a stepped pat- 
tern of cumulative rewards with time unlike the linear 
increase at the uncontested feeder. 

Failures to obtain nectar as a result of losses to com- 
petitors and losses as a result of premature returns were 
negatively correlated in the data for R/G and B/Y at 
feeder number 3 (Fig. 7). Other features of the relation 
between nectar obtained and visit patterns include the 
following. R/G lost significantly less nectar directly to 

B/Y because it visited more frequently (rs = -0.67, n 
= 10, P < .05). A similar relationship for B/Y was not 
significant (rs = -0.52, n = 10, P > .05). The pro- 
portion of unrewarded visits was directly correlated 
with the number of premature returns (R/G: rs = 0.78, 
n = 10, P < .01; B/Y: rs = 0.78, n = 10, P < .01). 
B/Y's competitive losses were inversely correlated with 
R/G's competitive losses (rs = -0.86, n = 10, P < 
.0 1). 

Adjustments to FI schedules 

Hermit hummingbirds typically explore and test new 
nectar sources. They periodically try natural flowers at 
which they are not the primary visitor. At first, they 
also visited my feeders irregularly at long intervals. 
Then with regular rewards they returned more fre- 
quently to feeders, often before a scheduled refill. Un- 
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FIG. 6. Competition by two lek males ( R/G, 0 B/Y) at 

three feeders 100 m apart on 28 April. The indicated volume 
of nectar was available at the specified fixed nectar replenish- 
ment interval (Fl). + visits by an unmarked individual. Visits 
by unmarked individuals, by B/Y at feeder number 2, (A, 0), 
and by R/G at feeder number 4 are positioned in temporal 
relation to visits of the primary user. Observations started at 
0600 at feeders number 2 and number 3, and stopped at 1600 
at all three sites; feeder number 4 was not filled until 0958. 
Triangles are time markers indicating 1000. 

der conditions of nearly exclusive use of a feeder, return 
intervals increased to longer than the F1 refill schedule, 
thereby increasing the probability of obtaining nectar. 
Such adjustments were evident in the behavior of hum- 
mingbirds Y/R (Fig. 4), B/Y (see Competition for Nec- 
tar at Feeder Sites, above), and Y/Y at feeder number 
1 (Table 1). Hummingbird Y/Y increased its median 
return times significantly from early morning to mid- 
morning on 19 April and 20 April to correspond to a 
F1 10-min schedule. This hummingbird's median re- 
turn times also increased significantly among early 
morning periods of the 3 d (X2 = 7.40, df = 2; P < 
.05). Increased return times during the day could be a 
natural trend of declining foraging effort unrelated to 
operant reinforcement (though see Discussion); in- 

creased return times between successive days, how- 
ever, indicate adjustments to the FT schedule controlled 
for time of day. Adjustments to the FT schedule sig- 
nificantly increased the frequency of obtaining nectar 
(Table 1). 

Under conditions of exclusive use of a feeder, a hum- 
mingbird would benefit by waiting longer to get more 
nectar. Return times of hummingbird Y/Y increased 
when the amount of nectar available in the feeder dou- 
bled at Fl 10 + Nmin in late morning (1030 to 1230) 
on 19 April (Fig. 8) and after 0830 on 21 April (Table 
1). Its median return time (25 min) under this regime 
on 21 April was 10 min longer than it was during the 
same hours the preceding day, when no larger rewards 
were available (Median test, P < .01). An issue, how- 
ever, is whether a hummingbird waits longer to get 
more, or whether it reduces feeding activity as a result 
of satiation. Effects of satiation were sometimes evi- 
dent. Comparison of the visits of hummingbirds Y/R 
and Y/Y to separate feeders 200 m apart during the 
afternoon of 20 June 1983, for example, suggests a 
direct effect of meal size (Table 2). In this case I re- 
versed the meal sizes (100 AtL vs. 200 AL) at the two 
feeders after eight visits by each individual. The larger 
reward (200 AL) prompted longer return times than a 
smaller reward (100 AL). The differences in median 
return times were significant for Y/R, and for the pooled 
data, but not for Y/Y. 

In conclusion, I return to the issue of premature 
returns in response to loss of nectar to a competitor. 
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FIG. 7. Competitive losses are negatively correlated with 

(timing) losses due to returns before the feeder was refilled on 
a fixed-interval schedule. Spearman rank correlation coeffi- 
cients (r,) were -0.73 (P < .02) for R/G (@) and -0.82 (P < 
.01) for B/Y (0). 
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TABLE 1. Responses of hummingbird Y/Y to fixed-interval (FI) 10-min nectar replenishment schedules in early (0630-0830) 
vs. mid-morning (0830-1030) on three successive days.* Number of visits in parentheses. 

Median return times (min) Rewards (% of visits) 

Day Early morning Mid-morning Pt Early morning Mid-morning Pt 

19 April 7.5 (15) 14 (9) .002 43 88 .032 
20 April 8.5 (16) 12 (9) .030 62 89 .150 
21 April 11.0 (11) 16(8) .050 91 100 .570 

* The significant difference between early and mid-morning periods on 21 April reflects the response to doubled rewards 
(see last paragraph of Methods). Adjustments to the F1 schedule significantly increased median return time within mornings 
of 19 and 20 April and among early mornings of the 3 d (x2 = 7.40, df = 2, P < .02). 

t Comparisons of early vs. mid-morning on each date. Level of significance estimated with Fisher's exact test because some 
expected values in 2 x 2 contingency tables were <5. 

Following regular rewards and increasingly longer re- 
turn intervals, individuals reacted to an empty feeder 
by returning quickly and repeatedly at short intervals. 
Lek male B/Y did so on 2 May after a 22-min absence 
and intervening loss of nectar to R/G. Lek male R/G 
reacted similarly to experimental decrease (from 200 
,vL to 25 ALL) in the reward available at feeder number 
3 on 9 May. To directly simulate competitive nectar 
losses by an individual with exclusive use of a feeder 
and adjusted to the F1 schedule, I deliberately emptied 
feeder number 1 on 19 April when hummingbird Y/Y 
failed to return at F1 10 + 20 min (Fig. 8). It responded 
to the empty feeder by returning at short intervals until 
nectar was obtained. Return times then increased pro- 
gressively in duration. The response was repeated a 
second time that afternoon. 

DISCUSSION 

Responses to competition 

Optimal foraging patterns in a patchy environment 
depend on local rates of food renewal and depletion, 
including the intensity of exploitative competition 
(Miller 1967, McNair 1979, Waser 1981, Stephens and 
Charnov 1982, Yamamura and Tsuji 1987). The in- 
tensity of competition experienced by traplining hermit 
hummingbirds varies from site to site and from 
day to day. How a hummingbird responds to compe- 

tition should depend on whether it controls the harvest 
schedule or whether it only visits a site sporadically to 
check its status and potential for regular visits. When 
the hummingbird is the primary visitor that controls 
the harvest schedule, empty flowers signal prior visits 
by a competitor and trigger more frequent visits. Fre- 
quent visits reduce loss of nectar and discourage com- 
petitors that find the flower empty (Paton and Car- 
penter 1984). Unharvested nectar that accumulates in 
flowers, however, invites regular visits and possibly 
takeover of the primary harvest schedule by a com- 
petitor. 

Among hummingbirds, trapline foraging is one al- 
ternative to feeding territoriality (Stiles 1975, Fein- 
singer and Colwell 1978). Defense of food by depletion 
incurs measurable costs, as does defense by territorial 
aggression (Paton and Carpenter 1984). Instead of 
chasing intruders, traplining hummingbirds invest time 
and energy into repeated, sometimes unproductive, re- 
turns to flowers. Returns to my feeders often preceded 
the Fl schedule and hence yielded no nectar. In cases 
of competition for nectar in natural flowers, most visits 
(except immediate returns) would yield small amounts 
of nectar that might not pay for the costs of a return 
flight. Possibly this is the reason why one of the two 
hummingbirds B/Y and R/G sometimes gave up in the 
competition for feeders with little nectar, but continued 
to compete at feeders with much nectar. 

30 - 
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~20 

0 

0900 1000 1100 1200 1300 1400 1500 1600 

Time of Day 
FIG. 8. Hummingbird Y/Y's response to an empty feeder (P) on 19 April 1983 after adjustment to a fixed replenishment 

interval (FI) 10-min schedule (- - - at 10-min return time) by 1030, and to a Fl 10 + 10 min schedule (x ,L nectar supplied 
10 min after a successful visit, plus the same volume added 10 min later) yielding 200 ,uL ( at 20 min) from 0900 to 
1300. After 1300, 200 uL of nectar were available on a Fl 10 + 5 min schedule ( at 15 min), and the feeder was 
emptied at 30 min if the hummingbird failed to return. Return times are plotted in cumulative fashion (lines connect successive 
visits) until nectar was obtained. 0 100 ,1L nectar; * 200 pWL; 0 no nectar. 
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These rules that apparently govern site visitation 
derive primarily from single (feeder) sites. Lek male 
Long-tailed Hermits must regularly visit 10 or more 
sites with Costus or Heliconia flowers to satisfy their 
daily energy requirements, but the sequence or pattern 
of visits to the sites on a trapline remains unknown. 
They probably visit subsets of sites on different for- 
aging bouts (F. Gill, personal observation). Extension 
of the rules for a single site to the management of 
multiple sites will require solutions to complex algo- 
rithms similar to those applied to the classic travelling 
salesman problem, in which optimal solutions to min- 
imizing travel distances and repeat visits depend on 
the two-dimensional geometric relationships of the cit- 
ies in the salesman's working district (Lawler 1985). 

Adaptive operant behavior in 
hermit hummingbirds 

My results indicate that free-living hummingbirds 
adaptively use temporal information, namely short, 
elapsed time intervals. When not challenged by com- 
petitors, four color-marked individuals responded pre- 
dictably to fixed-interval schedules. Adjustments of 
median return times within and between days in- 
creased the frequency of obtaining nectar. Such be- 
havior is to be expected because floral nectar accu- 
mulates at predictable rates after a hummingbird visit 
(Stiles 1975, Gill 1988), causing the reward value of a 
flower to approximate a fixed-interval schedule (Stad- 
don 1983:274). Not all natural patterns of food renewal 
approximate fixed-interval schedules. Food renewal 
often involves random or stochastic interval processes 
that prescribe a constant return time that maximizes 
net energy gain (Davies and Houston 1981, Staddon 
1983:279). Such was the case for territorial Pied Wag- 
tails (Motacilla alba) that harvested accumulating, dead 
insects at the river's edge (Davies and Houston 1981). 
Competitors (= intruders) depressed the density of in- 
sects and the owner's feeding rate, but the effect of 
competition on return times of owner wagtails was 
obscured by complex interactions among food abun- 
dance, defense time, and intruder tolerance. In the case 
of floral nectar consumed by traplining hermit hum- 
mingbirds, intervening visits by competitors converted 
fixed-interval schedules to variable-interval schedules, 
which promoted frequent, but often unrewarded visits. 

I conducted this study with free-living Long-tailed 
Hermits with substantial travel costs to determine 
whether some basic rules guided schedules of visits to 
undefended flowers, and whether simple expectations 
of operant behavior were manifest in a natural, adap- 
tive context. I conclude that there are scheduling rules 
and that traplining hummingbirds practice adaptive 
operant behavior. Each primary result, e.g., adjust- 
ments to Fl schedules, responses to competitive losses, 
etc., was manifest in the behavior of more than one 
individual on several occasions. These conclusions, 
however, are based on the behavior of only a few in- 

TABLE 2. Effect of larger meal sizes on return times of two 
hermit hummingbirds (Y/R and Y/Y) to different feeders 
200 m apart on 20 April 1983.* Number of returns in 
parentheses. 

Median return time (min) 

Hummingbird 100 ,uL 200 ,4L Pt 

Y/Y 15 (9) 20 (5) .36 
Y/R 13 (6) 18 (8) .05 
Pooled 14.5 (15) 18 (13) <.05 

* Both individuals adjusted to a 10-min F1 schedule during 
the morning. Nectar rewards at Y/R's feeder were doubled to 
200,4L for eight visits from 1215 to 1430. Nectar rewards at 
Y/Y's feeder were doubled for eight visits from 1400 to 1600. 

t Fishers exact probability calculated for Y/Y and Y/R data 
sets; for pooled data, X2 = 5.17, df = 1. 

dividuals. Also, circumstances in the rainforest varied 
unpredictably and uncontrollably from day to day and 
from hour to hour. What many of the hummingbirds 
did away from the feeder usually was unknown. They 
did not linger near the feeder awaiting a refill. Certainly, 
they fed elsewhere. Better controlled experiments than 
I was able to conduct are now needed to refine these 
results and to understand the limits of temporal learn- 
ing by traplining hummingbirds. 

Preprogrammed changes in natural foraging sched- 
ules with time of day potentially confound the inter- 
pretation of fixed-interval experiments with free-living 
hummingbirds. Some hummingbirds return to flowers 
less often as the day proceeds and as the rate of natural 
nectar production declines (Stiles 1975, Feinsinger 
1978). My results were not simply due to such an ar- 
tifact. Return times by marked individuals to nat- 
ural flowers in the study area varied without significant 
temporal trend; these hummingbirds visit feeders and 
flowers frequently throughout the day if it is profitable 
to do so. Comparisons of performances during the same 
time periods on different days helped control for this 
potential problem, assuming no differences in hunger 
levels. Also, the fact that these hummingbirds respond- 
ed to the feeders with reward schedules that were sub- 
stantially different from the declining values of natural 
flowers at other, concurrent, feeding sites suggests the 
hummingbirds can flexibly adjust their revisitation rules 
to site-specific conditions. 

Delayed harvest vs. satiation 

When the risk of competitive loss is low, that is, 
when future uncertainty does not devalue delayed food 
(Staddon 1983, Kagel et al. 1986), hummingbirds 
should postpone visits to obtain more accumulating 
nectar and thereby reap greater profit in return for the 
travel costs they invest to visit a site. In general, it 
appears that foragers discount the future and prefer 
immediate rewards over delayed rewards (Grosch and 
Neuringer 1981, Kagel et al. 1986). My results suggest 
that free-living hummingbirds will wait to get more, 
but still unclear is the role of meal size, which affects 

This content downloaded from 128.192.141.24 on Thu, 18 Sep 2014 15:07:17 PM
All use subject to JSTOR Terms and Conditions

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


December 1988 TRAPLINE FORAGING BY HUMMINGBIRDS 1941 

a hummingbird's feeding intervals (Wolf and Hains- 
worth 1977, 1983). Large amounts of nectar, such as 
the 200 AL-rewards I used at times, could fill a Hermit 
Hummingbird's crop to levels that reduce feeding effort 
(Hainsworth and Wolf 1972, DeBenedictis et al. 1978). 
In the laboratory, hummingbirds control rate of ac- 
cumulation of stored energy reserves through adjust- 
ments of meal size and meal frequency (Wolf and 
Hainsworth 1977, Hainsworth 1978, Wolf and Hains- 
worth 1983, Tooze and Gass 1985). Level of satiation 
also effects whether Great Tits (Parus major) are likely 
to choose small, immediate rewards over large, delayed 
rewards (Rechten et al. 1983). Future experiments with 
trapline foragers may profitably address the interaction 
between external factors, such as competition and re- 
source renewal, and internal and physiological factors 
that influence the operant behavior of higher animals 
(Staddon 1983:162). 
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