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Spatial memory in rufous hummingbirds
(Selasphorus rufus): A field test

S. D.HEALY
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The spatial memory abilities of free-ranging rufous hummingbirds were tested in an "open-field"
analogue of a radial maze. Eight artificial "flowers" filled with sucrose solution and arranged in a cir
cle were placed within each bird's feeding territory. The birds were given two types of trial: in "free"
trials, birds could choose which four of eight flowers to feed from before leaving the array; in
"forced" trials, the experimenter presented birds with four flowers. Memory performance was as
sessed by observing the ability of the birds to avoid the emptied flowers on the return visit. On both
types of trials, hummingbirds were able to avoid visiting the previously emptied flowers for reten
tion intervals ranging from a few minutes to over an hour. Demonstration of good memory perfor
mance in free-ranging, nondeprived animals has both ethical and logistical implications for future
studies on animal memory. In addition, such studies offer an ideal opportunity to test what and how
well animals remember in their natural environment.

Individuals of many species ofhummingbird defend a
territory, the size of which is determined by food supply
in terms of the number of flowers within the territory or
the amount ofnectar produced by them (Gass, Angehr, &
Centa, 1976; Kodric-Brown & Brown, 1978). In the
course of a day, a hummingbird will visit hundreds of
nectar sources and thus seriously affect the abundance
and distribution of food for subsequent foraging bouts.
To forage efficiently, a territorial hummingbird should
remember the locations of flowers it has depleted and
avoid revisiting them until the nectar has been replen
ished (not less than 4 h; Armstrong, Gass, & Sutherland,
1987).

The radial-arm maze is a laboratory apparatus fre
quently used for testing spatial working memory abilities
in animals, most commonly rats (e.g., Beatty & Shavalia,
1980; Olton & Samuelson, 1976). In 1986, Spetch and
Edwards modified the standard arrangement of open
topped tunnels into what they called an open-field feed
ing environment. In this set-up, the animals were not re
quired to return to a central site but could move directly
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between feeding sites. Pigeons were tested in two dif
ferent environments: one involved moving between
feeding sites on the ground; the other required the pi
geons to fly between the sites. One apparent advantage
of this "open-field" radial-arm maze analogue is that the
pigeons demonstrated accurate spatial memory within
just a few trials. In previous tests with the standard ra
dial maze, pigeons' accuracy was either poor (Bond,
Cook, & Lamb, 1981) or difficult to achieve without ex
tensive training (Roberts & Van Veldhuizen, 1985).
Since Spetch and Edwards' work, several other authors
have used an open-field environment to demonstrate ac
curate spatial memory in various avian species-in
corvids (Balda & Kamil, 1988) and parids (Hilton &
Krebs, 1990), for example.

In the present experiment, we tested the accuracy of
spatial memory in hummingbirds using an apparatus
that can be described as "open-field" both literally and
in its analogy to a radial-arm maze. Artificial flowers
containing sucrose solution were presented to rufous
hummingbirds (Selasphorus rufus) in their feeding ter
ritories at a field site in the eastern Rocky Mountains. In
the spring, rufous hummingbirds migrate northward
from Mexico to southern Alberta, where they establish
feeding territories. These feeding territories consist of
over 200 flowers (Armstrong et al., 1987; Paton & Car
penter, 1984), and the owners vigorously defend them
from conspecifics attempting to rob nectar. Because
flowers may take some considerable time to replenish
(Gass et al., 1976), a hummingbird may follow one or
several strategies in order not to revisit recently emptied
flowers: visiting flowers in a consistent pattern whereby
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Table 1
Mean Retention Intervals and Intertrial Intervals in Minutes

(::': Standard Errors) for 6 Hummingbirds Performing
Free (Averaged Over Both Blocks) and Forced Trials

Retention Interval Intertrial Interval

Free Trials Forced Trials Free Trials Forced Trials

Bird M SE M SE M SE M SE
Female I 4.8 1.0 13.0 4.4 79.9 9.4 204.6 129.3
Female2 8.1 2.0 11.7 6.0 62.4 6.4 178.7 108.3
Female 3 6.5 1.2 14.5 2.3 138.1 58.8 203.6 86.3
Male I 5.8 2.8 7.8 2.0 295.3 136.2 72.8 5.1
Male 2 31.0 4.4 42.8 9.7 440.4 102.8 347.6 152.5
Male 3 4.3 1.7 13.3 3.8 164.1 70.9 225.3 100.9

memory is required only for the pattern and not the flow
ers themselves ("trap-lining"; Feinsinger, 1978), visiting
clumps of flowers and remembering the clump visited
but not the individual flowers themselves, and remem
bering the specific locations of individual flowers. Each
of these possible strategies has been discussed previ
ously, and there is support from optimality models and
experimental tests for the first two (Davies & Houston,
1981; Gill & Wolf, 1977; Kamil, 1978). In the following
experiment, the artificial flowers containing sucrose so
lution served as each "arm" of the open-field radial
maze so that we could test whether the birds could re
member which individual "flowers" were emptied in a
recent foraging bout.

METHOD

Subjects
The subjects were 3 adult female and 3 adult male rufous hum

mingbirds. In order to distinguish individuals, the males were
marked with a distinctive daub of paint. Plumage patterns on the
throats ofthe females differed enough so that individuals could be
identified without painting.

Experimental site
The study was conducted in two meadows in a valley (l,400-m

elevation) in the Eastern Rocky Mountains, 20 km southwest of
Beaver Mines, Alberta (490 29'N; 114025' W), where male and fe
male rufous hummingbirds defend feeding territories from May
through August. Trials were run between 0630 and 2100 h Moun
tain Standard Time during July and August 1992.

Procedure
Initial training. Artificial feeders containing 16% sucrose so

lution were placed at several sites where hummingbirds were ob
served to be feeding from natural flowers. Within a few hours, a
hummingbird began to defend the feeder and the immediate
vicinity. If male, this bird was then painted while feeding or, if
female, her throat pattern was closely observed as she sat at the
feeder. Once the focal bird's domination of the feeder was estab
lished, the feeder was lowered from its original height (1.5~2.5m
from the ground) to about 60 em from the ground. When the bird
was using the feeder in its new position, the feeder was replaced
with an artificial flower. These flowers consisted of a disk of
waxed, colored card (diameter, 5.8 em), the center of which was
pierced by a pale orange syringe tip. The syringe tip created a
small well (capacity, 120 ILl). Each bird tested was presented
with flowers of only one color, but the colors differed among
birds (orange, blue, red, yellow, purple, or white). The flowers

were mounted on 60-cm wooden stakes. During this phase of ini
tial training, the syringe tip was filled with 24% sucrose solu
tion. The birds learned very quickly to feed from the flowers, usu
ally on their first exposure. After a bird had drained the first
flower, it was refilled immediately and two or three more flowers
were provided. The number of flowers available was gradually in
creased to a total ofeight. These eight flowers were then arranged
roughly in a circle 180 cm in diameter, with approximately 70 em
between adjacent flowers. Within the circle and between the flow
ers, the vegetation was cut down or removed so as not to hinder
movement between flowers. Handling time was just a few seconds
per flower.

Once a bird had fed from the array of eight flowers three or four
times over the course of 3 or 4 h, it was given two training trials.
For these trials, 40 ILl of 24% sucrose solution was put into all
eight flowers and the bird was allowed to empty each of them. The
flowers were not refilled. The sequence of visiting flowers was
recorded until all eight flowers had been emptied. This was done
to ensure that birds were not just visiting a subset of the available
flowers. When a bird visited a flower, it would nearly always con
sume the entire contents. Once the bird had emptied all eight flow
ers, the flowers were removed, but the wooden stakes remained in
place. One hour later, all eight flowers were replaced, and again
each contained 40 ILl. These two bouts of emptying all eight flow
ers were the "training trials." Although all the flowers a bird ex
perienced appeared to be identical (at least to our eyes), we scram
bled the location of the individual flowers across trials to control
for the possibility that the birds might associate a particular flower
with a particular location.

Testing. One hour after the bird had completed the second
training trial, the experiment proper began. This consisted of three
blocks of trials: a block of "free" trials, a block of "forced" trials,
and a second block of "free" trials. Birds were run one at a time,
completing all trials, before the next bird was tested. Furthermore,
because the maze was put in the focal bird's territory, potential in
truders were chased away by the subject under test. Most birds re
ceived 8-12 trials in a day, so it required 2-4 days to complete all
trials on each bird.

Table 2
Sex, and the Number of Free and Forced Trials for

Each ofthe Birds

No. Free Trials

Bird Sex Block I Block 2 No. Forced Trials

I female 6 4 6
2 female 6 4 6
3 female 6 5 10
4 male 6 6
5 male 5 4 5
6 male 6 3 6
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Figure 1. Mean percent correct perfonnance and standard errors
for each bird in the two blocks offree trials. Asterisks denote perfor
mances that were significantly different from chance (p < .05) in the
first block offree trials (closed circles), and daggers denote perfor
mances that were significantly different from chance (p < .05) in the
second block offree trials (open circles),
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ure I} When each bird's performance was combined
over both blocks of trials, 5 ofthe 6 birds performed bet
ter than chance (Figure 2).

For the forced trials, the birds' abilities to find the
second four flowers, as a percentage of the total eight
flowers, were also compared with chance (50%) perfor
mance in one-sample t tests. Performance averaged over
subjects was significantly better than chance [t(5) =

Figure 2. Mean percent correct perfonnance and standard errors
for each bird for forced trials (open squares) and for both blocks of
free trials combined (closed circles), Asterisks denote performances
that were significantly different from chance (p < .05) in the combi
nation of the two blocks of free trials, and daggers denote perfor
mances that were significantly different from chance (p < .05) on
forced trials.

Because revisits constituted only 6% of the total vis
its within each ofthe phases, revisits were excluded from
the following analyses.

In a "free" trial, the bird was presented with all eight flowers
containing 40 ILl of24% sucrose solution. When it had visited four
of the flowers, it was interrupted by the experimenter and chased
away (Phase 1). On return, the bird was then observed until it had
visited the four flowers that still contained sucrose solution
(Phase 2). The length of the intervening retention interval was
thus determined by the bird and was highly variable (see Table I).
When the bird had emptied all the flowers on its return visit, it flew
off, and we removed the flowers (the stakes remained in place). On
the average, the birds received 5.8 (::!:0.2 SE) trials in the first
block of free trials and 3.5 (::!:0.6) trials in the second block (see
Table 2). The average intertrial interval is shown for each bird in
Table I. We imposed an intertrial interval of 1h but since birds did
not necessarily return as soon as we put out the flowers, this was
the minimum interval between trials. The number of trials per
condition varied among birds, for two reasons: (I) The birds mi
grate south in early August, so in order to complete the testing of
6 birds, the number of test trials was reduced after the 1st bird had
been tested (Female 3); and (2) 2 subjects were displaced from
their feeding territories by other birds, so we could no longer test
them.

A "forced" trial was one in which Phase 1 consisted of present
ing the bird with only four of the flowers, their locations in the
array being randomly chosen with the restriction that no more
than two adjacent flowers were presented. The bird left after vis
iting all four flowers. The experimenter then added the four re
maining flowers, each containing 40 ILl of sucrose solution, so that
the array consisted of the four emptied flowers and four full flow
ers. When the bird returned, it was observed until it had emptied
the four flowers containing solution (Phase 2). The birds received
an average of 6.5 (::!:O.7) forced trials. See Table I for the average
retention interval and intertrial interval for each bird.

To ensure that birds were not distinguishing between full and
empty flowers via visual or olfactory cues, we presented 4 of the
birds with two control trials following the experimental trials. On
control trials, all eight flowers were presented, with four randomly
selected flowers containing solution, and the birds were permitted
to visit all eight flowers without interruption. Ifbirds were not able
to determine, by sight or by smell, which flowers contained solu
tion, their performance on these trials should have approximated
chancelevels."

The data collected consisted of the sequence in which the bird
visited the flowers in both phases, including revisits; the retention
interval, and the intertrial interval.

Performance Relative to Chance
The birds' performances on free trials were assessed

by recording their ability to find the second four re
warded flowers upon returning to the maze after being
chased away. The accuracy of the first four choices that
the birds made in Phase 2 was compared, in a one-sample
t test, with chance performance of 50%. (These data
were arcsin square root transformed prior to analysis).
All tests were two-tailed. Performance was significantly
better than chance in both blocks of free trials when the
mean performances ofall birds were combined [Block I,
t(5) = 4.02, P < .01; Block 2, t(4) = 3.34, p < .025].
Four of the 6 birds in the first block and 4 of the 5 birds
in the second block performed better than chance (Fig-

RESULTS
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Figure 3. Average percent correct performance (with standard er
rors) for rust four choices in Phase 2 for each ofthe trial types, and
the average proportion of visits to a full flower on the rust visit in
Phase 2 (closed circles). The open circles denote performance of the
birds as the proportion oftrials in which the rust visit during Phase 2
was to a full flower (with standard errors). The dashed line denotes
chance performance (50%).

4.39, p < .005], with 5 of the 6 birds performing better
than chance (Figure 2).

Another measure of a bird's accuracy was to test
whether the bird chose a full flower on its first visit in
Phase 2. If the bird was choosing from four full and four
empty flowers, the probability of choosing correctly on
the first try was .5. One-sample t tests were again used
to assess whether or not performance was better than
chance. The percentage of correct first visits was com
bined across birds for each condition. In all cases, birds
performed better than chance [Free 1, t(5) = 2.64, p =
.046; Free 2, t(5) = 2.97, P = .031; Free 1 and 2, t(5) =
2.97,p = .031; Forced,t(5) = 2.57,p = .05]. Thus, as is
shown in Figure 3, the birds were able to locate a full
flower (and avoid emptied flowers) without having to ex
plore or to remind themselves of the empty flowers.

To assess whether or not nonspatial (e.g., visual or ol
factory) cues might account for the birds' accurate per
formances on the free and forced trials, control trials
were run in which only four of the eight flowers were
filled with the sucrose solution at the time of the initial
visit to the maze. Figure 3 also shows the average accu
racy of the birds in finding those four flowers in their
first four choices of the control trials and in selecting
anyone of the four filled flowers on their very first
choice. By both measures, birds performed at chance on
these trials.

There were not sufficient data to make a detailed as
sessment ofthe way in which the birds moved around the
array in Phase I of free trials, but it was possible to de
termine how frequently the birds simply moved from one
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Effect ofRetention Interval
To examine the effects of individual, sex, treatment

(free or forced trials), and retention interval (RI) on per
formance, we performed an analysis of variance
(ANOYA). Individuals were nested within sex, crossing
treatment (all fixed factors). The 94 observations nested
within individual and treatment acted as the random
variate, and RI was treated as a continuous variable. Be
cause the number of observations for individual and
treatment were not equal, we used Type III sums of
squares. The only significant source ofvariation was in
dividual [F(4,76) = 5.599,p = .0005]. No significant ef
fects were attributed to the other main factors or to their
interactions (Fs < 1.9, ps > .16). In short, performance
did not differ among free block 1, forced, and free block 2
treatment conditions.

The ANOYA suggested that performance decreased
slightly with RI, but this effect was not statistically sig
nificant [F(l,76) = 2.997, p = .088], despite the fact
that RI ranged from 4 sec to 77 min (M = 10.63 min;
SE = 1.3 min). The lack ofa significant RI effect can be
visualized best by controlling for individual, sex, and
treatments in the original ANOYA and plotting residuals
from the model against RI (Figure 4).

Since RI was determined by the subjects and not by
the experiment, some insights may be gained by treating
RI as a dependent variable rather than an independent
variable. In this case, RI varied significantly with treat-

Figure 4. The effect of retention interval (RI) on performance in
Phase 2 (all treatments combined). The dependent variable repre
sents residuals from the analysis of variance model accounting for in
dividual, sex, and treatment (see text for additional details). Exclusion
of the extreme point on the RI axis had little effect on the results. The
slope of the regression line is not significantly different from zero.
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flower to its next nearest neighbor. The proportion of all
free trials for which the birds visited four sequential
flowers in Phase 1 was 0.51 ::to. 11 (M and SE for all 6
birds). Thus, the birds did not appear to rely solely on a
simple sequential search pattern to move among flowers.
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ment [F(2,77) = 12.951, P = .0001] and individual
[F( 4,77) = 7.587, p = .0001], but not with sex or any of
the interactions (Fs < 1.8, ps > .1). Essentially, the birds
exhibited longer retention intervals during forced trials
than they did during free trials (see Table I). It is clear
that treatment and RI were confounded in some way, and
detailed considerations ofretention interval will require
further investigation.

DISCUSSION

In this experiment, an open-field analogue of the ra
dial-arm maze was used to test the spatial memory abil
ities ofrufous hummingbirds. In both free and forced tri
als, relatively accurate memory was demonstrated over
time periods ofup to an hour. There seemed to be a slight
decline in performance with increasing retention inter
val, although this result is difficult to interpret because
this interval was not controlled by the experimenter, but
instead was determined by when subjects returned to the
maze for Phase 2. This, in turn, was affected by treat
ment condition. On free trials, the subjects emptied four
of the eight visible flowers and returned fairly quickly
after being chased away. On forced trials, however, the
subjects were presented with only four flowers during
Phase 1, and they left of their own accord. Retention in
terval was much longer during the latter trials, presum
ably because the birds perceived that no additional food
was immediately available within the array. Thus, reli
able conclusions concerning the influence of retention
interval on memory performance cannot be drawn from
this data set, and the issue must therefore be deferred to
a future experiment in which retention interval is ma
nipulated as an independent variable.

Although the radial-arm maze and its analogues have
been well used both in testing the spatial memory abili
ties of intact animals and in demonstrating the effects of
various brain lesions and pharmacological treatments,
this is the first time, to our knowledge, that it has been
used on free-ranging animals. There are drawbacks to
testing memory abilities in the field. For example, in our
experiment, the bird, not the experimenter, determined
both the onset of the experiment and the length ofthe re
tention interval. It is also much more difficult in the
field to design the radial maze in order to force the sub
ject to the center between choices, as is the standard pro
cedure with rats and as has been done very neatly by
Hilton and Krebs (1990) with tits. As with the pigeons
of Spetch and Edwards (1986) and the nutcrackers of
Balda and Kamil (1988), we allowed the hummingbirds
to move directly from site to adjacent site. But in spite of
not being able to control the birds' behavior as thor
oughly as one could in a laboratory situation, we were
still able to assess memory performance.

The hummingbirds that we tested showed good spatial
memory on this task over intervals of up to an hour. In
the free trials, this performance was not due to the birds'
simply moving from one flower to its most immediate
neighbor-although this would, in fact, havebeen the most
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efficient way to harvest the available food. Performance
on forced trials, however, is the real test for memory of
specific flowers rather than for particular routes. On
forced trials, the hummingbirds were able to remember
which flowers to avoid in the second phase just as suc
cessfully as they did on free trials. It seems, then, as if
the birds remembered which particular flowers they had
emptied and not simply the route taken within a clump
or patch of flowers.

The ability of hummingbirds to avoid recently visited
rewarded sites has been previously demonstrated in the
laboratory in a win-shift versus win-stay paradigm.
Cole, Hainsworth, Kamil, Mercier, and Wolf (1982)
demonstrated a preference for shift learning over stay
learning in three species ofhummingbird. The retention
intervals in Cole et al.'s study were, however, on the
order of only a few seconds. Although the birds in our
study were not tested under win-shift versus win-stay
conditions, our results demonstrate that these hum
mingbirds avoid revisiting emptied flowers over much
longer time periods than a few seconds. The ability to re
member emptied flowers over periods of several hours
would be advantageous to these birds, because many
flowers take more than four hours to replenish their nec
tar supply. As their performance on forced trials demon
strates, these birds are able to avoid emptied flowers by
remembering the locations of specific flowers and not
simply a route between them. In addition, we predict
that ifbirds were tested over periods of greater than 4 or
5 h, they might exhibit a stronger tendency to return to
the flowers they had previously emptied. In other words,
the preference for visiting previously unvisited flowers,
like that seen in our data, might diminish or perhaps
even reverse. Ifthe latter were to occur, we would expect
to see a preference for win-stay as opposed to win-shift.

Although the performance of the birds in our study is
not as good as that shown by other species in radial maze
analogues (see, e.g., Hilton & Krebs, 1990), the hum
mingbirds performed better than chance, even with little
training. Moreover, our experiment had two additional
features that may have contributed to poorer perfor
mance by the hummingbirds: First, in many experiments
done with a radial-arm maze (e.g., Moore & Osadchuck,
1982; Wilkie, Spetch, & Chew, 1981) the subjects have
been allowed to feed from all reward sites without inter
ruption, and the subjects generally complete the maze in
about 10 min. In our trials, the birds foraged from four
sites and then experienced a retention interval that aver
aged almost 11 min. Even iflaboratory experiments in
volve retention intervals, the subjects do little during the
retention interval that might interfere with their memory
for the reward sites (e.g., Spetch and Edward's, 1956, pi
geons waited in the dark; Balda and Kamil's, 1988, nut
crackers waited in a small home cage). It is very likely
that our birds, on the other hand, engaged in other activ
ities during the retention interval. These activities might
have been as simple as watching for territorial intruders;
or, if the interval was more than about 5 min, they prob
ably foraged elsewhere. The second feature that may
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have resulted in poorer memory performance is that our
hummingbirds were not food deprived before perform
ing the task; rather, they incorporated the array ofartifi
cial flowers as part of their foraging on real flowers in
the area.

The combination, then, of an ordinarily laboratory
based technique and free-ranging birds has been suc
cessful and indicates that tests of animal memory need
not be confined to the laboratory. What is perhaps lost
in the degree of control is more than offset by both eth
ical and logistical benefits of uncaged animals and in
offering "natural" memory problems. Tests of memory
retention in "natural" environments, albeit in the labo
ratory, have shown that animals can perform well over
very long time periods but that the same species' per
formance on rather more arbitrary tasks is poor in com
parison (e.g., Balda & Kamil, 1989; Healy & Krebs,
1992a, 1992b; Olson, 1991). Our results do not neces
sarily indicate what the birds are capable of, but what
the birds may actually do in the course of their normal
behavior. Laboratory experiments permit us to investi
gate learning and memory performance under strictly
controlled conditions, so, as a consequence, some cau
tion should be exercised when one is interpreting results
in evolutionary or ecological contexts. Field studies of
learning and memory usage under natural conditions
can thus serve as a valuable complement to laboratory
studies by indicating whether or not the variables shown
to be influential in the laboratory are truly effective in
the animal's natural habitat.
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