
parable to any corollary discharges 
which may subserve normal visual per- 
ception. During the period of such 

involuntary eye movements, we are 
aware that the perceived world is never 
stabilized, suggesting that a corollary 
mechanism would no longer be operat- 
ing effectively. In summary, it would 

appear that in normal conditions of 
active eye movements, the LGN of the 
cat does not participate in oculomotor- 
visual integration. The saccadic sup- 
pression may simply reflect the de- 
creased excitability of LGN cells that 
would be caused by impulses conveyed 
by axons of the retinal ganglion cells. 
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Torpor in an Andean Hummingbird: Its Ecological Significance 

Abstract. Field studies on an Andean hummingbird showed that nocturnal 

torpor occurs more frequently and lasts longer in the winter. Energy depletion 
does not seem to cause this yearly torpor cycle, and a photoperiodically con- 
trolled rhythm that enables the birds to automatically conserve energy in early 
evening for possible metabolic expenditures required later in the winter night is 

suggested. 
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suggested. 

Daily torpor, in which the body tem- 

perature is lowered to near ambient, is 
known to occur in several groups of 
small endotherms, including some birds, 
bats, and rodents. Many workers have 
conducted laboratory studies on the 

physiology of torpor (1, 2), and some 
have calculated its savings in energy 
(3). However, because of the difficulty 
of studying organisms in their roosts 
or burrows, few field data are available 
that have been systematically gathered 
on torpid animals on a yearly basis. 
Nocturnal torpor may be employed oc- 

casionally in the field by energy-stressed 
incubating female hummingbirds, indi- 

cating that torpor may be used by nor- 
mal, healthy individuals in certain 

emergency situations (4). However, I 
know of no study on birds that reveals 
the importance of torpor under natural 
conditions to males and nonbreeding 
females and to the population as a 
whole during the nonbreeding season. 
The need for this kind of information 
has been noted (2, 4, 5). This report 
shows that torpor occurs naturally in 
the field in both sexes of the Andean 
hillstar hummingbird, Oreotrochilus 
estella estella, that often its occurrence 
is not related to any detectable emer- 
gency conditions, and that its frequency 
and duration are seasonal. 

In 1968 and 1970, I conducted field 
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Fig. 1. Body temperatures of torpid 0. 
estella at various ambient temperatures; 
Ta, ambient temperature; T,, body tem- 
perature. 
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studies on several populations of O. 
estella in the southern Peruvian Andes 
between 3800 and 4300 m elevations. 
This species roosts in caves at night, 
clinging to surface irregularities in the 
walls and ceilings with their claws (6). 
Individuals are thus easily located and 
studied in their roosts with little dis- 
turbance. I located individuals by flash- 
light at night, determined their meta- 
bolic condition (nontorpid, entering 
torpor, torpid, and arousing from 

torpor) by observing breathing rates, 
erection of plumage, and general alert- 
ness, and took ambient and body tem- 

peratures (Ta and T,, respectively) 
with a Schultheis quick-recording 
thermometer whenever feasible. When 
the difference between ambient and 
body temperatures was likely to be 

large, the bulb of the thermometer 
was first warmed in the hand before 
insertion in the bird. Unless a bird was 

just entering torpor, its Tb was usually 
only 0? to 2?C higher than T, except 
when Ta was lower than 7?C (Fig. 1). 
I also noted the time of night, the sex 
(by plumage), and the identification 
number of the individual. I checked 
on each individual one to three times 
a night and recorded "torpor" or "non- 

torpor" for each night. During both 
winter and summer, evening observa- 
tions were made between 1/ hour 
after darkness and 23:00, and early 
morning observations were made be- 
tween 02:00 and 05:00 (first light oc- 
curred at 05:15 to 05:30). Observations 
were made during the rainy summer 
months of September to March and 
the dry winter months of June to 
August. No individual was observed in 
both seasons. Within a season each in- 
dividual was observed one to eight dif- 
ferent nights, except one summer indi- 
vidual that was observed 15 nights and 
one winter individual that was observed 
12 nights. Sample sizes and results are 
given in Fig. 2A. The summer individ- 
ual observed 15 nights was torpid twice 
and nontorpid 13 nights; the winter 
individual observed 12 nights was 
torpid all 12 nights. 

In summer and winter there were 
no differences between the sexes in the 
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incidence of torpor, with data on nest- 
ing females being omitted. Nesting fe- 
males (eight individuals, 20 observa- 
tions) were not seen torpid. Although 
Calder (4) discovered by continuous 

recording of nest temperatures that nest- 

ing females may enter nocturnal torpor, 
this was only under conditions of ap- 
parent food deprivation, and my ob- 
servations suggest that nesting females 
resist entering torpor more than do 
the other members of the popula- 
tion (7). 

The durations of torpor bouts in the 
field were estimated for both summer 
and winter.'I observed 14 "natural" 
arousals from torpor in birds left un- 
disturbed in their roosts: 12 began be- 
tween 03:00 and 04:30. These data 
show that the time of the onset of 
arousal is relatively constant, and sup- 
port suggestions (4, 5) that arousal is 
timed for a first-light search for food. 

By assuming that arousal began at 
03:45, I estimated the durations of 
the 8 summer and 25 winter bouts of 

torpor for which I knew the time of 

entry. The estimates were accurate to 
? 1 hour. Average durations of summer 
and winter bouts were about 7 and 10 
hours, respectively. In Fig. 2B the du- 
rations of torpor bouts are assigned to 
two interval categories, 4 to 8 hours 
and more than 8 hours, and the num- 
ber of bouts in each category was 

compared in summer and winter birds. 
Winter torpor bouts lasted significantly 
longer than did summer bouts. This is 
because the time of entry into torpor 
was variable and often late in the 

evening in summer birds, whereas in 
winter birds entry began soon after the 
birds entered their roosts. Also, winter 

nights were 15 to 90 minutes longer 

ui 

Fig. 2. Incidence (A) 
and duration (B) of tor- 
por in two seasons in 0. 
estella. Summer observa- 
tions were made on 34 
individuals: 13 males, 19 
females, and 2 undeter- 

30 ? g mined; of 92 observa- 
Vinter co o tions, 72 were on non- 

nesting birds, and these 

_20 oo a are graphed at left. In 
the winter, 88 observa- 

?1 tions were made on 41 
oo individuals: 17 males, 19 

10 >e 
t females, and 5 unde- 

o , termined. Winter and 
Xi j|summer populations dif- 

fer significantly both in 
duration number of torpor obser- 

vations and in duration 
ration of torpor bouts (chi- 

square with Yates's cor- 
rection factor, P < .001). 

than summer nights: this usually ac- 
counted for much less than half the 
increase in winter torpor durations. 

Some hummingbirds studied in the 
laboratory metabolically regulate their 
body temperatures while remaining in 
torpor, when T, falls below some criti- 
cal value (8, 9). I observed regulation 
in torpid 0. estella under natural con- 
ditions-this is the first such field ob- 
servation. In the field I determined the 
occurrence of metabolic regulation in 
two ways. First, body temperatures 
measured in the field were never lower 
than 6.5?C, except for one individual 
with T,, at 5.0?C, even though the 

temperatures in the roost were some- 
times as low as 3.0?C (Fig. 1). Second, 
at ambient temperatures around 7?C 

torpid birds alternated half-minute pe- 
riods of slow breathing with 2- to 10- 
minute periods of undetectable breath- 

ing; but below 7?C these periods of 

apnea ceased-this onset of a steady 
breathing indicates increased metabolic 

output and heat production. Time 
courses of laboratory records of torpid 
metabolism and body temperature of 
birds transported to California showed 
that Tb regulation occurred at ambient 

temperatures below 6.6?C, thereby 
supporting the field information (10). 
Other species studied in the laboratory 
begin their T1, regulation at higher 
temperatures, which correlate with the 
usual minimum temperature to which 

they are exposed in the field (9). In 
this study ambient temperatures lower 
than 6.5?C were recorded 11 times in 

hummingbird roosts. Thus, although 
T,, regulation in torpid 0. estella begins 
at a lower ambient temperature than 
in any hummingbird species previously 
studied, thereby correlating well with 
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its harsh ecological situation, it is puz- 
zling that the limit of nonregulated 
torpor is not even lower. 

These extensive field observations 
have established that torpor occurs nor- 
mally in this species in both seasons 
and that its incidence and duration are 
greater in the winter. Why is torpor 
used so much more extensively by the 
birds in the winter than in the sum- 
mer? What are the proximate cues for 
and the ultimate causes of torpor? The 
function of torpor seems to be the 
conservation of energy (1). Thus, if 
nocturnal ambient temperatures are 
lower in the winter, or if food is scarcer 
or less nutritious, or if daily energetic 
output is greater, one would then ex- 

pect torpor to occur more extensively 
in the winter. Ambient temperatures 
in the roosts were recorded at each 
bout of torpor and had nearly identical 
ranges of 3.5? to 13?C in the summer, 
and 3? to 14?C in the winter. Although 
winter nocturnal temperatures at these 
elevations and this latitude are usually 
considerably below 0?C, the winter of 
this study was mild because of unusual 
cloud cover. Thus, temperature seems 
to be eliminated as a proximate cue for 
the increased usage of torpor that I saw 
in the winter, although it may act as 
an ultimate cause, that is, as an evolu- 

tionary selection pressure. 
Low food availability also can be 

eliminated as a proximate cue for 

torpor. One of the winter populations 
of 0. estella studied occurred in an 
area with introduced blooming Euca- 

lyptus sp. trees. The blossoms were fed 

upon heavily, and four hummingbirds 
set up permanent feeding territories in 
the trees-a behavior not seen in wild 

populations, whose only food sources 
were Chuquiragua spinosa (Compos- 
itae) and insects (10). While the Euca- 

lyptus blossoms produced copious 
nectar, Chuquiragua was poor in nec- 
tar and apparently provided only pol- 
len for the hummingbirds. Yet the 
incidence and duration of torpor were 
the same in the Eucalyptus humming- 
bird population as in the Chuquiragua 
hummingbird populations, and much 

greater than in the summer populations 
that fed from several native flower 
blossoms that produce nectar (10). 

Last, I compiled a time budget on 
two summer territorial individuals and 
two winter territorial individuals (in 
Eucalyptus). The energy budget cal- 
culated from the time budget and from 
metabolic data gathered in the labo- 
ratory showed that the summer birds 
consumed 30 to 40 kcal/day while the 
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winter birds consumed less than 20 
kcal/day (10). Thus, activity level 
and energy output also cannot be the 
proximate cause for increased torpor 
in the winter. 

The duration of a bout of torpor 
may be determined by the energy state 
of the bird in an interaction between 
"biological clock" and "biological fuel 
gauge" (2, 4). This is probably true 
for animals in certain emergency situ- 
ations. However, the fact that in my 
study the Eucalyptus population of 
birds used torpor much more exten- 
sively than did summer birds regardless 
of unusually mild ambient temperatures 
and abundant food suggests that energy 
depletion is not used as a cue for torpor 
in the winter. Instead, an innate cir- 
cannian pattern of torpor is suggested 
for this species. In the study areas 
there is about a 1.5-hour difference in 
daylight between the two seasons, 
which is adequate to serve as a photo- 
periodic cue for a circannian rhythm 
(11). The selection pressure for the 
evolution of a circannian torpor rhythm 
has been suggested above: the low 
ambient temperatures that usually oc- 
cur in the winter. A circannian cycle 
of torpor is of special value to an 
organism living in a region where noc- 
turnal temperatures are seasonally low 
but where the daytime climate gives 
no indication of the low nocturnal 
temperatures to come. Such a climate 
exists in the Peruvian Andes, where 
winter days are sunny and mild. In 
this study, when an individual 0. estella 
entered its roost on a winter evening, 
the temperature was usually no lower 
than that in a typical summer roost. 
Yet in most winters the roost tempera- 
ture probably falls to near freezing by 
midnight. If the bird enters torpor im- 
mediately upon roosting, it will have 
saved energy that can be spent later 
that night if ambient temperatures fall 
low enough to force Tb regulation. 
Thus, the peculiar climate of the tropi- 
cal Andes has apparently selected for 
both a relatively low temperature limit 
to nonregulated torpor and an innate 
annual cycle of torpor in 0. estella. 
The genetic responses of this species 
to this environmental selection pres- 
sure have enabled it to live year-round 
on the energetically demanding slopes 
and plains of some of the highest 
mountains in the world despite the fact 
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to this environmental selection pres- 
sure have enabled it to live year-round 
on the energetically demanding slopes 
and plains of some of the highest 
mountains in the world despite the fact 
that it is the smallest member of the 
avifauna of that region. 
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afferents and efferents in posture and 
applications. 

Little direct information is available 
on the roles in locomotion of the in- 
dividual sensory and motor nerve fibers 
supplying mammalian muscles. This is 
partly due to the difficulty of record- 
ing simultaneously from several single 
peripheral axons during free movement 
-a procedure requiring implantable ar- 
rays of electrodes that stay in place 
despite movement, while picking up 
signals from identified sensory and mo- 
tor neurons. Regeneration electrode 
units were designed to satisfy these re- 
quirements. 

We thought that it might be possible 
to separate small bundles of axons, for 
either recording or stimulation, by en- 
couraging severed nerve fibers to re- 
generate through an implant perforated 
by cylindrical channels (1) having 
built-in electrodes (2). Ideally, such 
channels would be narrow enough to 
allow selective recording from single 
units while not greatly impeding re- 
generation, and would be sufficiently 
long to permit action potential cur- 
rents to develop a recordable voltage 
between a central electrode and the 
tissue fluid; the peak-to-peak amplitude 
of the triphasic spike expected from 
one of the fibers in a channel of length 
L and diameter is D is k(L/D)2, for 
small L and D (3). 

Channeled implants were fabricated 
by etching silver strands 25 stm in diam- 
eter out of epoxy wafers with ferric 
nitrate, by boring holes through photo- 
engraved electrode patterns, or by drill- 
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locomotion, and have potential clinical 

ing through wires embedded in epoxy 
slabs with 100-/sm bits (Sphinx micro- 
drills; Swiss Instruments, Toronto). 

The latter technique was simplest and 
gave satisfactory results. One end of a 
ribbon formed from ten Teflon-coated 
silver wires with core diameters of 77 
ltm (Medwire Corp., Mount Vernon, 
New York) was dipped in Epon 812 
(Ladd Research Industries, Burlington, 
Vermont). The bulb of hardened epoxy 
was ,milled down to two flat faces, 
parallel to the ribbon of wires and 0.7 
mm apart. A channel perpendicular to 
the flat faces was drilled through each 
wire (Fig. la), then cleaned ultrasoni- 
cally. Thus, each channel was left with 
its own'central wire electrode. The im- 
pedances of these electrodes were de- 
termined, and their noise level was pre- 
dicted (4). Units with several leads 
having impedances less than 20 kilohms 
or more than 300 kilohms were dis- 
carded. 

Figure la shows how regeneration 
electrode units were implanted in the 
thighs of Xenopus laevis, anesthetized 
by immersion in tricaine methanesulfo- 
nate (0.2 g/liter) (Fraser, Vancouver, 
British Columbia). A period of 12 to 
25 weeks was allowed for regeneration. 

The first evidence that bundles of 
axons had penetrated the implants was 
provided by light microscopy. This was 
corroborated by electron micrographs 
of channel cross sections (Fig. Ib), 
which confirmed that axons grow into 
channels as narrow as 25 /um. Of 17 
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Regeneration Electrode Units: Implants for Recording from 

Single Peripheral Nerve Fibers in Freely Moving Animals 

Abstract. Implantable electrode assemblies that become penetrated by regenerat- 
ing axons were used to record signals from single sensory and motor nerve fibers 
associated with leg movement in unrestrained amphibians (Xenopus laevis). Such 
neuroimplants may provide a means for establishing the roles of various muscle 
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