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Abstract
Among birds, pronounced heterothermy tends to be used by small species belonging to phylogenetically older taxa and 
inhabiting environments with unpredictable and/or seasonally scarce food resources. Previous evidence suggests that a 
small arid-zone raptor, the pygmy falcon (Polihierax semitorquatus), enters torpor and decreases its body temperature (Tb) 
to below 31 °C on winter nights in the Kalahari Desert, where sub-zero night-time temperatures occur regularly. To confirm 
that this species has the capacity for heterothermy and to characterise its thermoregulatory patterns under natural conditions, 
we implanted temperature-sensitive radio transmitters into free-ranging falcons. Based on data from seven individuals, we 
found no evidence for the substantial reductions in Tb previously reported. The mean minimum rest-phase Tb during the 
study period was 37.89 ± 0.67 °C, we observed no instances of Tb < 36 °C, and air temperature did not significantly influ-
ence patterns of thermoregulation. Our results highlight intraspecific variability in heterothermy among birds and reveal 
that, contrary to previous suggestions, even in mid-winter pygmy falcons may not reduce Tb below normothermic levels.
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Zusammenfassung
Thermoregulation im Winter beim freilebenden Halsband-Zwergfalken in der Kalahari Wüste
Bei Vögeln wird eine ausgeprägte Heterothermie tendenziell bei kleinen Arten vorgefunden, die zu den phylogenetisch älteren 
Taxa gehören und Habitate mit unvorhersehbaren und/oder saisonal knappen Nahrungsangeboten nutzen. Bisherige Hinweise 
lassen vermuten, dass eine kleine Greifvogelart arider Gebiete, der Halsband-Zwergfalke (Polihierax semitorquatus), 
während Winternächten in der Kalahari Wüste, wo nächtliche Minustemperaturen regelmäßig vorkommen, in einen 
Torporzustand verfällt und seine Körpertemperatur (Tb) auf unter 31 °C senkt. Um zu bestätigen, dass diese Art die Fähigkeit 
zur Heterothermie besitzt und um die thermoregulatorischen Muster unter natürlichen Bedingungen zu charakterisieren, 
implantierten wir temperatursensitive Radiotransmitter in freilebende Zwergfalken. Basierend auf den Daten von sieben 
Individuen konnten wir im Gegenteil zu vorherigen Untersuchungen keinen Hinweis für wesentliche Tb-Senkungen finden. 
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Während unseres Untersuchungszeitraums lag das durchschnittliche Tb-Minimum in der Ruhephase bei 37,89 ± 0,67 °C 
Es gab keine Tb-Werte < 36 °C und die thermoregulatorischen Muster wurden nicht signifikant durch die Lufttemperatur 
beeinflusst. Unsere Ergebnisse heben die intraspezifische Variabilität der Heterothermie bei Vögeln hervor und zeigen 
entgegen vorherigen Vermutungen, dass Halsband-Zwergfalken auch inmitten des Winters ihre Tb nicht unterhalb ihres 
normothermen Bereichs absenken.

Introduction

Endothermy confers the capacity to maintain a constant, 
high body temperature (Tb) with fundamental physiologi-
cal benefits, including decoupling an organism’s Tb from 
the temperature of its environment (Bennett and Ruben 
1979; Lovegrove 2019). The benefits of endothermy are 
offset by substantial costs, most notably food requirements 
vastly greater than those of similarly sized ectotherms 
(Nagy 1987). The costs of endothermy are particularly pro-
nounced in small species on account of their large surface 
area / volume ratios and high mass-specific metabolic rates, 
especially in environments where low air temperatures (Ta) 
combined with scarce and unpredictable food resources 
increase the likelihood of mismatches between energy sup-
ply and demand (McKechnie and Mzilikazi 2011).

Birds reduce energy demands while roosting through 
behaviours such as communal roosting and the use of shel-
tered roost sites, as well as physiological processes including 
facultative heterothermic responses such as torpor (Lyman 
et al. 1982). These reversible decreases in body tempera-
ture (Tb) and metabolism can substantially reduce energy 
and water requirements and are divisible into three broad 
categories according to the duration and magnitude of Tb 
decrease (Prinzinger et  al. 1991). Hibernation involves 
decreases in Tb of more than 10 °C from normothermic 
levels (38.54 ± 0.96 °C across 202 species; Prinzinger et al. 
1991) and bout duration of more than 24 h, while torpor and 
shallow rest-phase hypothermia are restricted to bouts of 
less than 24 h (Geiser and Ruf 1995; Ruf and Geiser 2015). 
Avian heterothermy, with the common poorwill (Phalae-
noptilus nuttallii) being the only known exception (Jaeger 
1948, 1949; Woods et al. 2019), involves shallow rest-phase 
hypothermia or torpor (Prinzinger et al. 1991; McKechnie 
and Lovegrove 2002). Unlike hibernation, daily torpor is 
confined to a single circadian cycle but may involve quanti-
tatively similar decreases in Tb of up to ~ 35 °C below nor-
mothermic values (Geiser and Ruf 1995; McKechnie and 
Lovegrove 2002), with a Tb threshold value of 30 °C often 
being used (but see Brigham et al. 2011). Shallow rest-phase 
hypothermia, on the other hand, involves smaller reduc-
tions in Tb below normothermic values ranging from < 1 
to  ~ 10 °C (Prinzinger et al. 1991; McKechnie and Love-
grove 2002), the depth of which may or may not be corre-
lated with environmental temperature (e.g., McKechnie and 
Lovegrove 2002; Romano et al. 2019).

Whereas torpor appears to be less widespread among 
birds compared to mammals, it is nevertheless an impor-
tant component of thermoregulation in some avian taxa 
(reviewed by McKechnie and Lovegrove 2002). Shallow 
rest-phase hypothermia occurs throughout the avian phy-
logeny, but torpor appears to be far more restricted in occur-
rence. The strongest correlates of the capacity for torpor 
appear to be phylogenetic affiliation (widespread in older 
taxa such as caprimulgids, swifts and hummingbirds), small 
body size and reliance on spatially or temporally unpre-
dictable food sources such as nectar, fruit or aerial insects 
(McNab 1988; McKechnie and Lovegrove 2002; Schleucher 
2004). Unlike shallow hypothermia, torpor involves a 
lethargic, non-responsive state (Hainsworth et al. 1977), 
and selection arising from increased predation risk while 
torpid may be one of the major reasons why daily torpor is 
largely absent in many avian taxa, most notably the passer-
ines (McKechnie and Lovegrove 2002; Carr and Lima 2013; 
Andreasson et al. 2019).

Most studies of avian heterothermy have focussed on 
a small subset of taxa and the broader phylogenetic dis-
tribution of these responses remains unclear (McKechnie 
and Lovegrove 2002; Schleucher 2004). One taxon that 
has received little attention in terms of heterothermy is 
the Falconidae. Aside from evidence that American kes-
trels (Falco sparverius) reduce rest-phase Tb by ~ 1 °C 
below normothermic levels in response to food depriva-
tion (Shapiro and Weathers 1981), we are aware of only 
one other study investigating the occurrence of hetero-
thermy in this taxon: Sapsford (1986) reported Tb values 
of 31–33 °C in pygmy falcons (Polihierax semitorquatus) 
removed from their roosts before dawn in winter (com-
pared to 37–38 °C in summer), with the timing of these Tb 
measurements raising the possibility that pygmy falcons 
may well have decreased their Tb even further earlier in 
the night.

Pygmy falcons are among the smallest raptors on the 
planet, with a body mass of 50–60 g (Jenkins 2005). 
They roost (sometimes communally) in usurped cham-
bers within the giant communal nests of sociable weav-
ers (Philetairus socius) which are significantly buffered 
from low night-time temperatures (Maclean 1970; White 
et al. 1975). Nevertheless, they are a species for which 
the capacity for torpor may be expected to have consider-
able adaptive value, due to the unpredictability of rainfall 
and food availability in its arid habitat and its reliance 
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on ectothermic prey (Jenkins 2005). The pygmy falcons’ 
diet consists primarily of small reptiles and large insects, 
the availability of which is likely severely reduced dur-
ing winter, when Ta minima in the Kalahari can approach 
– 10 °C. The possible occurrence of heterothermy in fal-
cons in general is of interest in light of recent changes in 
their hypothesized phylogenetic position; whereas they 
were previously considered to belong to the same order 
as the Accipitridae and other diurnal raptors (Sibley and 
Ahlquist 1990), they are now considered a sister taxon to 
parrots and passerines (Hackett et al. 2008; Prum et al. 
2015). Confirming the occurrence of heterothermy in the 
Falconidae would thus provide evidence against the view 
that heterothermy is largely restricted to phylogenetically 
older taxa (McKechnie and Lovegrove 2002).

Sapsford (1986) argued that pygmy falcons routinely 
use torpor but provided no details of equipment or meth-
ods employed in his study. To investigate further the pos-
sibility that pygmy falcons use torpor on winter nights, 
we monitored Tb in roosting falcons in midwinter using 
telemetry. We predicted that the pygmy falcons would 
enter torpor, reducing night-time Tb to  ~ 30 °C and pos-
sibly lower, and that the extent of heterothermy would be 
correlated with night-time ambient temperatures.

Materials and methods

Study site

Data collection took place on Tswalu Kalahari (27°22′S, 
22°27′E) in the Northern Cape province of South Africa 
during the austral winter of 2018 from 1 June to 11 July. 
The study site is in the more mesic south-eastern part of 
the Kalahari Desert, with most of the mean annual pre-
cipitation of 361 mm falling during summer (Tokura et al. 
2018). Approximately 14% of the sociable weaver colonies 
at the study area host pygmy falcons (Bolopo et al. 2019).

Air and roost chamber temperature measurements

Roost chamber temperatures within the four sociable weaver 
colonies in the study were measured by placing temperature 
loggers (Fourtec MicroLite II LITE5032L, Fourier Tech-
nologies, Rosh HaAyin, Israel; accuracy =  ± 0.3 °C) inside 
empty chambers adjacent to those in which pygmy falcons 
were roosting, from 18 June to 7 July 2018. Loggers were 
installed during the day when falcons were not present at the 
colonies in order to minimise disturbance. Loggers recorded 
the temperature inside the sampled roost chamber (Tchamber) 
every 5 min. After the loggers were deployed, two falcon 
groups moved from their original roost chamber to roost in 

another section of the colony. The loggers were not moved 
adjacent to the new roost chambers as doing so may have 
prompted the falcons to move again.

A portable weather station (Vantage Pro2, Davis Instru-
ments, Hayward, CA) was set up at a central location in the 
study area, an average distance of 2.8 km from each of the 
study colonies. The station recorded air temperature (Ta) 
every 10 min from 6 June to 6 July. Sunrise and sunset data 
were obtained from the South African Weather Service sta-
tion in Kuruman (27°27′S, 23°26′E, 98 km from the study 
site).

Body temperature measurements

Fifteen pygmy falcons were captured from their roost cham-
bers in sociable weaver colonies by placing a large cotton 
bag supported by a wire hoop over the entrance of a chamber 
and gently pressing a blunt stick into the surrounding nest-
ing material. This prompted the falcons to flush from their 
roost chambers into the bag. To remotely monitor core Tb, 
temperature-sensitive VHF radio transmitters with frequen-
cies between 150.07 and 150.97 MHz (Model BD-2TH, 
Holohil Systems, Ontario, Canada) were implanted intra-
peritoneally into the abdominal cavities of the falcons under 
general anaesthetic (Isoflurane). Surgeries were performed 
on site by authors DLE and LFA, both of whom are regis-
tered veterinarians. Prior to implantation the transmitters 
were calibrated over temperatures from 15 to 45 °C in 5 °C 
increments in a circulating water bath against a mercury-in-
glass thermometer with NIST-traceable accuracy. The mass 
of each transmitter (~ 1 g) represented less than 2% of a 
falcon’s body mass (mean ± SD body mass = 57.01 ± 4.14 g, 
n = 15). After recovering from anaesthesia, falcons were 
released at their respective capture sites.

Body temperature was measured manually or using an 
automated data-logging system. Manual Tb measurements 
were taken by timing 31 transmitter pulses using a hand-
held receiver (Comm-Spec R1000 Telemetry Receiver) con-
nected to a Yagi antenna and then using the calibration curve 
for each transmitter to calculate the Tb corresponding with 
each pulse interval value. Manual Tb measurements were 
typically made for the first three and a half hours after sun-
set. On some nights the receiver, attached to the antenna and 
a digital recorder (Bell DVR-6006 Digital Voice Recorder), 
was placed in the tree supporting the weaver colony to 
record the pulses of a single pygmy falcon throughout the 
night. These recordings were analysed by timing 31 pulses 
every 2 h from when the recording commenced to when 
the falcon emerged from their roost chambers the following 
morning. We verified that pulse intervals derived from the 
audio recordings of each recorder were the same as those 
measured with a stopwatch. An automated receiver/datalog-
ger (SRX400, Lotek Wireless Inc., Newmarket, Ontario, 
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Canada; hereafter, Lotek) was also used to record overnight 
Tb traces of falcons and was rotated between weaver colonies 
during the study. Each of the weaver colonies was visited 
two or three times per night on a total of 19 nights from 16 
June to 6 July to check if the other falcons showed substan-
tial decreases in Tb during the first few hours of the night. 
We recorded 20 full bird-night Tb traces using the Lotek and 
seven using the receiver-recorder combination.

To determine active-phase Tb of the pygmy falcons, a 
colony was visited each morning. Emergence time and Tb 
post-emergence were recorded manually for each falcon as 
described above. Thereafter, the falcons were followed from 
a distance and Tb were recorded every 20 minutes or more, 
typically for 1–2 h (depending on how much time the falcons 
spent in the vicinity of the colony before departing to their 
feeding grounds). Opportunistic active-phase Tb measure-
ments were also obtained if falcons were encountered away 
from the colonies. The time falcons arrived to roost in the 
evening was determined from video recordings. Body tem-
perature data collected in the first 3 days following transmit-
ter implantation were excluded from the analysis due to pos-
sible effects of the surgical procedure on thermoregulatory 
patterns. The data from one female were excluded from the 
analysis due to the transmitter consistently giving extremely 
high body temperature readings (~ 47 °C), which we inter-
preted as a transmitter failure.

Data analyses

A single rest-phase Tb pattern was described using three 
measures: the minimum body temperature recorded during 
a night (Tb-min), the amplitude of the circadian rhythm (RT) 
and the Heterothermy Index (HI). The amplitude of the cir-
cadian rhythm (RT), which gives an indication of the range 
of the oscillation in  Tb, was calculated following Aschoff 
(1982) for each full bird night as RT = αTb-max − ρTb-min. 
Ideally, αTb-max is the mean of the five highest Tb values 
recorded each day, but due to limitations in the number of 
daytime body temperatures recorded, αTb-max was defined 
as the mean of the five highest Tb values for an individual 
during the study period. If the Tb trace was obtained from 
the Lotek (high-resolution Tb traces), then ρTb-min was calcu-
lated as the average of the five lowest Tb recorded on a given 
night. However, if the trace was obtained from the recorder 
(low-resolution traces), then ρTb-min was defined as the single 
minimum Tb for that night. The Heterothermy Index (HI), a 
metric that quantifies heterothermy during a given period, 
was calculated following (Boyles et al. 2011).

To evaluate the effects of the minimum nightly air tem-
perature (Ta-min) on pygmy falcon thermoregulation we ana-
lysed the relationships between response variables (Tb-min, 
RT,  log10HI) and the predictor variable Ta-min, using linear 
mixed effects models (nlme package; (Pinheiro et al. 2009) 

in R 2.13.1 (R Core Team). Individual was a random predic-
tor in the models. Only the 27 nights with full  Tb traces and 
sufficiently high resolution (≥ 5 data points spaced approxi-
mately evenly throughout the night) were used to calculate 
Tb-min, RT and HI for the models. The RT and HI values for 
one falcon were excluded because the individual dispersed 
early in the study and thus we did not record enough active-
phase body temperatures to accurately calculate Tb-max and 
Tb-mod. Values are presented as mean ± standard deviation.

Results

The mean night-time Ta between sunset and sunrise was 
12.70 ± 4.13 °C (ranging from − 1.6 to 23.9 °C; n = 28) and 
mean minimum night-time Ta was 8.23 ± 4.06 °C (n = 28). 
The mean minimum night-time Tchamber was 13.41 ± 3.36 °C 
(four colonies, 63 nest-nights) with the minimum Tchamber 
being, on average, 5.27 °C (four colonies, 63 nest-nights) 
warmer than the minimum Ta across all the colonies. The 
minimum Tchamber ranged from being 1.1  °C cooler to 
12.4 °C warmer than the minimum Ta. Typically, Tchamber did 
not drop below 10 °C but during one cold period between 2 
and 4 July, when Ta reached − 1.6 °C, Tchamber at two of the 
colonies decreased to ~ 4.5 °C. The number of pygmy falcons 
roosting in a single chamber varied between one and three, 
typically consisting of a pair and in some cases juveniles 
from previous years and/or unrelated individuals (Bolopo 
et al. 2019).

None of the pygmy falcons reduced Tb below typical 
avian rest-phase values during our study, with a lowest single 
Tb datum of 36.4 °C (Fig. 1). Thermoregulation while roost-
ing involved a sharp decrease in Tb immediately after roost 
chamber entry, followed by a relatively constant mean rest-
phase Tb of 38.69 ± 0.85 °C (seven birds, 31 bird-nights). 
The mean minimum rest-phase Tb was 37.89 ± 0.67 °C (six 
birds, 27 bird-nights; Fig. 2). Prior to emergence after sun-
rise, Tb increased rapidly to a mean active-phase value of 
40.90 ± 1.26 °C (seven birds, 31 bird-days; Fig. 1). The mean 
RT was 5.00 °C ± 0.54 (five birds, 26 bird-nights), and mean 
HI = 0.935 ± 0.527 °C (five birds, 26 bird-nights). There was 
no effect of Ta-min on Tb-min, RT or  log10(HI) (Table 1).

Discussion

Contrary to our predictions and the findings of Sapsford 
(1986), no pygmy falcon involved in the present study 
exhibited any evidence of heterothermy. Both mean rest-
phase minimum Tb and the single lowest value (37.9 °C 
and 36.4 °C, respectively) were well above the values of 
31–33  °C as reported by Sapsford (1986) and are also 
considerably higher than minimum values characteristic 
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of shallow rest-phase hypothermia (typically 30–35 °C; 
Prinzinger et al. 1991). Instead, pygmy falcons exhibited 
rest-phase Tb typical of avian normothermic values (mean 
of 38.5 °C across 202 species; Prinzinger et al. 1991). The 
maximum circadian amplitude of Tb in the falcons was 
equivalent to 228% of the allometrically predicted value for 
a 57-g non-passerine (RT = 2.19 °C), (Aschoff 1982). This 
result, however, is not surprising as several southern African 
bird species have higher RT values than expected for their 
body mass (McKechnie and Smit 2010), a physiological trait 
argued to have adaptive value in a region affected by envi-
ronmental variability associated with the El Niño Southern 
Oscillation cycle (Boix-Hinzen and Lovegrove 1998; McK-
echnie and Smit 2010).

The contrast between our winter rest-phase Tb values 
and those reported by Sapsford (1986) is striking. Moreo-
ver, Sapsford’s winter rest-phase values of 31–33 °C were 
presumably average values, rather than occasional devia-
tions from normothermy. One possible explanation concerns 
broad differences in food availability, given that his study 
took place at a more arid site [mean annual precipitation 
of 201 mm year−1 versus 361 mm year−1 (Maraschin 2016; 

Tokura et al. 2018)]. Comparing our findings to those of 
Sapsford (1986) is further complicated by the fact that his 
paper was published in the grey literature and contains 
almost no information about the methods used; he merely 
indicated that rest-phase Tb values originated from birds 
removed from roost chambers just before dawn, implying 
that these data were likely cloacal Tb measurements obtained 
using thermocouples. Reported day-time Tb values were 
38–40 °C and rest-phase values were 37–38 °C in summer 
and 31–33 °C in winter (Sapsford 1986). Given the over-
lap between our Tb data and the active-phase and summer 
rest-phase values reported by Sapsford, we see no reason to 
question his winter rest-phase values.

Fig. 1  Body temperature in free-ranging pygmy falcons (Polihierax 
semitorquatus) during winter in the Kalahari Desert showed a typical 
avian circadian rhythm. Mean ± SD for 1-h bins are shown by black 
circles and error bars, and individual Tb data as smaller, grey circles. 
Mean ± SD air temperatures (clear circles and error bars) and cham-
ber temperatures (triangles with error bars) are plotted below the 
y-axis break. The solid bar at the top indicates the period between 
sunset and sunrise (averages during study period) and the dashed ver-
tical lines the average times the falcons entered their roost cavities 
around sunset and emerged after sunrise

Fig. 2  Distributions of active-phase (sunrise to sunset, upper panel) 
and rest-phase (sunset to sunrise, lower panel) body temperatures in 
free-ranging pygmy falcons (Polihierax semitorquatus) during winter 
in the Kalahari Desert

Table 1  Results for linear mixed effects models investigating the 
effect of minimum nightly air temperature (Ta-min) on three measures 
describing the thermoregulatory patterns of pygmy falcons (Poli-
hierax semitorquatus): minimum nightly body temperature (Tb-min), 
amplitude of circadian rhythm (RT) and Heterothermy Index (HI)

Explanatory 
variable

Response variable Estimate ± SE χ2 p

Ta-min Tb-min – 0.009 ± 0.020 0.198 0.657
Ta-min RT 0.012 ± 0.021 0.332 0.565
Ta-min log10(HI) 0.013 ± 0.010 1.550 0.213
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Our study took place during a winter following late sum-
mer rains, and characterised by unusually mild Ta minima, 
with sub-zero Ta on only one night during the study period. 
Nevertheless, we are confident that Tchamber experienced by 
the pygmy falcons was well below their thermoneutral zone; 
lower critical limits of thermoneutrality measured in simi-
larly sized and much larger (up to ~ 240 g) southern African 
species are between 25 and 35 °C (McKechnie and Love-
grove 1999; McKechnie and Smit 2010; O’Connor et al. 
2017). The late summer rains preceding our study caused 
an extended breeding season for the sociable weavers result-
ing in both eggs and chicks being present during our study, 
which is unusual for this time of year. Pygmy falcons are 
known to raid the nests of their hosts and feed on sociable 
weaver chicks (Covas et al. 2004) and were observed forag-
ing at the colonies on several occasions during the study. 
We suspect that the absence of heterothermy reflects, at 
least in part, the availability of this atypical food resource 
which may have made it much easier for the pygmy falcons 
to maintain positive energy balance than is usually the case 
during mid-winter. Sapsford (1986) provided no information 
about the environmental conditions during his study, but it 
may well have occurred during much drier and less produc-
tive conditions.

Two additional factors that likely influence thermoregu-
lation in pygmy falcons are the thermal buffering provided 
by sociable weaver colonies and communal roosting by the 
falcons. Chambers in sociable weaver nest remain signifi-
cantly warmer than outside Ta at night (White et al. 1975; 
Leighton and Echeverri 2014), reducing the energy require-
ments for rest-phase thermoregulation by occupants. In 
addition, communal roosting likely results in substantial 
reductions in rest-phase energy expenditure (Vickery and 
Millar 1984; Boix-Hinzen and Lovegrove 1998; McKech-
nie and Lovegrove 2001) by the pygmy falcons, although 
some communal-roosting species still exhibit pronounced 
heterothermy (Nowack and Geiser 2016; McKechnie et al. 
2004). We found roosting groups typically consisted of 
two or three individuals roosting together in the same roost 
chamber. Sapsford (1986) did not indicate whether pygmy 
falcons that used heterothermy were roosting individually 
or with conspecifics.

The absence of torpor or shallow rest-phase hypother-
mia among pygmy falcons in this study, combined with the 
contrasting findings of Sapsford (1986), reiterate several 
broad observations concerning avian heterothermy. First, the 
expression of heterothermy by a taxon can vary in time and 
space; it may vary between conspecific populations (e.g., 
McKechnie et al. 2007; Smit et al. 2011), differ between 
closely related species at a single site (Boyles et al. 2012), 
and be correlated with ecological variables including roost 
type (Doucette et al. 2011), prey availability (Doucette et al. 
2012), environmental constraints on foraging (Smit et al. 

2011) and environmental temperature cycles (Woods et al. 
2019). Second, in some birds, heterothermy is an occasional 
event or possibly absent entirely (e.g., Noakes et al. 2013; 
Kemp et al. 2017). The presence of heterothermy in a par-
ticular taxon is reported far more frequently published than 
is its absence (e.g., Noakes et al. 2013; Kemp et al. 2017), 
and we suspect publication bias towards positive results may 
be a contributing factor. However, such negative data are 
ultimately necessary for a clearer picture of the phylogenetic 
distribution and ecological correlates of avian heterothermy.
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