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Abstract
Seasonal and daily fluctuations in environmental temperature can affect the fitness of endotherms by increasing metabolic 
costs and energetic requirements. Consequently, some species adopt strategies that function to minimize costs, including 
minor circadian fluctuations in body temperature  (Tb) and facultative reductions in  Tb, known as heterothermy. The geo-
graphic and taxonomic patterns of variation in  Tb are poorly-known, especially in the Neotropics. We investigated the diurnal 
variation in  Tb of small birds inhabiting high-elevation Neotropical montane forests which must cope with predictably cool 
nighttime temperatures. Two-thirds of the individuals we measured lowered their  Tb at night, and changes were greater 
when differences between daytime and nighttime ambient temperatures were greater. Our study expands the taxonomic and 
geographic scope of documented thermoregulatory flexibility in birds by demonstrating that even in the Neotropics, some 
montane birds may routinely adopt energy-saving physiological strategies. Such data are important to understanding and 
interpreting biogeographic patterns and behavior of tropical birds.
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Introduction

Environmental thermal variation is a fundamental challenge 
faced by most organisms (Angilletta et al. 2010; Clarke and 
Portner 2010). Endotherms can maintain body temperature 
 (Tb) across a range of ambient temperatures  (Ta), but out-
side of the thermoneutral zone, metabolic costs increase 

dramatically (McKechnie and Lovegrove 2002; Angilletta 
et al. 2010). Minor nocturnal decreases in  Tb are a part 
of the circadian rhythms of birds (Aschoff 1981; Dawson 
2017), daily decreases range from 1 to 3 °C with an average 
of 2.48 °C (Prinzinger et al. 1991). Below this range,  Tb 
drops below normothermia and performance declines rap-
idly (Angilletta et al. 2010). Costs of extreme drops in  Tb 
(i.e., well below the thermal neutral zone for endotherms) 
can include memory loss (Millesi et al. 2001), reductions 
in immune function (Butler et al. 2013), mobility (Clarke 
and Portner 2010), and the ability to avoid predation (Douc-
ette et al. 2011). However, there is increasing recognition 
that energetic benefits of facultative reductions in  Tb may 
outweigh costs. For endotherms living in variable environ-
ments where  Ta regularly drops below the thermoneutral 
zone, maintaining a high and stable  Tb is especially costly 
(Angilletta et al. 2010; Buckley et al. 2018); even relatively 
shallow reductions in  Tb can result in substantial net energy 
savings due to relatively low costs of rewarming coupled 
with exponential drops in metabolic rate as body tempera-
ture declines (Maddocks and Geiser 1997).

Heterothermy is widespread among small-bodied mam-
mals (Aschoff 1981; Boyles et al. 2013) and a growing 
literature describes heterothermic strategies in birds from 
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relatively harsh environments (e.g., McKechnie and Love-
grove 2002; Schleucher 2004; McKechnie and Mzilikazi 
2011; Romano et al. 2019). While tropical regions do not 
typically impose severe seasonal thermoregulatory chal-
lenges, temperatures at high-elevation tropical sites expe-
rience year-round nighttime temperatures well below the 
thermoneutral zones of most endotherms. Even in lowland 
tropical forests, nocturnal  Ta regularly drops below the 
lower critical threshold of small birds, and this effect is 
more pronounced at high elevations where temperatures are 
much cooler (Londoño et al. 2017). The costs associated 
with maintaining  Tb under cold conditions are highest for 
small-bodied animals with high surface area to volume ratios 
(Aschoff 1981; Geiser 1998). In tropical birds, survival is 
negatively correlated with both increases in metabolic rate 
and living at higher elevations (Scholer et al. 2019). There-
fore, we expect that high-elevation tropical birds might 
respond to cool nighttime environments by modulating  Tb 
beyond that of circadian oscillations, especially when nights 
are particularly cold. Although few  Tb data are available 
from Neotropical regions (but see Londoño et al. 2017), 
evidence from low elevations suggests that even under rela-
tively warm nocturnal temperatures (i.e., 19.5 °C), small 
birds sometimes reduce  Tb below normothermia (Bucher 
and Worthington 1982; Shipley et al. 2015).

Multiple ecological and physiological factors likely affect 
the costs and benefits of heterothermy in tropical montane 
birds. The costs of maintaining stable  Tb are likely consider-
ably higher during long periods of rainy weather. Such costs 
could contribute to prevalence of downhill altitudinal migra-
tions of montane species in tropical regions associated with 
variation in precipitation (Boyle 2011). Reproduction also 
reduces the net benefits of heterothermy due to adverse con-
sequences of temperature fluctuation on developing young 
(Calder 1971), especially immediately following hatching 
when chicks are still ectothermic (Price and Dzialowski 
2018).

Methods

We studied a community of high elevation Neotropical birds 
to test the hypothesis that birds reduce  Tb at night as a ther-
moregulatory strategy to minimize energetic costs of low 
nocturnal  Ta. We predicted that birds living at a montane site 
in Costa Rica near the tree line would experience (1) noctur-
nal heterothermy (reduction in  Tb below the expected daily 
reduction), and (2) the magnitude of  Tb reduction would be 
greatest when nights were coldest.

We conducted our study at Cuericí Biological Station 
located within the Talamanca mountain range, Cartago Prov-
ince, in southwestern Costa Rica (9.5333° N, 83.7167° W). 
This upper montane forest lies at 2450 m above sea level and 

oak-dominated forest surrounds the station. High-elevation 
forests of the Talamancan range support a bird community of 
modest diversity but high endemism (Stiles 1983). We stud-
ied  Tb variation of small passerines from 7 to 9 July 2016, 
early in the wet season and after the main breeding season 
of most species (Stiles 1983). We used mist nets (Ecotone, 
Gdynia, Poland) to capture birds during the last 2 h of day-
light. We recorded species, body mass, and evidence of 
reproductive activity or molt. We used a two-channel digital 
thermometer (Extech 421502) with a Type K thermocouple 
wire (0.3 mm diameter) to simultaneously measure  Ta and  Tb 
(accuracy ± 0.3 °C). After extraction, we suspended birds in 
opaque cloth bags for approximately 5–10 min before meas-
uring  Tb. This holding period was similar for all individuals 
and potentially mitigated individual-level differences in  Tb 
due to flying, duration of the time they spent in nets, or stress 
associated with extraction. Although short-term restraint 
in cloth bags alters a birds’ thermal environment, holding 
birds for periods of 1–2 h in the field prior to initial daytime 
measurements was not logistically feasible. However, our 
methods are likely to result in conservative estimates of the 
difference in daytime and nighttime  Tb relative to measure-
ments made immediately upon birds hitting the net because 
 Tb during flight is considerably higher than at rest, and the 
magnitude of the increase in  Tb due to flight depends on 
species-specific morphological and physiological traits as 
well as factors such as the duration of the flight (Hart and 
Roy 1967; Prinzinger et al. 1991). Indeed, in paired meas-
urements taken immediately following capture vs. following 
a rest period of similar duration as in this study, the  Tb of 
Barn Swallows dropped by 0.27 °C (Møller 2010) and by 
0.5 °C in Black-capped Chickadees under mild  Ta (Lewden 
et al. 2017). Furthermore, in captive Great Tits, handling 
stress also served to lower rather than elevate  Tb (Carere and 
Van Oers 2004). Thus, we suspect that our results are more 
conservative than they would be had we measured individu-
als immediately upon capture.

We measured  Tb by inserting the thermocouple (coated 
with a water-based lubricant) approximately 6–10 mm into 
the cloaca and waited until temperature readings stabilized. 
We sterilized the probe with 70% ethanol following each 
measurement. Birds captured during the last 2 h of daylight 
were transferred in cloth bags to the research station and 
held for paired measurements of nighttime temperatures.

We housed birds overnight in small (W 35  cm × D 
28 cm × H 46 cm), commercially-available wire cages 
covered with light cotton cloth. We placed cages in a 
metal shed to provide shelter from wind, rain, and preda-
tors. While both the shed and light cloth would reduce 
convective cooling due to lack of wind, the minimal 
insulative properties of this shed likely allowed for 
fluctuations in  Ta approximating the forest understory 
environment which is similarly sheltered from wind. 
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Furthermore, any buffering of  Ta afforded by the shed and 
cloth would again serve to minimize rather than exagger-
ate differences between daytime and nighttime  Tb meas-
urements. We measured  Ta and  Tb of each bird > 4 h after 
dark (22:00–23:00) and within 1 min of removal from 
cages. We released birds the following morning at 06:00. 
We cut a small notch in the inner web of a unique com-
bination of feathers prior to release to permit individual 
recognition and avoid re-measuring the same individual.

Using Aschoff’s (1981) intraspecific scaling equations, 
we calculated the expected normothermic  Tb range of 
each individual bird from body mass. The expected noc-
turnal decrease in  Tb varied from 2.35 to 3.11 °C among 
individuals. We tested for a difference in  Tb between 
day and night using a linear model, with body mass and 
nocturnal  Ta as covariates. We omitted diurnal-nocturnal 
comparisons of the one hummingbird (Lampornis cas-
taneoventris, Trochilidae) from analyses because this 
individual entered deep torpor  (Tb = 16.1 °C), as is char-
acteristic of this family. Although shallow hypothermia 
is known from some other tropical taxa, and torpor has 
been documented in a few species (Merola-Zwartjes and 
Ligon 2000), it is uncommon in most avian taxa including 
the families at our study area (McKechnie and Lovegrove 
2002). We conducted analyses in R (version 2.3.4; R Core 
Team 2015).

Results

We recorded daytime and nighttime  Tb for 29 individuals of 
11 species (Table 1, Fig. 1), none of which were in breed-
ing condition. Nocturnal  Ta (measured at the same time 
as  Tb) ranged from 11.5–16.5 °C. The complete dataset 
including raw values of  Ta,  Tb, and predicted decreases in 
 Tb for each individual is available on Zenodo (https ://doi.
org/10.5281/zenod o.13023 96). Nocturnal  Tb decreased in 
all but one species represented by > 1 individual. Only Blue 
and White Swallows (Pygochelidon cyanoleuca, Hirun-
dinidae) deviated from this pattern, exhibiting increases in 
nocturnal  Tb. Mean reduction in nocturnal  Tb was 1.07 °C 
(± 0.55 SE). However, the  Tb of three individuals of three 
species dropped well below their expected values exceeding 
the lower limit of expected circadian rhythm values: Turdus 
nigrescens by 3.58 °C (5.95 °C below diurnal  Tb), Basileu-
terus melanogenys by 0.96 °C (4.0 °C below diurnal  Tb), and 
Zonotrichia capensis by 1.81 °C (4.65 °C below diurnal  Tb) 
(Fig. 2). The maximum  Tb decrease below daytime values 
(excluding the torpid hummingbird) was 5.95 °C (Turdus 
nigrescens). The magnitude of  Tb change was related to the 
magnitude of change in  Ta with greater reduction in  Tb on 
colder nights  (t26 = − 2.63, P = 0.014); for each 1 °C differ-
ence between daytime and nighttime  Ta, mean  Tb decreased 
by 0.47 °C (95% CI 0.12–0.82 °C). The magnitude of  Tb 
change was unrelated to body mass  (t26 = − 2.63, P = 0.19).  

Table 1  We measured daytime and nocturnal body temperature in 12 species of tropical montane birds

Sample size is indicated for each species, along with body mass (mean ± SE), daytime  Tb (mean ± SE), and night time  Tb (mean ± SE). White-
throated mountain gem was excluded from the analysis

Species Sample Size Body mass (g) Day  Tb (°C) Night  Tb (°C)

Trochilidae
 White-throated mountain gem (Lampornis castaneoventris) 1* 5.3 42.1 16.1

Hirundinidae
 Blue-and-white swallow (Notiochelidon cyanoleuca) 4 10.8 ± 0.2 37.5 ± 1.1 39 ± 1.0

Turdidae
 Black-billed nightingale thrush (Catharus gracilirostris) 1 19.4 41.2 38.5
 Ruddy-capped nightingale thrush (Catharus frantzii) 2 31.5 ± 0.8 40.1 ± 0.6 39.2 ± 2.2
 Sooty thrush (Turdus nigrescens) 3 92 ± 5 42.0 ± 0.9 38.8 ± 1.6
 Mountain thrush (Turdus plebejus) 1 86 42.7 42.1

Parulidae
 Black-cheeked warbler (Basileuterus melanogenys) 3 13.4 ± 1.6 39.2 ± 1.6 37.5 ± 0.5

Passerellidae
 Yellow-thighed finch (Pselliophorus tibialis) 2 32.3 ± 0.4 41.5 ± 0.6 39.5 ± 0.6
 Large-footed finch (Pezopetes capitalis) 1 52.3 38.9 40
 Rufous-collared sparrow (Zonotrichia capensis) 2 20.7 ± 0.9 40.4 ± 1.4 37.2 ± 0.6
 Chestnut-capped brush-finch (Arremon brunneinucha) 1 39.6 39.3 40.3
 Sooty-capped bush tanager (Chlorospingus pileatus) 9 19.7 ± 0.4 40.7 ± 0.3 39.7 ± 0.2
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Discussion

Our results contribute to a growing body of literature indi-
cating that thermal flexibility is geographically widespread 
among birds inhabiting a wide variety of biomes. Although 
the  Tb of most of the individuals we measured oscillated 
within ranges typical of circadian rhythms, the magnitude 
of  Tb reductions was apparently responsive to  Ta, and some 
individuals reduced  Tb more dramatically than other indi-
viduals of the same species under similar conditions. Despite 
 Ta remaining > 10 °C, we observed nocturnal drops in  Tb 
comparable to nocturnal hypothermia of Canada Jays (Per-
isoreus canadensis) during Alaskan winters (Waite 1991) 
and greater than the typical variation of temperate-zone 
birds (Dawson 2017). A notable anomaly in our data set was 
P. cyanoleuca which did not exhibit nocturnal  Tb reduction. 
This species roosts in pairs throughout the year in insulated, 
covered cavities (Skutch 1952). Such behavioral strategies 
may serve as alternative mechanisms to cope with energetic 
costs of cool  Ta (Kern and Van Riper 1984).

High elevation Neotropical birds must cope with cool 
nocturnal  Ta year-round which likely has influenced their 
circadian rhythms (Aschoff 1983). Because  Tb varies far 
less than  Ta, even moderately cool nights can impose 

energetic costs. For Neotropical birds, upper and lower 
critical temperatures vary relatively little along elevational 
gradients (Londoño et al. 2017). Therefore, given the noc-
turnal reductions in  Tb of lowland taxa under compara-
tively benign conditions, we expected that such reductions 
would be common in highland taxa. Our data are consist-
ent with this expectation; despite being modest in mag-
nitude, normothermic  Tb reductions could contribute to 
the thermal strategies of high-elevation Neotropical birds, 
resulting in potentially biologically significant energy 
savings. Such energy savings over short-term may reduce 
mortality during severe weather events, and over longer 
time scales, may permit individuals to persist in lower 
quality environments where food is not as accessible.

Heterothermic capacity exhibits a strong phylogenetic 
signal in both mammals and birds (Ruf and Geiser 2015). 
The exploratory nature of our work precluded broad taxo-
nomic sampling, measuring responses to extreme events, 
or exploration of the consequences of body size. How-
ever, our data suggest that further investigation of  Tb vari-
ation in montane, tropical bird communities merits further 
study. In particular, the interactions between  Ta and other 
climatic stressors such as seasonal and diurnal variation 
in precipitation are relevant to understanding the basic 

Fig. 1  Study species: a White-throated mountain gem (Lampornis 
castaneoventris), b Rufous-collared sparrow (Zonotrichia capensis), 
c Black-cheeked warbler (Basileuterus melanogenys), d Sooty thrush 
(Turdus nigrescens), e Ruddy-capped nightingale thrush (Catharus 

frantzii), f Yellow-thighed finch (Pselliophorus tibialis), g Sooty-
capped bush tanager (Chlorospingus pileatus), h Blue-and-white 
swallow (Notiochelidon cyanoleuca), i Yellow-thighed finch (Psellio-
phorus tibialis) (color figure online)
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selective pressures shaping the evolutionary ecology of 
tropical birds.
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