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A B S T R A C T   

For endotherms, maintaining body temperature during cold winters is energetically costly.Greater increase in 
winter maximum thermogenic capacity (Msum) has typically been correlated with improved cold tolerance. 
However, seasonal studies have shown equivocal direction change in basal metabolic rate (BMR) in winter, 
perhaps explained by latitude or phylogeny. We examined seasonal metabolic responses in the Cape rockjumper 
(Chaetops frenatus; “rockjumper”), a range-restricted mountain bird. We hypothesized that, given their mountain 
habitat preference, rockjumpers would be physiologically specialized for cooler air temperatures compared to 
other subtropical passerines. We measured body condition (using the ratio of Mb/tarsus), BMR, and Msum, in 
wild-living rockjumpers during winter and summer (n = 12 adults in winter –– 4 females, 8 males; n = 12 adults 
in summer –– 6 females, 6 males). We found birds had lesser BMR and thermal conductance, and greater Msum 
and body condition, in winter compared to summer. These changes may help rockjumpers conserve energy in 
winter while still allowing birds to produce more metabolic heat during the coldest air temperatures. When 
compared with existing data on avian seasonal metabolic adjustments, rockjumper BMR fit general patterns 
observed in passerines, but their Msum was low compared with other members of the oscine Passeriformes. These 
patterns may be explained by the narrow temperature range of their habitat not requiring cold-adjustment, or 
perhaps by their basal placement within passerine phylogeny. Further work on the physiological phenotypic 
plasticity in habitat specialists across different latitudinal zones and taxa is needed to better understand the 
relationship between metabolism, habitat, and phylogeny.   

1. Introduction 

In colder climates, endotherms need to allocate a large component of 
their energy budget toward heat production at cold temperatures 
(Scholander et al., 1950) and so we would expect these species to have 
greater metabolic heat production capacity. Initial studies examining 
seasonal phenotypic plasticity in metabolic responses focused on plas-
ticity in non-migratory avian species from temperate climates; these 
earlier studies on seasonal cold tolerance showed birds in temperate 
climates had increased basal metabolic rate (BMR; i.e. the minimum 
energy expenditure of an animal at rest) and summit metabolism (Msum; 
i.e. maximum thermogenic capacity) in winter compared to summer (e. 
g. Cooper and Swanson, 1994; Liknes et al., 2002; Liknes and Swanson, 
1996; Swanson, 2001). More recent studies have suggested subtropical 

species may show more diverse metabolic adjustments [see McKechnie 
et al. (2015)]. 

Unlike temperate species, lower-latitude species experiencing milder 
winters show patterns of seasonal adjustment that are not always related 
to minimum air temperature or cold tolerance. Instead, seasonal ad-
justments may vary among species [see review McKechnie et al. (2015)], 
among populations (Noakes et al., 2017; Van de Ven et al., 2013a), and 
even within the same population between years (Noakes and McKech-
nie, 2020). Further, Smit and McKechnie (2010) suggested seasonal 
adjustments in subtropical species may be linked not specifically to 
temperature, but to other factors such as seasonal food availability, as 
supported in a recent study by Noakes and McKechnie (2020). 

McKechnie et al. (2015) showed variation in seasonal physiological 
cold responses based on latitude, and it has been suggested such 
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variation may also depend on elevation. Mountain species that are 
exposed to generally low annual temperatures would be expected to 
have higher metabolic heat production (Cooper, 2002; Mugaas and 
King, 1981; Weathers and van Riper III, 1982). However, Londono et al. 
(2015) found no relationship between BMR and elevation when 
analyzing data from 253 neotropical bird species from across a 2.6 km 
altitudinal gradient. Increasing BMR may divert energy allocation from 
other critical functions such as growth and reproduction (Hofmann and 
Todgham, 2010), and so increasing BMR may only be possible in times 
of increased energy availability (e.g. increased food availability). In 
these cases, species inhabiting cooler environments may use other 
energy-conservation mechanisms (e.g. increased insulation and lower 
thermal conductance) to conserve metabolic heat production while 
maintaining body temperature (Tb) in cooler weather (Marsh and 
Dawson, 1989; Williams and Tieleman, 2000; Wu et al., 2015). 

While it is clear there is latitudinal variation in seasonal metabolic 
responses, there remains limited capacity to predict their magnitude and 
direction, especially for lower latitude species. Adjustments in Msum are 
particularly difficult to predict as they are not always correlated with 
adjustments in BMR, and it remains ambiguous how either contribute to 
an individual’s energy budget (Noakes and McKechnie, 2020; Vézina 
et al., 2017). Further, Swanson and Bozinovic (2011) showed that Msum 
adjustments are also partially explained by phylogeny; within the largest 
avian order, Passeriformes, the oscine passerines have an elevated Msum 
compared to the basal suboscine passerines. The importance of taking 
into account phylogenetic relationships in comparative studies is not a 
recent development (see Felsenstein, 1985), and recent studies on 
physiological responses to high temperature continue to highlight the 
importance of incorporating phylogeny (Gerson et al., 2019; Smit et al., 
2018). 

Here we examined seasonal metabolic responses in an avian species 
endemic to the mountain fynbos in the Cape Fold Mountains of South 
Africa, the Cape rockjumper (Chaetops frenatus; hereafter “rockjumper”). 
The Cape Fold Mountains provide an interesting model habitat due to 
relatively cool air temperatures (“Tair”; average, minimum, and 
maximum) and winter rainfall contrary to the summer rainfall found in 
the majority of South African habitats. Rockjumper physiology may also 
provide insight into early passerine metabolic adjustments. The avian 
family Chaetopidae represents a small relict group in the oscine pas-
serines (Oliveros et al., 2019) from an early radiation into Africa (Fjeldså 
et al., 2003) that diverged from other oscine passerines c. 21 million 
years ago (Moyle et al., 2016; Oliveros et al., 2019). Feduccia (1999) 
suggested the development of greater physiological capacity in oscine 
passerines compared to suboscines allowed for their greater biogeo-
graphic spread –– termed the metabolic capacity hypothesis by Swanson 
and Bozinovic (2011), the early radiation of rockjumpers may mean they 
share more physiological traits with suboscines than oscines. 

We measured seasonal physiological responses (e.g. BMR and Msum) 
in wild-living rockjumpers, as seasonal physiological responses can be 
useful indicators of species’ cold tolerance (McKechnie and Swanson, 
2010; Smit and McKechnie, 2010; Swanson, 1991, 1993, 2001; Swanson 
and Bozinovic, 2011; Swanson and Liknes, 2006). We hypothesized the 
mountain habitat of rockjumpers has led to physiological specialization 
for cooler temperatures, and thus predicted that physiological responses 
of the rockjumper would be centered on improved cold tolerance, shown 
by elevated BMR and Msum in winter compared to summer. Further, we 
investigated the metabolic capacity hypothesis by including a phylo-
genetic interpretation of rockjumper metabolic data as compared to 
previously measured metabolic data for passerines. Here we hypothe-
sized rockjumper seasonal Msum and BMR may be explained by their 
basal placement in passerine phylogeny. 

2. Methods 

2.1. Study site and bird capture 

This study took place between July 2015 and February 2016 at Blue 
Hill Nature Reserve (BHNR; 33.59 S; 23.41 E; 2 230 ha; 1 000–1 530 m 
above sea level) located in the Cape Fold range in the Western Cape 
Province, South Africa. The vegetation at BHNR consists mainly of 
mountain fynbos, with mixed thicket in the lower valleys. The territories 
occupied by rockjumpers in this study ranged from ~1 100–1 500 m 
above sea level. Rainfall (mm) and Tair (◦C) data were measured every 
30 min using an on-site weather station (Vantage Vue, Davis Instruments 
Corp., California USA). 

We measured physiological data during winter (July and August 
2015) and summer (January 2016) from wild-living birds captured 
using mist-nets and spring traps baited with worms (Tenebrio spp. or 
Zophobas morio; see Oswald et al., 2018a,b for more information). After 
capture, birds were placed in cloth bags and transported to a field lab-
oratory station set up at BHNR. We obtained physiological measure-
ments on either the day of capture (day one) or the day after capture 
(day two). We measured oxygen consumption (VO2) and carbon dioxide 
production (VCO2) to calculate basal metabolic rate (BMR) and 
maximum thermogenic capacity (Msum), as well as body temperature 
(Tb). The first 5 individuals per season were used to determine an esti-
mate of the thermoneutral zone (TNZ; the range of Tair where an indi-
vidual can maintain their Tb with minimal effort) for rockjumpers on the 
night of capture (see below). Thus, while BMR was measured for the first 
five birds per season on the second night after capture, BMR was 
measured for all other birds on the night of capture. We obtained Msum 
measurements for birds on the day of capture if captured before 12:00 
SAST (UTC + 2), while birds captured after 12:00 SAST had Msum 
measurements obtained on the day after capture. 

We captured 16 individuals during winter (n = nine males, seven 
females) and 17 individuals during summer (n = six males, six females, 
five birds of unknown sex –– see below). Upon arrival at the field lab-
oratory station all birds were immediately ringed with standard mea-
surements recorded. Prior to release, birds were given three identifying 
color rings to easily distinguish individuals in the field [see Oswald et al. 
(2019) for details]. Four birds in winter showed signs of breeding (i.e. 
well-developed brood patches), and five individuals in summer were 
immature (i.e. ~3 months old; sex unknown). 

Between experiments birds were held in cloth-covered birdcages 
(length x width x height: 50 × 30 × 50 cm) in a dark and quiet room, 
with mealworms provided ad libitum. All birds were held for less than 48 
h, after which they were released at the site of capture. 

2.2. Body temperature measurements 

To measure Tb throughout experimentation we injected individual 
birds with small, temperature-sensitive, Passive Integrated Transponder 
(PIT) tags intra-peritoneally following Gerson et al. (2014). Our use of 
PIT-tags had no significant detrimental effects in birds used for this 
study (Oswald et al., 2018c). 

2.3. Metabolic measurements 

Body mass (Mb) was measured to within 0.1 g before and after each 
experimental procedure with experiments run only for birds that 
maintained Mb within 5% capture Mb. Birds were placed individually in 
4-L airtight plastic chambers (“bird chambers”; Lock & Lock, Mumbai, 
India) fitted with a wire-mesh platform raised 15 cm to ensure normal 
perching posture. A thin layer of mineral oil was placed at the base of 
bird chambers to ensure fecal water did not factor into our total evap-
orative water loss (TEWL; mL min− 1) measurements, used to calculate 
excurrent flow rates (see below). We measured temperature within bird 
chambers using a thermistor probe (model TC100, Sable Systems, Las 
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Vegas, NV, USA) inserted one cm into bird chambers through a small 
hole in the lid. 

For BMR measurements, we placed bird chambers in a custom-made 
environmental chamber consisting of a 100-L cooler box lined with 
copper tubing through which temperature-controlled water was pum-
ped from a circulating water bath (FRB22D, Lasec, Cape Town, South 
Africa; Smit and McKechnie 2010). Inside the environmental chamber 
we placed: (1) a small fan to ensure a uniform distribution of heat, (2) an 
infrared light source with a closed-circuit live feed security camera for 
continuous monitoring of the bird, and (3) a BioMark PIT-tag reader to 
monitor and record Tb every minute following standard methodology 
(Gerson et al., 2014). 

For Msum bird measurements we placed bird chambers in a custom- 
made environmental chamber consisting of a 47-L Portable ARB 
Fridge Freezer (ARB 4 × 4 Accessories, Melbourne AUS) with Tair 
controlled using the ARB digital display. Inside the environmental 
chamber we placed: (1) a small red-light source, and (2) a GoPro Hero 
3+ Silver Edition (GoPro Inc. USA) to monitor birds using constant 
streaming on the GoPro App for smartphones (GoPro Inc., USA). As the 
PIT-tag reader would not fit in this environmental chamber we instead 
checked Tb as required (see below). 

Metabolic rates were measured indirectly as VO2 and VCO2 in mL 
min− 1 using a portable open-flow respirometry system. For all mea-
surements, flow rate of air (TNZ, BMR) or helox (21% Oxygen, balance 
Helium; Afrox, Johannesburg, South Africa; Msum) to bird chambers was 
controlled using FMA-series mass flow controllers (Omega, USA), with 
both air and helox calibrated using a 1-L soap bubble flow meter (Baker 
and Pouchot, 1983). Air and helox were supplied at flow rates ~3 L 
min− 1 to ensure [O2] to the chamber remained within 0.5% of incurrent 
[O2]. This allowed 99% wash-out rates to be achieved within 6 min, 
calculated using the corrected Eq. (8.1) in Lighton (2008). 

Subsampled air was pulled from a manifold connected to the bird 
chamber outlet. Subsumpled air then passed through a water vapour 
analyser (RH-300, Sable Systems, USA) and an O2 and CO2 analyser 
(“Foxbox”; Foxbox-C Field Gas Analysis System, Sable Systems, Las 
Vegas, Nevada USA). The Foxbox allowed for analog outputs to be 
converted to digital data and recorded using Expedata Data Acquisition 
and Analysis Software (Sable Systems, Las Vegas, Nevada USA). Expe-
data data files were corrected for VO2 drift using the relevant algorithms 
in Warthog LabAnalyst X (www.warthog.ucr.edu). Excurrent flow rate 
was calculated using the incurrent flow rate, [O2], [CO2], and TEWL [see 
Equation (9.3) in Lighton (2008)]. Rates of VO2 and VCO2 were then 
calculated using Equations (9.4), (9.5) and (9.6) (Lighton, 2008). 

2.4. Basal metabolic rate protocol 

Food was withheld from birds from 16:00 to ensure birds were post- 
absorptive (i.e. no longer metabolizing food) during measurements 
(Smit and McKechnie, 2010; Van de Ven et al., 2013a). Following 
Londono et al. (2015) we first tested five adults per season overnight at a 
series of Tair (~15, 20, 25, 30 ◦C) to ensure our BMR measurements 
would be recorded at thermoneutrality. We subsequently exposed in-
dividuals to Tair ≈ 26 ◦C (winter = 26.0 ± 0.5 ◦C, summer = 26.2 ±
0.7 ◦C) for BMR measurements. When possible we performed two BMR 
experiments per night, in an attempt to release birds within a 24 h 
period. We measured BMR from 18 birds placed in chambers between 
19:00 and 22:00 (n = 11 in winter, n = 7 in summer) and 15 birds placed 
in chamber between 1:00 and 2:00 (n = 5 in winter, n = 10 in summer). 
BMR experimental runs lasted ≥3 h with a minimum 15 min of baseline 
data recorded at the beginning and end of each run. There was no sig-
nificant difference in chamber Tair for BMR runs between seasons 
(winter = 25.92 ± 0.60 ◦C, summer = 26.24 ± 0.74 ◦C, t = − 1.10, p =
0.282), or between BMR data measured for birds in the first or second 
experimental run of a night (t = 0.64, p = 0.530). 

Basal metabolic rate was determined as the lowest 10-min mean VO2 
(Liknes et al., 2002; Londono et al., 2015), which always occurred 

between 1 and 3 h into the experimental run. We present BMR data in 
Watts (W), by estimating Joule conversion factors from a regression of 
thermal equivalence data in Table 4.2 of Withers (1992). For BMR we 
used the respiratory quotient (RQ) factors of 0.72 ± 0.06 and 0.71 ±
0.02 (as measured during the present study), and Joule conversion 
factors of 19.75 and 19.65 J mL− 1, for winter and summer data 
respectively (Withers, 1992). Thermal conductance (C) of birds within 
the thermoneutral zone was calculated by converting W g− 1 to J g− 1 h− 1 

and then dividing by the Tb - Tair following Wu et al. (2015). 

2.5. Maximum thermogenic capacity protocol 

To quantify Msum in rockjumpers (using the same individuals as those 
for BMR measurements), gas exchange rates were measured individually 
during the daytime, using the sliding cold exposure method (Swanson 
et al., 1996) and a similar protocol to that described by Minnaar et al. 
(2014), with modifications listed below. We subjected individual birds 
to helox gas at decreasing temperatures during their active phase (be-
tween 8:00 and 16:00), with Msum experiments occurring between 12:00 
and 16:00 for birds caught before 12:00, and between 8:00 and 12:00 on 
the second day for birds caught after 12:00. The use of helox is used in 
studies of Msum in birds (Bozinovic and Rosenmann, 1989; Swanson, 
2010; Swanson et al., 1996) as maximum rates of heat loss can be ach-
ieved at higher helox temperatures than air temperatures. 

After weighing birds and recording initial Tb, birds were placed in 
bird chambers then placed within the environmental chamber and 
subjected to normal atmospheric air for a minimum of 5 min, allowing 
birds to become used to Tair ≈ 18 ◦C. We then switched the air source to 
helox and recorded a 5-min baseline at the beginning and end of each 
experimental run following Minnaar et al. (2014). After initial baseline 
recording, we confirmed that VCO2 levels were stable before setting the 
environmental chamber to -18.0 ◦C (the lowest value possible), resulting 
in an average cooling rate of ~0.43 ◦C min− 1. We continuously moni-
tored VCO2 output until maximum VCO2 was reached for at least 3 min (i. 
e. not further increase at decreasing in helox temperature), and when 
bird Tb dropped below 35.0 ◦C. As we were unable to place the PIT-tag 
reader within the environmental chamber we could not constantly 
monitor individual Tb. Instead, when VCO2 levels reached a plateau for 
≥3 min or began to decrease, we briefly opened the environmental 
chamber to obtain a Tb reading; if Tb remained above 35.0 ◦C the run 
was continued, but if Tb was below 35.0 ◦C we considered Msum was 
reached and the bird was removed from the chamber. While previous 
studies on Msum generally used Tb of 36.0 or 37.0 ◦C as the lower 
threshold for Tb during Msum experiments (Swanson et al., 1996; 
Swanson and Liknes, 2006) we chose 35.0 ◦C for the following reasons: 
(1) the normothermic active-phase Tb of rockjumpers [39.3 ◦C; Milne 
et al., (2015)] is well below the mean value for passerines of 41.6 ◦C 
(Prinzinger et al., 1991), and (2) at Tb ~ 37.0 ◦C rockjumpers continued 
to show increasing metabolic rates even if a decline in Tb was observed 
(see Appendix A Figure A1 for sample Msum run). 

Upon removal from chambers, rockjumpers were highly alert at Tb 
<37.0 ◦C. After each run birds were placed in bird bags near a heat 
source until Tb rose above 37.0 ◦C after which we returned birds to 
holding cages. Experimental runs took a maximum of 70 min as the 
maximum VO2 always occurred within this timeframe (average adult 
summer = 37.6 min; average adult winter = 41.5 min; average imma-
ture = 20.0 min; average breeding = 21.3 min). 

Msum measurements were taken as the highest 1-min mean VO2, with 
helox temperature at Msum recorded as cold limit temperature (Tcl). We 
present Msum data in W, by again estimating Joule conversion factors 
from a regression of thermal equivalence data in Table 4.2 of Withers 
(1992). For Msum we used the RQ values obtained during the Msum trials 
of 0.82 ± 0.07 and 0.80 ± 0.07, and Joule conversion factors of 20.59 
and 20.44 J mL− 1, for winter and summer data respectively (Withers, 
1992). 
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2.6. Data analyses 

All analyses were performed in the R statistical environment version 
4.0.2 (R Core Team, 2016) using RStudio version March 1, 1056 
(RStudio Team, 2018). Packages used include car (Fox and Weisberg, 
2019), MuMIn (Barton, 2019), multcomp (Hothorn et al., 2008), ggplot2 
(Wickham, 2016), dplyr (Wickham et al., 2020), caper (Orme et al., 
2018), ape (Paradis and Schliep, 2019), phytools (Revell, 2012), and 
treeio (Wang et al., 2020). Data are presented as mean ± SD. Significance 
was determined by p < 0.05. See Appendix B Table A1 for full raw data. 

2.6.1. Metabolic data analyses 
Data were visually analyzed for normality using a qq-plot with 

variance checked for normality using Levene’s test. As in Kitaysky et al. 
(1999) we calculated body condition as an energetic condition index 
(ECI) using the ratio of Mb/tarsus as tarsus length does not vary 
seasonally. Seasonal comparisons for BMR were performed using only 
adult non-breeding individuals (n = 12 winter, 12 summer). While we 
did re-capture four individuals in summer, only one individual had data 
in our main seasonal comparison (n = one male). The other 3 
re-captured individuals (n = two females, one male) showed signs of 
breeding in winter, and so were included only in our winter intra-season 
analysis (see below). We present model outputs for whole-animal values. 

We fitted linear models (LMs) for each response variable (BMR, C, Tb, 
Msum, Tcl, ME) to the predictor variables the interaction of sex*season 
(sex: 0 = female, 1 = male; season: winter, summer) and body condition 
(i.e. ECI). We did not include the random effect of ID, as only one in-
dividual was included in both winter and summer for our main seasonal 
analysis (as stated above). For our Tb analysis we used average Tb 
measured during BMR. Model selection was based on Akaike’s infor-
mation criterion adjusted for small sample size (AICc), and we report on 
significant results of the top model based on lowest AICc (see Appendix 
A Tables A1—A6 for competing model coefficients and model selection 
outputs). 

To examine differences among breeding v. non-breeding birds in 
winter and adult v. immature birds in summer, intra-season comparisons 
included all captured individuals (winter: n = 4 non-breeding females, 8 
non-breeding males, 4 breeding birds; summer: n = 6 females, 6 males, 5 
immature birds). To allow for intra-seasonal analyses of breeding/non- 
breeding in winter, and adult/immature in summer, we thus included 
the factor “life stage” being non-breeding females (“0”), non-breeding 
males (“1”), breeding birds (“2”; only in winter) and immature birds 
(“3”; only in summer). For intra-season comparisons we fitted LMs for 
each response variable [BMR, C, Msum, Tcl, and ME (i.e. metabolic 
expansibility; the ratio of Msum to BMR)] to predictor variable life stage. 
While we maintain use of the term BMR in our intra-season comparisons 
to maintain language simplicity, it is important to note that BMR refers 
to adult, non-reproductive, individuals, and so the metabolic rates re-
ported for our breeding and immature birds are in fact resting metabolic 
rates and not true BMR. 

2.6.2. Phylogenetic analyses 
For each dataset we sampled 100 phylogenies from birdtree.org (Jetz 

et al., 2014) following Smit et al. (2016) and using Hackett et al. (2008) 
as a backbone, creating majority consensus trees using Mesquite V 3.61 
(Maddison and Maddison, 2001). We added rockjumper metabolic data 
to data from existing literature for BMR (n = 350 species; n = 219 os-
cines, n = 132 suboscines), summer Msum (n = 67 species; n = 48 os-
cines, n = 19 suboscines), winter Msum (n = 23 species; n = 20 oscines, n 
= 3 suboscines), and summer ME (n = 35 species; n = 28 oscines, n = 7 
suboscines; see Appendix B Table A2-5 for datasets). For all analyses we 
used log10-transformed BMR, Msum, ME, and Mb. 

To calculate residual values, we fitted linear regressions to average 
BMR, Msum, and ME separately as a function of average Mb, and then 
calculated a residual for each original datum. To test for differences 
between oscines and suboscines we first used Phylogenetically 

Independent Contrasts on log-transformed variables (BMR, Msum, ME, 
Mb). We then tested each trait for phylogenetic signal and evolutionary 
gradualism using Pagel’s lambda (λ) and kappa (K) respectively (Pagel 
1997; Münkemüller et al., 2012). Here, a λ = 1 indicates a phylogenetic 
signal while λ = 0 indicates the absence of such signal, and 1 < K < 3 
indicates phyletic gradualism while a K = 0 indicates independence of 
divergence time (Pearman et al., 2014). For both λ and K statistics we 
report p-values for statistical differences from a value of 1 for λ, or 3 for 
K. 

As no significant evidence for phylogenetic signal was found for any 
trait (see Results) we instead used conventional analyses to examine 
phylogenetic patterns for each metabolic trait [following similar pro-
tocol as (Swanson and Garland, 2009)]. To test for differences between 
oscine and suboscine we created linear models for residuals of each 
response variable (BMR, Msum, ME) as predicted by clade (oscine, sub-
oscine). We tested for outliers using the outlier function in the car 
package, which reports the adjusted Bonferroni p-value of the most 
extreme observation in the dataset (significant at p < 0.05). 

2.7. Ethics and permissions 

Animal ethics clearance (A15-SCI-ZOO-007) was obtained from the 
Research Ethics Committee (Animal) at Nelson Mandela University, and 
a bird capture permit (0037-AAA041-00060) was issued by Cape Na-
ture, Western Cape, South Africa. 

3. Results 

3.1. Weather data 

The annual rainfall in 2015 at the study site was 496.2 mm. Average 
daily Tair from the study period was 9.4 ± 5.9 ◦C in winter and 20.7 ±
5.7 ◦C in summer. Minima and maxima Tair were − 2.6 ◦C and 27.5 ◦C in 
winter, and 10.3 ◦C and 35.4 ◦C in summer. 

3.2. Body mass and condition 

Average Mb (g) for non-breeding adults was 54.6 ± 3.4 g in winter 
and 49.9 ± 4.9 g in summer. Non-breeding adults were in significantly 
better body condition (g mm− 1) in winter compared to summer (winter 
= 1.5 ± 0.1 g mm− 1, summer = 1.3 ± 0.1 g mm− 1; t = 4.50, p < 0.001). 
There was no difference in body condition between non-breeding fe-
males and males in winter (t = 0.07, p = 0.949), or in summer (t = 1.09; 
p = 0.302; Table 1). 

3.3. Basal metabolic rate, body temperature, thermal conductance 

Our top competing models (n = 2) for BMR included season (present 
in both models) and body condition (present in the top model) as pre-
dictor variables (Table A1). Basal metabolic rate (W) was best explained 
by season, with birds having significantly lower BMR in winter 
compared to summer (winter = 0.64 ± 0.10 W, summer = 0.87 ± 0.26 
W; Table A1; Fig. 1A). BMR did not differ significantly among life stages 
in winter (F = 0.15, p = 0.867), nor in summer (F = 0.51, p = 0.614; 
Table 1). 

Our top competing models (n = 5) for Tb included season (included 
in three models), sex (included in two models), body condition (included 
in one model), and the null model (Table A2). Body temperature (◦C) 
was best explained by season, with birds having lower Tb in winter 
compared to summer (winter = 38.3 ± 0.4 ◦C, summer = 38.8 ± 0.7 ◦C; 
Table A2; Fig. 1B). Body temperature differed significantly among life 
stages in winter (F = 7.76, p < 0.01; Fig. 2A), but not in summer (F =
0.90, p = 0.430; Table 1). In winter, Tb (◦C) was significantly higher for 
breeding birds compared to non-breeding males and non-breeding fe-
males (breeding vs. non-breeding males: t = 3.83, p < 0.01; breeding vs. 
non-breeding females: t = 2.95, p < 0.05; Fig. 2A), with no difference 
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between non-breeding females and non-breeding males (t = − 0.43, p =
0.905; Table 1). 

Our top competing models (n = 2) for thermal conductance (C) 
included season (included in both models) and sex (included in one 
model; Table A3). Conductance (J g− 1 h− 1 ◦C− 1) was best explained by 
season, with birds having lower conductance in winter compared to 
summer (winter = 3.5 ± 0.60 J g− 1 h− 1 ◦C− 1, summer = 6.1 ± 1.7 J g− 1 

h− 1 ◦C− 1; Table A3; Fig. 1C). Conductance did not differ among life 
stages in winter (F = 0.08, p = 0.922), or in summer (F = 0.93, p =
0.417; Table 1). 

3.4. Maximum thermogenic capacity and cold limit temperature 

Our top competing model (n = 1) for Msum included season and sex as 
predictor variables (Table A4). Maximum thermogenic capacity (W) was 
higher for birds in winter compared to summer (winter = 2.70 ± 0.27 W, 
summer = 2.17 ± 0.48 W), and for males compared to females (males =
2.63 ± 0.29 W, females = 2.16 ± 0.54 W; Table A4). Maximum ther-
mogenic capacity (W) did not differ among life stages in winter (F =
1.76, p = 0.211), or in summer (F = 3.11, p = 0.076; Table 1). 

Our top competing model (n = 1) for Tcl included season and sex as 
predictor variables (Table A5). Cold limit temperature (◦C) for birds was 
lower in winter compared to summer (winter = − 1.38 ± 4.0 ◦C, summer 
= 2.94 ± 4.81 ◦C; Fig. 1D), and for males compared to females (males =
− 1.3 ± 3.7 ◦C, females = 3.7 ± 4.9 ◦C; Table A5). Cold limit temperature 
(◦C) differed significantly among life stages in winter (F = 6.65, p <
0.05) and in summer (F = 5.35, p < 0.05). In winter, breeding birds had 
a significantly higher Tcl (◦C) than non-breeding males (breeding vs. 
non-breeding males: t = 3.65, p < 0.01), with no difference between 
breeding birds and non-breeding females (breeding vs. non-breeding 
females: t = 2.09, p = 0.130), or non-breeding males and females 
(non-breeding males vs. females: t = − 1.23, p = 0.454; Table 1). In 
summer, immature birds had a significantly higher Tcl (◦C) than males 

(immature vs. males: t = 3.10, p < 0.05), with no difference between 
immature birds and females (immature vs. female: t = 0.82, p = 0.697), 
or males and females (male vs. female: t = − 2.39, p = 0.075; Table 1; 
Fig. 2B). 

3.5. Seasonal metabolic expansibility 

Our top competing models (n = 3) for ME included body condition 
(included in all models), season (included in all models), and sex 
(included in two models; Table A6). Metabolic expansibility was greater 
in winter compared to summer (winter = 4.35 ± 0.71, summer = 2.68 ±
1.32), for males compared to females (males = 3.90 ± 1.35, females =
2.97 ± 1.19), and was positively related to body condition (t = − 2.53, p 
= 0.020; Table A6). Metabolic expansibility did not differ among life 
stage in winter (F = 0.91, p = 0.428) or in summer (F = 1.56, p = 0.245; 
Fig. 1). 

3.6. Phylogenetic comparisons 

We found no significant evidence for phylogenetic signal or evolu-
tionary gradualism in BMR residuals, as λ and K were both significantly 
<1 (λ = 0.466, 95% CI = 0.207–0.703, p < 0.001; Κ = 0.436, 95% CI =
0.234–0.635, p < 0.001). We found no significant evidence for phylo-
genetic signal or evolutionary gradualism in summer Msum (λ = 0.532, 
95% CI = 0.184–0.867, p < 0.001; Κ = 0.449, 95% CI = 0.101–0.743, p 
< 0.001), winter Msum (λ = 0.467, 95% CI = 0–1, p = 0.419; Κ = 0.000, 
95% CI = 0–1.991, p < 0.001), or summer ME (λ = 0.337, 95% CI =
0–0.930, p < 0.05; Κ = 1.094, 95% CI = 0.222–1.929, p < 0.001) based 
on λ and K again being significantly <1. 

Clade had no significant effect on BMR residuals (coefficient esti-
mate = − 0.00, se = 0.01, t = − 0.26, p = 0.793; Table 2); Automolus 
ochrolaemus and Corythopis torquatus were significant outliers 
(A. ochrolaemus: studentized residual = − 4.51, Bonferroni p = 0.003; 
C. torquatus: studentized residual = 4.00, Bonferroni p = 0.028). Sum-
mer Msum residuals were significantly lower for suboscines compared to 
oscines (coefficient estimate = − 0.16, se = 0.03, t = − 5.72, p < 0.001; 
Table 2); the value for rockjumpers represented a non-significant outlier 
(studentized residual = − 3.02, Bonferroni p = 0.242; Fig. 3). Clade had 
no significant effect on winter Msum residuals (coefficient estimate =
− 0.10, se = 0.07, t = − 1.46, p = 0.160; Table 2); the value for rock-
jumpers represented a non-significant outlier (studentized residual =
− 2.76, Bonferroni p = 0.278). Summer ME residuals were significantly 
lower for suboscines than oscines (coefficient estimate = − 0.10, se =
0.05, t = − 2.27, p = 0.037; Table 2); again, the value for rockjumpers 
represented a non-significant outlier (studentized residual = − 2.79, 
Bonferroni p = 0.308). 

4. Discussion 

Our main findings showed that while Msum was upregulated in 
winter, there was no equivalent increase in BMR as would be expected 
for species inhabiting cool climates. In general, winter birds were in 
better body condition than summer birds (i.e. had greater ECI), and we 
found evidence that winter metabolic adjustments in rockjumpers may 
be centered on conserving energy. A combination of lower BMR, lower 
Tb, and improved insulation in winter will result in reduced energy 
expenditure, while higher Msum in winter will allow the birds to tolerate 
colder days when necessary. Our results corroborate previous findings 
arguing that metabolic adjustments at subtropical latitudes are diverse, 
especially as we show divergent responses in BMR and Msum in rock-
jumpers compared to other species (McKechnie et al., 2015; Stager et al., 
2016). Additionally, Msum and ME traits in rockjumpers were low for an 
oscine, and instead seemed to better fit the metabolic patterns found in 
suboscines (see Fig. 3 & Appendix A Figure A2 for Msum phylogenies). 
Rockjumper seasonal metabolic responses may thus be reflective of their 
basal lineage in the passerine clade. 

Table 1 
Data for Cape rockjumpers (Chaetops frenatus) measured during summer and 
winter at Blue Hill Nature Reserve, Western Cape, South Africa. Winter data are 
from non-breeding females ("female"), non-breeding males ("male") and adults 
showing signs of breeding (i.e. brood patches; "breeding"). Summer data are 
from non-breeding females ("female"), non-breeding males ("male") and imma-
ture birds (i.e. recently fledged, ~3 months old).  

variable Winter summer 

Female male breeding female male immature 

Mb (g) 52.2 ±
2.4 

57.0 
± 2.7 

54.5 ±
7.2 

47.3 ±
3.2 

52.4 
± 5.2 

48.1 ±
2.2 

tarsus (mm) 35.1 ±
1.5 

38.0 
± 0.8 

36.7 ±
2.3 

36.4 ±
2.2 

38.4 
± 0.6 

36.8 ±
1.1 

body 
condition 
(Mb/ 
tarsus) 

1.5 ±
0.1 

1.5 ±
0.1 

1.5 ± 0.1 1.3 ±
0.1 

1.4 ±
0.1 

1.3 ± 0.0 

BMR (W) 0.62 ±
0.05 

0.65 
±

0.11 

0.64 ±
0.09 

0.89 ±
0.27 

0.86 
±

0.27 

1.03 ±
0.37 

Msum (W) 2.53 ±
0.33 

2.79 
±

0.19 

2.47 ±
0.48 

1.91 ±
0.52 

2.42 
±

0.27 

1.97 ±
0.28 

ME (Msum/ 
BMR) 

4.12 ±
0.84 

4.47 
±

0.66 

3.82 ±
1.05 

2.21 ±
0.62 

3.15 
±

1.71 

2.06 ±
0.56 

Tcl (◦C)* 0.6 ±
4.6 

− 2.4 
± 3.6 

6.3 ± 3.8 5.9 ±
4.1 

0.0 ±
3.7 

7.9 ± 4.9 

C (J g− 1 hr− 1 

◦C− 1) 
3.6 ±
0.5 

3.5 ±
0.7 

3.4 ± 0.6 6.6 ±
1.9 

5.6 ±
1.5 

7.4 ± 3.0 

Tb (◦C)** 38.4 ±
0.4 

38.3 
± 0.4 

39.2 ±
0.3 

39.0 ±
0.9 

38.5 
± 0.4 

38.8 ±
0.6 

*Tcl (◦C) is indicative of helox temperature at Msum. 
**Tb data is representative of rest-phase normothermic Tb measured during BMR 
trials. 
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4.1. Rockjumper metabolic traits 

While our study found rockjumpers in significantly better body 
condition (i.e. both greater Mb and greater ECI) in winter than in sum-
mer, findings from previous studies on direction of seasonal changes in 
Mb (often used as proxy for body condition) are equivocal. Whereas 
some studies show no seasonal change (Dawson et al., 1983; Noakes 
et al., 2017; Smit and McKechnie, 2010; Thompson et al., 2015), others 
show birds may have lower Mb in winter (Lill et al., 2006) or as found in 
our study, greater Mb (King et al., 2015; Liknes and Swanson, 2011; Van 

de Ven et al., 2013b; Wu et al., 2015). Greater Mb in winter has been 
attributed to organ and muscle mass increase, which may correlate with 
an upregulation in metabolic activity such as increased BMR and Msum 
(Petit and Vézina, 2014; Vezina et al., 2017 ; Williams and Tieleman, 
2000). As rockjumper BMR was lower in winter, the greater body con-
dition in winter may be from other mechanisms such as winter fattening. 
Yet, insect productivity in the fynbos peaks in October, and it is higher in 
late summer than late winter (Lee and Barnard, 2015), and so we were 
surprised that summer birds were not in better condition from the pre-
sumed increased food availability leading up to their capture in this 

Fig. 1. Seasonal metabolic data including A –– maintenance metabolic rate (BMR; W) and maximum thermogenic capacity (Msum; W), B –– body temperature (◦C), C 
–– thermal conductance (J g− 1 h− 1 ◦C− 1), and D –– cold limit temperature (the helox temperature at which birds reached Msum; ◦C). Data were measured from wild- 
living Cape rockjumpers Chaetops frenatus (n = 24; 12 winter, 12 summer) at Blue Hill Nature Reserve, Western Cape, South Africa, in summer (Jan 2016) and winter 
(Jul–Aug 2015). 

Fig. 2. Seasonal data including A ––body temperature (◦C) in winter, and B –– cold limit temperature (the helox temperature at which birds reached Msum; ◦C) in 
winter and summer. Data were measured from Cape rockjumpers Chaetops frenatus from three different life stages (“0” = non-breeding female, “1” = non-breeding 
male, “2” = breeding adult, “3” = immature). 
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study. 
We argue summer birds may have been in poorer body condition due 

to increased demands of providing for offspring in the months preceding 
our summer measurements –– rockjumpers have either eggs, nestlings, 
or fledglings fairly continuously from August through to January (un-
published data). It may thus not be a winter increase in Mb but a summer 
decrease in Mb explaining the greater winter body condition. A few 
previous studies have suggested birds (mainly females) have reduced Mb 
to reduce flight costs when feeding nestlings (see Neto and Gosler, 
2010). Rockjumpers may incur similar savings in costs of locomotion by 
reducing Mb, although they do not undertake flight, but mostly run, hop, 
and glide, when moving. 

Given the higher BMR and lower body condition in summer birds, we 
suspect birds face higher energy demands in summer. Increased energy 
demands may be attributed to the aforementioned breeding activities (i. 
e. egg production that often result in accompanying increases in thyroid 
activity (Vezina et al., 2006; Wingfield and Farner, 1993). Birds 
captured in winter (i.e. in July and August) may be in an energy surplus 
state while preparing for egg production and chick-rearing (Vezina 
et al., 2006), whereas in January rockjumpers that had bred successfully 
would face an energy deficit state while rearing offspring (Williams, 
2018). 

Considering the sexually dimorphic nature of rockjumpers, it was 
surprising that sex was not influential in the top model predicting BMR, 
especially as sex can be highly influential even in some monomorphic 
species (e.g. Cape white-eye Zosterops virens; Thompson et al., 2015). In 
the Cape white-eye these differences in BMR were attributed to 
female-specific reproductive activity (Thompson et al., 2015), and as 
both male and female rockjumpers share in all aspects parental care 
(Holmes et al., 2002) it is therefore possible that in rockjumpers 
reproductive changes in metabolism occur equally for both sexes. 

As expected, Msum was higher in winter compared to summer, but it 
is unclear at this stage why males would have significantly higher Msum 
than females. Compared to earlier studies on avian Msum, rockjumper 
Msum was measured at low Tb (<35.0 ◦C), although more recent studies 
have also terminated Msum trials at Tb below 35.0 ◦C (Ribeiro et al., 
2019; Noakes and McKechnie, 2020). All data included in our analyses 
showed a distinct decrease in metabolic rate after a plateau was reached 
under decreasing helox temperatures, so we are confident that our 

measurements represented Msum. Our findings, combined with those 
from the above-mentioned studies, suggest that some lower latitude 
species show more labile Tb when undergoing cold stress when 
compared to temperature zone species which dominate the early liter-
ature on thermogenic capacity (Swanson, 2010). 

We did not observe any obvious negative metabolic effects associ-
ated with reduced BMR in rockjumpers during winter (i.e. Msum could 
still be elevated in winter). Rockjumper values for ME were low (4.35 
and 2.68 in winter and summer respectively) compared with those 
observed for endotherms (4–8 for birds and mammals; Hinds et al., 
1993) and well below typical values for temperate bird species (6.8–7.2; 
Swanson, 1993). While more recent studies have shown bird species 
from lower latitudes may have lower values for ME (4.40 and 5.61 for 
suboscines and oscines respectively; Table 2), rockjumper values are still 
low for low-latitude passerine birds. However, it is noteworthy that most 
values of avian ME reported are from oscine birds, and it seems probable 
the ME may also vary phylogenetically (Table 2; see further discussion 
below). 

Metabolic expansibility also seems to be a weak predictor of cold 
tolerance, as some species have greater ME associated with summer or 
warmer temperatures (Arens and Cooper, 2005; Van de Ven et al., 
2013b). While greater ME should indicate a greater capacity to increase 
maximum metabolic rates despite lower maintenance metabolic de-
mands (Cooper and Swanson, 1994), a few studies have called into 
question the relevance of using ME as a measure of thermogenic ca-
pacity, suggesting an uncoupling of adjustments in BMR and Msum 
(Dubois et al., 2016; Petit et al., 2013; Swanson et al., 2012). This is 
partially due to the fact that studies continue to find differing patterns of 
seasonal variation for these two variables (Noakes and McKechnie, 
2020; Noakes et al., 2017; O’Connor, 1995; Van de Ven et al., 2013a), 
reiterating the need for closer examination of potential ecological and 
climate correlates of seasonal variation. 

4.2. Phylogenetic interpretation 

Clade had no significant effect on BMR, suggesting any existing 
variation is not explained by the divergence of oscine and suboscine 
passerines. While not significantly lower than those for other bird spe-
cies, rockjumper Msum values were the lowest values for oscines in both 
winter and summer, with their Msum residuals visually aligning more 
closely to suboscines (Fig. 3 & Appendix A Figure A2). As with Swanson 
and Bozinovic (2011) we found oscines had higher Msum compared to 
suboscines in summer, with rockjumper Msum data approaching signif-
icantly lower values than would be predicted for an oscine of their 
average Mb in both summer and winter. For our study, clade had no 
effect on winter Msum, but this was possibly due to insufficient data for 
suboscines (n = 3 of 23). Rockjumper ME was low for passerines in 
general, indicating rockjumpers have overall low metabolic scope. 
Although current data on ME in suboscines are limited, it seems perti-
nent that a number of the passerines with ME values <4 are suboscines 
from the Neotropics (Appendix Table A5). 

A lower Msum in rockjumpers could suggest basal physiological traits 
due to the rockjumper’s placement as an early radiation of Passeride 
(Oliveros et al., 2019). Further evidence of the rockjumper’s similarity 
to suboscines seems to be evidenced by their life history. Suboscines 
have slower life histories compared to oscines (Ricklefs and Wikelski, 
2002), and rockjumpers have a relatively long incubation period (~20 
days; Holmes et al., 2002) and age at maturity (e.g. birds often remain in 

Table 2 
Metabolic data (mean ± SD) and sample sizes (indicated in parenthesis) for 
passerine bird phylogeny (either oscine or suboscine) of metabolic traits. Data 
consists of residual data for traits that scale with Mb (BMR, Msum) but non- 
residual data for traits that do not scale with Mb (ME).  

metabolic trait Clade residual values number of species 

BMR Oscines 1.84e− 3 ± 0.10 219 
Suboscines − 2.98e− 3 ± 0.11 132 
rockjumpers* 0.20  

summer Msum Oscines 4.43e− 2 ± 0.09 48 
Suboscines − 1.12e− 2 ± 0.12 19 
rockjumpers* − 0.24  

winter Msum oscines 1.29e− 2 ± 0.11 20 
suboscines − 8.65e− 2 ± 0.13 3 
rockjumpers* − 0.25  

summer ME oscines 2.07e− 2 ± 0.11 28 
suboscines − 8.28e− 2 ± 0.11 7 
rockjumpers* − 0.26  

* rockjumper data are included in oscine data as well as presented separately. 
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Fig. 3. Phylogeny of residual values for expected log10-transformed summer maximum thermogenic capacity (Msum; Watts) data of passerine birds in summer (n =
67). Data for Cape rockjumpers (Chaetops frenatus) were added to existing data on passerine birds (see Appendix B Table A3). Asterisks indicate non-significant 
Bonferroni-adjusted outliers. 

K.N. Oswald et al.                                                                                                                                                                                                                              



Journal of Thermal Biology 95 (2021) 102815

9

parent territories until ~3 years of age; unpublished data). This raises 
speculation that affiliation of the family Chaetopidae to mountain 
habitat may be the result of competitive displacement by ecologically 
similar oscines in adjacent non-montane habitats, who exhibit higher 
metabolic capacity and a faster pace of life (see Swanson and Bozinovic, 
2011). For example, the similar-sized and ecologically similar oscine 
passerine, the Cape rock thrush Monticola rupestris, is found in nearby 
and adjacent habitat to rockjumpers (Lee et al., 2015), and could 
competitively exclude rockjumpers from lower elevations throughout 
their range. 

4.3. Conclusions 

Our findings continue to support the idea of greater variation in 
patterns of seasonal metabolic responses for birds at lower latitudes. 
While northern temperate birds have a fairly ubiquitous increase in 
Msum and decrease in Tcl in winter which has been correlated with 
increased cold tolerance (McKechnie et al., 2015; Swanson, 2010), 
subtropical birds continue to show a diversity of patterns [see Noakes 
and McKechnie (2020)]. Previous research on subtropical birds showed 
reduced Mb correlated with decreasing BMR, which may be interpreted 
as an energy saving response to poor body condition during winters 
(Smit and McKechnie, 2010). Rockjumpers, in contrast, showed an 
improved winter body condition and reduced winter BMR, suggesting 
they are in positive energy balance during winter. Our finding that 
rockjumper Msum and ME are low for an oscine passerine provides 
further emphasis for the inclusion of phylogeny when interpreting 
metabolic patterns. We thus provide further support for the necessity of 

studying avian physiological responses from not only diverse geographic 
areas, but also diverse phylogenetic lineages. 
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Appendix A  

Table A1 
Model selection table for all models explaining whole-animal basal metabolic rate (BMR; Watts) as a function of the interaction of season (winter, summer) and sex 
(female, male), and body condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape rockjumpers Chaetops frenatus (n = 25) 
at Blue Hill Nature Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

BMR ~ body condition + season df = 4, logLik = 8.00, AICc = − 5.9, 
model weight = 0.569 

Intercept − 0.15 0.57 − 0.27 0.790 
male 0.77 0.43 1.81 0.086 
winter − 0.36 0.10 − 3.47 0.002 

BMR ~ season df = 3, logLik = 6.27, AICc = − 5.3, ΔAICc = 0.55 
weight = 0.431 

Intercept 0.87 0.06 15.53 < 0.001  

winter − 0.23 0.08 − 2.93 0.008   

Table A2 
Model selection table for all models explaining body temperature (Tb; ◦C) recorded during measurement of basal metabolic rate as a function of the interaction of 
season (winter, summer) and sex (female, male), and body condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape 
rockjumpers Chaetops frenatus (n = 25) at Blue Hill Nature Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

Tb ~ season df = 3, logLik = − 19.04, AICc = 45.3, 
model weight = 0.347 

Intercept 38.78 0.16 240.49 < 0.001 
winter − 0.48 0.23 − 2.08 0.049 

Tb ~ season + sex df = 4, logLik = − 18.03, AICc = 46.2, 
ΔAICc = 0.90, model weight = 0.221 

Intercept 38.94 0.20 198.90 < 0.001 
winter − 0.42 0.23 − 1.86 0.077 
Male − 0.31 0.23 − 1.35 0.190 

Tb ~ sex df = 3, logLik = − 19.87, AICc = 46.9, 
ΔAICc = 1.66, model weight = 0.151 

Intercept 38.77 0.18 211.99 < 0.001 
Male − 0.38 0.24 − 1.61 0.123 

Tb ~ df = 2, logLik = − 21.20, AICc = 47.0, 
ΔAICc = 1.69, model weight = 0.149 

Intercept 38.55 0.12 315.9 < 0.001 

Tb ~ energetic index + season df = 4, logLik = − 18.55, AICc = 47.2, 
ΔAICc = 1.93, model weight = 0.132 

Intercept 37.18 1.73 21.52 < 0.001 
energetic index 1.21 1.29 0.93 0.361 
winter − 0.68 0.32 − 2.15 0.044   
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Table A3 
Model selection table for all models explaining thermal conductance (C) as a function of the interaction of season (winter, summer) and sex (female, male), and body 
condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape rockjumpers Chaetops frenatus (n = 25) at Blue Hill Nature 
Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

C ~ season df = 3, logLik = − 38.71, AICc = 84.6, 
model weight = 0.685 

Intercept 6.13 0.37 16.75 < 0.001 
winter − 2.63 0.52 − 5.08 < 0.001 

C ~ season + sex df = 4, logLik = − 38.03, AICc = 86.2, 
ΔAICc = 1.55, model weight = 0.315 

Intercept 6.43 0.45 14.26 < 0.001 
winter − 2.53 0.52 − 4.85 < 0.001 
Male − 0.58 0.53 − 1.10 0.282   

Table A4 
Model selection table for all models explaining summit metabolism (Msum; Watts) as a function of the interaction of season (winter, summer) and sex (female, male), 
and body condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape rockjumpers Chaetops frenatus (n = 25) at Blue Hill 
Nature Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

Msum ~ season + sex df = 4, logLik = − 6.86, AICc = 23.8, 
model weight = 1 

Intercept 2.01 0.12 16.32 <0.001 
winter 0.56 0.14 3.21 0.004 
male 0.40 0.14 2.76 0.012   

Table A5 
Model selection table for all models explaining helox temperature at cold limit (Tcl) as a function of the interaction of season (winter, summer) and sex (female, male), 
and body condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape rockjumpers Chaetops frenatus (n = 25) at Blue Hill 
Nature Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

Tcl ~ season + sex df = 4, logLik = − 65.04, AICc = 140.2, 
model weight = 1 

Intercept 5.17 1.39 3.73 0.001 
winter − 3.57 1.61 − 2.22 0.038 
Male − 4.46 1.63 − 2.73 0.013   

Table A6 
Model selection table for all models explaining metabolic expansibility (ME: the ratio of summit metabolism over basal metabolic rate) as a function of the interaction 
of season (winter, summer) and sex (female, male), and body condition [body mass (g)/tarsus length (mm)]. Data were measured in summer and winter from Cape 
rockjumpers Chaetops frenatus (n = 25) at Blue Hill Nature Reserve, Western Cape, South Africa. Significant variables (p < 0.05) are highlighted in bold.  

Model variable coefficient estimate se t-value Pr (>|t|) 

ME ~ body condition þ season þ sex df = 5, logLik = − 29.82, AICc = 73.0, 
model weight = 0.558 

Intercept 9.50 2.85 3.33 0.003 
body condition − 5.44 2.15 − 2.53 0.020 
winter 2.45 0.52 4.73 <0.001 
Male 0.85 0.39 2.16 0.043 

ME ~ body condition þ season df = 4, logLik = − 32.33, AICc = 74.8, 
ΔAICc = 1.81, model weight = 0.226 

Intercept 8.76 3.07 2.85 0.009 
body condition − 4.56 2.29 − 1.99 0.060 
winter 2.45 0.56 4.35 <0.001 

ME ~ body condition þ season*sex df = 6, logLik = − 28.96, AICc = 74.9, 
ΔAICc = 1.89, model weight = 0.217 

Intercept 9.831 2.84 3.47 0.003 
body condition − 5.85 2.16 − 2.71 0.014 
winter 3.06 0.73 4.22 <0.001 
Male 1.30 0.54 2.39 0.027 
winter*male − 0.92 0.78 − 1.19 0.250   
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Fig. A1. Example of maximum thermogenic capacity (Msum) experimental run data from a single captured wild-living Cape rockjumper (Chaetops frenatus) from A –– 
winter and B –– summer, showing helox temperature (◦C; black diamonds), metabolic rate (W; grey squares), and highlighted body temperature measurements (◦C; 
arrows; taken at the start of each run as well as when steady metabolic rate suggested Msum had been reached). Data were measured July–Aug 2015 (winter) and 
January 2016 (summer) at Blue Hill Nature Reserve, Western Cape, South Africa.  
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Fig. A2. Phylogeny of residual values for expected log10-transformed winter maximum thermogenic capacity (Msum; Watts) data of passerine birds in winter (n =
23). Data for Cape rockjumpers (Chaetops frenatus) were added to existing data (see Appendix B Table A4). Asterisks indicate non-significant Bonferroni 
adjusted outliers. 

References 

Arens, J.R., Cooper, S.J., 2005. Metabolic and ventilatory acclimatization to cold stress in 
house sparrows (Passer domesticus). Physiol. Biochem. Zool. 78, 579–589. 

Baker, W.C., Pouchot, J.F., 1983. The measurement of gas flow part ii. J. Air Pollut. 
Contr. Assoc. 33, 156–162. 

Barton, K., 2019. MuMIn: Multi-Model Inference. R Package Version 1.43.15. R Project 
for Statistical Computing, Vienna, Austria.  

Bozinovic, F., Rosenmann, M., 1989. Maximum metabolic rate of rodents: physiological 
and ecological consequences on distributional limits. Funct. Ecol. 173–181. 

Cooper, S.J., 2002. Seasonal metabolic acclimatization in mountain chickadees and 
juniper titmice. Physiol. Biochem. Zool. 75, 386–395. 

Cooper, S.J., Swanson, D.L., 1994. Seasonal acclimatization of thermoregulation in the 
black-capped chickadee. Condor 96, 638–646. 

Dawson, W.R., Marsh, R.L., Buttemer, W.A., Carey, C., 1983. Seasonal and geographic 
variation of cold resistance in house finches Carpodacus mexicanus. Physiol. Zool. 56, 
353–369. 
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Petit, M., Vézina, F., 2014. Phenotype manipulations confirm the role of pectoral muscles 
and haematocrit in avian maximal thermogenic capacity. J. Exp. Biol. 217, 824–830. 

Prinzinger, R., Preßmar, A., Schleucher, E., 1991. Body temperature in birds. Comp. 
Biochem. Physiol. Physiol. 99, 499–506. 

R Core Team, 2016. R: A Language and Environment for Statistical Computing. 
R Foundation for Statistical Computing, Vienna, Austria. 

Revell, L.J., 2012. phytools: an R package for phylogenetic comparative biology (and 
other things). Methods in Ecology and Evolution 3, 217–223. 
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