
Sublethal fitness costs of chronic exposure to hot weather vary between sexes in 
a threatened desert lark
Ryno Kempa,b, Marc T. Freemana,b, Barry van Jaarsvelda,b, Zenon J. Czenzea,b, Shannon R. Conradiea,b 

and Andrew E. McKechniea,b

aSouth African Research Chair in Conservation Physiology, South African National Biodiversity Institute, Pretoria, South Africa; bDSI-NRF Centre 
of Excellence at the FitzPatrick Institute, Department of Zoology and Entomology, University of Pretoria, Pretoria, South Africa

ABSTRACT
Behavioural trade-offs between foraging and thermoregulation result in negative relationships 
between diurnal body mass (Mb) gain and daily maximum air temperature (Tmax) in arid-zone birds. 
However, it remains unclear how these trade-offs are affected by habitat type or sexually dimorphic 
behaviour. Using the South African arid-zone endemic Red Lark (Calendulauda burra) as a model 
taxon and focusing solely on non-breeding adults, we evaluated predictions that a) time-activity 
budgets are more strongly affected by air temperature (Ta) than is the case for species occurring in 
arid savanna habitats with greater access to shaded microsites, and b) the effects of Tmax on diurnal 
Mb gain differ between males and females. Behavioural observations revealed an effect of Ta on 
activity, and sex differences in the temperature-dependence of resting and wing-spreading. 
Moreover, Mb data obtained from habituated larks trained to perch on an electronic balance 
revealed that in males, but not females, diurnal Mb gain was negatively related to Tmax, with diurnal 
Mb gain equivalent to average overnight Mb loss when Tmax = 33.5°C and zero diurnal Mb gain (i.e. 
net 24-hr Mb loss of ~ 5 %) when Tmax = 40.0°C. Under recent climate conditions, male Red Larks 
rarely, if ever, experienced consecutive days with Tmax > 40.0°C but, under an unmitigated climate 
change scenario, will experience 10–15 consecutive days per summer by the end of the 21st 

century. Our findings suggest that this threatened lark species is unlikely to persist across much 
of its current range by 2100.
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Introduction

The constraints imposed by high environmental tem-
peratures on avian behaviour and physiology lead to 
trade-offs between thermoregulation and foraging, 
which in turn influence adult body condition and nest-
ling growth and survival (Noy-Meir 1973; Williams and 
Tieleman 2000; du Plessis et al. 2012; Cunningham et al. 
2013; van de Ven et al. 2019). In hot, arid environments, 
birds typically curtail activity and retreat to shade dur-
ing the heat of the day (Dawson 1954; Miller and 
Stebbins 1964; Calder 1968; Ricklefs and Hainsworth 
1968). Recent investigations of the temperature- 
dependence of avian behaviour and the consequences 
thereof for body condition and breeding success have 
revealed how reductions in foraging opportunities and 
efficiency during hot weather impose sublethal fitness 
costs during periods of very hot weather (du Plessis et al. 
2012; Cunningham et al. 2013; Edwards et al. 2015; 
Wiley and Ridley 2016; Funghi et al. 2019; van de Ven 
et al. 2019). More frequent exposure to sustained hot 
weather, with the associated sublethal fitness costs, will 

significantly reduce the likelihood of species’ persistence 
in hot, arid regions during the 21st century (Conradie 
et al. 2019).

Trade-offs between thermoregulation and foraging 
lead to progressive body mass (Mb) loss during very 
hot weather (du Plessis et al. 2012; van de Ven et al. 
2019). For example, when habituated free-living 
Southern Pied Babblers (Turdoides bicolour) increased 
time allocated to heat dissipation behaviours (e.g. pant-
ing and wing-spreading) on hot days, their foraging 
efficiency was substantially reduced (du Plessis et al. 
2012). On days when maximum air temperature 
(Tmax) exceeded 35.5°C, the babblers’ daytime Mb 

gains were insufficient to offset overnight Mb loss and, 
on extremely hot days (Tmax > 38.5°C) daytime Mb gains 
decreased to zero, resulting in a net 24-hr Mb loss of 
~4% (du Plessis et al. 2012). Subsequent studies revealed 
negative effects of high Tmax on Mb or nestling provi-
sioning rates in Southern Fiscals (Lanius collaris, 
Cunningham et al. 2013), Jacky Winters (Microeca fas-
cinans; Sharpe et al. 2019) and Southern Yellow-billed 
Hornbills (Tockus leucomelas, van de Ven et al. 2019). 
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Furthermore, Funghi et al. (2019) showed that the like-
lihood and duration of foraging bouts by Zebra Finches 
(Taeniopygia guttata) decrease with increasing air tem-
perature (Ta). A reduced likelihood of maintaining body 
condition during hot periods results in a lower prob-
ability of successful breeding (Ridley and Raihani 2007) 
and hence a lower likelihood of persistence in an area 
(Pravosudov and Grubb 1997).

Trade-offs between thermoregulatory behaviour 
and foraging have far-reaching consequences for 
arid-zone birds and their persistence under hotter 
future climates (Conradie et al. 2019). However, 
many questions concerning how behavioural pro-
cesses underlying these trade-offs vary among and 
within species remain unanswered. One concerns 
the properties of thermal landscapes: a priori, species 
occupying exposed habitats with sparse vegetation 
and few opportunities for perching in shady, off- 
ground microsites may be predicted to commence 
heat dissipation behaviours at lower Ta compared to 
species occupying habitats where large shady trees 
provide cool microsites to which birds can retreat 
and dissipate heat loads. A study on Verdins 
(Auriparus flaviceps) revealed that moving from 
a shady microsite to a perch in full sun 
(1000 W m−2 and 0.4 m s−1) increased operative 
temperature by ~ 12°C, an increment associated 
with a 4-fold increase in evaporative water loss 
(Wolf and Walsberg 1996). A second question that 
has not, to the best of our knowledge, been 
addressed concerns species with pronounced sexually 
dimorphic behaviour and subsequent variation in 
their exposure to high environmental temperatures. 
Males of many arid-zone taxa, including larks 
(Alaudidae), bustards (Otididae) and pipits 
(Motacillidae) spend a considerable amount of time 
engaged in territorial behaviour and displaying, 
whereas females do not (Collar 2020; de Juana 
et al. 2020; Tyler and Bonan 2020). Differences in 
temperature-dependence of heat dissipation beha-
viour between sexes may reflect increase metabolic/ 
environmental heat loads, specifically among male 
birds engaging in territorial displays. On account of 
the small difference in Mb between male and female 
larks (<15%), we do not expect sex effects of the 
same magnitude as reported in species such as 
Great Bustards (Otis tarda), in which female Mb is 
~33% that of males (Alonso et al. 2016).

Here, we investigated how behaviour and Mb var-
ies with environmental temperature in the Red Lark 
(Calendulauda burra), a threatened species restricted 
to sand dune and sandy plain habitats in South 
Africa’s Northern Cape province (Dean and Ryan 

2005). The species’ habitat is mostly devoid of leafy 
vegetation, with only dappled shade provided by low 
shrubs such as Three-thorn (Rhigozum trichotomum) 
and Broad-leaved Honey-thorn (Lycium eenii). These 
vegetation elements offer few opportunities for 
perching in shady off-ground microsites and the 
larks spend the heat of the day resting on the ground 
under these shrubs. Red Larks are year-round resi-
dents, monogamous and solitary nesters, with males 
but not females regularly calling and displaying from 
exposed perches (Dean and Ryan 2005). This species 
is not known to drink, obtaining its water and 
energy requirements from a diet of seeds, insects 
and fruits (Dean and Ryan 2005). Our study focused 
solely on non-breeding adults, as during both years 
of the study the study population commenced breed-
ing only in April (R. Colyn et al. unpublished data).

We tested three predictions concerning how the tem-
perature-dependence of behaviour and the resultant 
trade-offs between thermoregulation and foraging vary 
with habitat structure and sexually dimorphic beha-
viour. First, we predicted that Ta influences heat dissi-
pation behaviours of non-breeding Red Larks and Ta 

thresholds for the behaviours that increase non- 
evaporative heat loss (e.g. wing-spreading, shade- 
seeking and inactivity) are lower compared to species 
from arid savanna landscapes with large shady trees 
(Smit et al. 2016; Pattinson et al. 2020). Second, because 
Red Larks are not known to drink and rely entirely on 
dietary and metabolic water, we predicted that the onset 
of panting (i.e. increased evaporative water loss) occurs 
at higher Ta compared to most species investigated to 
date (Smit et al. 2016). Third, we predicted that the Ta- 
dependence of heat dissipation behaviours and the asso-
ciated trade-offs influences Mb maintenance in males to 
a greater extent than in females. Finally, we used Mb 

data to model the species’ exposure to chronic Mb loss 
during periods of sustained hot weather under likely 
future climate conditions, following the approach of 
Conradie et al. (2019).

Methods

Study site and species

We conducted our study at Black Mountain Mine 
Conservation Area (29° 18ʹ S, 18° 51ʹ E) situated in the 
Koa River Valley, south of Aggeneys in South Africa’s 
Northern Cape province. The Koa River Valley is domi-
nated by scattered Three-thorn shrubs (Rhigozum tri-
chotomum) and grasses (Stipagrotis spp.), mainly on 
a red sand substrate. The mean annual rainfall at this 
site is ~100 mm year−1 (1987–2017; Black Mountain 

EMU - AUSTRAL ORNITHOLOGY 217



Mine Weather Station). We collected behavioural and 
Mb data of non-breeding adults during two successive 
years: behavioural data between 21 October 2017 and 
15 December 2017 and during January 2019 and Mb 

data between 1 November 2018 and 18 February 2019. 
Each lark was caught using a spring trap baited with 
a superworm (Zophobas morio) during the early morn-
ings. Mean ± SD Mb at capture was 39.7 ± 3.0 g (n = 17) 
for males and 34.6 ± 2.7 g (n = 9) for females. Following 
capture, we fitted each individual (n = 26) with unique 
colour-ring combinations. Thereafter, VHF transmit-
ters (< 1.0 g; BD-2; Holohil Systems Ltd., Ontario, 
Canada) were attached to the synsacrum of five males 
(±2.5% of Mb) and five females (±2.9% of Mb) using 
Osto-Bond latex adhesive (Osto-Bond, Montreal 
Ostomy, Canada). Transmitters allowed us to follow 
individuals as part of a separate study of the species’ 
movement ecology (Kemp et al. unpublished data), but 
also made it possible to collect additional behavioural 
data from tagged individuals. After processing, we 
released birds at their sites of capture. A calibrated por-
table weather station (Vantage Pro2, Davis Instruments, 
Hayward, CA) was erected at the field site and recorded 
air temperature, solar radiation and humidity at 1.8 m 
and wind speed at 2.0 m every 10 minutes.

Behavioural observations

We conducted behavioural observations during three 
periods: morning (sunrise – 10:00), midday (11:00–-
15:00), and afternoon (16:00 – sunset). We con-
ducted multiple focal observations at least an hour 
apart during each period to ensure that each set of 
observations was independent. We conducted 118 
behavioural observations (morning = 42 [males: 25; 
females: 17]; midday = 45 [males: 30; females: 15]; 
afternoon = 31 [males: 17; females: 14]) during the 
2017/18 summer and an additional five observations 
(males = 3; females = 2) during January 2019 on 
days when daily maximum air temperature (Tmax) 
approached 40°C. We collected on average 
4.65 ± 3.10 observational data from each of 26 indi-
viduals over an Ta range of 9.4–39.3°C.

Behavioural data were obtained during 20 min con-
tinuous focal observation sessions (hereafter, ‘focals’), 
conducted at a randomly selected time within one of the 
three periods (i.e. morning, midday or afternoon). If we 
lost sight of a bird for longer than 5 min during a focal, 
we discarded the data and conducted a new focal once 
the bird was relocated (van de Ven et al. 2019). We 
recorded the time allocated to four broad categories of 
behaviour (foraging, inactive, movement, and territor-
ial) to the closest second during each focal. The 

‘foraging’ category consisted of birds traversing sand 
while searching for potential food items. Inactive beha-
viour, either in the sun or shade, was categorised as 
‘inactive’. Territorial behaviour involved interactions 
with other birds in addition to any vigilance or display 
vocalisations (territorial display). From limited litera-
ture and observations made in the field (R. Colyn pers. 
obs., R. Kemp and M.T. Freeman pers. obs.) it is specu-
lated that male Red Larks often prioritise the active 
defence of territories over foraging, spending large pro-
portions of their time ensuring neighbouring males do 
not encroach. Males display in flight with slow wing- 
beats, ascending vertically up to ~200 m for periods not 
exceeding 20 min, normally singing, and then descend 
into a dipping dive to land on a perch higher than 
surrounding vegetation. Birds then often continued to 
display and vocalise from a sentinel position with tail 
fanned (Dean and Ryan 2005). Such displays were 
observed throughout the study period. Walking, run-
ning and flying were categorised as ‘movement’. We also 
recorded time allocated to heat dissipation behaviours 
(panting, wing-spreading or both), as well as exposure 
to solar radiation (full sun or shade). We defined pant-
ing as any bout of continuous beak gaping for > 1 s, 
often accompanied by visible increases in ventilation 
frequency (Smit et al. 2016; Van de Ven et al. 2019; 
Pattinson et al. 2020). Wing-spreading was defined as 
periods when wings were held away from the body for > 
1 s in a manner visible to an observer ~10–20 m away 
from the bird (Smit et al. 2016; van de Ven et al. 2019; 
Pattinson et al. 2020). Shade-seeking was defined as any 
period when a bird was occupying a patch of partial or, 
more occasionally, full shade for > 5 s (Smit et al. 2016).

Habituation and body mass measurements

We obtained Mb values from habituated larks trained 
to perch on scales following Ridley and Raihani 
(2007). During the summer of 2018/2019, we habi-
tuated four non-breeding males and four non- 
breeding females over ~2-month period. At first, we 
habituated larks to the presence of an observer at 
a distance of 5–15 m away from the bird. After 
habituating the larks to the presence of an observer 
for two weeks, we then habituated them to an obser-
ver within 2–5 m, where it was possible to place 
a superworm (0.95 ± 0.11 g) close to the individual. 
In order to associate the presence of a food reward 
with an auditory cue, the observer whistled every 
time the lark took the superworm. Once larks were 
habituated to the superworm as food rewards, we 
placed an electronic scale (Scout Pro SPU602, 
Ohaus Corporation, Pine Brook, NJ USA or EJ-610, 
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A&D Company, Toshima-Ku, Tokyo Japan) on the 
ground with superworms scattered in the immediate 
vicinity. The target lark was attracted by whistling to 
habituate it to both the feeding area and scale. After 
~ two weeks, smaller mealworms (Tenebrio molitor; 
0.11 ± 0.03 g) were only placed on the scale, provid-
ing sufficient incentive for the larks to perch on the 
scale. We modified each scale with a 5-cm wooden 
platform in front of the weighing surface where 
Mealworms, were placed to attract larks to the centre 
of the scale. We then recorded the weighing surface 
and digital output of the scale using a stationary 
video camera (Sony Handycam DCR-SR45, Sony, 
USA) mounted on a tripod.

Daytime body mass gain and overnight body mass 
loss

We recorded Mb on average 7 ± 6 min and 
9 ± 10 min after the start of civil twilight in the 
morning (t1) and on average 18 ± 9 min and 
21 ± 7 min before the end of civil twilight in the 
evening (t2) for non-breeding females and males, 
respectively. We placed a total of four mealworms 
(0.11 g each) on the scale before each measurement 
and, to improve the accuracy of Mb measurement, 
we recorded the number of worms before and after 
the Mb measurement. We calculated the morning 
mass at t1 (w1) by including all the worms the 
bird ate before it left the feeding station, whereas 
the afternoon mass was calculated at t2 (w2) before 
the bird ate any worms. To minimise potential 
observer bias and the effects of environmental vari-
ables (e.g. wind), two observers analysed each video 
independently and recorded Mb for each measure-
ment during periods when the bird deemed to stand 
still for ≥ 1.5 seconds as in (du Plessis et al. 2012; 
Sharpe et al. 2019). If the two Mb values differed by 
< 0.5%, the average was included as a Mb datum. If, 
however, the two Mb values differed by ≥ 0.5% (> 
0.2 g for a 40 g bird) analyses were repeated; if the 
two values still differed after three attempts, the 
data were excluded from subsequent analyses. The 
Mb data obtained in this way were used to calculate 
the diurnal change in body mass (ΔMb-day) follow-
ing du Plessis et al. (2012), with day length assumed 
to be 14 hrs: 

ΔMb� day¼ 100 w2� w1ð Þ=w1½ �= Δt=14½ �

Where Δt = number of hours between t2 and t1; t1 = time 
weighed after the start of civil twilight in the morning; 
t2 = time weighed before the end of civil twilight in the 

evening; w1 = mass at t1 including the worms and w2 

= mass at t2 before the worms. A total of 66 and 36 
ΔMb-day values were calculated for females (n = 4) and 
males (n = 4), respectively.

We followed the same procedure to ensure the accu-
racy of overnight mass loss. We calculated the afternoon 
mass (nw1) before the end of civil twilight (nt1) by 
including all the worms the bird ate before leaving the 
feeding station. Average Mb was used to calculate the 
overnight change in body mass (ΔMb-night) following du 
Plessis et al. (2012) with night length assumed to be 
10 hr: 

ΔMb� night¼ 100 nw2� nw1ð Þ=nw1ð Þ½ �= Δnt=10½ �

Where Δnt = number of hours between nt2 and nt1; nt1 

= time weighed before the end of civil twilight in the 
evening; nt2 = time weighed after the start of civil twi-
light in the morning; nw1 = mass at nt1 including the 
worms and nw2 = mass at nt2 before the worms. A total 
of 62 and 28 ΔMb-night values were calculated for non- 
breeding females (n = 4) and non-breeding males 
(n = 4), respectively.

Climate models and analyses

To evaluate future changes in non-breeding male 
Red Larks’ exposure to chronic Mb loss during sus-
tained hot weather, we used models of both recent 
(1850–2014 CE; https://www.esrl.noaa.gov/) and 
future climate (2076–2100 CE; https://www.wcrp- 
climate.org/). We restricted the analyses to summer 
months only and daytime values (06:00–18:00) 
where we modelled the average number of consecu-
tive days per summer above the threshold tempera-
tures (i.e. longest continuous period during which 
daily Tmax never decreases below the threshold), 
following Conradie et al. (2019). Particularly, we 
selected models with high convergence which are 
consistent with multimodal future climate projec-
tions. We used an unmitigated, business-as-usual 
climate change scenario (RCP 8.5) as the most likely 
future climate warming scenario. This is because 
these climate models projecting the greatest rate of 
warming for the end of this century and are 
increasingly found to be the models best simulating 
current conditions (Brient and Schneider 2016; 
Brown and Caldeira 2017). Red Lark distribution 
data were obtained from BirdLife International and 
NatureServe (2013; http://datazone.birdlife.org/spe 
cies/search). These data were analysed and super-
imposed onto the chronic risk analysis maps follow-
ing Conradie et al. (2019).
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Statistical analyses

Weather data correlation
All statistical analyses were conducted in the 
R programming environment (R Core Team 2018) 
using R Studio (version 3.2.3). Our weather station 
(dune station) failed during the middle of the 2017/ 
2018 field season and left us without weather data for 
39 focal observations. We used a weather station at 
Gamsberg (~15 km away from the study site) as air 
temperature (t = 146.9, df = 3801, p < 0.001, correla-
tion coefficient = 0.92, r2 = 0.85; y = 1.02x −0.5253) 
and humidity (t = 181.0, df = 3801, p < 0.001, cor-
relation coefficient = 0.95, r2 = 0.90; y = 0.88x + 
0.88) were all strongly correlated between the two 
weather stations, but wind speed was not, and we 
therefore excluded the latter variable from analyses.

Time-activity budget analyses
We included all potential predictors (average focal 
temperature, sex, average focal humidity, average 
focal solar radiation, period [i.e. morning/midday/ 
afternoon]) and individual identity (random effect) 
in the global generalised linear mixed model 

(GLMM) for behavioural analyses (proportion of 
time spent wing spreading, panting, shade-seeking, 
inactive, foraging, movement, or territorial cate-
gories). The best-fit model for each response vari-
able was selected based on the Akaike Information 
Criterion (AICC) values, using the dredge function 
(MuMin package, Barton 2009). All competing 
models within ΔAICC < 2 were considered (Table 
1). Following the same methodology, as described 
by Smit et al. (2016) and Thompson et al. (2018), 
we used the inflection point of each regression 
model to identify the Ta values at which panting 
(pant50), wing-spreading (wing50), shade-seeking 
(shade50) and inactivity (inactivity50) were present 
in 50% of observations. Values are presented as 
means ± SD.

Results

Heat dissipation behaviours

Multiple GLMMs provided similarly good fits to the 
behavioural data, with all models within ΔAICC 

= 2.0 (Table 1). The absolute lowest wing- 

Table 1. Competing models for each response variable in analyses of Red Lark (Calendulauda burra) time-activity budget. The effect 
size and significance (P< 0.05, *) of each predictor [air temperature (Ta), sex, average absolute humidity (Hum), average solar radiation 
(Solar), Ta – Sex interaction and Ta – Solar interaction] are presented.

Ta Sex Hum Solar
Ta * 

Sex
Ta* 

Solar df AICc ΔAICc Weight

Panting 1 0.70* + 0.58 0.015* 6 37.0 0.00 0.23
2 0.66* 0.45 0.015* 5 37.1 0.12 0.22
3 0.66* 0.012* 4 37.5 0.50 0.18
4 1.94 + 0.70 0.017* + 7 37.6 0.60 0.17
5 0.70* + 0.012* 5 38.2 1.16 0.13

Wing- 
spreading

1 0.51* +* 0.33* 0.003* 6 71.4 0.00 0.68
2 0.51* +* 0.003* 5 73.3 1.93 0.26

Shade 1 2.05* 1.808* 4 87.9 0.00 0.46

Forage 1 −0.18 −0.005* 4 82.7 0.00 0.29
2 −0.004* 6 83.6 0.87 0.19
3 + −0.18 −0.005* 5 83.9 1.21 0.16
4 −0.02 −0.20 −0.005* 5 84.6 1.93 0.11

Movement 1 + −0.984 4 42.3 0.00 0.14
2 −0.81 + 4 43.3 0.92 0.09
3 −0.54 + −0.797 5 43.4 1.04 0.08
4 −1.47 + −1.380 −1.06 6 43.6 1.25 0.07
5 −0.964 3 44.0 1.66 0.06
6 + 3 44.0 1.67 0.06
7 + 0.21 −0.920 5 44.3 1.93 0.05

Inactive 1 0.78 + 2.478* +* 6 88.9 0.00 0.38
2 1.64* 2.287* 4 90.0 1.18 0.21
3 0.93 + 0.30 2.577* +* 7 90.6 1.69 0.17

Territorial 1 0.31 +* 0.74* +* 6 41.8 0.00 0.20
2 0.57* 3 41.9 0.08 0.19
3 0.35* +* 0.65* −0.003 +* 7 42.4 0.67 0.14
4 0.44* −0.002 4 42.4 0.67 0.14
5 + 0.58* 4 43.6 1.77 0.08
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spreading and panting behaviours were recorded at 
Ta as low as 23.0°C and 25.6°C, respectively. The 
proportion of time spent wing-spreading increased 
with increasing Ta (GLMM estimate = 0.5 ± 0.1, 
z = 4.7, P < 0.001), solar radiation (GLMM esti-
mate = 0.003 ± 0.001, z = 2.56, P < 0.05) and 
humidity (GLMM estimate = 3.3 ± 0.2, z = 2.0, 
P < 0.05), and differed between non-breeding 
males and females (GLMM estimate = 2.7 ± 0.9, 
z = 3, P < 0.05). Wing50 values for non-breeding 
males and females were 31.7°C and 36.4°C, respec-
tively (Figure 1a).

The proportion of time spent panting increased 
with increasing Ta (GLMM estimate = 0.6 ± 0.2, 
z = 2.9, P < 0.05) and solar radiation (GLMM esti-
mate = 0.01 ± 0.004, z = 2.7, P < 0.05) and no 
panting was observed before midday. The inflection 

corresponding with pant50 for non-breeding males 
occurred at 36.4°C (Figure 1b), but we could not 
estimate pant50 for non-breeding females because of 
the small sample size (n= 7).

The proportion of time spent in the shade increased 
with increasing Ta (GLMM estimate = 2.1 ± 0.5, z = 4.3, 
P < 0.001) and solar radiation (GLMM estimate = 1.8 ± 0.5, 
z = 3.8, P < 0.001), and did not differ between sexes. 
Shade50 for both non-breeding males and females were 
25.4°C (Figure 1c).

Sex differences in time-activity budgets

Testing competing models for predictors of time allo-
cated to foraging, movement, territorial behaviours, and 
resting was largely precluded by large variation in our 
behavioural data. In general, increasing Ta was 

Figure 1. Proportions of time spent wing-spreading (a), panting (b), shade seeking (c) and resting (d) by non-breeding Red Larks 
(Calendulauda burra) as functions of air temperature (Ta). Male and female data are shown as blue circles and black triangles, 
respectively. Sigmoid regression models for males (solid blue line) and females (solid black line) are presented with 95% confidence 
intervals (shaded areas). The regression model (solid grey line) in panel c) incorporates both male and female data as there were no 
significant sex differences. The Ta at which 50% of observed males and females were panting, wing-spreading or resting are indicated 
by dashed red lines but with a solid red line for the combined shade-seeking data in panel c). No pant50 data are plotted for females in 
panel b) on account of the small sample size.
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associated with increased time spent resting and 
decreases in territorial behaviour (Figure 2). Although 
there was no significant difference in foraging effort 
between non-breeding males and females, non- 
breeding females spent 15% more time foraging at Ta 

> 30.0°C than non-breeding males. Foraging effort also 
decreased by 30–40% when solar radiation exceeded 
~800.0 W m−2. Other predictors that were retained in 
most models included humidity and the sex X Ta inter-
action. The sex X Ta interaction and solar radiation 
were retained in every competing model of inactive 
behaviour. Inactive50 values for non-breeding males 
and females were 25.9°C and 28.8°C, respectively 
(Figure 1d).

Circadian body mass change

A single best-fit model for ΔMb-day included the Tmax 

X sex interaction (AICC = 494.2, df = 6) so we analysed 
each sex separately. There was a negative relationship 
between ΔMb-day and Tmax for non-breeding males with 
individuals losing more mass during hotter days 
(t = −4.4, df = 34, P < 0.001, correlation coeffi-
cient = −0.60, r2 = 0.36), but not for non-breeding 
females (t = −1.5, df = 64, P = 0.15, correlation coeffi-
cient = −0.18, r2 = 0.03, Figure 4). Two non-breeding 
females for which Mb data were collected over ~ 60 days 
maintained approximately constant Mb over this period, 
whereas, two non-breeding females for which we 
obtained data for ~18 days showed overall declines in 
Mb of ~6–7% over the course of the observation periods. 
Overnight Mb loss averaged 4.87 ± 1.94% (n = 28) and 
5.40 ± 1.55% (n = 62) for non-breeding males and 
females, respectively. When Tmax exceeded a threshold 

value of 33.5°C, non-breeding male larks did not gain 
sufficient Mb during their diurnal active phase to offset 
the overnight mass loss (i.e. zero 24-h body mass gain; 
Figure 3). At Tmax = 40.0°C, ΔMb-day for non-breeding 
male larks was zero (i.e. zero daytime body mass gain).

Non-breeding male exposure to chronic body mass 
loss under recent and future climates

Under recent (2000–2010) conditions, non-breeding 
male Red Larks across the species’ distribution experi-
enced an average of 2.7 consecutive days per summer 
above the zero 24-h body mass gain threshold value of 
Tmax ≥ 33.5°C and never experienced any consecutive 
days above the zero daytime body mass gain threshold 
value of Tmax = 40°C. By 2080–2090, exposure to Tmax ≥ 
33.5°C will increase 10-fold to ~25–30 consecutive days 
per summer (Figure 5a), and exposure to Tmax ≥ 40°C 
will increase to ~5–15 consecutive days per summer 
(Figure 5b).

Discussion

Our results reveal that temperature influences many 
aspects of non-breeding Red Lark behaviour, including 
panting, wing-spreading, seeking shade, and inactive 
behaviour. Solar radiation consistently emerged as 
a significant predictor, reflecting the role of radiative 
heat fluxes as a determinant of operative temperatures 
(Bakken 1976; Campbell 1977). Furthermore, we found 
evidence that sex differences affect the relationship 
between increasing Ta and behaviour with males exhi-
biting lower wing50 and inactive50 values than females. 
In addition, daily fluctuations in Mb among males were 

Figure 2. Time allocation to inactivity (black), foraging (dark grey), movement (light grey) and territorial (white) behaviour with 
increasing air temperatures by non-breeding Red Larks (Calendulauda burra).
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strongly influenced by Tmax, whereas, no correlation was 
evident for females, suggesting that males are more 
vulnerable to chronic Mb loss during periods of sus-
tained hot weather.

Temperature-dependence of behaviour

Red Lark time-activity budgets varied with environ-
mental temperature and time allocated to resting in 
shaded microsites increased with Ta. Similar to the 
findings of recent studies investigating heat- 
dissipation behaviours among arid-zone birds (du 
Plessis et al. 2012; Cunningham et al. 2013; 
Thompson et al. 2018; Funghi et al. 2019; van de Ven 
et al. 2019; Pattinson et al. 2020), the onsets of wing- 

spreading, panting, shade-seeking and inactivity in Red 
Larks were strongly related to Ta. Threshold Ta values 
estimated for non-breeding males and females were 
towards the lower end of the range reported for species 
inhabiting arid savanna landscapes with large shady 
trees in southern Africa’s Kalahari Desert (Figure 6). 
For instance, the pant50 value of 36.4°C for male Red 
Larks falls within the range of drinking and non- 
drinking passerines observed for the Kalahari desert 
[33.9°C; African Red-eyed Bulbul (Pycnonotus nigri-
cans) – 46°C; Fawn-coloured Lark (Calendulauda afri-
canoides); Smit et al. 2016; Thompson et al. 2018; 
Figure 6(b)]. The wing50 values of Red Lark males 
(31.7°C) and females (36.4°C) are also comparable to 
previous data [35.3°C; Chat flycatcher (Melaenornis 

Figure 3. In non-breeding male Red Larks (Calendulauda burra), diurnal changes in body mass were significantly and negatively 
related to daily maximum air temperature (Tmax). The best-fit model (solid line) reveals that when Tmax exceeds 33.5°C, daytime body 
mass (Mb) gains are insufficient to offset overnight Mb losses. The horizontal dashed line and the grey region represent the mean ± SD 
overnight Mb loss (4.87 ± 1.94%).

Figure 4. Maximum air temperature (Tmax) did not significantly influence diurnal changes in body mass (Mb) in non-breeding female 
Red Larks (Calendulauda burra). The dashed line with the grey bar represents the mean ± sd overnight Mb loss (5.37 ± 1.46%).
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infuscatus) – 42.3°C Southern Masked-weaver (Ploceus 
velatus); (Smit et al. 2016; Thompson et al. 2018)].

We expected to record lower heat dissipation threshold 
values compared to Kalahari species (Pattinson et al. 
2020) as Red Larks inhabit more homogenous thermal 
landscapes with fewer shaded microsites and are exposed 
to higher operative temperatures at lower Ta 

(Cunningham et al. 2015; van de Ven et al. 2019). These 
lower than expected heat dissipation behavioural (HDB) 
threshold values could reflect lower average summer Ta in 
the Red Lark’s range compared to the Kalahari region 
(van de Ven 2017 and South Africa Weather Service). 
Alternately, the lower Ta threshold values for behaviours 
that do not involve increased evaporation (e.g. wing- 
spreading, seeking shade and resting) may reflect the 
lack of drinking by Red Larks and selecting behaviours 

that increase non-evaporative heat loss before resorting to 
those that increase evaporative water loss.

Our data suggest that the onset of wing-spreading 
and resting varies between non-breeding male and 
female Red Larks, but not shade seeking. In addition, 
it appears that females delay the onset of panting 
until higher Ta than those encountered during our 
study, and males engage in panting behaviour at 
lower Ta thresholds than females. However, we cau-
tion against further interpretation of this result as 
the sample size of panting females (n = 7) was low. 
Males likely reduced their activity levels at a lower Ta 

threshold values to mitigate excess heat production 
during their territorial displays or territorial bound-
ary maintenance. However, females do not maintain 
territorial boundaries, potentially allowing them to 

Figure 5. The average number of consecutive days per summer on which non-breeding male Red Larks (Calendulauda burra) 
experience (a) zero 24-h body mass (Mb) gain (a) and (b) zero daytime body mass gain (i.e. ~5% body mass loss per 24 h; panel b) 
under recent (left) and a future (right) unmitigated climate change scenario (RCP 8.5; 2080–2090) in the Northern Cape province of 
South Africa. The species’ range is indicated with cross-hatching, and a black dot indicates our study site. The grey contour lines 
represent intervals of five consecutive days. Blue squares in the lower right panel represent pentads (i.e. 5ʹ x 5ʹ grid squares) with 
reporting rates > 70% during the Southern African Bird Atlas Project 2 (SABAP2; http://sabap2.adu.org.za/species/479#pgcontent).
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stay active longer, thereby increasing foraging time 
even at Ta > 30°C. This idea is supported by our 
findings that male and female Red Larks exhibit 
differences in activity-time budgets within the same 
thermal landscape (Figure 1).

The methods and for recording behavioural responses 
in this study closely follow those used in previous studies 
(Smit et al. 2016; Pattinson et al. 2020). We acknowledge, 
however, that some variation may exist between our 
study and previous ones, potentially reducing compar-
ability of results. Compared to the previous studies, we 
increased the temporal resolution of behavioural obser-
vations in an attempt to reduce the likelihood of beha-
viours such as panting, wing-spreading and shade- 
seeking being incorrectly categorised. Moreover, we 
note that the exclusion of period (morning/midday/ 

afternoon) during model selection may reflect a small 
sample size rather than a genuine absence of an effect of 
time of day on the behaviour of Red Larks.

Our data reiterate the considerable inter- and intraspeci-
fic variation in Ta threshold values associated with the onset 
of avian thermoregulatory behaviours (Smit and McKechnie 
2015; Thompson et al. 2018; Pattinson et al. 2020). Sex- 
specific differences in threshold Ta values for Red Larks 
raise the possibility that periods of very hot weather have 
different effects on non-breeding males and females. 
Understanding these species-specific behavioural trade-offs 
at high Ta is vital for modelling responses to climate change 
under current and future climatic scenarios (Conradie et al. 
2019) and understanding the mechanistic links between 
behavioural responses and the underlying physiological 
changes during extreme Ta (Thompson et al. 2018).

Figure 6. (a) Boxplot of air temperature (°C) values for panting (pant50), wing-spreading (wing50), resting (rest50), shade 
seeking (shade50) for Kalahari species (Smit et al. 2016), with values for non-breeding male and female Red Lark 
(Calendulauda burra) data points indicated by red circles and triangles, respectively. The bottom, middle and top lines of 
each box represent the first, second (median) and third quartile, respectively. (b) pant50 values for non-breeding male Red 
Larks (red square) compared to values for six drinking (blue circles) and 16 non-drinking (grey circles) passerine species in 
the Kalahari Desert (Smit et al. 2016).
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Effects of hot weather on body mass

Unexpectedly, Tmax exerted no significant effect on 
non-breeding female circadian fluctuations in Mb, 
whereas the diurnal Mb gain of non-breeding male 
larks was negatively related to Tmax. The absence of 
an effect for females could reflect a delay in the onset 
of thermoregulation behaviours potentially allowing 
longer daily foraging periods compared to males. The 
threshold Tmax = 40 °C for zero daytime Mb gain by 
male larks is slightly higher than the corresponding 
threshold for non-breeding ~77 g Southern Pied 
Babblers (du Plessis et al. 2012) and 1.6°C higher 
than that for ~210 g breeding male Southern Yellow- 
billed Hornbills (van de Ven et al. 2019). In contrast, 
the larks’ threshold value for zero 24-hr mass gain 
threshold of 33.5°C is 2°C lower than the corre-
sponding value for Southern Pied Babblers (du 
Plessis et al. 2012). Therefore, Mb loss during 
chronic exposure to hot weather commences at lower 
Tmax in larks compared to babblers but increases 
more gradually with Tmax as the latter approaches 
40°C.

Our analysis of the effects of Tmax on Mb is limited by 
the small sample size involved (4 males and 4 females), 
reflecting the practicalities of habituating red larks for 
the purpose of this study. The total number of Mb data 
we collected from these eight individuals is within the 
range for previous studies involving similar techniques, 
and the variance in our data set is broadly similar (du 
Plessis et al. 2012; Cunningham et al. 2013; Sharpe et al. 
2019; van de Ven et al. 2019). A second source of error 
involved the inherent difficulties of weighing the larks in 
a windy environment, which we attempted to minimise 
by including only Mb readings where two observers 
recorded values within 0.2 g. We acknowledge, however, 
that further Mb data from free-ranging Red Larks are 
needed to confirm the patterns of daily Mb we report 
here.

To the best of our knowledge, our findings are 
the first to illustrate sex-specific differences during 
a non-breeding period in the relationship between 
Tmax and Mb and the link between Ta and HDB 
threshold values within a species. This underscores 
the importance of understanding sex-specific differ-
ences to assess the vulnerability of species to climate 
change. Further investigation into these relation-
ships during the breeding season may shed further 
light on the maintenance of Red Lark body condi-
tion in the face of global heating (Conradie et al. 
2019, 2020).

Effects of climate change on body mass 
maintenance

Linking our Mb data with climate models assuming 
a business-as-usual emissions scenario reveals that, 
by the end of this century, Red Larks will be 
exposed to the zero daytime Mb gain threshold 
value for ≥ 5 consecutive days per summer over 
~98% of their current range and ≥ 10 consecutive 
days per summer over ~46% of their entire range. 
These conditions will result in a ~ 40 g non- 
breeding male lark losing approximately 7.2 g and 
14.3 g over five and ten consecutive days, respec-
tively, conditions under which it is unlikely that the 
species will be able to persist. In addition to 
a decreasing probability that male Red Larks will 
be able to maintain Mb during extended hot peri-
ods, the likelihood of birds attaining Mb thresholds 
associated with breeding will also be reduced 
(Chastel et al. 1995). Although we did not detect 
any negative effect of Tmax on non-breeding female 
Mb gain, we cannot rule out the possibility that 
higher future Tmax values may negatively affect 
females similarly. Finally, this analysis assumes 
that the vegetation structure remains constant by 
the end of the century, but this too may change 
resulting in altered microsite availability across the 
species’ range as shown in Namaqualand just east of 
our study site (Midgley and Thuiller 2007).

Linking the projections of exposure to sublethal 
fitness effects for male Red Larks to current patterns 
of occurrence reveals additional cause for concern. 
Relative reporting rate (i.e. proportion of submitted 
cards on which Red Lark was recorded per 5ʹ x 5ʹ 
pentad) data from the Southern African Bird Atlas 
Project 2 (SABAP2; http://sabap2.birdmap.africa/) 
revealed three areas within the species’ range with 
relative reporting rates > 70% (Figure 5). Two of 
these fall within the region where large increases 
(10–15 consecutive days per summer) in the fre-
quency of conditions associated with zero daily 
mass gain are anticipated by the end of the century. 
Only one area with a relative reporting rate > 70%, 
on the western edge of the species’ distribution, will 
experience < 5 consecutive days per year of these 
conditions (Figure 5). These projections suggest 
that, in terms of temperature-driven declines in 
body condition, Red Larks have a chance of persist-
ing only in the far eastern and western parts of their 
current range. However, the conclusions implicitly 
assume that the species’ range remains static, and it 
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is possible that the larks shift their range south-
wards into Succulent and/or Nama Karoo in the 
northern parts of Western Cape province.

These sobering observations support recent argu-
ments that sublethal fitness costs of sustained heat 
exposure will be the major impact of climate change 
for many southern African arid-zone birds (du 
Plessis et al. 2012; Cunningham et al. 2013, 2015; 
Smit et al. 2013, 2016; Conradie et al. 2019). In 
addition, our analyses of the range-restricted Red 
Lark underscore the urgent need to assess the vul-
nerability of bird communities in the Nama Karoo 
biome to climate change. This region is a global 
hotspot of lark diversity; within Calendulauda, for 
instance, the Red Lark diverged ~4 MYA from the 
congeneric Dune Lark (C. erythrochlamys), Barlow’s 
Lark (C. barlowi) and Karoo Lark (C. albescens,), 
with each species now occupying a limited area 
(Alström et al. 2013). Sublethal fitness costs arising 
from exposure to more frequent hot weather have 
the potential to cause substantial losses of lark 
diversity in this region.

In conclusion, our data reveal sex differences in 
the temperature dependence of trade-offs between 
foraging and thermoregulatory behaviours during 
the non-breeding period in a range-restricted desert 
lark. These findings suggest that the impacts of 
rising temperatures and more frequent hot weather 
can vary between sexes with strong sexually 
dimorphic behaviour and have far-reaching conse-
quences for understanding the impacts of climate 
change on arid-zone birds.
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