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Behavioural thermoregulation, particularly the use of cool microclimates, is one method by which organisms could 
avoid the worst effects of climate warming. However, retreat into cool microsites, e.g. shady vegetation or burrows, 
may carry important lost-opportunity costs. These could include reduced opportunity for foraging, breeding or 
territorial defence, each carrying implications for fitness. We investigated patterns of microclimate use and foraging 
behaviour by Southern Fiscals Lanius collaris in the Kalahari. We used Ivlev’s electivity index to assess preference 
of breeding males for perch types with different thermal properties. We found that Southern Fiscals preferred to 
hunt from high, sunny perches at all times, except on hot afternoons (air temperature 35 °C), when they switched 
their preference to high, shaded perches. Black-bulb thermometers indicated shaded perches were always cooler 
than sunny perches, especially on hot afternoons. Therefore, Southern Fiscals could reduce thermoregulatory 
costs by switching foraging locations. However, Southern Fiscal foraging success rates were highest when hunting 
from sunny perches, and were reduced by c. 50% when hunting from shaded perches. Our data suggest that 
Southern Fiscals were making a trade-off on hot afternoons, compromising foraging intake in return for thermal 
benefits. We discuss potential costs and consequences of this trade-off under climate change. 

Keywords: climate change, fitness, foraging, Kalahari, Lanius collaris, lost-opportunity cost, microclimate, microsite, Southern Fiscal, 
thermoregulation, trade-off

The availability of thermally buffered microclimates 
(e.g. patches of shade under trees, burrows and shaded 
slopes) has always been a prerequisite for the existence 
of animals within hot and arid environments. However, 
the existence of these features within landscapes is 
now increasingly recognised as an important factor 
affecting species’ responses to climate change (Huey and 
Tewksbury 2009; Kearney et al. 2009, 2011; Huey et al. 
2012; Porter et al. 2014). Theoretically, individuals should 
be able to significantly reduce their heat load during hot 
periods by use of such microsites (behavioural thermo-
regulation; Sears et al. 2011). Therefore, the distribution 
of these features in the landscape may affect the vulner-
ability of species to rising global surface temperatures 
(Kearney et al. 2009; Sears et al. 2011). The importance 
of microsite availability in determining the ability of individ-
uals to tolerate temperature extremes is supported by 
recent modelling work using ectotherms. For example, 
Sears et al. (2011) modelled the effect of the distribution of 
shaded microsites on the ability of desert lizards to thermo-
regulate under extremely hot air conditions, and showed 
that small, scattered patches of shade reduced thermoreg-
ulatory costs more than large discrete patches. Most work 
in this field has been conducted using ectotherms as model 
species (e.g. Huey and Tewksbury 2009; Kearney et al. 

2009; Sears et al. 2011), due to the close coupling between 
environmental temperature and body temperature in these 
taxa. However, shade-seeking behaviour may also buffer 
endotherms’ vulnerability to climate change by allowing 
them to reduce the physiological costs of keeping cool, 
i.e. water expenditure and the metabolic costs of ‘facultative 
hyperthermia’ (Angilletta et al. 2010; Boyles et al. 2011). 

Despite the obvious benefits, behavioural thermoregula-
tion can carry costs of its own, particularly in terms of lost 
opportunities. For example, Scleroporus lizards in Mexico 
buffer themselves from temperature extremes by retreating 
into cracks in the rocks among which they live. Although 
this behaviour allows them to maintain body tempera-
tures below lethal thresholds, it inhibits their ability to 
forage. Under recent climate warming, thermally favour-
able ‘foraging windows’ have closed to such an extent 
that female lizards can no longer obtain sufficient energy 
for reproduction, resulting in local extinctions (Sinervo 
et al. 2010). Whenever retreat to a thermally buffered 
microsite entails the loss of an opportunity to carry out 
other important behaviours – whether these be foraging, 
display, or territorial defence – fitness costs may be 
incurred. Foraging is particularly pertinent in this regard, as 
the resources required for physiological thermoregulation 
(water and energy) are gained through the intake of food, 

Introduction

§ This paper is part of a special memorial issue commemorating the work of the late Phil Hockey
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Cunningham, Martin and Hockey2

especially in species that seldom drink (including many 
desert endotherms; Nagy 2004). Therefore, the ability of 
behavioural thermoregulation to buffer species from climate 
warming depends on the fitness consequences of trade-offs 
with other behaviours, especially foraging. 

Trade-offs made for behavioural thermoregulation 
may entail especially severe fitness costs for breeding 
individuals, particularly in species that provide high levels 
of parental care. This is because parents must balance 
their own thermoregulatory needs with other behavioural 
demands (e.g. foraging) and the needs of their offspring. 
This potentially results in conflicts during times when 
thermoregulatory demands are high. In birds, a reduced 
provisioning rate to nestlings appears to be a common 
response to high air temperatures (Ricklefs and Hainsworth 
1968; Austin 1976; Luck 2001; Cunningham et al. 2013b). 
Southern Fiscals Lanius collaris are a common shrike 
species endemic to sub-Saharan Africa. They forage 
by pouncing on invertebrate and small vertebrate prey 
from hunting perches (Dean 2005). In Southern Fiscals, 
diminished provisioning rates and high air temperatures 
have both been shown to reduce rates of nestling mass gain 
(Cunningham et al. 2013b). This suggests that temperature 
may affect nestling growth rates both directly via dehydration, 
physiological costs of hyperthermia, or increased 
metabolism, and indirectly via effects on parental care. 

Southern Fiscals in the study population used by 
Cunningham et al. (2013b) are socially monogamous, 
and nestling provisioning is carried out mostly by the male 
parent (Sadondo 2014). This population is resident in the 
southern Kalahari, near the edge of the species’ range 
within this part of southern Africa (Parker 1997). Southern 
Fiscals are not found in the hottest interior of the Kalahari 
(Parker 1997) and we therefore expected the birds in our 
study population might be living close to the edge of their 
favoured climate envelope. We therefore hypothesised 
that reduced provisioning rates in response to high air 
temperature may be driven by a behavioural trade-off 
between thermoregulation and foraging. To investigate this, 
we collected data on microsite use and foraging success 
by breeding male Southern Fiscals on hotter and cooler 
days, using focal animal observations. As Southern Fiscals 
prefer to hunt from exposed perches (i.e. open perches 
clear of obstructing vegetation; Dean 2005), we predicted 
that: (1) foraging success would be highest from sunny, 
exposed perches with a clear view of the ground (shaded 
perches tend to be surrounded by vegetation potentially 
blocking the view for hunting); (2) sunny perches would be 
significantly hotter than shaded perches, especially during 
hot afternoons; (3) as air temperature increased, perch 
preference would change from high, exposed perches with 
a good view for hunting, to shaded perches, entailing a 
trade-off between foraging and thermoregulation. This study 
was carried out concurrently with the work presented in 
Cunningham et al. (2013b) using the same study individuals.

Materials and methods

Study site
We worked within a 10 km2 area of dunefield on Tswalu 
Kalahari Reserve (27°13′ S, 22°22′ E; 100 000 ha), a 

privately owned conservation/ecotourism reserve in the 
Northern Cape province of South Africa. Vegetation in the 
study area was typical Kalahari arid savanna, consisting of 
scattered trees (Vachellia erioloba, V. haematoxylon and 
Boscia albitrunca) and shrubs (Senegalia mellifera and 
Grewia flava) over a sparse grass layer. For more informa-
tion see Cunningham et al. (2013b).

The study was carried out over an austral summer, from 
November 2011 to February 2012, corresponding to the 
Southern Fiscal breeding season. Air temperature during 
the study period ranged from 9.3 to 39.9 °C. Average daily 
rainfall was 3 mm; however, rain fell only sporadically 
during large thunderstorms separated by long dry periods.

Focal observations of Southern Fiscal behaviour
We studied perch use and foraging success of 12 territorial 
breeding male Southern Fiscals, a medium-sized shrike 
(35–45 g). Birds in our study population had been colour-
ringed for individual identification as part of a larger 
study (see Cunningham et al. 2013b for further details 
on capture and ringing). During all observations, focal 
birds were responsible for provisioning either nestlings 
or incubating females. Birds were observed continuously 
and behavioural data recorded for at least 15 min (mean 
21 min, maximum 39 min) during four morning and four 
afternoon 90-minute ‘focal periods’ (morning focal periods: 
06:00–07:30, 07:30–09:00, 09:00–10:30 and 10:30–12:00; 
afternoon focal periods: 12:00–13:30, 13:30–15:00, 
15:00–16:30 and 16:30–18:00). 

We categorised perches used by the birds into four types, 
based on height and degree of exposure to the sun: ‘Sun 
High’, ‘Shade High’, ‘Sun Low’, and ‘Shade Low’. ‘High’ 
perches were 1.5 m above the ground, ‘Low’ perches were 
1.5 m above the ground (heights were estimated by eye 
during observation periods, and checked against a marked 
stick afterwards, when we were uncertain of the height 
category). Birds sitting on ‘Sun’ perches were fully exposed 
to solar radiation, whereas ‘Shade’ perches were either 
partially or completely shaded. We recorded the time at 
which birds first arrived and finally left each perch, and used 
these to calculate the length of time spent on the perch.

We calculated ‘foraging success’ as the total number of 
successful hunting pounces made from each of the four 
perch types, per minute spent perching there, summed 
across morning and afternoon focal periods. To avoid 
variance in foraging success rate being artificially inflated 
by the amount of time we were able to observe the bird, 
we examined the data and excluded all observations where 
the total time spent on a particular perch type was less 
than 5 min.

Availability of hunting perches per territory
We estimated the availability of each of the four categories 
of perch per Southern Fiscal territory, using a 20 m  20 m 
grid overlaid on the territory. At each grid point, we placed 
a vertical pole, marked at half-metre intervals. At each 
half-metre height interval, we recorded the level of exposure 
to morning and afternoon sun (i.e. in sun or in partial or 
complete shade) of the nearest object within a 20 cm radius 
(usually part of a tree or shrub) that could feasibly be used 
as a perch by a Southern Fiscal. If no suitable object was 
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present within 20 cm of the pole, no data were entered for 
that height category. We recorded between 101 and 105 
perches per territory (mean  102).

Temperature data
Air temperature data were collected using an on-site 
weather station (VantagePro 2, Davis Instruments, 
Hayward, CA, USA), that recorded data at 10-minute 
intervals throughout the study period. This weather station 
contains a fan to ensure air movement over the temper-
ature sensor. Calibration had been checked against a 
mercury thermometer during a previous study (Smit et 
al. 2013). Data regarding environmental temperatures 
of different perch types were collected using black-bulb 
thermometers. These were constructed from 30-millimetre-
diameter black-painted hollow copper spheres (approxi-
mating the dorsoventral measurement of a Southern 
Fiscal; Walsberg and Weathers 1986), each containing 
an iButtonTM temperature data logger (Fairbridge 
Technologies, Sandton, South Africa), logging temperature 
at 10-minute intervals. The accuracy of the iButtons was 
checked prior to deployment to ensure factory calibrations 
were reliable. IButtons were placed in a warm waterbath 
in which the temperature was gradually increased from 
20 to 80 °C. Temperatures measured by the iButtons were 
compared with a mercury thermometer at 10 °C intervals 
and a linear model fitted to identify the degree to which 
the intercept of each iButton differed from zero and the 
slope from 1. IButton temperatures matched mercury 
thermometer temperatures closely: mean intercept was 
−0.03  0.07 SD (range: −0.16–0.12); mean slope was 
1.00  0.002 SD (range: 0.998–1.006). We considered 
this variation to be negligible and relied upon the factory 
calibrations in our analyses.

Black-bulb thermometers measure an operative environ-
mental temperature specific to the location in which they 
are placed. They integrate the effects of air temperature, 
solar radiation, conduction and convection to give a single 
number measurement, equivalent to the ambient temper-
ature under ‘black box’ conditions that would result in the 
same net heat flow (Bakken et al. 1985). This number 
provides an index of ‘heat load’ or ‘thermal challenge’, 
i.e. the thermoregulatory requirements enforced by a 
given microclimate. For further details of the physics of 
heat exchange as pertains to black bulbs, see Bakken et 
al. (1985). Black bulbs do not precisely record the ‘heat 
load’ or ‘thermal challenge’ as it would be experienced by 
a Southern Fiscal sitting in the same location, as they do 
not capture the physical aspects of the bird itself (plumage 
structure and colouration, exact body size and effects of 
posture), nor can they measure the influence of humidity 
and evaporation (Bakken et al. 1985). However, they do 
provide a relative measure of differences in temperature 
across different locations, which cannot be approximated by 
air temperature alone.

We wired 16 black-bulb thermometers into trees in a 
representative area of dunefield within the study site. We 
placed four black bulbs each in locations representative 
of the four perch categories, as described above (Sun 
High, Shade High, Sun Low and Shade Low, where high 
perches were 1.5 m high and low perches were 1.5 m 

high). Black bulbs remained in place for the duration 
of the study period and data were downloaded weekly. 
Black bulbs were occasionally damaged by browsing 
activities of ungulates (antelope, giraffe and rhinoceros). 
In these cases, black bulbs were repaired and data 
from the time period in which they were damaged were 
discarded. Consequently, the analyses included data from 
three replicate black bulbs in each of the two low perch 
categories, and four replicate black bulbs in each of the two 
high perch categories.

Statistical analyses
All statistical analyses were carried out in the R statistical 
environment (R Core Development Team 2009), using the 
core packages and the package lme4 (Bates and Maechler 
2010). P-values  0.05 were taken as statistically significant. 
Data are presented as means  one standard deviation. 

Time of day and temperature categorisation
In order to simplify analysis, we split the entire data set 
into four temperature by time-of-day categories: mornings 
of cool days, mornings of hot days, afternoons of cool 
days and afternoons of hot days. ‘Morning’ data were 
collected between 06:00 and 12:00, and ‘afternoon’ data 
were collected between 12:00 and 18:00. We classified 
days as ‘cool’ or ‘hot’ based on whether the maximum air 
temperature recorded on the day (Tmax) exceeded 35 °C. 
We used 35 °C as the cut-off because Cunningham et al. 
(2013b) found that increasing numbers of days above 
35 °C during the nestling period delayed fledging in this 
population of Southern Fiscals. In addition, this temperature 
seemed to have physiological significance in a laboratory 
study of adult Southern Fiscal thermal physiology 
(i.e. 35 °C corresponded to the upper critical limit of 
thermoneutrality, described further in the Discussion; 
Soobramoney et al. 2003). 

Perch selectivity
We used Ivlev’s electivity index (Ei; Ivlev 1961; Strauss 
1979) to estimate degree of preference or avoidance of 
different perch types by Southern Fiscals, and how this 
varied with time of day and temperature. Ei evaluates an 
animal’s choice, relative to availability in the environment, in 
the following manner:

Ei  (ri − Pi)/(ri + Pi)

where (in the present case) ri  proportion of time each bird 
spent using a particular type of perch and Pi  proportion 
of available perches in the bird’s territory of that type. Ei 
values range from −1 to 1, with positive values indicating 
preference and negative values indicating avoidance. 

Using Ei, we assessed the degree of preference for each 
perch type, shown by each of the 12 colour-ringed Southern 
Fiscal males, in the mornings and afternoons of cool and 
hot days. We took the mean of the individual Ei values for 
each perch type and time-of-day combination and used 
one-sample t-tests to assess whether these means were 
significantly different from zero, indicating significant prefer-
ence or avoidance of the corresponding perch types by the 
study population. 
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Cunningham, Martin and Hockey4

Perch temperatures
We fitted four general linear models to assess the effects of 
perch height and sun exposure on black bulb temperature: 
one model each for cool mornings, cool afternoons, hot 
mornings and hot afternoons. Initial models included the 
terms height (low vs high), exposure (sun vs shade), and 
the interaction between height and exposure. Interaction 
terms were subsequently removed from all four models as 
none were significant. Model assumptions were assessed 
using residual plots for all four final models.

Foraging success
We used foraging success from each of the four different 
perch types as a proxy for their suitability for hunting. 
Foraging success data were count data expressed as a 
rate (successful prey captures per minute spent hunting 
from each perch). We converted these data to captures 
per hour by multiplying by 60, then rounded to the nearest 
integer value to enable fitting of a generalised linear mixed 
model with a Poisson error distribution. We included 
perch type as a fixed factor with four levels, bird identity 
as a random factor to control for repeated measures, 
and an observation level random factor (in which each 
observation is treated as an individual level of the factor) 
to control for overdispersion in the data. Sample size for 
this analysis was 108 periods of perch use by 12 birds, 
collected over 32 d. 

We ran a similar model on data collected only from birds 
using high perches on hot afternoons, fitting perch type as a 
factor with two levels: high sunny perches and high shaded 
perches. Sample size for this analysis was 14 periods of 
perch use by eight birds, collected over 9 d.

Results

Perch selectivity
On cool days, and during the morning on hot days, 
Southern Fiscals preferred high, sunny perches to all 
other perch types, spending on average 74.4  21.7% 
of perched time there. However, on hot afternoons, this 
preference was switched to high, shaded perches, where 
they spent 40.8  21.7% of perched time, and high sunny 
perches were neither preferred nor avoided (26.5  33.9% 
of perched time). Southern Fiscals avoided using low 
sunny perches at all times. However, they avoided using 
low shaded perches only on cool days, and used them in 
keeping with their availability in the environment on hot 
days (Table 1, Figure 1).

Perch temperature
Perch temperature was not affected by perch height, 
suggesting that Southern Fiscals’ preference for high 
perches was not driven by thermoregulatory considera-
tions. However, sunny perches were always warmer than 
shaded perches, and this was particularly the case on hot 
afternoons, when the difference between sun and shade 
temperatures, as recorded by the black-bulb thermometers, 
exceeded 4 °C (Table 2, Figure 2). 

Figure 1: Southern Fiscals prefer high (1.5 m above the ground), 
sunny perches at all times, except on hot afternoons (afternoons 
of days on which Tmax  35 °C), when they change their preference 
to high, shaded perches. (a) Cool mornings (between 06:00 and 
12:00 on days on which Tmax  35 °C); (b) cool afternoons (between 
12:00 and 18:00 on days on which Tmax  35 °C); (c) hot mornings 
(between 06:00 and 12:00 on days on which Tmax  35 °C); 
(d) hot afternoons (between 12:00 and 18:00 on days on which 
Tmax  35 °C). Ivlev’s electivity index (Ei) values  0 indicate 
preference (perch type used more often than expected given its 
availability in Southern Fiscal territories), and values  0 indicate 
avoidance (perch type used less often than expected given its 
availability in Southern Fiscal territories)

Perch type Cool mornings
N  11

Cool afternoons
N  11

Hot mornings
N  7

Hot afternoons
N  7

Shade, Low (1.5 m) −0.94*** −0.83*** −0.30ns −0.13ns

Shade, High (1.5 m) −0.49** −0.29ns −0.35ns 0.54***
Sun, Low (1.5 m) −0.54*** −0.66*** −0.54** −0.82***
Sun, High (1.5 m) 0.62*** 0.57*** 0.34* −0.37ns

* p  0.05, **p  0.01, ***p  0.001, ns  not significantly different from zero (i.e. neither preferred nor avoided)

Table 1: Mean Ei value for selectivity (preference or avoidance) of four different perch types by Kalahari Southern Fiscals in the morning 
and afternoon of cool (Tmax  35 °C) and hot (Tmax  35 °C) days. Positive values indicate perches were preferred, negative values indicate 
perches were avoided. Significantly preferred perches are shown in bold. Sample sizes are the number of individual birds from which data 
were obtained
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Perch suitability for hunting
Sunny, high perches had significantly higher overall success 
rates per unit time than any other perch type (compared 
with high shaded perches, z  2.54, p  0.01; with low 
shaded perches, z  3.45, p  0.001; with low sunny 
perches, z  2.07, p  0.04; n  108 observations of 12 
birds; Figure 3). There were no differences in success rate 
between the three other perch types (all p  0.05; Figure 3). 

On hot afternoons, mean ( SE) capture rates per hour 
from high sunny perches (12.5  4.7) were still almost 

double those from high shaded perches (6.6  2.1), but the 
difference was not statistically significant, perhaps due to 
the small sample size (n  14 observations of eight birds; 
z  0.10; p  0.93).

Discussion

We present detailed data on microsite use, in relation to 
temperature and hunting success, by an avian ambush 
predator. We discovered that breeding male Southern 
Fiscals showed a preference for sunny, high perches 
(1.5 m), where they experienced significantly greater 
foraging success per unit time than from any other perch 
type we examined. However, they switched preference to 
high shaded perches on hot afternoons, thereby potentially 

Figure 2: Boxplot of representative perch temperatures on 
hot afternoons (afternoons of days on which Tmax  35 °C), as 
measured using black-bulb thermometers. Note that perch height 
(low perches  1.5 m above the ground, high perches  1.5 m 
above the ground) had no effect on perch temperature, but sunny 
perches were significantly warmer than shaded perches. Letters 
denote significant differences between boxes: variables sharing the 
same letter are not significantly different 

Table 2: Effect of perch height and exposure to the sun on perch temperature, as measured using black-bulb thermometers. ‘Mean 
difference’ gives the model estimate for the difference, in degrees Celsius, of a high perch compared to a low perch, or a sunny perch 
compared to a shaded perch. Statistics were obtained from general linear models comparing perch types within temperature and time-of-day 
categories (four models were run, one for each of cool mornings, cool afternoons, hot mornings and hot afternoons). Black-bulb data were 
drawn from three (shade low and shade high) or four (sun low and sun high) replicate black bulbs per perch type. Each black bulb recorded 
temperature at 10-minute intervals. ‘Morning’  06:00–12:00, ‘afternoon’  12:00–18:00

Perch type Temperature and
time-of-day

Mean difference
( SE; °C) t-value p-value

High vs low Cool mornings −0.07  0.09 −0.81 0.42ns

Cool afternoons 0.10  0.07 1.40 0.16ns

Hot mornings −0.27  0.14 −1.89 0.06ns

Hot afternoons −0.12  0.11 −1.10 0.27ns

Sun vs shade Cool mornings 3.04 0.10 31.56 0.001***
Cool afternoons 3.65  0.08 47.67 0.001***
Hot mornings 3.33  0.15 22.66 0.001***
Hot afternoons 4.32  0.12 37.53 0.001***

* p  0.05, **p  0.01, ***p  0.001, ns  not significant

Figure 3: Southern Fiscal foraging success per minute was 
significantly higher when hunting from high ( 1.5  m), sunny 
perches than when hunting from any other perch type. Letters 
denote significant differences between boxes: variables sharing the 
same letter are not significantly different
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Cunningham, Martin and Hockey6

reducing their foraging success, in return for gaining a 
thermal benefit. Southern Fiscals forage by scanning 
the ground for moving prey items which they capture 
by pouncing from above. Sunny, high perches probably 
provide the best vantage points for hunting, because they 
are largely free of vegetation that could obstruct the view, 
and their height increases the ground area that can be 
scanned. Shaded perches, in contrast, tend to be within the 
interior of trees where the view of the ground will often be 
obscured by vegetation, reducing foraging opportunities.

Black-bulb thermometers recorded higher tempera-
tures on sunny than shaded perches at all times of day. 
The temperature difference was normally between 3 and 
4 °C, depending on perch type. On hot afternoons (air 
temperature c. 35 °C or more), this temperature difference 
increased to over 4 °C, coinciding with the shift in prefer-
ence by Southern Fiscals from high sunny to high shaded 
perches. Such differences in environmental tempera-
ture between perches are important, because the costs 
of thermoregulation are non-linear. All endotherms have 
a range of environmental temperatures, the thermoneu-
tral zone, within which they can maintain a relatively stable 
body temperature at minimal metabolic costs (Scholander et 
al. 1950). The costs of thermoregulation increase dramati-
cally above the upper critical limit of thermo-neutrality (Tuc), 
especially in terms of evaporative water loss (Calder and 
King 1974; Wolf and Walsberg 1996; McKechnie and Wolf 
2010). Data drawn from Southern Fiscals inhabiting both 
arid and mesic environments suggests Tuc in this species 
consistently falls between 35 and 38 °C (Soobramoney 
et al. 2003). However, on hot afternoons, air tempera-
tures at our study site approached or exceeded 35 °C. In 
sunny locations, Southern Fiscals would face environ-
mental temperatures that integrated air temperature with 
solar radiation. It is therefore highly likely that environmental 
temperatures on sunny perches often exceeded Southern 
Fiscal Tuc on hot afternoons. Given that the difference in 
black-bulb temperature between sunny and shaded perches 
exceeded 4 °C at those times, shifting into the shade 
probably allowed Southern Fiscals to make large savings, 
particularly in terms of water expenditure. Indeed, an experi-
mental study on Verdins Auriparus flaviceps (small passer-
ines from the deserts of North America) showed these birds 
can reduce evaporative water loss by at least a factor of 
four by making such a shift into sheltered, shady locations 
(Wolf and Walsberg 1996). It is worth noting, however, that 
the fractional difference in evaporative water loss is likely 
to be greater in Verdins compared to Southern Fiscals, on 
account of the Verdin’s much smaller body mass (7 g).

It is important to recognise that black-bulb thermometers 
do not provide a precise measure of the thermoregulatory 
costs experienced by living organisms when in a particular 
microsite. Black bulbs integrate solar radiation, air temper-
ature, conduction and convective conditions into a single-
number estimate of operative environmental temperature 
(Bakken et al. 1985; Dzialowski 2005). The environmental 
temperature (heat load or thermal challenge) experienced 
by a Southern Fiscal on a perch is also an integration of 
all of these factors, but additionally includes rates of heat 
transfer via evaporative water loss and input from metabolic 
heat production (Bakken et al. 1985). Furthermore, the 

shape and posture of a living bird and the properties 
of its plumage also affect the environmental tempera-
ture it experiences in any given location (Bakken et al. 
1985; Bakken and Angilletta 2014). Bakken et al. (1985) 
found that the correlation between environmental temper-
atures recorded by taxidermic mounts of Red-winged 
Blackbirds Agelaius phoeniceus and a matched-size black-
bulb thermometer had an r 2 value of 0.968. Although not 
accounting for metabolic heat production and evaporative 
cooling, this close correlation does provide some assurance 
that black-bulb temperatures may reliably indicate relative 
differences in environmental temperature between 
perch types. Therefore we feel confident that large differ-
ences in the thermoregulatory costs that would be experi-
enced by Southern Fiscals did exist between sunny and 
shaded perches on hot afternoons. Furthermore, it remains 
probable that temperatures in the sun exceeded Southern 
Fiscal Tuc at these times. 

The availability of buffered microsites, combined with 
behavioural flexibility such as that shown by the Southern 
Fiscals, is often cited as one way in which organisms 
might be able to avoid the worst effects of climate warming 
(Kearney et al. 2009; Sears et al. 2011). However, such 
behavioural changes may not be without consequences. 
A number of recent studies have shown that behavioural 
changes in response to high temperatures may entail lost 
opportunity costs that have knock-on effects for individual 
fitness (e.g. Oswald et al. 2008; du Plessis et al. 2012; 
Hetem et al. 2012). Cumulatively, these fitness costs can 
have severe consequences for population persistence 
(Sinervo et al. 2010). In our case, it seems very likely that 
Southern Fiscals must trade-off the costs and benefits 
of foraging and thermoregulation at high temperatures. 
Foraging success was twice as high when hunting from 
high sunny perches compared to high shaded perches. 
Reduction in foraging success as a result of foraging from 
less favourable locations could have important fitness 
consequences, potentially leading to a reduction in adult 
survival or reproductive investment. Such a process 
may  underpin the reduction in provisioning rates to large 
broods of nestlings during hot weather, documented by 
Cunningham et al. (2013b) in this study population. Hot 
conditions have been shown to reduce provisioning in other 
bird species (Ricklefs and Hainsworth 1968; Austin 1976; 
Luck 2001), and to stimulate change in other aspects of 
parental care behaviour, for example incubation bouts 
(Amat and Masero 2004; Oswald et al. 2008). In order to 
better understand the potential fitness impacts of changes 
in behaviour at high temperatures, future research should 
focus on decision-making by adult birds under thermal 
stress and analyse whether microsite use is directly linked to 
maintenance of adult body condition or parental investment.

The prey species targeted by Southern Fiscals are not 
unaffected by temperature, therefore two alternative 
hypotheses to explain our data are also possible. First, 
Southern Fiscals may have shifted to high shaded perches 
because prey also shifted into the shade in response to 
high temperatures. If this was the case, we would expect 
foraging success from high shaded perches to be greater 
than from high sunny perches on hot afternoons. However, 
we found no evidence for this; indeed foraging success was 
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higher in high sunny compared with high shaded perches 
regardless of temperature. Second, prey might become less 
active overall to avoid heat stress. In this situation, moving 
into the shade to reduce thermoregulatory costs would not 
constitute a foraging trade-off, as foraging success would 
regardless be reduced due to the fact prey are hidden in 
their own thermal refuges. 

High sunny perches might be preferred by Southern 
Fiscals for further reasons in addition to foraging. For 
example, Southern Fiscals advertise territory occupancy 
using song, and a ‘static display’, where they perch 
motionless in a prominent location with white scapular 
feathers fluffed out (Devereux et al. 2000). Sunny, exposed 
perches are likely to be the most suitable for these activities, 
providing a clear line of sight to birds in neighbouring 
territories, and to prospective intruders. These perches 
may therefore be preferred over other perch types as a 
result of their importance to multiple facets of behaviour, 
i.e. both display and foraging. Moving into the shade would 
therefore not only reduce foraging opportunities, but also 
reduce the opportunity to display territorial behaviour. Such 
a trade-off has been documented before, in Red-winged 
Blackbirds (Santee and Bakken 1987). In both Red-winged 
Blackbirds and Southern Fiscals, the costs of this trade-off 
might be lessened if conspecifics’ behaviour was also
suppressed at this time. 

Our study provides evidence that breeding male Southern 
Fiscals might be trading-off foraging behaviour against 
thermoregulation on hot afternoons. It seems possible 
that this mechanism may underpin observed reductions 
in provisioning rates on hot days, with implications for 
offspring growth and fledging success (Cunningham et al. 
2013b). The southern Kalahari recorded strong warming 
trends between 1961 and 2010 (Kruger and Sekele 2012; 
Cunningham et al. 2013a). As climate change progresses, 
the amount of time Southern Fiscals in the current study 
population are able to spend foraging from the most profit-
able hunting perches is likely to decrease. Should moving 
from sunny perches into the shade constitute a true foraging/
thermoregulation trade-off in these birds, then such a change 
in behaviour is ultimately likely to threaten individual energy 
and water balance, and possibly breeding success. As 
advocated in a recent paper by Wong and Candolin (2014), 
our study suggests further research is required into both the 
extent to which animals can use behavioural changes to 
shelter from climate extremes, and the consequences of this 
for individual fitness and population persistence.
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