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A B S T R A C T

Many arid-zone animals have to forage under extremely hot conditions to maintain water and energy balance.
The effect of high air temperatures (Tair) on the behavioral patterns of small endothermic animal-
s—characterized by their high energy and water demands—will provide a valuable framework for understanding
species vulnerability to climate warming. We determined the seasonal behavioral responses to changes in Tair in
a ~ 10-g arid-zone passerine, the rufous-eared warbler (Malcorus pectoralis), in the Karoo semi-desert, South
Africa. Rufous-eared warblers showed significant temperature-dependence in their behavior in summer, but not
in winter. During summer, the warblers frequently experienced Tair exceeding 40 °C in the shade. For all
observations< 26 °C compared to> 36 °C, the warblers showed reductions in preening (40% decrease), fora-
ging effort (56% decrease), and foraging success (15% decrease), as well as a significant increase in time spent
engaged in evaporative cooling behavior. Moreover, as Tair increased the warblers shifted increasingly off the
ground and out of the full sun, into microsites in the shade (131% increase) and in shrubs (23% increase). In this
regard, behavior varied seasonally, with the time spent in the shade 23% higher, and foraging effort 28% higher,
in summer compared to winter across a range of moderate Tair (15–30 °C). Our findings emphasize the link
between behavior and temperature in small birds inhabiting hot, arid environments, as well as the importance of
understanding these responses for predicting biologically meaningful responses (and hence, vulnerability) of
arid-zone avian communities to climactic shifts.

1. Introduction

Differences in behavior can be expressed at numerous spatial and
temporal scales – from large seasonal changes such as migration, to
small, rapid changes within seconds of each other during an organism's
active phase [1,2]. One of the foremost drivers of variation in beha-
vioral phenotypes is climate, which exerts a strong influence on re-
source availability and thermoregulatory demands [3–5].

This relationship between climate and behavior is vital for energy
and water balance, from the scale of daily survival, to lifetime re-
productive output [6,7]. This is perhaps most pronounced in arid-zones,
where animals face high temperatures and, generally, a severe lack of
water [4,8]. The primary challenge in these habitats is centered on heat
flux [7,9,10]; animals have to acquire enough food and water to survive
and reproduce, whilst regulating their heat gain and loss [11–13]. The
role that behavior plays in coping with this challenge is often demon-
strated in ectotherms, in which thermoregulation is primarily achieved
through behavioral adjustments [14]. In contrast, endotherms generally
regulate heat flux largely through physiological responses [15].

However, for endotherms in arid-zones, behavior can also greatly affect
the physiological costs of regulating heat flux [10].

Birds are model endotherms to demonstrate this, as behavior is a
critical and conspicuous component of their thermoregulation; partly
facilitating their occupation of hot, arid-zones [16,17]. Moreover, un-
like many small species of mammal, birds are largely diurnal and
generally do not make use of burrows or other similar thermal refuges
during the heat of the day ([18,19], but see also [20]). They are
therefore subjected to high environmental temperatures during their
active phase, creating trade-offs between activity, heat load, and hy-
dration [15,21].

In small birds, the consequences of these trade-offs are severe, be-
cause of their low thermal inertia, high body temperature (Tb), limited
capacity for energy and water storage, and high rates of mass-specific
water loss [3,22]. Moreover, when air temperature (Tair) exceeds Tb, a
crucial method for birds to dissipate heat and avoid lethal hyperthermia
is evaporative water loss (EWL) [12,23,24]. This puts small birds at risk
of dehydration at high Tair[9], which has important implications for
foraging decisions. Foraging creates metabolic heat, and often requires
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entering the hottest microsites in the landscape [15]. Therefore, at high
Tair birds can either reduce foraging effort and limit activity to the
shade in exchange for low risk of lethal hyperthermia, or maintain
foraging effort in hot microsites, incurring a high risk of lethal hy-
perthermia and high water demands [20]. Small, arid-zone birds that
employ the latter strategy are therefore naturally risk-prone, potentially
suffering long-term survival and reproductive consequences as a result
[16,25]. Indeed, studies on Kalahari Desert birds of southern Africa
have shown that high Tair cause reduced foraging efficiency, and ulti-
mately cause mass loss [25] or reduced provisioning rates to young
[16].

Given the potential fitness consequences of behavioral trade-offs at
high temperatures, it has become important to identify how birds have
adapted to hot, arid environments, and how they are likely to respond
to climate warming [19,26]. We investigated the seasonal behavior
patterns of a wild population of rufous-eared warblers (Malcorus pec-
toralis, Order: Passeriformes, Family: Cisticolidae; hereafter warblers);
this 9-g arid-zone passerine is semi-terrestrial, typically foraging and
breeding close to the ground, and may therefore be exposed to extreme
changes in operative temperatures (Te, defined as the integrated
thermal environment experienced by an animal [16]). We predicted
that seasonal changes in temperature would drive behavioral changes,
and we expected that higher temperatures would increase the ther-
moregulatory costs associated with foraging, particularly at or near the
ground where Te are highest. Specifically, we hypothesized 1) that the
warblers would show greater temperature-dependence in their beha-
vioral patterns during summer compared to winter; alternatively we
hypothesized that a lack of seasonal change in the temperature-de-
pendence of their behavior may indicate improved heat tolerance
during summer in the warblers [2,27]. We further predicted that sea-
sonal variation in absolute foraging efforts would be related to seasonal
water and/or energy demands in the warblers, and therefore 2) hy-
pothesized that higher absolute foraging efforts in summer (i.e. more
risk prone to heat stress) would indicate that the warblers were more
likely to experience deficits in water and/or energy balance during the
hot summer season compared to cooler winter months.

2. Methods and materials

2.1. Study species

The rufous-eared warbler (Malcorus pectoralis, Order: Passeriformes,
Family: Cisticolidae) is the only species in the genus Malcorus and is
endemic to Southern Africa. Individuals will maintain territories year-
round, and pairs or small family groups will remain resident in an area
throughout the year [28]. They are primarily insectivorous, feeding
mostly on small beetles, but they do opportunistically consume small
fruits and succulent plant material [29]. They forage close to the
ground, energetically searching for food on the ground (often fully
exposed to sun) and within or on top of small shrubs (< 1 m) within
their Karoo and Succulent Karoo habitat.

2.2. Study site

The study site was a farm, Hopedale, which is situated west of the
town Steytlerville (33°20′ S, 24°20′ E; altitude ~480 meters above -
sea level). The landscape was dominated by ~1 m tall non-succulent
shrubs, Lycium cinereum, interspersed among bare ground and shorter
shrubs, Pentzia incana, Ruschia spp., and Leipoldtia schultzei. Pappea
capensis trees (~ 2 m tall) occurred intermittently throughout the
landscape (Appendix 1). Between 1900 and 2000, Steytlerville had an
annual rainfall of ~240 mm, with no significant pattern of change [30].
Long-term temperature data are not available for Steytlerville. How-
ever, temperature patterns in the rest of South Africa have shown an-
nual increases in both average and maximum temperatures to be almost
ubiquitous across the country [31,32]. Data for this study was collected

between 10 June and 10 August 2015 (Austral winter), and between 2
January and 2 March 2016 (Austral summer).

2.3. Temperature measurements

A custom-made weather station was placed 2 m off the ground at
the field site (GPS: 33°22′41.0″ S, 24°11′21.1″ E) to record air tem-
perature (Tair). This weather station consisted of a solar radiation
screen, made of four layers of bowl-shaped, white, Perspex slats stacked
horizontally with 3 cm gaps between them. These had a 5 cm diameter
Perspex tube running vertically through their center, with an iButton™
(Model DS 1922 L ± 0.1 °C, Fairbridge Technologies, Sandton, South
Africa) suspended in the center. The Perspex tube had 0.5 cm diameter
holes at regular intervals in between the layers of slats to allow air flow.

To measure temperature variation at the microsite level within the
landscape we secured seven black bulb thermometers on and inside a
Lycium cinereum shrub. The black bulbs were constructed from two
hemispheres of copper with a diameter of 30 mm and thickness of
0.9 mm. One iButton (model DS1921G-F5 ± 0.1 °C) was secured to an
iButton retainer (model DS9098P-TRW+) that was placed inside the
two hemispheres, soldered together as a sphere. The copper spheres
were painted matt black [33]. A L. cinereum shrub was chosen as it was
both dominant in the landscape, and frequently used by the warblers
throughout the day. Black bulbs were secured (using copper wire) in
triplicate 1 cm and ~20 cm off the ground, north, south, and in the
middle of the shrub, respectively, and the last bulb was secured on top
of the shrub ~1 m off the ground (Appendix 1). Black bulbs measure
three of the four factors that may impact an animal's thermal balance;
namely radiant heat exchange, dry-bulb temperature, and convective
heat exchange [34]. Black bulbs therefore give a better approximation
of the thermal environment an animal might experience than would be
possible from only measuring Tair[16,35]. However, compared to the
various methods of measuring operative temperature (Te), black bulbs
face several issues (see [33,36,37] for discussion). As a result, our use of
black bulbs was not to measure Te. Rather, we used black bulb tem-
perature (Tbb) as an indication of the variation in environmental tem-
perature among different microsites and between seasons [38–40]. Both
the black bulbs and the weather station recorded temperatures every
10 min throughout the day.

2.4. Behavioral observations

In total, 29 and 35 territories (typically roughly 150 m2 in size)
were identified in winter and summer, respectively. The center of each
was recorded using a GPS (Etrex H, Garmin, Taiwan). To conduct focal
observations, a territory was searched on foot to find the birds either
visually or by call. One bird in the pair/family group would be ran-
domly selected for the focal observation. The observer was usually
5–15 m away from the bird, with a maximum distance of ~25 m.
Within this range the observer was confident the behavior of the war-
blers could be accurately determined. No data was recorded if the bird
was obviously affected by the observer's presence (i.e., began alarm
calling at, or was flushed by the observer) during observations.

Focal observations lasted up to 20 min. Every 1–2 min (depending
on how easily observable the bird was) of the 20 min focal a note was
logged, including various aspects of the bird's microsite and behavior.
Microsite characteristics included exposure to the sun (i.e. full sun or
shade), and position relative to vegetation (i.e. open ground, or edge,
within or on top of shrubs). The relative wind speed was also recorded.
This was a subjective estimate of wind speed on a scale with four levels:
none, slight, moderate, and strong. Although wind was not objectively
measured by a device, all estimates were made by the same observer.
This made us confident that the relative differences in wind speed were
consistent throughout each season, and therefore useful for analyses
including relative wind speed as a factor.

We recorded the dominant behavior/s the bird engaged in during
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the one minute focal intervals. Behavioral categories recorded included
whether the bird was foraging, preening, resting/scanning, engaged in
territorial singing or chasing, mobile or stationary, previously active, or
partaking in breeding related activities. Any sign of heat dissipation
behavior – panting (gaping when breathing; [26]) or wing-spreading
(holding the wings away from the body; [26]) – was also recorded.
Foraging behavior was defined as the bird visibly searching for and/or
pecking at food items on/in shrubs or the ground while mobile or sta-
tionary. Resting/scanning behavior was defined as the birds being
stationary and making no attempt to actively forage, preen or call/sing.
Breeding related activity was any behavior that involved nest building,
maintenance or care. A bird could be logged as being engaged in more
than one behavior in a minute interval if the time was split fairly evenly
between them. To estimate relative foraging success, we recorded
consumption of any food/prey items during every foraging bout of
between 15 and 45 s. We record a “fail” in foraging success (=0) as
nothing consumed during the 15–45 s, and “success” (=1) as any food/
prey consumed. Due to the rapid foraging style of the warblers, coupled
with their small size, foraging success could not always be assessed
while warblers were observed. The data used for estimating foraging
success were therefore consistently a proportion of the total effort, not
the success per unit time/effort.

We conducted focal observations between 07:00 AM–09:00 AM,
11:00 AM–13:00 PM, and 15:00 PM–17:00 PM in summer, and between
07:30 AM–09:30 AM, 11:00 AM–13:00 PM, and 15:00 PM–17:00 PM in
winter. Three to nine territories were sampled each day, and over the
course of each season territories were necessarily sampled repeatedly
due to logistic constraints (between one and six times each season). We
selected the territories to be sampled each day randomly from all the
territories that had not been sampled for at least three days. This re-
peated measure sampling design was incorporated into the data ana-
lyses by including territory as a random effect in the mixed models (see
statistics). A total of 1575 and 837 observations were made in summer
and winter, respectively. We excluded all observations conducted
during overcast weather from analyses, and therefore our statistical
analyses included 1244 and 511 focal observation points from summer
and winter, respectively. All behavioral observations were made using
binoculars and were logged real time in the field use mobile
CyberTracker software on a smartphone device.

These methods were approved by the Nelson Mandela Metropolitan
University Research Ethics Committee: Animal, clearance certificate
#A15-SCI-ZOO-006, and conducted on private land with the permission
from the land owners and a permit from the Department of Economic
Development, Environmental Affairs and Tourism, permit number CRO
91/15CR.

2.5. Data analyses

Statistical analyses were conducted in the R statistical environment
version 3.2.5 [41], using the R Studio platform [42]. Generalized linear
mixed models (GLMMs) using package lme4[43] and a binomial family
for model distribution were used to fit a logistic regression the presence
or absence of panting, preening, mobility (proxy for activity), foraging,
and foraging success as a function of Tair, as well as the birds' location
(ground or shrub) and exposure (sun or shade) as a function of Tair. For
models that were over- or underdispersed, we used a quasibinomial
family. To determine the global model that fit the data best, all factors
(Tair, wind speed, and season) were included initially, and the non-
significant factors removed in a stepwise fashion based on weighted
scores. Model selection on the resultant global model was done using a
dredge function, using the package MuMIn[44]. The models of best fit
were identified using the lowest Akaike's Information Criterion score
adjusted for small sizes (AICc), with a delta value of 2 or less was used as
the cut off. The model average taken for all models with a delta< 2. We
then used type-II Wald chi-square tests to determine which of the fac-
tors included in the models of best fit had a significant effect on the

dependent variable. The relationships between each dependent variable
and Tair were plotted using a simple generalized linear model (GLM).

Time of day was not included in the global models as time of day
and Tair were strongly collinear. Rather, to test if the patterns we found
were truly responses to temperature rather than time of day, we ran the
same global models on the summer data but for data from two separate
time periods, midday (11:00 AM–13:00 PM; N = 549; Tair
range = 22.6–43.5 °C) and late afternoon (15:00 PM–17:00 PM;
N = 399; Tair range = 26.6–45 °C). These models (not reported here)
for discrete time periods showed the same effects of temperature that
were found for the full dataset, which suggested that the driver of the
patterns reported here was indeed temperature, and not time of day.

3. Results

3.1. Temperatures

The mean daily maximum and minimum air temperatures (Tair)
were 33.6 °C ± 4.8 SD (standard deviation) and 17.2 °C ± 2.8 SD
respectively in summer, and 19.7 °C ± 4.1 SD and 6.0 °C ± 3.6 SD
respectively in winter (Fig. 1). Between the seasons the range of Tair was
approximately 47 °C (minimum Tair = −1 °C in winter, maximum
Tair = 45.6 °C in summer).

The temperatures recorded by black bulbs (Tbb) showed large var-
iation among microsites within the landscape in both seasons (Fig. 1).
For example, on the hottest day in summer when the weather station
recorded a Tair of 45.6 °C, the Tbb was 51.5 °C, ~1 m off the ground on
top of a shrub in the sun, and 67 °C, 1 cm off the ground in the sun.

3.2. Summer behavior

As Tair increased in summer, panting significantly increased in fre-
quency (χ2

1, 1244 = 106.0, p < 0.001), while there was a significant
decrease in activity level (i.e. warblers became predominantly sta-
tionary; χ2

1, 1244 = 21.8, p < 0.001), foraging effort (χ2
1, 1244 = 25.1,

p < 0.001), and the frequency of preening (χ2
1, 1244 = 9.5, p < 0.01;

Fig. 2). Preening completely ceased at Tair > 40 °C. There was also a
significant shift in microsite selection, with the warblers moving in-
creasingly off the ground, into shrubs (χ2

1, 1244 = 20.8, p < 0.001),
and out of the full sun, into shade (χ2

1, 1244 = 32.0, p < 0.001) as Tair

Fig. 1. Mean hourly temperatures (± SE) recorded by the weather station (i.e. air
temperature, Tair, dashed line, crosses), and black bulb thermometers (Tbb) set in three
different locations on a shrub (1 cm off the ground north of the shrub, squares; in the
middle of the shrub ~20 cm off the ground, circles; and on top of the shrub ~1 m off the
ground, triangles) between the 6th to 20th July 2016 (winter; top panel) and the 15th to
29th of February 2016 (summer; bottom panel).
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increased (Fig. 2). The proportion of all observations at Tair < 26 °C
(n = 186) where birds were engaged in panting behavior increased
from close to 0, to 38% of all observations Tair > 36 °C (n = 175)
(Fig. 3). At Tair < 26 °C compared to Tair > 36 °C, the proportion of
all observations where birds were active reduced 55%, foraging re-
duced 56%, in shrubs increased 23%, in shade increased 131%, and
preening reduced 40% (Fig. 3). Tair < 26 °C and Tair > 36 °C were
chosen as these allowed a comparison of similar sample sizes, and a
comparison of observations where the warblers seldom showed visible
signs of heat stress (Tair < 26 °C), compared to where they were often
visibly engaged in heat dissipation behavior (panting/wing-spreading,

Fig. 2. Logistic regressions showing the predicted propor-
tion of observations where birds were observed to be
panting (presence = 1, absence = 0; top left), active (mo-
bile = 1, stationary = 0; top right), foraging (pre-
sence = 1, absence = 0; middle left), in sun or shade (ex-
posure; sun = 1, shade = 0; middle right), on the ground
or in/on a shrub (location; shrub = 1, ground = 0; bottom
left), and preening (presence = 1, absence = 0; bottom
right) as a function of air temperature (Tair) in summer. All
regressions were significant (χ2

1, 1244, p < 0.01), and 95%
confidence limits are shown.

Fig. 3. The proportion of observations in summer where warblers were panting, active,
foraging, in shrubs and not on the ground (location (shrub)), in the shade and not in full
sun (exposure (shade)), preening, and successful while foraging (FS (total)), for all ob-
servations where air temperature (Tair) was< 26 °C, and all observations where Tair
was> 36 °C. Significant changes are indicated by ‘*’.

Fig. 4. Logistic regressions showing the predicted proportion of observations in summer
where birds were successful while foraging for all observations of the presence or absence
of foraging success (n = 234; top panel), and for observations of the presence or absence
of foraging success split by location (either on the ground (solid line; n = 105) or in/on
shrubs (dashed line; n = 129); bottom panel) as a function of air temperature (Tair). Only
the regression for the reduction in foraging success of birds on the ground was significant
(χ2

1, 105 = 7.38, p < 0.01). The 95% confidence limits are shown for all regressions.
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Tair > 36 °C).
The decrease in foraging effort as Tair increased was accompanied

by a reduction in foraging success (χ2
1, 234 = 3.69, p = 0.055; Fig. 4),

however this only approached significance. Separated by microsite,
there was a significant decrease in the foraging success of birds on the
ground (χ2

1, 105 = 7.38, p < 0.01), but almost no change in the success
in shrubs, as Tair increased (Fig. 4). The proportion of observations
where the warblers foraged successfully at Tair < 26 °C (n = 46) re-
duced by 15% at Tair > 36 °C (n = 24) (Fig. 3).

Wind speed was split into four categories in summer (none,
n = 354; slight, n = 382; medium, n = 411; and strong, n = 97).
Model selection revealed that wind speed was an influential factor for
panting, activity, foraging, location, and exposure (Table 1). However,
wind had a significant effect on location (χ2

3, 1244 = 9.25, p < 0.05)
and exposure (χ2

3, 1244 = 8.93, p < 0.05) only, and approached having
a significant effect on the activity and foraging of the birds. The dif-
ferences in the Beta values for the effect of wind speed on location and
exposure indicated that as wind speed increased, the warblers spent
relatively more time in the sun and on the ground at moderate Tair
(Table 1).

3.3. Seasonal comparison

We found no significant relationships between Tair and any of the
behaviors measured in winter. We also found no significant relationship
between wind speed (none, n = 371; slight, n = 56; and strong,
n = 85) and any of the behaviors in winter.

A comparison of behavior between the two seasons over the range
where Tair overlapped during observations (i.e. 15 and 30 °C), showed
no significant difference between the seasons, with the exception of the
birds being significantly more likely to be in the shade at all Tair in the
range in summer (χ2

1, 1055 = 25.94, p < 0.001). The proportion of
observations between 15 and 30 °C where the warblers were in the
shade increased by 23% in summer, compared to winter; proportion
winter = 0.35 (n = 425), summer = 0.43 (n = 400). Foraging effort
between 15 and 30 °C approached being significantly different between
summer and winter (χ2

1, 1055 = 3.39, p = 0.065); average foraging ef-
fort was consistently higher in summer (proportion of observations
foraging = 0.5 (n = 400)) compared to winter (proportion of ob-
servations foraging = 0.39 (n = 425)) at all Tair in the range (28%
higher in summer). There were too few data to compare the foraging
success between the seasons.

4. Discussion

Our findings were consistent with our hypothesis of seasonal
changes in the temperature-dependence in the behavior of the warblers.
We found that high Tairs during summer decreased the warblers' general
activity levels, including their foraging effort and time spent preening,
and increased their time spent panting to dissipate heat; contrastingly,

these behaviors were independent of Tair during winter. Microsite use
shared a significant relationship with Tair in summer, with the warblers
shifting increasingly off the ground and out of the full sun, into mi-
crosites in the shade in shrubs, as Tair increased; during winter birds
spent more time foraging in full sun. Despite the strong temperature-
dependence of activities during summer, the warblers still spent a
greater proportion of their time foraging during summer compared to
winter. This was perhaps to compensate for greater evaporative cooling
costs associated with higher Tes in summer (as indicated by seasonal
difference in Tbb; [16,35,38–40]). Importantly, we found a consider-
able decrease in foraging success as Tair increased in summer. Com-
bined, our results corroborate previous studies [16,25,45] that desert
birds do not completely cease foraging efforts when Tair exceed normal
avian Tb (Tb typically = 40–41 °C). Desert birds, therefore, likely un-
dergo intense behavioral and physiological trade-offs (e.g. attempting
to acquire water and food while risking elevated Tb and dehydration)
while foraging under extremely hot conditions [16,32,46].

4.1. Panting behavior

The increased incidence of panting at high Tair in summer has been
shown in a wide range of taxa from different continents ([12]; G Russell
unpublished data; NB Pattinson unpublished data, [19]). Panting be-
havior has been linked to significant physiological costs in association
with increasing metabolic heat production and alkalosis, but primarily
in terms of water loss and reduced foraging efficiency [23,25,26].
Therefore, birds, such as the warblers, which have to forage to acquire
water––expending water and energy to do so––may encounter a trade-
off between water acquisition and expenditure under heat stress. This
trade-off may cause birds to gain less water than they lose, even if they
maintain a relatively high foraging effort, during extended periods of
high Tair[15].

4.2. Activity levels

In response to the costs of elevating evaporative water loss (EWL)
through panting, birds are known to reduce their overall activity
[24,45]. This was seen in the warblers, which became significantly less
mobile with increasing Tair, in accordance with our hypothesis. This
pattern was related to Tair, as opposed to time of day, which corrobo-
rates previous findings for several species, including other arid-zone
species, such as Gambel's quail (Callipepla gambelii) [47], and the cactus
wren (Campylorhynchus brunneicapillus) [48]. Reducing activity with
increasing Tair has previously been interpreted as adaptive [8,23]. The
suppression of activity during the hottest parts of the day limits time
spent in hot microsites, and minimizes endogenous and environmental
heat gain [24]. This not only lowers the risk of lethal hyperthermia
[25], but also indirectly lowers the need for evaporative cooling,
thereby conserving water [9].

However, reducing the need for evaporative cooling only conserves

Table 1
The best performing generalized linear mixed models for the relationships between predictor variables, air temperature (Tair) and wind, and response behaviors (panting, activity,
foraging, total foraging success (FS), FS on the ground, FS in shrubs, location (ground or shrub), exposure (sun or shade), and preening). The intercept (Intrc) and Beta values for Tair and
wind are shown.

Response variables

Predictor Panting Activity Foraging FS (total) FS (ground) FS (shrub) Location Exposure Preening
Top model (Intrc) −13.28 1.27 1.35 1.45 3.39 −0.16 −0.21 1.41 −0.65

Tair 0.33⁎⁎ −0.05⁎⁎ −0.06⁎⁎ −0.05 −0.12⁎⁎ 0.06⁎⁎ −0.07⁎⁎ −0.06⁎⁎

Wind −0.89 0.63 0.49 −0.77⁎⁎ 0.7⁎⁎

Second best (Intrc) −13.42 1.33 1.26 −0.09 3.92
Tair 0.33⁎⁎ −0.05⁎⁎ −0.05⁎⁎ −0.13⁎⁎

Wind −0.91

Models selection was based on Akaike's Information Criterion score adjusted for small sizes (AICc); the top model and second best model (if a second model had an AICcdelta < 2) are
shown.

⁎⁎ A significant effect of Tair or wind.
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water to a point. Suspension of activity for prolonged periods risks le-
thal dehydration, as birds will continue to lose water even when at rest
[24]. This is pertinent to the warblers because they acquire water from
their food, so if they do not forage, they cannot replace the water they
lose while they are inactive. Moreover, while birds are inactive they
face lost opportunity costs; inactive birds cannot engage in behaviors
that are important for reproduction and territorial maintenance.
[16,31]. As a result, the adaptive value of different activity patterns is
difficult to establish.

4.3. Foraging

Foraging behavior is a closely related to activity levels, especially
for birds such as the warblers which are highly mobile foragers.
Therefore, foraging naturally also shares a relationship with tempera-
ture. For example, Verdins (Auriparus flaviceps), which are also arid-
zone birds and similar in size to the warblers, reduce their foraging
effort from 80% of each hour at Tairs below 35 °C, to complete sus-
pension once Tair reached 45 °C [27,49]. The 56% reduction in foraging
effort from Tair < 26 °C to Tair > 36 °C that we observed in the war-
blers was therefore expected.

While a reduction in foraging effort does not necessarily mean that
birds will suffer a decrease in resource intake, the concomitant decline
in foraging success we found in the warblers provides direct evidence
for the costs of high Tair on energy and water balance. Notably, the
decrease in total foraging success with increasing Tair seems to have
been caused by the fact that the warblers not only became significantly
less successful foraging on the ground, but also that they were forced to
move into shrubs, where they never achieved the high foraging success
that they achieved on the ground at Tair < 30 °C. This pattern supports
the findings of Cunningham et al. [16], who showed that southern
fiscals (Lanius collaris) experienced reduced prey capture per minute
when they changed the microsite they foraged in to avoid high heat
loads. Ultimately, reductions in foraging success have been shown to
have consequences for the fitness of birds [16,25,31,50,51]. For ex-
ample, decreased foraging success at high Tair has been linked to con-
comitant reductions in the amount of food provisioned to young [Eur-
opean starlings (Sturnus vulgaris); 46], and mass loss (southern pied
babblers (Turdoides bicolor); [24]).

4.4. Preening

Energy and water balance are not the only fitness concerns when
birds alter behavior at high Tair. The 40% decrease in the frequency of
preening from Tair < 26 °C to Tair > 36 °C (and the complete sus-
pension of preening above approximately 40 °C) we observed in the
warblers may also carry considerable performance consequences [45].
As suggested by Tieleman and Williams [45], less time vested in
preening behavior may negatively impact flight performance (and as-
sociated predation risk), ectoparasite load, and the thermoregulatory
properties of the feather layer. Feather maintenance may be important
for thermoregulation via passive heat transfer, or cutaneous water
evaporation [45].

4.5. Microsite use

The relationships that activities, such as preening and foraging, and
heat dissipation behavior, share with temperature are inextricably
linked to where they take place in a thermally heterogeneous landscape
[17]. Our microsite temperature data suggested that a bird could reduce
the mean Tbb it experienced by ~20 °C during the hottest parts of the
day in summer, by shifting from a microsite on the ground in the sun, to
a microsite 20 cm off the ground in the shade. The sensitivity of the
warblers to the importance of this microsite heterogeneity was strongly
emphasized by the 131% increase in time spent in the shade when Tair
was> 36 °C compared to when Tair was< 26 °C.

This response is critical for avoidance of lethal heat loads and/or
dehydration, as the use of cool microsites reduces environmental heat
gain, facilitates non-evaporative heat dissipation at Tair < Tb, and re-
duces the need for evaporative heat dissipation, thereby conserving
water [10,17,18,24]. For example, Hoopoe larks (Alaemon alaudipes)
use lizard burrows in the Arabian Desert as thermal refuges in the
middle of the day, which facilitates water savings of up to 81% [20]. In
contrast, on the hottest days during our study (Tair > 42 °C) the war-
blers where restricted to the shade or partial shade provided by small
shrubs (often< 1 m3 in size), and in some territories, by Pappea ca-
pensis trees (~2 m tall). However, most of these shaded patches are
surrounded by an extremely hot landscape of exposed soil
(Tbbs > 50 °C). We therefore predict that these fine-scale microsite
adjustments would still incur tremendous EWL savings on hot days. For
example, hourly EWL rates of an inactive warbler, expressed as a % of
body mass, are estimated to vary from 1.5% at Tbb = 40 °C, to 3.9% at
Tbb = 50 °C (N.B. Pattinson, and B. Smit, unpublished data). These
patterns provide an explanation for the warblers shifting their foraging
microsite to the shade of shrubs on hot days during summer. They also
support the suggestion that thermal refuges within the landscape are
crucial for the occupation of hot, arid habitats [16,17,38–40].

4.6. Wind speed

An important factor to consider in terms of the abiotic variation
within the landscape is wind exposure. Wind was found to be important
in a number of the models in summer, but not in winter, suggesting that
the interaction between wind and Tair becomes important at high Tair.
This was most likely due to the effect wind has on Te[52]. Wolf and
Walsberg [2] showed that solar heat gain declines strongly with in-
creasing wind speed; essentially, higher wind speeds cause significantly
reduced Te. Therefore, it logically follows that activities that are po-
tentially closely linked to, and regulated by, Te may be strongly affected
by wind speed, whereas behaviors that are more closely related to, or
regulated by, Tair or internal processes may not be as affected by wind
speed. Therefore, as wind speed increased the warblers stayed in the
sun and on the ground more at any given temperature because of the
relationship location and exposure share with Te[10], whereas the ef-
fect of wind on foraging behavior and activity only approached sig-
nificance because they are predominantly constrained by internal pro-
cesses [26]. The fact that panting was not affected by wind speed was
puzzling, as panting is closely related to the heat load of a bird, and thus
influenced by metabolic and environmental heat flux [26].

4.7. Seasonal comparison

Changes in daily activity patterns such as those discussed above can
be expected in summer, when arid-zone species face severe heat stress
[8]. However, arid-zone habitats also experience low Tair in winter. For
small birds with low thermal inertia, this may also be challenging, and
potentially cause them to alter their behavior [22]. We found no evi-
dence of this; none of our behavioral parameters shared a significant
relationship with Tair in winter. However, the minimum Tair at which
the warblers were observed was 6.6 °C, a higher Tair than those at which
behavioral modification to low Tair has previously been demonstrated.
For example, the selection for sunny microsites found in five small
passerine species in Spain by Villén-Pérez et al. [7] was in a forest
where the mean diurnal Tair was 4.7 °C. Therefore, the warblers may
modify their behavior in response to extreme cold in winter, but were
not observed at low enough Tair for that to be tested. This raises the fact
that across a moderate range of Tair (15–30 °C) the birds were in the sun
less in summer than during winter. Once again, these Tair are unlikely to
cause a behavioral modification in winter. However, in summer, Tair
within that range could correspond to Tbb over 40 °C, which would
likely affect the behavior of the warblers. This seasonal difference,
therefore, likely represents behavioral adjustment to high Te in
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summer.
The higher foraging effort of the warblers in summer between 15

and 30 °C may suggest a seasonal difference in energy and/or water
supply or demand [12], although our study did not determine seasonal
foraging efficiency in terms of water and food intake to verify these
patterns. Importantly, we showed in a concurrent study that the war-
blers lowered their EWL demands at Tair > 40 °C in summer by ~40%
compared to winter, suggesting that seasonal changes in Te experienced
by the warblers require both behavioral and physiological adjustments
(N.B. Pattinson, and B. Smit, unpublished data).

4.8. Conclusions

The impacts of climate change are already manifesting as changes in
phenology and distribution [5], and in severe cases even as local ex-
tinctions [14]. In South Africa, mean annual maximum temperatures
have risen significantly over the last 50 years [32]. Critically, the fre-
quency of ‘extreme’ hot weather events has also increased [31]. For
example, the Kalahari Gemsbok National Park––a park situated well
within the current range of the warbler––now experiences on average
approximately 36 more days over 36 °C compared to 1960 [32]. This
trend of increasing temperatures is predicted to continue, with the
mean annual temperature in some regions in South Africa increasing
5–6 °C by 2100 [32]. As temperatures rise even further the physiolo-
gical costs of maintaining Tb within an optimal, or sub-lethal range will
increase dramatically [53]. If physiological adjustments prove in-
sufficient to cope with the rapidly changing climate [19,53], behavioral
responses to high Tair may be critical for birds to persist in hot, arid
environments [17,46].

We found that rufous-eared warblers display a suite of behavioral
changes in response to high Tair in summer, and we predict that these
responses are aiding the warblers regulate Tb at sub-lethal levels, as
well as conserve energy and water. However, while these behavioral
responses could ensure survival in response to acute heat stress, most of
them carry substantial long-term fitness costs [16,25]. Furthermore,
similar to physiological adjustments, behavioral responses to rising
temperatures may not be sufficient to deal with rapid climate change
[19]. For example, a simple model designed to predict survival times of
verdins has demonstrated that while using shaded microsites might
markedly increase survival times at moderate Tair (36–40 °C), the
benefits of this behavior would show precipitous decline at high Tair
(48 °C) [24]. As such, while small passerines, such as the warblers,
currently inhabit hot, arid-zones because of a range of behavioral ad-
justments in response to high temperatures, those responses may not
facilitate their continued occupation of such areas under future climate
change.
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