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A B S T R A C T

There is increasing evidence for considerable phenotypic flexibility in endotherm thermal physiology, a phe-
nomenon with far-reaching implications for the evolution of traits related to heat tolerance. Numerous studies
have documented intraspecific variation in avian thermoregulatory traits, but few have revealed the shapes of
thermoregulatory reaction norms or how these might vary among populations. We investigated phenotypic
flexibility in the ability of a model Afrotropical passerine bird (the white-browed sparrow-weaver, Plocepasser
mahali) to handle high air temperatures (Ta). We allocated birds from three sites varying by ~ 11 °C in mean
daily summer maximum Ta to three acclimation temperature (Taccl) treatments (daytime Taccl≈ 30 °C, 36 °C or
42 °C respectively; n≈ 10 per site per Taccl). After an acclimation period of 30 days, heat tolerance and eva-
porative cooling capacity was quantified by exposing birds to progressively higher Ta until they approached
severe hyperthermia (body temperature [Tb]= 44.5 °C; Ta range: 38–54 °C). We measured metabolic rate and
evaporative water loss using open flow-through respirometry, and Tb using temperature-sensitive passive-in-
tegrated transponder tags. Hyperthermia threshold Ta (Ta,HT) was significantly higher and Tb significantly lower
in birds acclimated to the hottest Taccl compared to those from milder acclimation treatments. Population (i.e.,
site of capture) was not a significant predictor of any thermoregulatory variables or hyperthermia threshold Ta
(Ta,HT) after acclimation, revealing that the shape of reaction norms for heat tolerance and evaporative cooling
capacity does not vary among these three populations.

1. Introduction

The thermal physiology of mammals and birds varies in-
traspecifically (e.g., Glanville et al., 2012; Noakes et al., 2016, 2017;
Smit et al., 2013), supporting the idea that endothermic thermo-
regulation is far more flexible than previously thought (Angilletta Jr
et al., 2010). Adaptive thermoregulation is variation in the thermal
physiology of an endotherm to counteract an environmental stressor,
either via phenotypic flexibility (in response to acclimatisation or ac-
climation), developmental plasticity or adaptation through natural se-
lection (Angilletta Jr et al., 2010; Piersma and Drent, 2003). The notion
that traits related to thermal physiology can vary over short time scales
challenges the classical model of endothermic homeothermy, which
assumes endothermic body temperature (Tb) is a fixed species-specific

trait (Scholander et al., 1950). The concept of adaptive thermoregula-
tion also challenges the central assumptions of the majority of climate
envelope and correlative models predicting species' responses to an-
thropogenic climate change, as these models typically assume en-
dotherms occur in a fixed climate space and/or cannot show adaptive
physiological responses to changing climates (Boyles et al., 2011; Milne
et al., 2015; Pearson and Dawson, 2003).

Predicting how species will respond to rising air temperatures (Ta),
particularly at lower latitudes, requires quantifying heat tolerance and
evaporative cooling capacity, as well as individuals' capacity to adjust
these responses to different climatic conditions (Boyles et al., 2011;
Smit et al., 2013; Williams et al., 2008). Vital in this respect are studies
of intraspecific variation in heat tolerance. We are aware of only four
studies that have demonstrated intraspecific variation in the capacity of
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birds to tolerate high Ta, involving seasonal differences (Oswald et al.,
2018: Chaetops frenatus), interpopulation variation (Trost, 1972: Ere-
mophila alpestris) or a combination thereof (Noakes et al., 2016: Ploce-
passer mahali; O'Connor et al., 2017: Caprimulgus tristigma). Noakes et al.
(2016) investigated seasonal variation (summer vs winter) in heat tol-
erance and evaporative cooling capacity in white-browed sparrow-
weaver (P. mahali; hereafter: sparrow-weaver) populations across a
climatic and aridity gradient. Sparrow-weavers from a hot desert site
had significantly higher heat tolerance and evaporative cooling capa-
cities in summer compared to winter, as well as in comparison to two
cooler, more mesic sites during summer (Noakes et al., 2016).

To accurately interpret intraspecific variation in avian tolerance of
high Ta in the context of changing climates, it is important to under-
stand the origin of such variation (Boyles et al., 2011; Huey et al., 2012;
Williams et al., 2008). For example, if phenotypic plasticity [either
developmental plasticity (non-reversible changes that occur during
developmental stages of an individual; e.g., Mariette and Buchanan,
2016) or phenotypic flexibility (reversible changes that occur as a
component of acclimation or acclimatisation; Piersma and Drent, 2003;
Pigliucci, 2001)] is the source of the greater summer heat tolerance and
evaporative cooling capacity of desert sparrow-weavers compared to
their mesic conspecifics (Noakes et al., 2016), these patterns reflect the
responses of individual birds to current environmental conditions
(Piersma and Drent, 2003; Pigliucci, 2001). On the other hand, these
differences among populations could also have evolved as hard-wired
genotypic variation in response to different selection pressures asso-
ciated with the harsh climate of the desert site compared to the more
mesic sites (Boyles et al., 2011; Noakes et al., 2016). This distinction
between phenotypic plasticity and genotypic adaptation may, however,
be blurred by epigenetic transmission and the accompanying transge-
nerational effects (e.g., Mariette and Buchanan, 2016).

Short-term acclimation experiments provide a powerful tool for
testing predictions about the reaction norms of phenotypically flexible
traits and are an important initial step in teasing apart phenotypic
plasticity and genotypic adaptation as sources of physiological variation
within species. Most previous acclimation experiments have focused on
the flexibility of avian thermoregulatory responses at moderate Ta, with
some studies suggesting birds from more temporally heterogenous en-
vironments have greater flexibility in their thermal physiology
(Cavieres and Sabat, 2008; Tieleman et al., 2003a; Schlichting and
Pigliucci, 1998). Studies of two columbids have revealed an increase in
evaporative cooling efficiency after heat acclimation, although these
focused on the plasticity of the partitioning of evaporative water loss
(EWL) into cutaneous and respiratory avenues (Columba livia: Marder.
J., Arieli, Y, 1988; Zenaida asiatica mearnsii: McKechnie and Wolf,
2004). There have also been acclimation studies investigating the effect
of acute heat stress on chickens, but these experiments were designed to
determine the consequences for production rather than thermal phy-
siology traits per se (e.g., Abdelqader and Al-Fataftah, 2014;
Hutchinson and Sykes, 1953; Sykes and Fataftah, 1986). To the best of
our knowledge, no studies have investigated flexibility in the capacity
of passerine birds to defend Tb at high Ta, the urgent need for which is
underscored by recent studies suggesting passerines may be more sen-
sitive to increasing Ta than some other avian taxa (Albright et al., 2017;

Conradie et al., in press; Smith et al., 2017).
In light of previous work showing considerable intraspecific varia-

tion in the thermal physiology of white-browed sparrow-weavers (P.
mahali; Noakes et al., 2016, 2017; Smit and McKechnie, 2010, 2015;
Smit et al., 2013), we investigated variation in the flexibility of heat
tolerance and evaporative cooling capacity among populations of this
species. Specifically, we sought to establish whether the increased heat
tolerance during summer evident in a population from a hot, desert site,
but not in populations from cooler sites, arises from phenotypic flex-
ibility or from other sources of variation, including developmental
plasticity or genotypic adaptation. If sparrow-weavers from multiple
populations along a climatic gradient demonstrate similar reaction
norms for traits determining heat tolerance and evaporative cooling
capacity following thermal acclimation, this would imply the inter-
population variation in these traits arises from acclimatisation to dif-
ferent summer maximum Ta. On the other hand, if desert sparrow-
weavers retain their higher evaporative cooling capacity compared to
mesic conspecifics following acclimation, this would suggest the source
of the interpopulation variation is either genetic adaption or develop-
mental plasticity.

As numerous previous studies have reported considerable physio-
logical flexibility in sparrow-weavers (Noakes et al., 2016, 2017; Smit
and McKechnie, 2010, 2015; Smit et al., 2013), we hypothesised that
intraspecific variation in their capacity to handle high Ta arises from
phenotypic flexibility, and hence that birds from different populations
exhibit similar reaction norms for heat tolerance and evaporative
cooling capacity in response to short-term thermal acclimation. We
caught birds from three sites along a climatic and aridity gradient (arid:
Askham, semi-arid: Barberspan, mesic: Polokwane) and acclimated
them to three different Ta regimes (daytime Ta= 30 °C, 36 °C or 42 °C).
We predicted that heat tolerance and evaporative cooling capacity is
greatest in sparrow-weavers acclimated to the highest daytime Ta
(42 °C; Taccl) and more modest in birds acclimated to the milder Taccl
(30 °C and 36 °C), irrespective of site of capture. We also predicted that
higher heat tolerance and evaporative cooling capacity in birds accli-
mated to hotter Ta is associated with reductions in EWL, resting me-
tabolic rate (RMR) and Tb compared to the milder acclimation treat-
ments, as previously observed in desert sparrow-weavers during
summer compared to winter (Noakes et al., 2016).

1.1. Materials and methods

1.1.1. Study sites
We captured sparrow-weavers during the austral spring (25

September – 15 October 2017) at three sites in South Africa across a
climatic and aridity gradient: one arid site near Askham in the Kalahari
Desert (Northern Cape Province), a semi-arid site at Barberspan Bird
Sanctuary near Delareyville (Northwest Province) and a more mesic site
at Polokwane (Limpopo Province; Table 1). We obtained climate data
for each site from the closest weather stations of the South African
Weather Service to quantify variation in seasonal temperature extremes
among these sites (Table 1).

At each site, we captured ~30 sparrow-weavers at night by covering
the entrances of roost nests with small nets mounted on aluminium

Table 1
Mean (± standard deviation) daily air temperature minimum (Ta,min) and maximum (Ta,max) during the hottest summer months (January) and coldest winter months
(July) over 2013–2017 at three capture sites in South Africa, calculated from weather data obtained from South African Weather Service stations. White-browed
sparrow-weavers (Plocepasser mahali) were captured from these sites and transported to the University of Pretoria for acclimation experiments.

Capture site Daily Ta,min (°C) Daily Ta,max (°C) Location

Summer Winter Summer Winter Study site Weather Station

Polokwane 15.9 ± 0.9 4.9 ± 1.2 27.4 ± 0.8 21.4 ± 1.1 23° 56′ S, 29° 28′ E 23° 51′ S, 29° 27′ E
Barberspan 16.6 ± 1.0 1.1 ± 1.5 32.7 ± 2.4 21.4 ± 0.8 26° 33′ S, 25° 36′ E 26° 49′ S, 26° 01′ E
Askham 20.4 ± 1.2 0.6 ± 0.8 38.1 ± 1.8 23.8 ± 1.4 26° 59′ S, 20° 51′ E 26° 28′ S, 20° 36′ E
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poles, and then flushing birds from nests. We caught sparrow-weavers
over three nights at Askham, and over one night each at Barberspan and
Polokwane. Birds were temporarily housed in cages (~1.5m3) con-
structed of plastic mesh and shade cloth, before being transported by
road to the Small Animal Physiological Research at the University of
Pretoria (25° 45′ S, 28° 15′ E) in modified pet carriers. Birds from
Polokwane and Barberspan spent about 3 h in transit (~300 km from
the capture sites to Pretoria), whereas the trip from Askham to Pretoria
occurred over two days (~1000 km in total; ~6 h travelling per day).
Birds were provided with water and wild bird seed mix and mealworms
ad libitum during the capture and travel periods.

At the Small Animal Physiological Research Facility, each sparrow-
weaver was allocated to one of three climate-controlled rooms (~10
birds from each site per room; Table 2), all initially set to Ta= 30 °C.
Birds were housed in cages (600× 400×400mm), with generally two
birds per cage (male and female from the same site) and a small number
(10 out of 92 birds) housed individually. Sex was determined by bill
colour (du Plessis, 2005). Birds were provided with water and a wild
bird seed mix ad libitum, as well as mealworms and superworms (~4 of
each per bird per day). A Scout Pro Balance scale (SP602US, Ohaus,
Pine Brook NJ, USA) was used to monitor the body mass (Mb) of in-
dividuals regularly throughout the study period. After completion of the
experiments, sparrow-weavers were released at their capture sites.

1.1.2. Acclimation regimes
Four days after the arrival of the birds from the final capture site,

the Ta in each room was set to a 24-h cycle intended to approximate
natural temperature variation, with night-time Ta set to 20 °C from
22:00–05:00 (seven hours) and an experimental day-time Ta (Taccl)
from 10:00–17:00 (seven hours). Between these periods, Ta increased or
decreased at a constant rate (Table 2). We set the photoperiod in each
the room to a 12: 12 h light: dark cycle. We initially set all rooms to
Taccl=33 °C for four days and then to 36 °C for eight days so that all
birds were first exposed to the intermediate Taccl regime. Following this
initial period, the three rooms were set to experimental Taccl values of
30 °C, 36 °C or 42 °C, respectively, for the remainder of the study. After
the Taccl values were set, an acclimation period of 30 days was allowed,
which is towards the longer end of the range of acclimation periods
used in previous acclimation studies (e.g., 30 days: Cavieres and Sabat,
2008; 21 days: McKechnie et al., 2007; 17 days: McKechnie and Wolf,
2004; 28 days: Tieleman et al., 2003a). Thereafter, post-acclimation
measurements of thermoregulatory variables took place over 45 days
and thus the duration of acclimation actually varied among individuals
from (30–75 days). Over the course of the experiments, actual Ta in
each room fluctuated by only a small amount around the setpoint va-
lues (Table 2).

1.1.3. Gas exchange and temperature measurements
We used an open flow-through respirometry system to measure CO2

production (ml min−1) and EWL (mgmin−1), using the same experi-
mental setup described by Whitfield et al. (2015). Sparrow-weavers
were measured individually in air-tight respirometry chambers con-
structed from 4-L clear plastic containers (Lock&Lock, Seoul, South
Korea). Flow rates were frequently adjusted (2–12 Lmin−1) during data

collection to ensure that water vapour partial pressure within the
chambers remained low (< 0.49 kPa), and we ensured that all mea-
surements obtained were after the 95% equilibrium time estimated for
each flow rate using the equation in Lasiewski et al. (1966). We im-
planted temperature-sensitive passive integrated transponder tags into
sparrow-weavers to measure core Tb as described by Whitfield et al.
(2015), and monitored Tb during measurements using a racket an-
tennae and passive integrated transponder tag reader (HPR Plus, Bio-
mark, Boise ID, USA). We also used the same procedures to calibrate
mass flow controllers, transponder tags and gas analysers as Whitfield
et al. (2015).

1.1.4. Experimental protocol
We quantified heat tolerance and maximum evaporative cooling

capacity in P. mahali during their active phase (day-time) using the
standardised protocol described by Whitfield et al. (2015). The only
difference between our protocol and that of the latter study was that we
exposed birds to a ramped Ta profile of progressively higher Ta values,
starting at Ta≈ 38 °C and going upwards in 2 °C increments until birds
became distressed or severely hyperthermic (Tb= 44.5 °C; maximum Ta
reached ≈ 54 °C). Individuals were kept at each setpoint Ta for a period
of ≥10min, or until gas exchange values had levelled off, before in-
creasing Ta to the next setpoint. We removed food from the cages about
two hours prior to measurements to ensure that birds were post-ab-
sorptive (mean gut retention time for a 47-g birds is 67.5 min; Karasov,
1990).

We collected data from about three sparrow-weavers per day over a
45 day period, and thus included the date in statistical models to ac-
count for varying durations of acclimation. We randomised the order in
which birds from different acclimation treatments and populations
were measured. To quantify variation in heat tolerance among sparrow-
weavers from different acclimation treatments and populations, we
considered the Ta at which each bird reached Tb= 44.0 °C to be the
hyperthermia threshold Ta (Ta,HT; °C) for that individual. A Tb of 44.0 °C
was chosen as Whitfield et al. (2015) and Noakes et al. (2016) found
that this Tb was close to the critical thermal maximum for P. mahali.

1.1.5. Data analyses
We calculated whole-animal RMR, EWL and the ratio of evaporative

heat lost (EHL) to metabolic heat production (MHP) as described by
Noakes et al. (2016), assuming a respiratory exchange ratio value of
0.71 representative of post-absorptive birds (Withers, 1992). All mean
values presented are in the format: mean ± standard deviation. We
used R 3.5.1 (R Core Team, 2018) to fit linear models and linear mixed
effects models (nlme package; Pinheiro et al., 2018) to our data, and
tested that model assumptions were met (i.e., no multicollinearity be-
tween continuous predictor variables, or obvious deviations from nor-
mality and homogeneity of variance in model residuals plots).

We investigated variation in thermoregulatory variables (RMR,
EWL, Tb and EHL/MHP) with predictor variables Ta, Mb, sex, popula-
tion, Taccl and date (to account for varying durations of acclimation).
We used the dredge function from the MuMIn package (Bartoń, 2018) to
determine the combination of predictor variables that produced linear
models that best explained variation in thermoregulatory variables, as

Table 2
Mean (± standard deviation) air temperature (Ta) during the day (10:00–17:00) and night (22:00–5:00), and the rate of change between day and night Ta over three
hours, of three climate-controlled rooms at the University of Pretoria Small Animal Physiological Research Facility. White-browed sparrow-weavers (Plocepasser
mahali) from three different capture sites (Askham, Barberspan and Polokwane) were divided among the rooms.

Set Ta (°C) Actual Ta (°C) Ta rate of Sample sizes

Day Night Day Night Change (°C h−1) Askham Barberspan Polokwane

30 20 30.1 ± 0.2 20.4 ± 0.2 2.0 10 9 11
36 20 35.2 ± 0.4 20.8 ± 0.6 3.1 10 10 11
42 20 41.2 ± 0.2 20.4 ± 0.2 4.4 11 9 11
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described by Noakes et al. (2016). If models indicated that Taccl was a
significant predictor of thermoregulatory variables, we repeated ana-
lyses for birds within each acclimation treatment separately. We used a
Davies Test to determine whether there were significant inflections
points in the relationship between each thermoregulatory variable and
Ta, and fitted broken stick linear regressions where appropriate to de-
termine the Ta value of inflection points (segmented package; Muggeo,
2003, 2008). If significant inflection points were identified, we re-
peated analyses separately for data on either side of each inflection. For
our final models on variation in thermoregulatory variables, we fitted
linear mixed effects models to each dataset with individual specified as
a random predictor. The statistical results reported in our results are
those obtained from the models of best fit, and the equations plotted in
the figures for the relationship between each thermoregulatory variable
and Ta are those obtained from the final linear mixed effects models. To
confirm that converting CO2 production into RMR in watts was not a
source of error, we repeated statistical analyses with CO2 production as
the response variable.

We also fitted linear models to investigate variation in Mb and Ta,HT
among sparrow-weavers from different acclimation regimes and po-
pulations. Post hoc tests of multiple comparisons of means were con-
ducted to investigate between which acclimation regimes significant
differences were present (Tukey contrasts for linear models; multcomp
package; Hothorn et al., 2008).

2. Results

2.1. Body mass

Following acclimation to daytime Ta of 30 °C, 36 °C or 42 °C (i.e.,
Taccl), sparrow-weavers' Mb did not vary significantly among the three
populations (F2,81= 2.641; P= .077), and was significantly higher in
males (44.4 ± 2.9 g) compared to females (42.3 ± 3.0 g;
F1,81= 13.131; P < .001). There was, however, significant Mb varia-
tion among the acclimation treatments (F2,81= 10.104; P < .001). The
Mb of sparrow-weavers exposed to Taccl = 42 °C (41.0 ± 2.7 g) was
significantly lower than those exposed to Taccl = 30 °C (44.6 ± 3.4 g;
P < .001) and Taccl = 36 °C (43.7 ± 2.8 g; P= .014), but did not vary
significantly between the latter two treatments (P= .277).

2.1.1. Hyperthermia threshold temperatures
The top model for variation in the Ta that sparrow-weavers ap-

proached severe hyperthermia (Ta,HT) included Taccl (F2,88= 9.343;
P < .001). Ta,HT was significantly higher in birds exposed to
Taccl = 42 °C than those exposed to Taccl = 30 °C (~ 2 °C higher;
P < .001) and 36 °C (~1.3 °C; P= .014), but did not vary significantly
among the latter two treatments (P= .355; Fig. 1). Ta,HT was the only
response variable that included the duration of acclimation as a pre-
dictor in the top model, with a significant decline in Ta,HT over the
45 day period of measurements at a consistent rate among birds from all
acclimation treatments (~ 0.06 °C per day; F1,88= 23.115; P < .001).

2.1.2. Body temperature
The Tb of sparrow-weavers was the only thermoregulatory variable

significantly predicted by Taccl (F1,416= 5.000, P= .007). We therefore
investigated the relationship between Tb and Ta separately for birds
from each acclimation treatment (Fig. 2).

Birds from all acclimation treatments showed a significant inflection
in the relationship between Ta and Tb. However, this inflection was
lower for birds exposed to Taccl = 30 °C (inflection Ta= 42.0 °C;
P= .022) than those from the rooms set to Taccl = 36 °C and 42 °C
[inflection Ta= 43.4 °C (P < .001) and 43.6 °C (P= .002] respec-
tively; Fig. 2]. Below the inflection Ta, the null model was the top model
explaining variation in Tb of sparrow-weavers exposed to Taccl = 30 °C,
and the mean Tb was 42.0 ± 0.4 °C in this range (i.e., ~38 °C <
Ta < 42 °C). In contrast, Tb increased significantly with increasing Ta

for birds exposed to Taccl = 36 °C (F1,46= 9.740, P= .003) and 42 °C
(F1,55= 19.090, P < .001; Fig. 2).

Above the inflection Ta, the top models consistently included Ta
during thermoregulatory measurements as a predictor variable, and Tb
increased with increasing Ta at a similar rate for birds from all accli-
mation treatments: Taccl = 30 °C (F1,69= 347.860, P < .001), 36 °C
(F1,64= 299.970, P < .001) and Taccl = 42 °C (F1,78= 553.430,
P < .001; Fig. 2). The rate of increasing Tb with increasing Ta was
faster above the inflection point compared to below the inflection for
sparrow-weavers exposed to Taccl = 36 °C (~6.9× faster) and 42 °C
(~4.0× faster; Fig. 2).

The Tb of sparrow-weavers exposed to Taccl = 42 °C appeared lower
than birds from the other acclimation treatments (Fig. 2). This was
particularly evident when comparing birds from Taccl = 30 °C and 42 °C
above the inflection points (i.e., ~43 °C < Ta < 54 °C) where there is
a consistent difference of ~0.6 °C between the regression lines (Fig. 2).
However, we could not test this variation statistically because of dif-
ferent inflection points in the relationships between Ta and Tb for birds
from each acclimation treatment.

2.1.3. Evaporative water loss
The EWL of sparrow-weavers significantly increased with increasing

Ta, with a significant inflection at Ta= 43.0 °C (P < .001) above which
EWL increased (F1,195= 93.110, P < .001) at a rate ~4.5× faster
compared to lower Ta (F1,161= 14.398, P < .001; Fig. 3). The top
model explaining variation in EWL included other predictor variables
and interactions terms along with Ta (Taccl, sex, population, Taccl × sex,
Taccl × population, population× sex and Taccl × population× sex),
but none of these had a significant effect on EWL (P > .144 for all
interaction terms).

2.1.4. Resting metabolic rate
There was a significant inflection in RMR at Ta= 41.3 °C

(P < .001; Fig. 4). At Ta < 41.3 °C, the top model included only Ta as
a predictor variable, with RMR decreasing with increasing Ta
(F1,161= 186.837, P < .001; Fig. 4). At Ta > 41.3 °C, the top model
describing variation in RMR was the null model (i.e., including no
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Fig. 1. The hyperthermia threshold air temperature (HTTa) of white-browed
sparrow-weavers (Plocepasser mahali) was determined by exposing birds to
progressively higher Ta≥ 38 °C until birds became severely hyperthermic (body
temperature=44 °C). Sparrow-weavers were caught from three populations
along a climatic gradient (Askham, Barberspan and Polokwane), and split
among three acclimation temperature treatments (Taccl = 30 °C, 36 °C and
42 °C; n≈ 10 per population per Taccl). HTTa was did not significantly vary
among populations after acclimation, but was significantly higher in birds from
the hottest compared to the milder acclimation treatments. Mean values are
presented and error bars represent standard deviation.
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predictor variables), suggesting that none of the predictor variables we
included explained variation in RMR, and mean RMR was 0.2 ± 0.1W
in this Ta range (i.e., 41.3 °C < Ta < 54.0 °C; Fig. 4). Population and
Taccl were not included as predictor variables in the top models ex-
plaining variation in RMR at any Ta. Repeating these analyses using
CO2 production instead of metabolic rate (W) as the response variable
revealed the same patterns of variation and did not in any way affect
our conclusions.

2.1.5. Evaporative cooling efficiency
There was a significant inflection point in EHL/MHP, although it

was at a higher Ta than the inflection point for EWL and RMR
(Ta= 47.4 °C; P= .007; Fig. 5). The top model explaining variation in
EHL/MHP at Ta < 47.4 °C included only Ta, and EHL/MHP sig-
nificantly increased with increasing Ta (F1,323= 208.080, P < .001;
Fig. 5). At Ta > 43.0 °C, the top model explaining variation in EHL/
MHP was the null model, and the mean EHL/MHP over this range (i.e.,
43.0 °C < Ta < 54.0 °C) was 1.9 ± 0.6 (Fig. 5). Population and Taccl
were not included as predictor variables in the top models explaining
variation in EHL/MHP at any Ta.

3. Discussion

Sparrow-weavers showed phenotypic flexibility in Mb, Tb and their
capacity to tolerate high Ta, with similar reactions norms in three po-
pulations. The strong effect of acclimation temperature, but lack of any
significant variation among populations, supports our hypothesis that
previously documented interpopulation variation in heat tolerance and
evaporative cooling capacity arises from phenotypic flexibility rather
than localised genotypic adaptation or developmental plasticity
(Noakes et al., 2016). As predicted, birds acclimated to the hottest
daytime Ta were more heat tolerant compared to those from milder
acclimation treatments. Our data revealed the predicted patterns of
variation in Tb, but not those for RMR or EWL; these findings differ from
those of Noakes et al. (2016), who reported higher heat tolerance in
desert sparrow-weavers compared to conspecifics from more mesic sites
was associated with significantly lower EWL, RMR and Tb at higher Ta.

Noakes et al. (2016) found significant interpopulation variation in
the Mb of free-ranging sparrow-weavers, whereas Mb following accli-
mation did not vary among populations but rather with acclimation
temperature. This suggests that interpopulation variation in Mb is not

Fig. 2. The body temperature (Tb) of white-browed sparrow-weavers (Plocepasser mahali) was measured over an air temperature (Ta) range of ~ 38–54 °C. Sparrow-
weavers were caught from three populations along a climatic gradient (Askham, Barberspan and Polokwane), and split among three acclimation temperature
treatments (Taccl = 30 °C, 36 °C and 42 °C; first three panels). The bottom left panel is of mean Tb values of birds from each acclimation treatment at each Ta
measured. Tb significantly varied among acclimation treatments but not among populations (n≈ 10 per population per Taccl). Inflection points were calculated using
broken stick linear regressions and regression lines represent significant relationships from a linear mixed effects model (Taccl= 30 °C, Ta > 41.966 y=0.265
x+30.996; Taccl = 36 °C, Ta < 43.384 °C: y= 0.042 x – 40.433, Ta > 43.384 °C: y= 0.291 x – 29.542; Taccl = 42 °C, Ta < 43.559 °C: y= 0.062 x – 39.421,
Ta > 43.559 °C: y=0.246 x – 31.276).
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the result of hardwired genotypic differences among sparrow-weavers
at different sites, but instead reflects a phenotypically plastic trait.
Sparrow-weavers from the hottest acclimation treatment (Taccl = 42 °C)
had significantly lower Mb than birds from the milder acclimation
treatments, similar to the pattern of Mb variation observed in sparrow-
weavers from desert vs mesic populations (Noakes et al., 2016). This
could be the result of birds exposed to higher temperatures having
poorer body condition on account of thermal stress and/or consuming
less food. However, Mb was not a significant predictor for any response
variable in the current study, suggesting that Mb differences are not
responsible for thermoregulatory variation among acclimation treat-
ments.

The current study is, to the best of our knowledge, the first to de-
monstrate plasticity in heat tolerance in response to short-term thermal
acclimation in a passerine bird (Fig. 1). Interpopulation variation in the
seasonal acclimatisation of heat tolerance has previously been reported
in sparrow-weavers, with a desert population having Ta,HT values
~2.7 °C higher in summer compared to winter (Noakes et al., 2016).
However, seasonal acclimatisation of heat tolerance was associated
with enhanced evaporative cooling capacities of desert sparrow-wea-
vers during summer (reductions in EWL, RMR and Tb at Ta≥ 40 °C;

Noakes et al., 2016), whereas in the present study the thermoregulation
of sparrow-weavers acclimated to Ta= 42 °C varied from the milder
acclimation treatments only by a reduction in Tb at Ta≥ 38 °C (Fig. 2).
A possible explanation for the lack of variation in EWL in the current
study is that sparrow-weavers had ad libitum access to water in all
acclimation treatments, whereas wild, desert sparrow-weavers experi-
ence both higher Ta and scarce water supply during summer (Noakes
et al., 2016). The magnitude of Tb variation among acclimation treat-
ments (~ 0.6 °C) was similar to the magnitude reported for the seasonal
acclimatisation of Tb in desert sparrow-weavers (~0.7 °C; Noakes et al.,
2016).

The two previous studies with data comparable to ours reported
lower Tb in heat-acclimated individuals: Zenaida asiatica mearnsii (~1 °C
lower at Ta= 45 °C; McKechnie and Wolf, 2004) and Columba livia
(~2 °C lower at Ta > 35 °C; Marder. J., Arieli, Y, 1988), associated
with enhanced evaporative cooling efficiency via adjustments in the
partitioning of EWL into cutaneous and respiratory avenues. It is less
clear how sparrow-weavers in the Taccl = 42 °C group maintained a
lower Tb without increasing EWL or evaporative cooling efficiencies
(EHL/MHP). One potential explanation could involve variation in
thermal conductance as a result of post-acclimation Mb differences,
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Fig. 3. The evaporative water loss (EWL) of white-browed sparrow-weavers (Plocepasser mahali) was measured over an air temperature (Ta) range of ~ 38–54 °C.
Sparrow-weavers were caught from three populations along a climatic gradient (Askham, Barberspan and Polokwane), and split among three acclimation tem-
perature treatments (Taccl = 30 °C, 36 °C and 42 °C; first three panels). The bottom left panel is of mean EWL values of each acclimation group at each Ta measured.
EWL did not significantly vary among acclimation treatments or populations (n≈ 10 per population per Taccl). Inflection points were calculated using broken stick
linear regressions and regression lines represent significant relationships from a linear mixed effects model (Ta < 43.005 °C: y= 0.010 x – 0.087; Ta > 43.005 °C:
y= 0.045 x – 1.583).
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although we consider this unlikely as Mb was not a predictor variable in
the top models explaining Tb variation. Flexibility in Tb is an interesting
response not frequently reported in the avian literature. The majority of
acclimation studies focused on flexibility in RMR at thermoneutral or
colder Ta (reviewed by McKechnie, 2008; McKechnie and Swanson,
2010), and so it is striking that three acclimation studies investigating
flexibility of thermoregulation of wild birds at high Ta have all reported
reduced Tb in heat-acclimated treatment groups (current study; Marder
and Arieli, 1988; McKechnie and Wolf, 2004). The same pattern has
been reported in heat-acclimated commercial chickens (Abdelqader and
Al-Fataftah, 2014; Hutchinson and Sykes, 1953; Sykes and Fataftah,
1986).

Maintaining lower Tb in hot environments could confer adaptive
benefits by providing a greater capacity for heat storage (McNab and
Morrison, 1963; Tieleman et al., 2002). It has been argued that arid-
zone birds should demonstrate a greater capacity for facultative hy-
perthermia compared to mesic species, but this has not been supported
by studies directly comparing arid vs mesic birds (e.g., Noakes et al.,
2016; Tieleman and Williams, 1999). Smit et al. (2013) investigated Tb
variation in free-ranging sparrow-weavers in the Kalahari Desert, and
reported desert sparrow-weavers had a ~1 °C higher set-point Tb
compared to semi-desert conspecifics, but not a greater capacity for

hyperthermia (i.e., Tb > modal Tb). Laboratory data for sparrow-
weavers at high Ta reveal a contrasting pattern, with lower Tb in desert
compared to mesic sparrow-weavers (Noakes et al., 2016), and also in
sparrow-weavers acclimated to the hottest vs milder acclimation
treatments (current study).

The EWL and RMR of sparrow-weavers were substantially lower in
the present study compared to values previously reported for freshly-
caught wild birds (Noakes et al., 2016; Whitfield et al., 2015). For ex-
ample, EWL and RMR at Ta= 42 °C in acclimated sparrow-weavers
were equivalent to just 20–25% of the values of wild conspecifics at the
same Ta (Noakes et al., 2016). Previous studies have also documented
lower metabolic rates in birds after periods of captivity (reductions
from ~10 to 40%), with suggested mechanisms including lower stress
levels after periods in captivity, changes in body composition and organ
masses due to captive diets, and a decrease in pectoralis muscle mass on
account of reduced flight activity (Al-Mansour, 2005; McKechnie et al.,
2007; Piersma et al., 1996). Although the differences between our ob-
served values and those reported by Noakes et al. (2016) are larger than
documented elsewhere, the magnitude of these differences are never-
theless similar to the interspecific variation in BMR that occurs among
similarly-sized species; for instance, the BMR of the ~24-g Cacomantis
variolosus is equivalent to just 19% of that of the 20-g Phylidonyris
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Fig. 4. The resting metabolic rate (RMR) of white-browed sparrow-weavers (Plocepasser mahali) was measured over an air temperature (Ta) range of ~ 38–54 °C.
Sparrow-weavers were caught from three populations along a climatic gradient (Askham, Barberspan and Polokwane), and split among three acclimation tem-
perature treatments (Taccl = 30 °C, 36 °C and 42 °C; first three panels). The bottom left panel is of mean RMR values of each acclimation group at each Ta measured.
RMR did not significantly vary among acclimation treatments or populations (n≈ 10 per population per Taccl). Inflection points were calculated using broken stick
linear regressions and regression lines represent significant relationships from a linear mixed effects model (Ta < 41.268 °C: y=−0.041 x – 1.924).
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novaehollandiae (Hails, 1983; Yuni and Rose, 2005). We cannot rule out
the possibility of these differences reflecting a methodological problem,
but consider it unlikely as the same respirometry system and calibration
procedures were used in all studies (Noakes et al., 2016; Whitfield et al.,
2015).

The initial decrease in RMR with increasing Ta over the range of
~38 °C < Ta < 41.3 °C is puzzling (Fig. 4), as the UCT for this species
is ~37 °C (Noakes et al., 2016; Whitfield et al., 2015). This pattern
could potentially represent an artefact of our methods, such as birds
calming down after being handled and placed in metabolic chambers,
although an initial increase in RMR was not reported in previous studies
on sparrow-weavers using a similar protocol (Noakes et al., 2016;
Whitfield et al., 2015). The lack of a relationship between RMR and
Ta > 41.3 °C is surprising as an increase in RMR with increasing Ta
above normothermic Tb is expected in passerines as result of increasing
respiratory EWL (e.g., Kemp and McKechnie, 2019; McKechnie et al.,
2017; Smith et al., 2017). Noakes et al. (2016) also reported that the
relationship between Ta and RMR of sparrow-weavers at Ta > 40 °C
was not as clear as those for other thermoregulatory variables, and van
Dyk et al. (2019) found no relationship between Ta and RMR at low
absolute humidities (~6 gm−3) at 36 °C≤ Ta≤ 44 °C, but increases an

RMR with increasing Ta at higher humidities (up to 25 gm−3).
The mean maximum EHL/MHP (2.1 ± 0.8) in the present study

was similar to values previously reported for sparrow-weavers
(~1.0–2.3: Noakes et al., 2016; 1.79 ± 0.30: Whitfield et al., 2015).
There were a few outliers, with one individual exhibiting EHL/
MHP=5.0 at Ta= 47.4 °C (Fig. 5), a value close to the highest EHL/
MHP ever recorded in a bird (EHL/MHP=5.2 at Ta= 56 °C in a ca-
primulgid; O'Connor et al., 2017). Such high EHL/MHP values are
surprising in a species that uses panting to dissipate heat at Ta > Tb
(Tieleman and Williams, 2002; Wolf and Walsberg, 1996), but as the
associated EWL and RMR values appeared valid we did not exclude
these data. EHL/MHP increased with increasing Ta < 47.4 °C but pla-
teaued at higher Ta (Fig. 5), suggesting that maximum evaporative
cooling efficiencies of sparrow-weavers had been reached.

The variation among acclimation treatments we observed adds to
the growing number of studies demonstrating considerable plasticity in
the thermal physiology of sparrow-weavers (Noakes et al., 2016, 2017;
Smit and McKechnie, 2010, 2015; Smit et al., 2013). Little is known
about the shape of avian thermoregulatory reaction norms [i.e., the
range of phenotypic trait values a single genotype can produce in re-
sponse to environmental conditions (Schlichting and Pigliucci, 1998)].
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Fig. 5. The ratio of evaporative heat loss (EHL) to metabolic heat produced (EHL/MHP) of white-browed sparrow-weavers (Plocepasser mahali) was measured over an
air temperature (Ta) range of ~ 38–54 °C. Sparrow-weavers were caught from three populations along a climatic gradient (Askham, Barberspan and Polokwane), and
split among three acclimation temperature treatments (Taccl = 30 °C, 36 °C and 42 °C; first three panels). The bottom left panel is of mean EHL/MHP values of each
acclimation group at each Ta measured. EHL/MHP did not significantly vary among acclimation treatments or populations (n≈ 10 per population per Taccl).
Inflection points were calculated using broken stick linear regressions and regression lines represent significant relationships from a linear mixed effects model
(Ta < 47.388 °C: y= 0.143 x – 4.889).
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The majority of studies investigating flexibility in avian thermo-
regulation have focused on metabolic responses at thermoneutral or
colder Ta (e.g., basal metabolic rate [BMR] and summit metabolism
[Msum]; McKechnie, 2008; McKechnie and Swanson, 2010). The reac-
tion norm for avian BMR has been demonstrated as approximately
linear for Streptopelia senegalensis over the range 10 °C≤ Taccl≤ 35 °C
McKechnie et al., 2007), and for Poecile atricapillus over minimum Ta
ranging from −20 °C to 30 °C (Petit and Vézina, 2014). The latter study
also quantified variation in Msum and reported the reaction norm to be
approximately linear between upper and lower limits (Petit and Vézina,
2014). Moreover, flexibility in BMR in response to thermal acclimation
in a mammal, Phodopus sungorus, varies among and within individuals
between seasons (i.e., summer vs winter; Boratyński et al., 2016, 2017),
demonstrating that the scope of thermoregulatory reaction norms are
not necessarily fixed in individuals.

The lack of variation of any thermoregulatory variables (EWL, RMR,
EHL/MHP or Tb) among sparrow-weaver populations following accli-
mation suggests the shapes of reaction norms for heat tolerance and
evaporative cooling capacities are similar across this species' range.
Previous studies have reported lower EWL and RMR at thermo-
neutrality in arid-zone species compared to mesic counterparts
(Tieleman et al., 2002, 2003b; Williams, 1996), and some studies sug-
gest these patterns also exist at the intraspecific level (MacMillen and
Hinds, 1998; Noakes et al., 2016; Sabat et al., 2006). The absence of
interpopulation variation in RMR and EWL of sparrow-weavers after
acclimation highlights that these patterns can arise from phenotypic
flexibility, although common-garden experiments have demonstrated a
genotypic basis for metabolic differences among populations of Saxicola
torquata (Wikelski et al., 2003) and great tits Parus major (Broggi et al.,
2005). Moreover, variation in EWL between populations of a kangaroo
rat, Dipodomys merriami, has been argued to arise from a combination of
genotypic adaptation, developmental plasticity and acclimatisation
(Tracy and Walsberg, 2000, 2001), and interpopulation variation in the
Tb of another rodent, Rattus fuscipes, is determined by an interaction
between phylogenetic relatedness and climate (Glanville et al., 2012).
Collectively, these studies reveal that patterns of thermoregulatory
variation in endotherms can be the result of either phenotypic plasti-
city, genotypic adaptation, or a combination thereof.

It has been hypothesised that birds from more temporally hetero-
genous and unpredictable environments have greater flexibility in their
thermal physiology, and that this pattern could also exist at the in-
traspecific level (Cavieres and Sabat, 2008; Tieleman et al., 2003a;
Schlichting and Pigliucci, 1998). Our capture site near Askham in the
Kalahari Desert experiences the greatest annual variation in climatic
variables compared to the other capture sites in the current study (e.g.,
in terms of rainfall and seasonal Ta extremes; Table 1), but we found no
variation in the shape of thermoregulatory reaction norms among po-
pulations in the current study. It is possible that the reaction norms of
populations could vary in their upper limit or in the rate at which birds
adjust their physiology to different Ta (McKechnie, 2008). Annual
rainfall at Askham is unpredictable with some years having little to no
rain, and thus sparrow-weavers from this population would benefit
from being able to rapidly adjust their physiology to conserve water
during particularly hot, dry summers.

In conclusion, our results reiterate the importance of considering
adaptive thermoregulation when predicting the response of birds to
anthropogenic climate change (Angilletta Jr et al., 2010; Boyles et al.,
2011; Williams et al., 2008). We demonstrated phenotypic flexibility in
the ability of a passerine bird to handle high Ta, suggesting that in-
dividuals (at least those from cooler sites) will be able to acclimatise to
rising Ta during their lifetime (Boyles et al., 2011). However, the ca-
pacity for physiological adjustments will ultimately be constrained by
biophysical parameters and physiological limits, meaning that there are
likely upper limits to birds' capacity to increase their heat tolerance and
evaporative cooling capacity (Boyles et al., 2011; Oswald and Arnold,
2012). It may be that birds living in hot, desert environments are

already close to these upper physiological limits. We found no fixed
interpopulation differences in the heat tolerance of sparrow-weavers
from sites along a climatic gradient, supporting the idea that climate
change is likely to occur at a pace too rapid for species to undergo
genotypic adaptation to cope with higher Ta (Boyles et al., 2011).
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