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Many of the negative physiological effects of lead involve the hypothalamus, but the possibility that thermo-
regulation is affected has received little attention. We tested the hypothesis that lead exposure reduces avian
thermoregulatory performance under hot conditions in pied crows (Corvus albus) experimentally exposed to lead
in their diet. Crows in our high lead treatment (blood [Pb] = 87.3 + 44.7 pg dL 1) showed significantly higher
air temperature (T,;;) inflections for evaporative water loss (EWL) and resting metabolic rate (RMR) compared to
control (6.4 + 1.8 pg dL™1) or intermediate (53.9 + 23.7 pg dL.™!) lead groups, which did not differ. EWL, RMR

and body temperature (T}) all increased more rapidly at T, > Tp, in the high lead treatment. In contrast, neither
maximum T, tolerated by the crows nor maximum Tj, varied with treatment. Our data reveal that water and
energy balance during hot weather is affected by lead exposure.

1. Introduction

Human activities have resulted in organisms being increasingly
exposed to pollutants, many containing molecules that in concentrations
exceeding background levels can have severe negative physiological
effects. One such molecule is lead (De Francisco et al., 2003; Demayo
et al., 1982; Monclas et al., 2020). The physiological effects of lead are
primarily neurological, interfering with neurotransmitter function and
synaptogenesis by binding to voltage-gated Ca®" channels (Eisler, 1988;
Mukherjee et al., 2022; Virgolini and Aschner, 2021). Avian effects of
chronic exposure including reduced foraging ability, lethargy, decreased
spatial awareness, loss of coordination and drooping wings as well as
compromised immune response and reduced reproductive success
(Franson and Pain, 2011a; Haig et al., 2014). Acute exposure to large

quantities of lead can be lethal; for example, there have been several
cases in which lead-containing paint or food has resulted in mortality
among captive birds (e.g., Naidoo et al., 2012; Pikula et al., 2013).
Although overall environmental levels of lead have declined since
the global phase-out of leaded automotive fuel (e.g., Escobar et al.,
2013; Wu and Boyle, 1997; Xu et al., 2012), other sources of lead
continue to create significant conservation challenges. Prominent
among these sources are lead ammunition and fishing tackle (Fisher
et al., 2006; Grade et al., 2019; Haig et al., 2014) and mining (Beyer
et al.,, 2013; Henny et al.,, 1991). Spent ammunition in carcasses is
thought to be a major avenue of exposure among scavenging birds
(Fisher et al., 2006; Franson and Pain, 2011b; Ganz et al., 2018; Naidoo
et al.,, 2017), with high levels of lead exposure frequently reported
among vultures (Finkelstein et al., 2012; van den Heever et al., 2019;

Abbreviations: EHL, evaporative heat loss; EWL, evaporative water loss; M;,, body mass; MHP, metabolic heat production; T, air temperature; T, body

temperature; RMR, resting metabolic rate.
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Wiemeyer et al., 2017). Blood lead levels associated with significant
subclinical and clinical poisoning in southern African vultures have been
reported by several workers (e.g., Garbett et al., 2018; Naidoo et al.,
2017; van den Heever et al., 2019), supporting arguments that poisoning
in general is a major cause of recent rapid declines in vulture pop-
ulations in Africa (Ogada et al., 2016; Safford et al., 2019).

Many of the negative effects of lead on avian physiological function
occur in the hypothalamus, a region of the central nervous system where
many neuroendocrine processes occur. For instance, lead exposure im-
pairs several physiological pathways involved in reproduction that
originate in the hypothalamus (He et al., 2020; Sokol et al., 1985;
Vallverdt-Coll et al, 2016). The preoptic anterior hypothalamus
(POAH) is the site of the major thermoregulatory integration centre,
where populations of warm-, cold- and temperature-insensitive neurons
regulate a body temperature (T}) setpoint (Boulant, 2006; Hammel,
1965; Simon, 2000). Somewhat surprisingly, the possibility that lead
interferes with avian thermoregulatory control processes in the POAH
has not, as far as we are aware, been evaluated beyond Burger and
Gochfeld’s (1985) experimental test of whether lead exposure affects
shade-seeking behaviour in herring gull (Larus argentatus) chicks.

An effect of lead exposure on avian thermoregulatory performance
would have implications for understanding the physiological effects of
environmental lead, particularly in light of current rapid anthropogenic
climate change (IPCC, 2021). Limits to thermoregulatory performance
during heat exposure result in several effects of increasing temperatures
and more frequent and severe heat waves on avian survival and repro-
duction. These include mass mortality events during extreme heat
events (Finlayson, 1932; Holt and Boersma, 2022; McKechnie et al.,
2021b; Saunders et al., 2011). Chronic exposure to sustained hot
weather is associated with missed opportunity costs arising from
behavioural trade-offs that negatively affect several components of
fitness related to both adult survival and breeding success (reviewed by
Cunningham et al., 2021). These negative impacts of heat waves are not
confined to warmer regions; studies of high-latitude species reveal
similar temperature-dependent behavioural trade-offs affecting repro-
duction (Oswald and Arnold, 2012; Oswald et al., 2008) and much lower
heat tolerance limits than birds inhabiting warmer regions (O’ Connor
et al., 2021). If the neurological effects of lead include compromising
thermoregulatory performance limits, exposure to lead could exacerbate
the negative impacts of global warming.

In this study, we tested the hypothesis that the physiological effects
of lead exposure among birds extend to thermoregulatory performance.
Specifically, we predicted that lead exposure reduces birds’ abilities to
defend Tj, below lethal limits when environmental temperature exceeds
Tp. Control birds with baseline blood lead levels were predicted to
tolerate higher environmental temperatures than individuals with levels
associated with subclinical levels or clinical poisoning, and we expected
more precise thermoregulation (i.e., less variation around a normo-
thermic T}, setpoint) in control birds. We evaluated these predictions
using pied crows (Corvus albus), a widespread and common southern
African corvid. We considered C. albus a suitable model species as their
consumption of carrion potentially exposes them to lead from spent
ammunition, as is the case for vultures in southern Africa (van den
Heever et al., 2019, 2023). Corvids seem to be more heat-tolerant than
many passerines (Marder, 1973), but the extreme environmental tem-
peratures they experience while incubating in full sun in exposed loca-
tions such as utility poles and windmills raises the possibility of
deleterious effects of rising temperatures.

2. Material and methods
2.1. Study site and animals
The study took place during September to December 2021 at Vulpro

(S25° 42’ 42” E 27° 57’ 147), a vulture conservation and research centre
near the town of Hartbeespoort in South Africa’s Northwest Province.
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During April 2021, 37 pied crows (Corvus albus Miiller 1776) were
caught by placing carrion in a large flight aviary for several weeks. On
the days of capture, the aviary entrance was pulled closed when a suf-
ficient number of crows were inside. The crows were then transferred
into smaller enclosures where they were held until late August 2021 to
ensure no exposure to lead for several months prior to the study.
Thereafter, they were transferred into one of two half-cylinder shaped
enclosures (16 m long, 5 m wide, 2.5 m high), each constructed from
aluminum tubing and shade cloth. Additional 80 % shade cloth was
affixed over ~3 m at the far end of each enclosure to provide shade.
While in captivity, the crows were provided with ad libitum borehole
water (known to be free of lead contamination) and food (piglet car-
casses and other carrion). Each enclosure was outfitted with 2-3 perches
spanning the full width. When the crows were placed in the two en-
closures for the main study, birds from each experimental treatment (see
below) were randomly allocated so that an equal number was housed in
each enclosure. Each crow was outfitted with three spiral colour rings to
permit individual identification for the remainder of the study.

2.2. Experimental treatments and measurements of blood lead

2.2.1. Pilot study

We manipulated blood lead in a subset of the crows by dosing them
with No. 3 lead shot, with mean =+ SD pellet mass = 0.200 + 0.006 g (n
= 23). After trying several approaches, the best way to dose the crows
involved opening the beak of each bird while in the hand and placing the
pellet(s) at the back of the gape. We then squirted a small amount of
water using a syringe barrel to ensure the lead was swallowed. During
July - August, we conducted a pilot study with nine randomly selected
crows to establish the relationship between the number of pellets dosed
and blood lead levels. Three of the birds received two pellets (i.e., ~0.4 g
lead) every ten days, three received three pellets (~0.6 g) every ten
days, while the remaining three were not given lead. Dosing occurred
three times for the 0.4 g and 0.6 g groups. Blood samples were drawn
once from the unmanipulated group, and on three occasions from the
0.4 g and 0.6 g groups (4, 8 and 10 days after dosing events). Blood
samples (~100 pL) were collected by brachial venipuncture and ana-
lysed within 1 h using a Leadcare 2 (Meridian Bioscience, Cincinnati OH,
USA) blood lead analyser calibrated using the two supplied standards.
Blood lead values for the three un-dosed birds were 8.4 & 1.3 pg dL ™.
Values for the three birds dosed with 0.4 g lead varied from 17.3 +
5.5 pg dL ™! after 4 days to 12.2 + 3.1 pg dL ™! after 10 days, whereas
corresponding values for the bird dosed with 0.6 g lead were 55.3 +
7.4 pg dL7! and 26.4 + 3.6 pg dL™), respectively. Following these
measurements, however, the Leadcare 2 kit we had used was recalled, so
we caution that these pilot study values may have been inaccurate. Six of
the pilot study birds were released, with three retained for the main
study on account of difficulties in capturing additional birds.

2.2.2. Main study

The main study took place in October and November 2021. Crows
were allocated to one of three experimental treatments: a control group
with unmanipulated blood lead levels, an intermediate blood lead group
and a high blood lead group (hereafter control, intermediate and high
groups, respectively). Based on the results of the pilot study, starting on
6 October we dosed birds weekly with either 0.4 g lead (intermediate
group) or 0.6 g (high group). Blood samples were drawn from all the
birds on 13 October (one week after the start of dosing) and again on 24
November, a week after the last dosing event. In addition, a third blood
sample was drawn from each bird in the intermediate and high groups
between 2 and 17 November, on the day each individual was used for
respirometric measurements during acute heat exposure.

Blood lead analysis was performed by Ampath Laboratories (Pre-
toria, South Africa) using Graphite Furnace Atomic Absorption Spec-
trometry (GFAAS), using a matrix-matched calibration curve
(calibration range 5-40 pg dL™!) for quantification of lead
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concentrations. Samples were prepared by dilution of blood standards,
controls and specimens with an appropriate diluent, prior to analysis.
Quality was assured using internal and external control specimens. The
method limit of quantification was 4 pg dL !, and measurement preci-
sion was 1 pg dL™L.

2.3. Thermoregulation during acute heat exposure

Between 22 October and 24 November, interactions between evap-
orative heat loss, metabolic heat production and T}, at air temperature
(Tair) approaching and exceeding normothermic Ti, were quantified
using flow-through respirometry. The equipment and experimental
setup were the same as those described by Czenze et al. (2021), Smit
et al. (2018) and Whitfield et al. (2015), with only minor modifications
listed below. The respirometry equipment was housed in an off-road
caravan modified as a mobile laboratory that was located at Vulpro
for the duration of this aspect of the study. The crows were placed
individually in a 30-L chamber (62 cm long x 32 cm wide, with a sloping
lid such that the height varied from 40 cm to 32 cm) chamber con-
structed from clear polycarbonate, placed in the same custom-built
temperature-controlled box described by Czenze et al. (2021). Using
the same approach as these authors, the crows’ T, was measured using
intraperitoneally-injected Biotherm passive-integrated transponder
(PIT) tags and HPR+ readers (Biomark, Boise ID, USA). To improve PIT
tag reception, the crows were restricted to one half of the chamber by
placing plastic containers on the mesh platform at the opposite end. Two
PIT tag readers were used, with one antenna on either side of the
chambers. The PIT tags used here are from the same batch for which a
subset was calibrated by Freeman et al. (2020), which deviated from the
actual temperature by 0.28 + 0.23 °C (n = 23). Following Czenze et al.
(2021), Smit et al. (2018) and Whitfield et al. (2015), a surveillance
camera and infrared light source mounted inside the
temperature-controlled box allowed us to monitor the crows’ behaviour
continuously during measurements. For nine individuals, we estimated
panting frequency at Tar > 40 °C by timing 10-30 breaths with a
stopwatch. We also monitored all individuals in the two experimental
treatments for behavioural symptoms of lead poisoning, which include
weakness, loss of coordination, involuntary eye movement and tremors
(Fallon et al., 2017), both while in the aviaries and during respirometric
measurements.

In brief, compressed air supplied by an oil-free compressor was
scrubbed of water vapour using a membrane dryer (Model SDIN-13,
Atlas Copco, Nacka, Sweden) before being supplied to an experimental
channel and a baseline channel. Flow rates to the baseline channel were
maintained at 1-2 L min~! using a needle valve, and flow rates to the
chamber were maintained using a mass flow controller (MC50 SLPM,
Alicat Scientific Inc., Tucson, AZ, United States), calibrated using a soap-
bubble flow meter (Gilibrator 2; Sensidyne, St. Petersburg, FL, United
States). Flow rates were adjusted between 20 and 50 L min~! to main-
tain low chamber humidity during measurements, with dewpoints
typically below 5 °C and never higher than 10 °C. Measurements of T,
carbon dioxide production (VC02) and evaporative water loss (EWL) and
monitoring of birds while in the chambers followed Whitfield et al.
(2015).

Prior to each set of measurements, a crow was caught early in the
morning before feeding to ensure it was postabsorptive. Retention time
of food was predicted as 113 min, using the scaling equation provided
by Karasov (1990). Crows were initially placed in the chambers at T, =
28 °C and allowed 1.5 h to habituate before any data were collected.
Thereafter, T, was increased in 4-°C increments until T, = 40 °C was
reached, whereafter it was increased in 2-°C increments until T,j, = 52
°C was reached (or, in a few cases, birds had to be removed early on
account of sustained escape behaviour. A few runs continued to Ty, = 54
°C, and the rapid increases in T}, and/or loss of balance that occurred at
this temperature suggest that T, = 52 °C is near the upper limit of the
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crows’ heat tolerance. Following (Czenze et al., 2021; Smit et al., 2018;
Whitfield et al., 2015) and other studies, once T,j; was approximately
stable at each setpoint value, birds were maintained until traces of [CO5]
and [Hy0] were stable for at least 10 min. Crows typically spent
15-20 min at each Ty, setpoint. The total duration of measurements per
individual was 3.5-4 h, with measurements for either one or two in-
dividuals per day. The order in which individuals were measured was
random within each treatment, i.e., the first individual tested was
randomly selected from one of the three treatments, the second was
randomly selected from the second treatment and the third from the
remaining treatment.

2.4. Data analyses

Algorithms provided in Expedata software (Sable Systems, Las Vegas
NV, USA) were used to correct for analyzer drift and lag, after which we
used (Lighton, 2008) equations 9.5 and 9.6 to calculate Vcoz and EWL
from the lowest stable 5-min periods of CO, at each Ty setpoint. For
EWL, we assumed a density of 0.803 mg H,0 mL ™! vapour. We calcu-
lated resting metabolic rate (RMR; W) from Vo, assuming a respiratory
exchange ratio (RER) of 0.71 (i.e., lipid metabolism; (Walsberg and
Wolf, 1995) and Joule thermal equivalence of 2.78J mL~! CO
(Withers, 1992) as the birds were removed from the aviaries some time
before measurements and were likely postabsorptive at the
commencement of data collection. Rates of evaporative heat loss were
calculated from EWL assuming a latent heat of vaporization of water of
2.406 J mg ! at 40 °C (Tracy et al., 2010)

We restricted analyses to T,iy = 28 °C - 52 °C and did not include the
subset of crows measured at T,i; = 54 °C (3 per treatment). Final sample
sizes for the control, intermediate and high treatments were 8, 10 and 8,
respectively. Respective inflection T,y values above which response
variables (T, EWL, RMR and EHL/MHP) increased rapidly were iden-
tified using the package segmented.lme (Muggeo, 2016), with individual
identity, included as a random predictor. Response variables were
analysed at Ty above and below inflection points separately using linear
mixed-effect models in the R package nlme (Pinheiro et al., 2009),
allowing for the estimating of relationships (slopes) of thermoregulatory
response variables as functions of Tg;-

Levene’s tests implemented in the R package lawstat (Gastwirth et al.,
2017) confirmed that no significant heteroscedasticity existed in Ty,
EWL or RMR data at T, above inflection points. After confirming that
no obvious deviations from normality or homoscedasticity were evident
in residual plots, we fitted linear mixed-effect models using the nime
package (Pinheiro et al., 2009). Our standard mixed-effect model
included T (or Tei—Tp), Mp, Pb treatment, and the Tg;: Pb treatment
interaction. Where a significant interaction between Pb treatment and
Tair occurred, we used Type III analysis of variance to determine the
significant effects of predictors. Tukey HSD multiple comparison anal-
ysis was used to test for differences between maximum values of
response variables (T, RMR, EWL and EHL/MHP). Maximum values for
response variables were compared at Ty, = 52°C, the highest T, at
which sample sizes for each treatment were large enough to make sta-
tistically rigorous comparisons.

3. Results
3.1. Blood lead levels

One week after the start of dosing, blood lead in the control birds
averaged 6.4 + 1.8 ug dL ! (n = 8), whereas values for the intermediate
and high treatments were 46.8 + 26.9 ug dL™! (n = 10) and 66.4 +
27.6 ug dL™! (n = 10), respectively. Immediately before gas exchange
and T, measurements, the corresponding values were 53.9 =+
23.7 ug dL7! (n = 9, range = 22-99 pg dL ') and 87.3 + 44.7 pg dL !
(n = 9, range = 43-159 pg dL™), respectively. Blood [Pb] varied
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considerably between individuals within treatments, typically by ~4-
fold for each set of blood [Pb] measurements.

3.2. Behaviour

Crows typically remained calm during measurements but shifted
position more frequently at T,y > 46 °C. They often held their beaks
open, with some individuals gaping continuously during their time in
the chamber, even at the starting T,y = 28 °C. Panting at Tair > 40 °C
occurred at rates of 68 — 146 breaths min ! (n=9). We also observed
wing-drooping behaviour in some individuals, as well as copious sali-
vation evident as fluid on the beaks upon removal from the chamber at
the end of measurements. In these instances, partial wetting of both the
inner and outer beak surfaces occurred. No obvious differences in
behaviour occurred between the three treatments while birds were in
the chamber. We also detected no behavioural indications of lead
toxicity in any of the crows during the study, neither while in chambers
nor in the aviaries where they were held.

3.3. Body temperature and maximum air temperature

Crow Ty, varied from ~ 41.5°C at T = 28 °C to 43-44 °C at the
highest T,;; values at which we obtained data (Tyj, = 53-54°C). Inflec-
tion T,i values for Ty, (Table 1) did not vary significantly with Pb
treatment (Table 1). Crows in all three Pb treatments reached maximum
setpoint air temperature at Tpir = 52°C or Ty = 54°C (Table 1). At Ty =
52°C, maximum T}, did not differ significantly between the control (x =
43.12+0.50°C) and intermediate (x = 43.4340.51°C; Tukey: HSD=-
0.31, p=0.71) or high treatment (x = 43.314+0.74°C; Tukey:
HSD=0.61, p=0.32). Our top linear mixed-effect model for T at Tqir
above inflections identified T, (F1727 = 409.06, p<0.001), Pb treatment
(F2129 =3.66, p = 0.03) and the interaction between Pb treatment and
Tair (F2121 = 3.23, p = 0.045), but not body mass (My; F7 23=1.35, p =
0.26), as significant predictors of T}, evident as steeper increases in Ty,
with increasing Ty, in the high treatment compared to the other two
treatments (Table 1; Fig. 1)

3.4. Resting metabolic rate

The crows’ RMR was significantly predicted by Tair (F1705 = 390.86,
p < 0.001), My, (F7,23 = 19.68, p < 0.001), Pb treatment (Fz177 — 3.52, p
= 0.03) and the interaction between Pb treatment and T, (F2727 = 3.21,
p = 0.04; Fig. 2). Minimum values of RMR were ~ 3.5 W at Ty = 28 °C,
increasing to maxima of ~ 6 W at Ty = 52-54°C. The inflection Ty, for
RMR (i.e., the upper critical limit of thermoneutrality, T,c; Table 1) was
significantly higher for the high Pb treatment compared to the control
group (Tukey: HSD = 4.02, p = 0.048), but did not differ between the
control and intermediate treatments (Tukey: HSD = —1.76, p = 0.48)
nor the high and intermediate Pb treatments (Tukey: HSD = 2.26, p =
0.31). The slope of RMR above the inflection Ty, for the high Pb treat-
ment (263 mW °C~ 1) was 1.4- and 1.2-fold greater than slopes for the
control (189 mW °C’1) and intermediate treatment (220 mW "C’l),
respectively (Fig. 2). At Tpy = 52°C, maximum RMR did not differ
significantly between the control group (x = 5.88+1.19°C), interme-
diate (x = 5.54+0.83°C; Tukey: HSD = 0.34, p = 0.86) or high Pb
treatments (x = 6.0541.23°C; Tukey: HSD=-0.17, p=0.96).

3.5. Evaporative water loss

Our mixed effect model revealed EWL was significantly predicted by
Tair (F1116 = 859.71, p< 0.001), My (F1,23 = 17.08, p < 0.001), Pb
treatment (F2121 = 4.81, p < 0.01) and the interaction between Pb
treatment and Ty (F2115 = 4.13, p = 0.02; Fig. 3). Across treatments,
rates of EWL varied from a minimum of ~ 2-3gh~ ! at the lower
experimental Ty, values to maxima of ~ 20 g h™ ! (T, = 52-54 °C) and
23.08 £ 5.75gh™ 1 (n =3) in the high Pb treatment (T, = 54 °C;
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Table 1

Summary of thermoregulatory performance as a function of air tempera-
ture (T,) for pied crows (Corvus albus) with blood lead levels of 6.4 +
1.8 pg dL™! (Control), 53.9 + 23.7 pgdL~! (Intermediate) or 87.3 +
44.7 pg dL ! (High). T = body temperature, T,; = air temperature, RMR =
resting metabolic rate, T, = upper critical limit of thermoneutrality, EWL =
evaporative water loss, EHL= evaporative heat loss, MHP = metabolic heat
production. Means + SD are reported, with sample sizes in parentheses. For
inflection Ty, values, 95 % confidence intervals are reported in square brackets.

Variable Control Intermediate High

Body mass (g) 519.94+30.45 523.43+43.01 492.07+41.80

®) (10) ©
Body temperature
Min. T, (°C) 41.5+0.5 (7) 41.6+0.5 (9) 41.6+0.4 (8)
Inflection Ty, 40.5 41.0 43.3
Q) [37.64-43.45] [37.99-44.01] [41.36-45.28]
Ty vs Tqir slope 0.13 0.11 0.17

CCT,°C™" Tai)

Max. Ty (°C) Toir ~ 43.1+0.5 (5) 43.410.5 (7) 43.3+0.7 (9)
=52°C
Max. Ty CC) Toir ~ 43.620.7 (3) 43.9+0.3 (3) 43.6£0.2 (3)
=54°C

Resting metabolic
rate

Min. RMR (W) 3.92+0.50 (7) 3.51+0.99 (9) 3.78+0.57 (8)

Tyue (°C) 39.27 41.03 43.29
[36.96-41.571] [38.72 - 43.33] [41.83-44.75]

RMR slope (mW 188.67 220.01 263.19

DC71)

Max. RMR (W) 5.88+1.19 (5) 5.54+0.83 (7) 6.05+1.23 (9)

Tair = 52°C

Max. RMR (W) 6.78+1.99 (3) 5.71+0.06 (3) 6.25+1.16 (3)

Tair = 54°C

Max. RMR/min. 1.73 1.63 1.65

RMR

Evaporative water
loss

Min. EWL (g 3.03+1.15 (7) 1.87+0.67 (9) 2.89+1.21 (8)

hh

Inflection Ty 41.22 43.11 44.93

(O] [39.89-42.55] [41.62-44.77] [44.18-45.68]

EWL slope (g 1.16 1.34 1.49

ht cC—l)

Max. EWL (g 19.23+4.04 (5) 19.01+2.83 (7) 20.41+4.71 (9)

h™") Ty = 52°C

Max. EWL (g 21.55+6.89 (3) 19.59+0.45 (3) 23.08+5.75 (3)

h™1) Ta = 54°C

Max. EWL/min. 7.11 10.49 7.99

EWL

Min. EHL/MHP 0.52+0.25 (7) 0.35+0.11 (9) 0.45+0.10 (8)

EHL/MHP —10.69 [-12.05 —6.54 [-11,16 - —4.65 [-6.47 -

inflection T - - —6.09] —1.93] —2.84]

T, (°C)

EHL/MHP slope 0.09 0.10 0.11

Max. EHL/MHP 2.18+0.05 (5) 2.30+0.17 (7) 2.25+0.20 (7)

Tair = 52°C

Max. EHL/MHP 2.114+0.12 (3) 2.30+0.07 (3) 2.45+0.21(3)

Tair = 54°C

Table 1). The inflection Ty;; above which rates of EWL increased rapidly
varied with Pb treatment (control = 41.22 °C, intermediate = 43.11 °C,
high = 44.93 °C, Table 1), with the inflection T,; for our control
treatment significantly lower than for our high Pb treatment (Tukey:
HSD = —3.71, p = 0.004). Inflection points were not significantly
different between our intermediate Pb treatment and control (Tukey:
HSD = 1.89, p = 0.15), nor between our intermediate and high Pb
treatment (Tukey: HSD = —1.82, p = 0.17). At Tyj; = 52 °C, maximum
EWL did not differ significantly between the control group (x = 19.31
+3.80°C) and the intermediate (x = 19.014:2.83°C; Tukey: HSD =
0.02, p = 0.99) or high Pb treatments (x = 20.41+4.71°C; Tukey: HSD
= -1.38, p = 0.81).
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Fig. 1. Relationship between body temperature (T},) and air temperature (Tai;)
in pied crows (Corvus albus) with background blood [Pb] (6.4 + 1.8 pg dL’l,
“Control”), dosed with 0.4 g of Pb every ten days (53.9 + 23.7 ug dL ™7, “In-
termediate™) or dosed with 0.6 g Pb every ten days (87.3 + 44.7 pg dL™?,
“High™). The solid lines represent segmented linear regression models fitted to
the data and the dashed line shows Ty, = Tay,.
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Fig. 2. The inflection air temperature above which resting metabolic rate
began to increase (i.e., the upper critical limit of thermoneutrality) of pied
crows (Corvus albus) was significantly higher among individuals dosed with
0.6 g Pb every ten days (87.3 + 44.7 ug dL ™%, “High”) compared to individuals
with background blood [Pb] (6.4 + 1.8 pg dL’l, “Control”) or dosed with 0.4 g
of Pb every ten days (53.9 + 23.7 ug dL ™}, “Intermediate™). The solid lines
represent segmented linear regression models fitted to the data.

3.6. Evaporative heat loss/metabolic heat production

Evaporative cooling efficiency (i.e., EHL/MHP) was significantly
predicted by Tair (F1153 = 1334.78, p<0.001), Pb treatment (Fa16; =
6.49, p = 0.002) and the interaction between Pb treatment and Ta;r
(F2153 = 5.46, p= 0.005; Fig. 4). However, My (F1,23 = 0.21, p:0.65)
was not a significant predictor of EHL/MHP. Inflection Ty values for
EHL/MHP increased with Pb treatment (control =-9.07, intermediate =
—6.55 and high = —4.65) but these differences were not significant
(Table 2). At Tar = 52°C, maximum EHL/MHP did not differ signifi-
cantly between the control group (x = 2.18+0.05°C) and the inter-
mediate (x = 2.30+0.17°C; Tukey: HSD=-0.12, p=0.44) or high Pb
treatments (x = 2.25+0.20 °C; Tukey: HSD=-0.07, p=0.75).
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Fig. 3. The inflection air temperature above which evaporative water loss
began to increase rapidly of pied crows (Corvus albus) was significantly higher
among individuals dosed with 0.6 g Pb every ten days (87.3 + 44.7 pg dL ™},
“High”) compared to individuals with background blood [Pb] (6.4 =+
1.8 ug dL ™!, “Control”) or dosed with 0.4 g of Pb every ten days (53.9 +
23.7 ug dL™!, “Intermediate™). The solid lines represent segmented linear
regression models fitted to the data.
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Fig. 4. Relationship between evaporative heat loss / metabolic heat production
(EHL/MHP) and the gradient between air temperature and body temperature in
pied crows (Corvus albus) with background blood [Pb] (6.4 + 1.8 pgdL™?,
“Control”), dosed with 0.4 g of Pb every ten days (53.9 + 23.7 pg dL ™}, “In-
termediate™) or dosed with 0.6 g Pb every ten days (87.3 + 44.7 pgdL ™},
“High™). The solid lines represent segmented linear regression models fitted to
the data.

4. Discussion

Our findings did not support our first prediction that lead reduces
avian heat tolerance, with no significant effect of lead on maximum Ty, at
the highest experimental Ty, achieved during acute heat exposure in
pied crows. However, significant effects of Pb treatment on thermo-
regulation at T, approaching or exceeding normothermic T, were
evident. Increases above baseline levels in both EWL and RMR
commenced at T, values ~4 °C higher in the high Pb treatment
compared to the control treatment, with EWL, RMR and T}, above in-
flection points increasing more rapidly in the high Pb treatment. The
onset of evaporative cooling responses of crows with high Pb exposure at
higher T,j, as well as the subsequent steeper increases in Ty, EWL and
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Table 2

Conventional analysis of variance (ANOVA) stepwise multiple comparisons
(Tukey HSD post-hoc test) comparing inflection air temperature values for our
control, intermediate and high Pb treatments detected using segmented
regression analysis in the relationship between our thermal response variables
and air temperature. Bold p-values indicate significance (p<0.05).

Tukey post hoc

Diff. lower upper p-value

Body temperature
Control - Intermediate —0.50 —5.41 4.42 0.97
Control - High —2.80 —-7.83 2.23 0.36
Intermediate - High -2.30 —7.06 2.46 0.46
Resting metabolic rate
Control - Intermediate -1.76 —5.54 2.02 0.48
Control - High —4.02 —8.00 —0.04 0.048
Intermediate - High —2.26 —6.03 1.52 0.31
Evaporative water loss
Control - Intermediate -1.89 —4.34 0.56 0.15
Control - High -3.71 —6.29 -1.13 0.004
Intermediate - High -1.82 —4.27 0.63 0.17
Evaporative heat loss/

metabolic heat production
Control - Intermediate —2.53 —8.86 3.83 0.59
Control - High —4.42 —-10.94 2.09 0.23
Intermediate - High -1.90 —8.05 4.26 0.72

RMR with increasing T,j, raises the possibility that decreased neural
conductance (Dey et al., 2000; Eisler, 1988; Martel et al., 2020) delayed
the behavioural response of panting. Although we used a surveillance
camera to monitor the crows in the chamber, we were unable to quantify
panting occurrence and frequency in sufficient detail to evaluate this
possibility further, as the crows frequently shifted position in the
chambers and often stood facing away from the camera for extended
periods.

The steeper slopes of T,, EWL and RMR at Tpir > ~44 °C support our
prediction of lead exposure causing a decrease in thermoregulatory
precision, and suggest that, during hot weather, lead poisoning does
indeed have ecologically relevant effects on pied crows’ thermal phys-
iology. The experimental Ty values to which we exposed crows in this
study are higher than they would experience naturally in their southern
African range, but likely representative of the operative temperatures
[overall thermal environment incorporating radiative, convective and
conductive heat fluxes (Bakken, 1976; Robinson et al., 1976)] they
experience during summer in sunlit microsites. Pied crows frequently
nest in completely exposed sites on powerlines, with increasing avail-
ability of electrical infrastructure having been proposed to have facili-
tated the species’ expansion into South Africa’s arid southwest in recent
decades (Cunningham et al., 2016). Laying dates include the austral
summer, during which incubating adults may experience a combination
of high summer Ty, plus intense solar heat loads. The lack of a signifi-
cant effect of lead on maximum T}, at our highest consistent Ty of 52 °C
suggests that lethal hyperthermia risk is not affected, but the ~ 30 %
steeper increase in EWL among crows in the high Pb treatment has
implications for water balance and dehydration risk. Increasing Tair
associated with global warming (IPCC, 2021) will greatly increase the
risk of lethal dehydration arid-zone birds face during extreme heat
events (Albright et al., 2017; Conradie et al., 2020; McKechnie and Wolf,
2010), and lead-exposed crows may be expected to reach dehydration
tolerance limits sooner than unaffected birds.

The ~4 °C difference in pied crow T, between our control and high
Pb treatments represents a novel source of variation in this trait, with
implications for the use of Ty, data in comparative analysis. Avian Ty
values have been used to infer cold adaptation (Beaman et al., 2024) and
thermal tolerances in analyses of vulnerability to global warming
(Aratjo et al., 2013; Khaliq et al., 2014), although the latter approach is
conceptually flawed (Mitchell et al., 2018). These analyses often
implicitly assume that T, is a fixed, species-specific parameter, but our
results here reveal that avian T,. can vary with exposure to
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environmental pollutants. Our observed effects of lead on the slopes of
Ty, RMR and EWL in the crows suggest that pollutants can similarly
affect other variables used in comparative analyses of avian thermo-
regulation in the heat (e.g., McKechnie et al., 2021a).

Our data provide novel insights into how lead affects thermoregu-
lation in endotherms. The handful of previous investigations in in-
teractions between lead and thermoregulation typically focused on
transient reductions in Ty, following acute exposure, such as Gordon
et al.’s (1987) study in which mice injected with 25-100 mg kg~ lead
acetate showed transient hypothermia of up to 2.6 °C at T,y = 20 °C and
1.6 °C at T,y = 30 °C, and preferred T, ~ 8 °C lower compared to
control individuals, within 1 h of injection. In heat-exposed rats, in-
dividuals fed 1 % Pb acetate did not differ from control individuals in
lethal Ty nor time taken to reach lethal Ty, (Wright and Lessler, 1979).
Among birds, acute lead nitrate exposure of 100 ug g~ negatively
affected shade-seeking behaviour in six-day old herring gull chicks
(Burger and Gochfeld, 1995). The need to understand interactions be-
tween environmental pollutants and thermoregulation in the heat is,
however, gaining urgency, for instance in the context of interacting ef-
fects of climate change and urbanisation (Sumasgutner et al., 2023).

Although our data suggest limited effects of lead exposure on the
capacity of pied crows to tolerate high environmental temperatures for
short periods, it could nevertheless influence other aspects of avian re-
sponses to global warming. Lead exposure is associated with negative
effects on avian cognition and motor performance (Burger and Gochfeld,
2005; Goodchild et al., 2021), potentially exacerbating declines in
neurological function during heat exposure (Danner et al., 2021; Soravia
et al., 2023). Reductions in adult body mass or nest provisioning during
sustained hot weather have emerged as a major risk associated with
global warming (du Plessis et al., 2012; Pattinson et al., 2022; van de
Ven et al., 2019, 2020). Although these effects appear to be driven
primarily by behavioural trade-offs between foraging and thermoregu-
lation (Cunningham et al., 2021), declines in cognitive performance
likely compound the effects of high environmental temperatures on
foraging success.

The lack of any obvious behavioural signs of lead poisoning among
crows in the intermediate and high treatments suggests they are more
tolerant of high lead exposure than many birds. In orders such as
Anseriformes and Falconiformes, for instance, blood [Pb] =
50-100 pg dL~! is indicative of clinical poisoning (Franson and Pain,
2011b). Few blood [Pb] data for corvids have been published, although
a maximum individual value of 51.7 ug dL™! has been documented in
free-ranging common ravens (Corvus corax) in the Yellowstone area
(Craighead and Bedrosian, 2009). Values measured in free-ranging
corvids are, however, usually much lower (Craighead and Bedrosian,
2009; Van Hemert and Handel, 2016) and we consider it unlikely that
the blood [Pb] of free-ranging pied crows reach the levels used in our
experimental treatments. Blood [Pb] in the 50-100 pg dL ™! range is
sometimes encountered in specialist scavengers such as vultures (van
den Heever et al., 2019) and waterbirds exposed to lead shot (Newth
et al., 2013; Riecke et al., 2015).

Our data for crows in the control treatment add to the limited data
available on thermoregulation in the heat among large passerines, and
corvids in particular. Pied Crows tolerated T, = 52 — 54 °C, values
among the highest reported among passerines, as are the maximum
EHL/MHP values of 2.1-2.5 (reviewed by McKechnie et al., 2021a).
Brown-necked ravens (Corvus ruficollis; 610 g) reached a maximum T}, of
44.7 °C and EHL/MHP = 1.67 at T,j; = 50 °C (Marder, 1973). However,
the higher Ty, and lower EHL/MHP at T, = 50 °C in C. ruficollis
compared to C. albus in our control group (Ty: 44.7 °C vs 42.9 °C;
EHL/MHP: 1.67 vs 2.11) may reflect methodological differences related
to humidity levels within metabolic chambers. Marder (1973) main-
tained chamber relative humidity below 30 %, whereas values in our
study never exceeded 9 % at T,y = 50 °C. Elevated humidity impedes
evaporative cooling (Lasiewski et al., 1966), and the differences be-
tween these congeneric species in terms of thermoregulation at high Ty,
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likely reflect the experimental conditions involved. The salivation and
consequent beak wetting we observed in pied crows was similar to that
reported in American kestrels (Falco sparverius; Bartholomew and Cade,
1957) and more recently in chipping sparrows (Spizella passerina;
Zuluaga and Danner, 2023).

The high heat tolerance and evaporative cooling capacity of Corvus
spp. compared to most passerines (albeit lower than those of similar-
sized non-passerines that use gular flutter Czenze et al., 2021), is
consistent with recent observations that members of this genus seem
unusual among bird communities in their responses to climate change.
The heat tolerance of these two Corvus species contrast strongly with the
apparent sensitivity to high Ty of another corvid, the range-restricted
Ethiopian Bush-crow (Zavattariornis stresemanni), whose restricted
range is characterised by cooler conditions than surrounding areas and
commences heat dissipation behaviours at lower T, than other
similarly-sized sympatric passerines (Bladon et al., 2019; Donald et al.,
2012). It is possible that the relatively high heat tolerance of Corvus spp.
has been a factor in positive correlations between warming and popu-
lation increases reported for Common Ravens (Corvus corax) over the
last century in North America’s Mojave Desert (Iknayan and Beissinger,
2018) and Pied Crows in southwest South Africa between 1987 and
2010 (Cunningham et al., 2016). However, Iknayan and Beissinger
(2018) attributed the increases in C. corax primarily to the proliferation
of anthropogenic food resources, and the potential role of thermal
physiology remains to be evaluated.

In conclusion, our data confirm that lead exposure affects avian
thermoregulation in the heat. The steeper relationships between envi-
ronmental temperature and T}, evaporative water requirements and
MHP suggest that, under natural conditions, water balance during very
hot weather under current conditions, and increases in evaporative
cooling demands associated with climate warming, are influenced by
lead exposure. These findings identify a need for studies of a) thermo-
regulation among free-ranging birds exposed to lead, b) the effects of
lead exposure on heat dissipation behaviours such as panting, wing-
drooping and shade-seeking, and c¢) how reductions in cognitive per-
formance associated with lead exposure affect the dynamics of behav-
ioural trade-offs between foraging and thermoregulation and the
consequences for the fitness costs of periods of sustained hot weather.
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