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Frequent and intense heatwaves are causing heat-related avian mass
mortality events to become more common, but the role of elevated
humidity as a contributing factor remains unclear. Here, we quantified
the effect of humidity on risks of lethal hyperthermia for blue waxbills
(Uraeginthus angolensis), the species most common among the victims
of South Africa’s first documented heat-related mass mortality event
involving wild bird populations. We quantified waxbills” body temperature
(Tp), metabolic heat production and evaporative heat loss at air
temperatures (T,i;) approaching and surpassing normothermic Tj, in dry
(1.1 £ 0.9 g m™®) and humid (21.3 + 0.4 g m™) air. The humid treatment was
associated with significant declines in evaporative cooling capacity, and
maximum Ty;, tolerated by waxbills was approximately 2°C lower (45.7°C)
compared to the dry air treatment (47.9°C). A model of end-Century
exposure for the waxbills reveals that elevated humidity could increase
the risks of lethal hyperthermia by threefold to sevenfold in some parts of
southern Africa.

1. Introduction

Anthropogenic climate change has resulted in extreme heat events becom-
ing more intense and frequent over time [1] and can result in mass mor-
tality among wildlife [2-6]. Heat-related mortality events can have serious
consequences for populations; for instance, Australia is thought to have lost
approximately 33% of its population of spectacled flying foxes (Pteropus
conspicillatus) during a 2-day extreme heat event in late 2018 [7]. Although
their body temperature (Tp) is generally higher than that of mammals,
birds are vulnerable to extreme heat on account of their small size, diurnal
activity and reduced use of thermally buffered microsites such as burrows
[8]. Heat-related avian mass mortality events appear to have become more
frequent in recent years [5,9-11], underscoring the importance of predicting
conditions that exacerbate lethal hyperthermia or lethal dehydration risks,
particularly for threatened species [12-15].

Models of how climate change increases the likelihood of avian heat-rela-
ted mortality events have largely focused on arid-zone species [5,8,13,14].
However, in some mesic environments, elevated humidity impedes evapo-
rative heat dissipation [16,17], reducing evaporative cooling efficiency and
causing birds and other animals to approach their heat tolerance limits at
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lower air temperature (T,;;) in humid relative to dry conditions [18-21]. Among Australasian pteropodid bats, for instance, n

elevated humidity is a predictor of heat-related mass mortality events [6,22]. There is evidence that humidity has shaped bird
thermal physiology, whereby birds occupying hot, humid lowlands have evolved greater hyperthermia tolerance compared to
their counterparts that occupy drier habitats [20-23].

In November 2020, a heatwave in Phongolo Nature Reserve (PNR) in eastern South Africa, involving maximum air tempera-
ture (Tiayx) of 45°C and humidity of 12.4-13.9 g m™ (equivalent to relative humidity of ~21 %), resulted in at least 46 birds dying
in an ~45 ha search area [6]. Most (96%) of these deaths involved passerines, reflecting the reliance of this taxon on panting
for heat dissipation (reviewed by McKechnie et al. [24]), with blue waxbills (= southern cordonbleu, Uraeginthus angolensis;
Passeriformes, Estrildidae) representing 44% of carcasses observed. The prominence of this species among the mortalities
identifies it as an appropriate model for evaluating whether lethal hyperthermia was likely the proximate cause of death during
the PNR mortality event and how humidity influences this risk.

We hypothesized the risk of lethal hyperthermia for blue waxbills is dependent on humidity and tested the following
predictions: (i) Tjy = 45°C combined with elevated humidity represents lethal conditions for free-ranging waxbills, (ii) waxbills’
heat tolerance limit (HTL, maximum T,;, associated with compromised locomotor function and unregulated hyperthermia)
is significantly reduced by elevated humidity, and (iii) the spatial extent and incidence of waxbill exposure to environmental
conditions associated with lethal hyperthermia risk under climate warming is substantially greater when humidity is consid-
ered.

2. Material and methods

(a) Study area and species

We captured 20 blue waxbills (hereafter “waxbills”) during February 2022 at Mfuleni Nature Reserve (27°52'59.5" S 32°21'41.7"
E) and along Old Hluhluwe Road, KwaZulu-Natal province, South Africa. The area is typically hot and humid during summer,
experiencing mean summer (October-March) Tpax, absolute humidity and precipitation of 29.98 + 1.85°C, 17.07 + 1.44 g m™ and
628 + 123.94 mm, respectively [25]. Waxbills are small estrildids (body mass = 9.4 + 0.57 g) that occur from north-eastern South
Africa into Angola and Tanzania [26,27].

(b) Temperature and gas exchange measurements

We measured carbon dioxide production (Vco,), evaporative water loss (EWL) and T, in dry air in 10 waxbills using the
flow-through respirometry system described by Freeman et al. [23]. A complete description of this system is provided in
the electronic supplementary material. In brief, atmospheric air was supplied by an oil-free compressor and dried using a
membrane drier (Atlas Copco SD1N air dryer and filter; Atlas Copco, Stockholm, Sweden). Metabolic chambers were placed in
a cooler box modified by the addition of a Peltier device to regulate internal temperature. We measured incurrent and excurrent
CO; and HyO concentrations using CO,/HyO analysers (LI-840A or LI-850; LI-COR, Lincoln, NE, USA) and T}, using calibrated
passive integrated transponder (PIT) tags (Biotherm, Biomark, Idaho, USA) implanted intraperitoneally. A PIT tag receiver
(HPR+; Biomark, Idaho, ID, USA) was used to measure and record Ty, with the antenna placed next to the metabolic chamber.

For measurements, waxbills were placed individually in 3 1 metabolic chambers (20 cm high x 15 cm wide x 10 cm deep).
Incurrent flow rates ranged between 3 and 5 1 min™, with flow rates regularly adjusted to maintain chamber humidity <3 g
m~ (mean * s.d. = 1.12 + 0.85 g m™). Flow rates were typically adjusted during transitions between successive Ty, values; after
each adjustment, adequate time (2.8-4.6 min) was allowed for the chamber air to reach 99% equilibrium, calculated following
Lasiewski ef al. [16].

Gas exchange and T}, were also measured in 10 waxbills (different individuals from those in the dry air treatment) at a
chamber humidity of 21.28 + 0.41 g m~, hereafter referred to as 21 g m~, following the methods of Freeman et al. [20]. Humidity
was regulated by mixing dry air with humid air upstream of the chamber. The humid air was generated by passing air through
three bubblers in series, each consisting of a 3 1 plastic screw-top bottle filled to within approximately 10 cm of the top with
water. Each bubbler was equipped with an air inlet and outlet, with incurrent air passed through an aquarium stone positioned
at the bottom of the water column. The first bubbler was maintained at room temperature (T,;; = 35°C), whereas the second
and third were placed in a temperature-controlled chamber (PELT-5; Sable Systems, Las Vegas, NV, USA) in which T, was
maintained 2-3°C above the desired dew point temperature (approx. 24°C). Flow rates for the dry and humid air streams were
regulated using mass flow controllers and regularly adjusted to maintain approximately constant chamber humidity values
despite variation in the bird’s EWL. Downstream from the dry air/humid air merge, a needle valve was used to route a subset
of the mixed air through a baseline channel. The remainder of the air passed through a 0-10 I min™ mass flow controller (Alicat
Scientific Inc., Tuscon, AZ, USA) set to its maximum flow rate and hence acting as a mass flow meter measuring incurrent flow
rates to the chamber. For the humid treatment, flow rates of 1.52-2.49 1 min™" were used, resulting in 99% equilibrium times [16]
of 5.5-9.1 min.

In both the dry and humid treatments, birds experienced a stepped T,j; profile, following Freeman et al. [23]. At the start
of measurements, each bird was placed in a chamber at T,j; = 28°C for 1 h to habituate to experimental conditions. For
individuals in the dry air treatment, physiological measurements commenced at T,j; = 28°C following the habituation period,
with chamber T,;; subsequently increased in 4°C increments at T,j; < 40°C and then in 2°C increments at Ty; > 40°C. For
individuals in the humid treatment, a chamber humidity of 7-10 g m™ was maintained during the 1 h habituation period at
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Tair = 28°C, whereafter it was increased to 21 g m™. Initial measurements revealed no differences in Vo, EWL or Ty between n

birds in the dry and humid treatments at Ty; = 28-36°C (similar to findings for other species of similar body mass [16]), and
for subsequent measurements of individuals in the humid treatment, we increased T, to 34°C over approximately 30 min
following habituation. We commenced measurements for birds in the humid treatment at T,j; = 34°C, whereafter we increased
the chamber T, in 2°C increments at all Ty;, > 34°C. Starting the measurements for individuals in the humid treatment at Ty,
= 34°C instead of Tyj; = 28°C and using 2°C rather than 4°C increments in T,j below as well as above 40°C reduced the total
time birds spent in the chamber and ensured a more gradual increase in chamber temperature compared to birds in the dry
treatment. At each setpoint Tyjy, birds were held under stable air temperature and humidity for 15-20 min, until CO, and H,0O
traces had remained stable for at least 5 min.

Birds were continuously monitored during the experiments using a CCTV camera and infrared light source. Following
Whitfield et al. [28], birds were removed from the chambers when they reached thermal endpoints characterized by loss of
balance, uncoordinated movement or abrupt decreases in Vcoz or EWL or uncontrolled increases in Tj. Birds were also removed
if they showed sustained agitation and escape behaviour. Data were only included in analyses if they were obtained from calm
birds resting quietly in the chamber [28]. After removal from the chamber, birds were immediately dabbed on their underparts
with 90% ethanol and placed in front of an air conditioner to facilitate rapid heat dissipation and, placed in a quiet dark
environment at room temperature to recover with water available ad libitum and finally, offered water again before release at
their site of capture.

(c) Data analysis

All analyses were conducted in R v. 4.1.2 [29]. Inflection T,; values, above which T}, resting metabolic rate (RMR), EWL
and evaporative heat loss (EHL)/metabolic heat production (MHP) rapidly increased with T, were determined using the
segmented.Ime [30] package with bird identity included as a random factor. Linear mixed-effects models were then fitted
separately to data above and below inflection T,;, values following Freeman et al. [23] with the addition of treatment (i.e. dry
versus humid air) and the T, : treatment interaction term as predictors, using the Ime4 [31] and ImerTest [32] packages. We
compared the rate of increase in Ty, with Ty, (Tpslope) and maximum T, RMR, EWL and EHL/MHP (Tymax, RMRyax, EWL pax
and EHL/MHPy,,y, respectively) at experimental endpoints between treatments using paired ¢-tests.

(d) Lethal hyperthermia risk assessment

To quantify the frequency and geographical extent of conditions associated with lethal hyperthermia under future climate
scenarios within waxbills” southern African range, we mapped waxbill exposure to Ty > HTL for 2090-2100. To ensure
projections reflected the lowland, humid areas occupied by waxbills, mapping was restricted to elevations <500 m in the eastern
parts of southern Africa (South Africa, Eswatini, Zimbabwe and Mozambique). We applied a high-risk future climate change
scenario (RCP 8.5) to reanalyse data obtained from ERA5 daily aggregates (30 km grid spatial resolution, Copernicus Climate
Change Service (C3S) (2017)). The climate change scenario was derived from an ensemble of CCSM downscalings from six
global climate model projections, following Mbokodo et al. [33]. Projections were consistent with previous multimodal forecasts
for the end of the century across southern Africa [1,34,35].

3. Results

HTLs were significantly lower (¢ = 6.07, p < 0.001) in the humid treatment (45.7 + 0.99°C) compared to the dry treatment (47.9
+ 0.95°C) (electronic supplementary material, table S1). An inflection point for T}, was identified at T,j; = 38.5°C in the dry air
treatment (figure 1A). Neither Tymax (f = 0.73, p = 0.49) nor Tyslope at Ty; > 38.5°C (f = 2.07, p = 0.07) differed significantly
between treatments (figure 1). However, the Ty;; : treatment interaction emerged as significant (F = 4.40, p = 0.04), revealing the
relationship between Tj and T, varied with humidity. RMRp,,x did not differ significantly between treatments (t = 1.17, p =
0.27) (electronic supplementary material, figure S1A). However, EWL ;¢ was 42% higher (t = 3.89, p = 0.004) in dry air (0.57 +
0.17 g h™") compared to humid conditions (0.40 + 0.12 g h™'; electronic supplementary material, figure S1B). The Ty, : treatment
interaction was significant for both RMR (F = 12.54, p < 0.001) and EWL (F = 8.50, p = 0.005). Waxbills" EHL/MHPy,,4 (t = 4.524, p
= 0.001) was significantly higher under dry conditions (1.37 + 0.41) compared to humid conditions (0.94 + 0.28), due to reduced
EWLpax under humid conditions (figure 1B).

The reduced HTL under humid conditions substantially increases the frequency and spatial extent of waxbills” lethal
hyperthermia risk under RCP 8.5 climate predictions in the mesic eastern lowlands of southern Africa (figure 2). In southern
Mozambique and parts of northern Kruger Park (indicated by lower oval in figure 2), exposure to T,i, > HTL will occur on 2.9
+0.7 d yr! (maximum =4 d yr") under dry conditions, whereas under humid conditions, average exposure increases to 19.3 +
6.4 d yr' (maximum =23 d yr™'). In the Zambezi River valley (upper oval in figure 2), the corresponding projected values for dry
and humid conditions are 9.9 +2.87 d yr' (maximum = 13 d yr™') and 30.9 + 13.1 d yr™' (maximum = 47 d yr™"), respectively.

4. Discussion

The effects of humidity on waxbills” heat tolerance supported our first and second predictions: under humid conditions, the
waxbills” HTL decreased by >2°C from Ty, = 47.9°C to Ty, = 45.7°C, a value similar to the maximum T,;; on the day of the mass
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Figure 1. Blue waxbill (Uraeginthus angolensis) body temperature (A) and EHL/MHP (B) as a function of air temperature under dry (1.12 + 0.85 g m~>; red squares) or
humid (21.28 + 0.41 g m~3; blue triangles) conditions. Individuals that reached thermal endpoints are depicted as open symbols. The black dashed line in A depicts Ty
= Tyir- Dashed blue and red lines show regression models fitted to data at T;; > inflection points ((A) dry air: 38.4°C, humid air: 34°C; (B) : dry air: 32.6°C, humid air:
37.0°0)).
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Figure 2. Days per year on which blue waxbills (Uraeginthus angolensis) are projected to be at risk of lethal hyperthermia (i.e. T, exceeding HTL) in the eastern
lowlands (<500 m elevation) of southern Africa under dry conditions (left) and humidity of 21 g¢ m™ (right) during 2090—2100 (RCP 8.5 Climate Change Scenario
2100). The model assumes birds are inactive and completely shaded from solar radiation and is, therefore, likely conservative. The blue ovals in the dry air map indicate
the two regions referred to in the text: one in southern Mozambique (MZ) and including parts of northern Kruger National Park in South Africa (SA), and the second in
the Zambezi River valley in central Mozambique.

mortality event. However, vegetation in the area where the mortality event occurred consists primarily of fine-leafed woodland
with several tree species (e.g. Vachellia, Senegalia) characterized by generally sparse canopies, making it likely that the operative
temperatures birds experienced during the mortality event were greater than Ty, = 45°C. Our model also supported the third
prediction, that exposure to conditions associated with lethal hyperthermia risk by the end of this century will be considerably
greater under humid compared to dry conditions.

Although our experimental humidity treatment (21 g m™) was higher than prevailing humidity during the mortality event
(12.4-13.9 g m™), for many regions of the world, relative humidity is anticipated to remain approximately constant (and thus
absolute humidity will increase) with advancing climate change [36,37]. Maximum summer (January—February) humidity at our
study site is approximately 18.7 g m™ [25]; assuming unchanged relative humidity, a 4°C increase in extreme maximum Taj; to
49°C by 2100 would be associated with maximum humidity of approximately 22.5 g m~, slightly above our experimental value.

Our data add to the evidence that avian evaporative cooling capacity and heat tolerance are reduced by elevated humidity
[16,18,20,21]. In addition, the Tymax tolerated by the waxbills (47.5°C and 47.2°C under dry and humid conditions, respectively)
is approximately 3°C higher than maxima tolerated by arid-zone passerines, supporting arguments that birds in humid
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environments have evolved pronounced hyperthermia tolerance [20,23,38]. However, using hyperthermia is only beneficial if “

birds can sustain it until conditions allow for passive or evaporative heat dissipation (e.g. humidity decreases, or T, declines),
or they risk their Ty increasing towards lethal limits. Hence, prolonged heat exposure at Ty, approaching and exceeding 45°C
and humidity of 21 g m™ dramatically elevates the risk of lethal hyperthermia. During the PNR mortality event, T, was >40°C
for approximately 4 h [6].

The combination of T,j, and humidity experienced by the waxbills at their HTL in the humid treatment is equivalent to a
wet bulb temperature (Ty; calculated following Stull [39]) of 30.7°C, just 1°C below the maximum tolerable Ty (Tw-max) for
trumpeter hornbills (Bycanistes bucinator), a forest frugivore [21]. The Ty = 30.7°C tolerated by the waxbills is likely close to the
species” Tw.max, since most individuals were no longer able to maintain T}, < Ty, (figure 1A) and EHL/MHP was <1.0 (figure
1B). However, hornbills exhibited EHL/MHP < 0.5 at their Tyy.max [21], suggesting that waxbills may be able to reach slightly
higher Ty values.

Projected increases in the frequency of days per annum on which Ty; will exceed the waxbills’ HTLs by the end of the
century are threefold to sevenfold greater under humidity of 21 g m™ compared to dry conditions (figure 2). These observations
reiterate that increases in wet-season humidity will elevate risks of avian lethal hyperthermia to a greater extent than increasing
Tair alone [21] and that, as is the case for humans [40,41], increases in exposure to moist heat pose a major risk under
climate change. The areas likely to be rendered uninhabitable for blue waxbills during hot, humid conditions include much of
Mozambique, central and northern Kruger National Park and southeastern Zimbabwe, including Gonarezhou National Park.
It is likely that the range of this species will contract substantially as exposure to lethal combinations of heat and humidity
increases in the eastern parts of its range.

Our results have implications for other small passerines occupying hot, humid tropical habitats globally, which may be more
vulnerable to heat-related mass mortality events than previously thought. These findings also highlight how the relative risks
of lethal hyperthermia and lethal dehydration (e.g. [8,14]) might vary along aridity gradients. On extremely hot days in humid
environments, impeded EHL will delay cumulative dehydration reaching lethal levels (the major risk for many arid-zone birds;
[8,14]), but reduced HTL under humid conditions will increase the likelihood of lethal hyperthermia. Interventions like the
provision of artificial water may thus be expected to be less effective at ameliorating the effects of extreme heat waves in humid
regions compared to arid regions, a notion supported by the observation that the mortality event in PNR occurred despite the
proximity of a large body of water [24].

In addition to increasing the likelihood of lethal hyperthermia, high humidity likely intensifies fitness costs arising from
behavioural trade-offs between heat dissipation and activities such as foraging [15,42-44], exacerbating the consequences of
sustained hot weather. Waxbills are less likely to incur sublethal costs under dry conditions, as they have a greater thermal
safety margin for increases in T} resulting from activity-associated heat production (e.g. [45]). Such fitness costs are not
restricted to waxbills: other species that share similar body size, habitats, life histories and feeding guilds might also encounter
exacerbated sublethal fitness costs and mortality risks during humid heat events. Waxbills and other small granivores that
typically forage on the ground in the sun [27] are likely to experience greater sublethal fitness costs compared to frugivores
foraging in shady tree canopies [46,47].

Our estimation of the exposure of blue waxbills to lethal hyperthermia risk under future climate is likely conservative. First,
our models simulated inactive birds occupying completely shaded microsites where operative temperature is equivalent to Ty;y,
a situation likely rare for free-ranging waxbills. Operative temperatures during the heat of the day will often exceed T, on
account of radiative heat fluxes arising from sources that include solar radiation penetrating into tree and shrub canopies and
reflected radiation [42,48]. Moreover, in some of the modelled areas, future humidity may exceed the 21 g m™ we have modelled
here, potentially resulting in waxbill HTL values lower than our assumed value of 45.7°C.
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