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ABSTRACT

Ecosystems in the southern hemisphere are limited mainly by water
availability, a resource predicted to become increasingly scarce in the
region in the face of anthropogenic climate change. Understanding how
the artiodactyls (e.g., sheep, goats, cattle, antelope and camels), an
important grouping of animals regionally, conserve body water to facilitate
their survival, is therefore of importance. The idea that selective brain
cooling conserves body water has been advanced for more than 20 years,
without any definitive proof that ungulates, naturally making use of
selective brain cooling, actually save body water as a result of
implementing selective brain cooling. Using implanted biologgers |
simultaneously measure carotid arterial and hypothalamic temperature in
Dorper sheep Ovis aries. The concomitant determination of water
turnover, based on the washout rates of the stable hydrogen isotope
deuterium oxide (D20), allowed me to measure the volume of water that a

dehydrated Dorper sheep conserves during a day when exposed to heat.

Artiodactyls differ in their water requirements though, and may have
selective brain cooling capabilities relative to their level of water
dependency. | therefore undertook the first comparative investigation into
selective brain in free-living artiodactyls by implanting, with the assistance
of colleagues, biologgers to measure carotid arterial and hypothalamic
temperatures in three large, sympatric artiodactyl species with varying
water dependencies. Despite a clear water-dependency gradient across

species, | found no difference in the magnitudes of selective brain cooling,



the proportion of time that selective brain cooling was used, or the
threshold temperatures for selective brain between the gemsbok Oryx
gazella, red hartebeest Alcelaphus buselaphus or blue wildebeest
Connochaetes taurinus in an environment where the animals had free
access to water. | found greater variability in selective brain cooling within
species, than between species and conclude that all three species had the

same underlying ability to make use of selective brain cooling.

Artiodactyls, however, are likely to rely on range of water conservation
mechanisms in the face of climate change. A variable body temperature
and the use of appropriate microclimates are two additional strategies that
could be important in the quest to conserve body water. | therefore
investigated the 24h nychthemeral body temperature rhythms of the
gemsbok, red hartebeest and blue wildebeest, in combination with their
24h microclimate use patterns, during the five months of a southern
hemisphere calendar year most challenging physiologically: the end of the
dry season through the peak of summer. | found no species differences in
the 24h nychthemeral body temperature rhythms of the gemsbok, the red
hartebeest or the blue wildebeest. All three species, however, were
heterothermic over about the first 50 days of the study, as a result of
elevated maximum and depressed minimum body temperatures. Although
subtle differences were detected in microclimate use, all three species
used behavioural thermoregulation and accessed microclimates cooler
than that available in the full sun. Such behaviour was enhanced during

the hottest days, compared to the coolest days.



In conclusion, | have investigated some of the water conservation
strategies relied upon by large African ungulates in their current
environments. These strategies are not mutually exclusive and will all
benefit these species in the face of climate change. The long-term
monitoring of these water conservation strategies will allow us to tease out
the relative contributions that selective brain cooling, heterothermy and
microclimate use makes to body water conservation and how that

translates to individual fithess.
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CHAPTER 1

Introduction

Some of the ideas in this chapter, related to selective brain cooling, have

been published in:

Body water conservation through selective brain cooling by the

carotid rete: a physiological feature for surviving climate change?

Strauss, W.M., Hetem, R.S., Mitchell, D., Maloney, S.K., O’Brien, H. D.,

Meyer, L.C.R. & Fuller, A.

Conservation Physiology 5(1): cow078; doi:10.1093/conphys/cow078.



1.1 Large African ungulates

Ungulates are a group of hooved mammals that naturally occur on all the
continents, with the exception of Antarctica and Australia. About 15
ungulate species have independently been domesticated (MacDonald,
2006) and, as a result of their economic importance have spread across
the globe, including Australia. Ungulates are either even-toed (also known
as cloven-hoofed) like cattle, sheep, antelope and camels, collectively
referred to as artiodactyls, or they are odd-toed, i.e., horses, rhinoceroses

and tapirs that collectively are referred to as the perissodactyls.

With 90 extant genera, the artiodactyls are a diverse group of mostly
herbivorous mammals - the pigs often have a more general diet, including
carrion, for example - with often complex social organisations. Although
artiodactyls can be found in all habitats, ranging from forests to deserts,
and despite their numbers having declined, artiodactyls dominate the
African savanna. Southern Africa, in particular, is rich in artiodactyls, with
almost a quarter (23%) of genera occurring within the region. As habitats
across Southern Africa are continuously being fragmented (as elsewhere)
the main stronghold of the artiodactyls is the vast network of protected

areas across the region.

However, protected areas are under constant pressure as they harbour
resources deemed vital for survival by a rapidly growing human population
(Ripple et al., 2015). Moreover the success of protected areas in
protecting intact, functioning ecosystems with a complete species

component has been challenged (Craigie et al., 2010). In their recent



assessment on the performance of 69 large mammal species across 78
African protected areas, Craigie and colleagues documented a 59%
decrease in large mammals populations over the 35 year period 1970-

2005 (Craigie et al., 2010).

More recently, Ripple and colleagues assessed the performance of the
largest 74 herbivore species in the world. The vast majority of these
species (70%), all with a body mass in excess of 100 kg, are artiodactyls,
and, of these, about 60% are declining in number as a result of a growing
human population, unsustainable use, habitat destruction and high
livestock densities (Ripple et al., 2015). The artiodactyls that form the
mainstay of protected areas across much of Africa — the antelope, wild
pigs, buffalo and giraffe - are therefore in peril, even before one considers
any potential direct impact of the greatest conservation challenge of the

215t century: anthropogenic climate change.

1.2 A changing climate

At the International Geological Congress, held in Cape Town, South
Africa, during August/September 2016, the members of the Working
Group on the Anthropocene voted overwhelmingly in favour of a new
geological epoch: the Anthropocene (Voosen, 2016). Currently, efforts are
underway to identify an acceptable global marker in stratigraphic material
(e.g., sediment, rock or glacier ice) that, in addition to auxiliary markers,
would pinpoint the start of human-dominated changes to the Earth system

(Lewis and Maslin, 2015). While the exact start of the Anthropocene has



not yet been identified, it has been suggested that the Industrial
Revolution, characterised by increasing use of fossil fuels and rapid
societal changes, marks the beginning of the proposed epoch (Crutzen,

2002, Steffen et al., 2011, Zalasiewicz et al., 2011).

Regardless of the exact starting date of the Anthropocene, anthropogenic
climate change is an accepted and well-documented phenomenon
(Parmesan, 2006). What still is debated is some remaining uncertainty in
climate change models, particularly with regards to the downscaled
modelling of rainfall patterns at local scales globally (Jakob, 2010) and
also in southern Africa (Ratnam et al., 2013, Sylla et al., 2013, Zhang et
al., 2013), leading to mismatches between model projections and
observations on the ground (MacKellar et al., 2014, van Wilgen et al.,
2015). Nevertheless, continuous improvements in model development
have resulted in the Intergovernmental Panel on Climate Change (IPCC)
increasing their confidence in their projections in successive assessment

reports.

The IPCC is, for example, highly confident that warming has increased
over the African continent during the last 50-100 years, and that this
warming trend is consistent with anthropogenic climate change (Niang et
al., 2014). Moreover, the surface temperatures over southern Africa,
subtropical North Africa and parts of central tropical Africa have increased
at a rate faster than the global average over the last 50 years (Engelbrecht
et al., 2015). Projections are that the surface temperature across

subtropical Africa will increase at a rate approximately 1.5 times that of the



expected global temperature increase. The annual average maximum
temperatures across southern Africa and the Sahel are therefore projected

to increase by 4-6°C by the year 2100 (Engelbrecht et al., 2015).

Such projections into the future are based on a set of four scenarios called
Representative Concentration Pathways (RCPs): RCP2.6, RCP4.5,
RCP6.0 and RCP8.5 (Stocker et al., 2013). These RCPs are characterised
by their approximate total radiative forcing in 2100 relative to 1750
(Stocker et al., 2013). RCP2.6 is the only mitigation strategy and has a
very low radiative forcing (2.6 W.m2) that would have peaked and declined
by 2100 (Fig. 1, top left). RCP4.5 and RCP6.0 are so-called stabilisation
scenarios with radiative forcing of 4.5 and 6.0 W.m>, respectively. The
RCP8.5 scenario is characterised by high greenhouse gas emissions, and
while RCP4.5 stabilises by 2100, neither RCP6.0 nor RCP8.5 stabilises by
that time (IPCC, 2013). The predicted mean annual temperature increase
under each of these RCPs is illustrated for the periods 2016-2035 and
2081-2100, with the best (RCP2.6) and worst-case (RCP8.5) scenarios
resulting in about 1.5-2°C and 5-6°C increase in surface temperature for

southern Africa by 2100, respectively (Fig. 1, right hand panel).
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Figure 1: (Top left) Total global mean radiative forcing for the four RCP scenarios based
on the Model for the Assessment of Greenhouse-gas Induced Climate Change
(MAGICC) energy balance model. Note that the actual forcing simulated by the CMIP5
models differs slightly between models. (Bottom left) Time series of global annual mean
surface air temperature anomalies (relative to 1986—2005) from CMIP5 concentration-
driven experiments. Projections are shown for each RCP for the multi-model mean (solid
lines) and £1.64 standard deviation (5 to 95%) across the distribution of individual models
(shading), based on annual means. The 1.64 standard deviation range based on the 20yr
averages 2081-2100, relative to 1986—2005, are interpreted as likely changes for the end
of the 21st century. Discontinuities at 2100 are due to different numbers of models
performing the extension runs beyond the 21st century and have no physical meaning.
Numbers in the same colours as the lines indicate the number of different models
contributing to the different time periods. Maps: Multi-model ensemble average of annual
mean surface air temperature change (compared to 1986—-2005 base period) for 2016—
2035 and 2081-2100, for RCP2.6, 4.5, 6.0 and 8.5. Hatching indicates regions where the
multi-model mean signal is less than one standard deviation of internal variability.
Stippling indicates regions where the multi-model mean signal is greater than two
standard deviations of internal variability and where 90% of the models agree on the sign
of change. The number of CMIP5 models used is indicated in the upper right corner of
each panel (from Stocker et al. 2013).



While there is greater uncertainty in future projections of rainfall compared
to the temperature projections, rainfall is generally predicted to increase
over East Africa (Fig. 2, left panel), while decreases are projected across
southern Africa (Engelbrecht et al., 2015). However, based on the
Keetch-Byram drought index (Keetch and Byram, 1968), which relates to
soil moisture content, general drying is predicted across much of Africa by
2100 (Fig. 2, right panel). Crucially, the soil moisture content is predicted
to decrease even in those areas where an increase in rainfall is predicted.
The projected drying of soils is expected to result from enhanced
evaporation because of the expected temperature increase. Water
availability, therefore, will be less even if rainfall increases. The anticipated
change in soil moisture regime is likely to result in an extension of the
southern African dry season that typically peaks in mid-October under
current climatic conditions, to last from May to December (Engelbrecht et

al., 2015).

Changes in ambient temperature and rainfall regimes as a consequence
of anthropogenic climate change have already affected ecosystems
across Africa, and there is high confidence that the predicted future effects
on these ecosystems will be substantial (Niang et al., 2014). The
distribution and dynamics of terrestrial ecosystems, including woodlands,
savanna, grasslands, shrublands and deserts have already changed,
primarily as a result of anthropogenic land use change, including the

expansion of agriculture and livestock grazing (Niang et al., 2014).
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Figure 2: Predicted changes in the median annual rainfall (mm) across Africa (left) and
the Keetch-Byram Index (right) by 2100 relative to 1961-1990. The Keetch-Byram Index
represents the projected soil moisture levels in response to the predicted changes in
rainfall. An assumption of a heterogeneous world with continuously increasing global
population and economic growth that is regionally orientated underpins the projection (the
so-called A2 SRES emission scenario). Adapted from Engelbrecht et al. (2015).
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The effects of these land use changes make it difficult to discern the role
that an increased concentration of atmospheric carbon dioxide — the global
driver in anthropogenic climate change - plays in the structural changes
that have been documented in, for example, the savanna biome (Bond
and Midgley, 2012). Nevertheless, Niang and colleagues (2014) predict
with high confidence that future changes in Africa’s terrestrial ecosystems
will very likely be driven by the increased carbon dioxide levels, and the
resulting changes in ambient temperature and rainfall regimes

characteristic of anthropogenic climate change.

The complexity of ecosystems makes it difficult to determine cause and
effect and, consequently, it is difficult to determine specific trajectories for
entire ecosystems as a result of anthropogenic climate change. However,
the ecological impacts of anthropogenic climate change on fauna and flora
are well-documented and coherent ecological response patterns have
been identified across systems, including changes in phenology, range
shifts and, as a consequence, community composition (Walther et al.,
2002). For example, the analysis of an extensive, long-term database
(1970-2004) of documented responses in physical and biological systems
has revealed temperature-related changes on all seven continents
(Rosenzweig et al., 2008). These authors have shown that 95% of the
almost 1 000 documented changes in physical systems were in directions
consistent with a warming climate, including the shrinking of glaciers
(Rosenzweig et al., 2008), which has been documented on all continents

(Oerlemans, 2005). Equally compelling evidence, from a much larger set



of about 29 000 documented changes in biological systems, showed that
90% of the documented responses of plants and animals were consistent
with expectations in a warming world, for example changes in phenology,
including the earlier blooming or leaf unfolding in higher plants, and

changes in migratory patterns (Rosenzweig et al., 2008).

The vulnerability of an organism to climate change depends on both its
exposure and sensitivity to the change, as well as its resilience to
perturbations, and its ability to adapt to the changing environment (Huey et
al., 2012). Therefore it has been suggested that the organisms that
comprise biological systems have only three options when having to deal
with the increasing ambient temperatures characterising anthropogenic
climate change: stay and adapt, move (and possibly also adapt), or die.
Those organisms, species and their populations that do not go extinct (or
become extirpated) as a result of anthropogenic climate change, would
have had the opportunity to either stay where they are and adapt to the
changing environment, or to move to a more suitable climate (Mitchell et

al., 2008, Hetem et al., 2014, Fuller et al., 2014).
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1.3 Responses to climate change

1.3.1 Extinction

Although climate change is not a new phenomenon in the Earth’s history,
and the current biodiversity has evolved during successive periods of
climate change (Barnosky and Kraatz, 2007), the rate at which
temperatures are increasing as a result of anthropogenic climate change
is unprecedented (Diffenbaugh and Field, 2013, Smith et al., 2015).
Moreover, the expected magnitude of the ambient temperature increase
remains important. Some modelling scenarios predict an ambient
temperature increase of up to about 6°C by 2100 as a result of
anthropogenic climate change (Barnosky and Kraatz, 2007, Stocker et al.,
2013, Engelbrecht et al., 2015). An ambient temperature increase of such
magnitude occurred 251 Mya and resulted in the extinction of 95% of all
species on earth (Benton and Twitchett, 2003). While it is not certain that
all of the extinctions during this end-Permian event were a consequence of
the 6°C ambient temperature increase (Hetem et al., 2014), the fossil
record provides an unambiguous record of species that could not cope
with an increase in ambient temperature of similar magnitude to what is

predicted by 2100.

Several attempts have been made to predict the persistence of species in
the face of anthropogenic climate change. One study predicted that, under
mid-range climatic scenarios, 25% of the more than 1 100 animal and
plant species it focussed on, from different regions across the globe,

would be extinct by 2050 (Thomas et al., 2004). Moreover, extrapolation
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across the globe resulted in the prediction that an estimated 45% of
terrestrial plant and animal species could be extinct by 2050 if their
dispersal is curtailed (Thomas et al., 2004). Predictions on the persistence
of animals in the face of anthropogenic climate change have also been
made on a regional scale. Focussing on 277 mammal species,
representing 28 families and 12 orders across Africa, Thuiller and
colleagues modelled likely species persistence in the face of
anthropogenic climate change and land transformation. These authors
predicted that between 25 and 40% of Africa’s mammal species are likely
to be critically endangered or extinct by 2080 (Thuiller et al., 2006). Locally
it has been predicted that South Africa’s premier wildlife destination, the
Kruger National Park, could lose as much as 66% of the assessed
vertebrate and invertebrate animals to extinction (Erasmus et al., 2002).
Such predictions have contributed to the suggestion that national parks
across Africa should expect changes in species composition, both through
species and population losses and influxes, that are unprecedented in
recent geological time (Thuiller et al., 2006). Recent analyses of long-term
temperature and rainfall data indicate that climatic changes have already
taken place across some of southern Africa’s conservation areas (van
Wilgen et al., 2015). Moreover, with long-term data from Kruger National
Park indicating that 63% of ungulate species have declined from 1977-
1996 (Ogutu and Owen-Smith, 2003), the template for species

composition change is in place.
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1.3.2 Range shifts

In the face of anthropogenic climate change an influx of one or more
species into an area in which they have not previously occurred requires
the ability to move freely in response to a changing environment. Under
climate change, the direction of such movements for organisms generally
is in the direction of the polar regions or to higher altitudes (Parmesan et
al., 1999, Parmesan and Yohe, 2003, Parmesan, 2006). A recent
synthesis of movement rates in response to anthropogenic climate change
across taxa and regions (with the exception of large African mammals)
found that the average range shifts are 17 km.decade™' poleward and 11
km.decade! towards higher altitudes (Chen et al., 2011). Despite
suggestions to the contrary (Warren et al., 2001, Nathan et al., 2011), the
observed mean latitudinal shifts across taxa and regions indicate that
many terrestrial species do not consistently lag behind climate shifts at

present (Chen et al., 2011).

The predicted movement rates of various species groups per decade and
how that compares to the climate velocity expected under the IPCC’s four
Representative Concentration Pathways are illustrated in Figure 3 (Field et
al., 2014). Based on observed and modelled movement rates it is
predicted that all of the species groups considered, including even the
trees and herbaceous plants, would be able to disperse fast enough, to
keep up with their various climatic envelopes in non-mountainous areas
under RCP2.6 (the only mitigation scenario). Among terrestrial mammals,

the median movement rates of rodents and primates indicate that some
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species would be able to track their bioclimatic envelopes, provided the
mean global climate velocity, incorporating the velocity in flat areas (high)
and that in mountainous areas (low), under RCP6.0 is not exceeded.
However, only the artiodactyls (e.g., antelope, cattle, sheep and goats) are
expected to move fast enough, on average, to keep up with their individual
bioclimatic envelopes, regardless of the scenario considered (Settele et
al., 2014). Based on these analyses, all groups considered have to move
in response to climate change and all groups but the artiodactyls, may
need human assistance in order to stay within their climatic envelopes.
Many of the predicted range shifts, as well as the estimates of species
persistence in the face of anthropogenic climate change, are generated
through niche modelling. These ecological niche models focus solely on
the climatic conditions prevalent where a species currently occurs, the so-
called bioclimatic envelope of a species, followed by forecasting of where
that bioclimatic envelope likely will exist sometime in the future under

different climate change scenarios.

Using such an approach, it has, for example, been suggested that the
bioclimatic envelope of the scimitar-horned oryx Oryx dammabh, indigenous
to the Sahel of North Africa, would be located in the Kalahari Desert of
southern Africa by mid-century (Thuiller et al., 2006). These animals would
therefore have to disperse southwards in excess of 5 000 km if they were
to keep up with their bioclimatic envelope. If a terrestrial animal were to
successfully track its bioclimatic envelope over thousands of kilometres it

would have to be across contiguous habitat that is not fragmented or
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destroyed. However, the reality is that habitats are highly fragmented
across much of the globe, even for organisms that have to disperse over
much shorter distances, as a result of infrastructure development (e.g.,
road networks and fence lines), agricultural practises (e.g., land clearing
for crops) and various other economic activities (e.g. mining and logging).
Habitat fragmentation as well as habitat loss will therefore substantially
limit the ability of species to move in response to climate change (Eycott et
al., 2012), regardless of their predicted movement rates (Fig. 3). While
bioclimatic envelope models could project where a suitable climate might

exist in the future, the limitations of these models are increasingly realised.

The use of bioclimatic envelope models to predict species persistence in
the face of anthropogenic climate change has been questioned in recent
years. For example, analysing the stable carbon and oxygen isotopes
preserved in fossilised mammalian teeth, De Santis and colleagues (2009)
showed that the assumption that niches are maintained over long time
scales (“niche conservatism”), is wrong in some cases. They therefore
questioned the validity of assuming a fixed relationship between an
organism and its bioclimatic envelope when forecasting. Also, the
existence, and indeed the maintenance of some ecosystems, like African
savanna, is to a large extent driven by disturbances such as fire and

grazing.
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Figure 3: Maximum speeds at which species can move across landscapes (based on
observations and models; vertical axis on left), compared with speeds at which
temperatures are projected to move across landscapes (climate velocities for
temperature; vertical axis on right). Human interventions, such as transport or habitat
fragmentation, can greatly increase or decrease speeds of movement. White boxes with
black bars indicate ranges and medians of maximum movement speeds for trees, plants,
mammals, plant-feeding insects (median not estimated), and freshwater molluscs. For
RCP2.6, 4.5, 6.0, and 8.5 for 2050-2090, horizontal lines show climate velocity for the
global-land-area average and for large flat regions. Species with maximum speeds below
each line are expected to be unable to track warming in the absence of human
intervention (from Field et al., 2014).
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The usefulness and validity of selecting future conservation areas based
on predicted species range shifts have therefore been questioned
(Midgley and Bond, 2015). While the spatial scale at which analyses are
done has also been questioned (Guisan and Thuiller, 2005), the most
damning criticism of the correlative bioclimatic envelope models comes
perhaps from a paper otherwise highlighting the usefulness of the models,
with the results of bioclimatic envelope models predicting extinction risk,
e.g., Thomas et al. (2004), considered debatable (Araujo and Peterson,

2012).

The ability of bioclimatic envelope models to predict extinction risk is
qguestioned because the models generally do not make any provision for
organisms adapting to their changing environment (Levinsky et al., 2007,
Hetem et al., 2014, Munoz et al., 2015). As pointed out by Hetem et al.
(2014), many bioclimatic envelope models mistakenly assume that a
particular organism occupies all the thermally suitable habitats available,
and that it cannot survive in its existing habitat should conditions depart
from what it is accustomed to. Yet plasticity, which may be greatest in
highly seasonal environments (Chown et al., 2004) and even reversible
(Garland and Kelly, 2006), may allow species to adjust to changing
environmental conditions. Therefore, ignoring phenotypic plasticity in
bioclimatic envelope models results in an overestimation of the number of
species committed to extinction under anthropogenic climate change
(Mufoz et al., 2015). While the physiological responses of species to

changing environmental conditions are poorly understood, a few studies
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have nevertheless attempted to address climatic tolerances through the
incorporation of physiological parameters (Taulman and Robbins, 1996,
Johnston and Schmitz, 1997). Only through the integration of physiology,
ecology and evolutionary biology can a mechanistic understanding of the
biological consequences of climate change be developed (Spicer and
Gaston, 1999). A mechanistic understanding of the biological
consequences of climate change in large mammals is unfortunately

hampered by a dearth of relevant physiological knowledge.

1.3.3 Adaptation

If animals do not respond to the changing climate by shifting their
distribution ranges, they will have to adapt to the changing environment.
Genetic adaptation is one option, but due to the rate of climate change it
probably is only viable for smaller animals with short generation times.
Populations of large mammal, which typically have long generation times
(about 10-15 years for large ungulates) would need to evolve faster per
generation to adapt to a particular rate of environmental change (Chevin et

al., 2010).

The options available to mammals in response to hotter, drier
environments have been the focus of a number of recent reviews (Fuller et
al., 2014, Fuller et al., 2016, Hetem et al., 2014). These reviews include
detailed descriptions of how mammals could adapt to their changing

climate through micro-evolution (e.g. Réale et al., 2003) and phenotypic
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plasticity, including phenological changes (e.g. Post and Forchhammer,
2008), anatomical variation (e.g. Ozgul et al., 2009), physiological
acclimatisation (e.g. Hetem et al., 2010), maternal effects (e.g. Stenseth et
al., 2002) and behavioural flexibility (e.g. Long et al., 2014). Here | will
briefly introduce phenotypic plasticity, with a particular focus on
physiological acclimatisation and behavioural flexibility, as this mainly will
be what large African mammals rely on to survive the hotter and drier

conditions predicted under climate change (Fuller et al., 2016).

1.3.3.1 Phenotypic plasticity

Phenotypic plasticity is defined as a single genotype giving rise to one or
more phenotypes when exposed to different environmental conditions
throughout a lifetime (Pigliucci, 2005) and it may involve acclimatisation in
free-living organisms, acclimation in laboratory settings, and learning
(Garland and Kelly, 2006, Huey et al., 2012). According to Hetem and
colleagues phenotypic plasticity can be expressed in a number of ways,
including anatomical variation within a species, phenological changes
(changes in the timing of life events), and the use of underlying
physiological and behavioural capabilities to safeguard animals from the
effects of climate change (Hetem et al., 2014). That animals rely on
phenotypic plasticity in novel environments has been documented
previously. For example, experimental work has shown that the length of
the hind limb of the Anolis lizard Anolis sagrei is a plastic trait (Losos et al.,
2000), thereby explaining the rapid divergence previously observed (Losos

et al., 1997) when Anolis lizards were introduced onto several small
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islands in the Bahamas. Over a 10-14 year period those lizards on islands
with vegetation least similar to the area where the lizards were sourced
from showed the greatest magnitude of hind leg length differentiation
(Losos et al., 1997). The observed plasticity in hind leg length therefore
led to the establishment of phenotypes appropriate to particular
environments (Losos et al., 2000). Phenotypic plasticity, therefore, could
be an epigenetic effect and, with the exception of maternal effects, it
allows individuals to respond to a changed environment during their
lifetimes. Such plasticity may allow organisms, including large mammals
whose movements in particular are hampered by habitat destruction, to

adapt to changing conditions without having to move.

1.3.3.1.1 Phenological changes

The most-documented examples of phenotypic plasticity, at least in part
due to the relative ease of measurement, are changes in phenology.
Documented changes in the timing of seasonal life events, consistent with
climate change predictions (e.g., earlier spring events), include earlier
arrival of migrating birds and butterflies (Ahas, 1999, Bradley et al., 1999,
Roy and Sparks, 2000), earlier bird nesting (Crick et al., 1997, Dunn and
Winkler, 1999) and earlier frog breeding (Beebee, 1995). A meta-analysis
of 677 documented species responses over a median period of 45 years
showed that 62% of the species displayed advanced spring events, while

27% showed no trend in phenology (Parmesan and Yohe, 2003).

Changes in phenology do not take place in isolation though. Vegetation

phenology, for example, is a primary environmental cue for life-history
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traits, including reproduction and migration, in ungulates (Ogutu et al.,
2014, Stoner et al., 2016). Changes in the phenology of vegetation are
therefore likely to impact ungulate populations. Trophic mismatches occur
in ecosystems when species that depend on each other respond
differently to the same environmental change. Such mismatches often
result because different groups of organisms respond to different
environmental cues. Vertebrates, for example, respond mostly to changes
in photoperiod, while plants and insects are more responsive to changes
in ambient temperature (Visser, 2008). As the annual photoperiod pattern
does not change, an uncoupling between photoperiod and ambient
temperature patterns arises. For example, great tits Paus major in The
Netherlands have not advanced their egg-laying date in response to an
increase in ambient temperature over a 23-year period (1973-1995), while
the peak biomass of caterpillars on which they depend for feeding their
young, has advanced by about 9 days (Visser et al., 1998). More recently,
similar trophic mismatches have been documented in ungulates (Post and
Forchhammer, 2008, Kerby and Post, 2013, Plard et al., 2014). A 27 year
life-history data set on a population of roe deer Capreolus capreolus in
France, for example, showed that the roe deer have not modified their
phenology — in this instance the timing of births — to keep track of the
earlier spring plant phenology and resultant availability of high-quality
resources. Failure by the roe deer population to adapt to their changing
environment already has resulted in a decrease in their fitness (Plard et

al., 2014).
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A change in phenology is, however, not necessarily synonymous with an
adaptive climate change response. Although phenological change data
are scarce for mammals, a recent review of the published data indicated
that almost 50% of the reported phenological changes in mammals were
related to reduced fitness, and were not in response to a changing climate
(Boutin and Lane, 2014). In only about a third of the studies reviewed were
the reported phenological changes considered adaptive to climate change
(Boutin and Lane, 2014). A phenological change in itself is therefore not
adaptive, as it should be changing in the correct direction and at the

correct pace in response to environmental changes.

1.3.3.1.2 Behavioural flexibility

As air temperatures continue to rise in response to anthropogenic climate
change the environment will impose a heat load on animals, especially
when animals are exposed to solar radiation. Once ambient temperature
exceeds body temperature the only way that animals can lose heat is
through evaporative water loss (Tattersall et al., 2012). In a warmer and
drier environment animals would therefore need to lose the water, it
should be conserving, to keep cool. Because behavioural adjustments
often are less costly than are physiological responses (Huey and
Tewksbury, 2009), organisms are therefore likely to make use of
thermoregulatory behaviour to try to buffer the effects of climate change

(Kearney et al., 2009).

Such thermoregulatory behaviours include the use of cooler

microclimates, changes in posture or orientation, and changes in daily
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activity patterns, all of which would limit exposure to high heat loads and
water loss (Huey, 1991). Microclimates are formed by a combination of
physical factors, including solar radiation, air temperature and wind that
determines thermal conditions near the ground (Porter and Gates, 1969).
Although landscapes often are thermally highly heterogeneous (Carroll et
al., 2016), the diversity of microclimates available for use decreases with
increasing body size. While small mammals have a variety of burrows,
crevices and caves to select from, microclimate selection in large
mammals, typically, is limited to shade-seeking. Shade use in large
mammals is well-documented (e.g. Jarman, 1972, Smith et al., 1985,
Dean et al., 1999, Seddon and Ismail, 2002, Hetem et al., 2009b) and
typically increases from the cool to the warm season. Similarly, large
mammals are expected to increase their use of cooler microclimates in the
face of climate change, and this should come at little cost, provided it does
not compromise the animals’ nutritional or water requirements (Fuller et

al., 2016).

Observations on the Arabian oryx Oryx leucoryx, endemic to the hyper-
arid deserts of the Arabian Peninsula, showed that the animals spent more
time using shade during hotter days, with the time spent foraging during
the day decreasing by 60% compared to cooler days (Seddon and Ismail,
2002). More recently Hetem et al. (2012a) used biologging techniques to
show that the Arabian oryx spent more of their time resting in the shade
during the hot summer months than in warm wet months and, at times, the

microclimates used were as much as 12°C cooler than the open
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environment. Moreover, under similar environmental heat loads the
Arabian oryx made use of cooler microclimates when they had no access
to surface water compared to when surface water was available (Hetem et
al., 2012a). Although a concomitant decrease in diurnal activity was
recorded, the animals managed to maintain their overall 24h activity, as
measured through biologging, by shifting from mainly crepuscular activity
to nocturnal activity. Feeding for longer during the night, to compensate for
decreased diurnal feeding activity as a result of high daytime
temperatures, was facilitated by the absence of large predators in the
Arabian Desert (Hetem et al., 2012a). It is questionable whether animals
that co-exist with large predators could compensate for a decrease in
diurnal activity by shifting to a more nocturnal activity period in response to
climate change. The long diurnal activity bouts and general lack of
nocturnal foraging by the blue wildebeest in Tanzania’s Manyara National
Park, have, for example, been attributed to high nocturnal predation risk
(Beekman and Prins, 1989). Even the obligate diurnally active animals

can, however, manage their heat loads.

Changes in posture, or orientation relative to the angle of the sun, is a
frequently used behavioural adjustment used by numerous types of
animals to manage the solar radiation that they are exposed to (e.g.
Waldschmidt, 1980, Shelly and Ludwig, 1985, Coelho, 2001, Maloney et
al., 2005b, Hetem et al., 2009a). In a cold Northern Hemisphere
environment, the Alpine ibex Capra ibex bask in the morning sun (Signer

et al., 2011). By turning the long axis of their bodies perpendicular to the

24



sun the ibex maximise their exposure to the early morning radiant heat
load, thereby increasing their body temperatures passively (Signer et al.,
2011). In contrast, animals in warmer environments are known to turn the
long axis of their bodies parallel to the angle of the sun’s rays, thereby
limiting the surface area exposed to the sun’s radiation and reducing their
heat load (Hetem et al., 2011). Among artiodactyls, clear seasonal
differences in orientation have been observed, with black wildebeest
Connochaetes gnu, as well as blue wildebeest Connochaetes taurinus,
impala Aepyceros melampus and eland Tragelaphus oryx all spending
more time oriented parallel to, and less time perpendicular to, the sun
during summer than during winter (Maloney et al., 2005b, Hetem et al.,
2011). When drinking water was available, the black wildebeest spent less
time oriented parallel to the sun, indicating a change from behavioural to
physiological thermoregulation such as panting and sweating (Maloney et

al., 2005b).

While facilitating survival in a rapidly changing environment, there are
undoubtedly limits to behavioural plasticity, and it has been suggested that
such plasticity ultimately will limit the physiological adaptations necessary
to survive a warming climate (Buckley et al., 2015). There is some
evidence in lizards suggesting that the selection for heat tolerance might
be compromised as a result of animals regulating their body temperatures

behaviourally; the so-called Bogert effect (Huey et al., 2003).
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1.3.3.1.3 Physiological acclimatisation

Plasticity of physiological mechanisms determine to what extent animals
can adapt to a changing environment (Carey, 2005), but the combined
effects of limited environmental resources and biochemical and physical
constraints limit the capacity of physiological systems to respond to
change (Hetem et al., 2014). Without understanding the thermal
physiological sensitivity of a species, including the proximity to its thermal
limits under current environmental conditions, one cannot predict the
physiological effects of climate change on that species (Stillman, 2003,
Kenney et al., 2004). It is widely held that generalist species, which
typically have large geographic ranges, greater physiological plasticity and
wide thermal tolerance windows will be less affected by climate change
than species physiologically specialised with respect to their thermal
environment (Bale et al., 2002, Visser and Both, 2005, Codron et al.,
2008). As thermal specialists, endotherms are therefore especially

vulnerable to climate change (Huey et al., 2012).

As a result of climate change, mammals across much of Africa will be
exposed to not only increased air temperatures but also more frequent
and extreme heat waves and droughts (Niang et al., 2014). Changes in
the peripheral blood flow of large mammals facilitate the establishment of
a thermal gradient with the environment, which facilitates dry heat loss to,
and limits heat gain from, the environment (Tattersall et al., 2012). As
large mammals have a smaller surface area to volume ratio than do

smaller mammals, they gain heat from their environment at a slower rate
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than smaller mammals, while also losing heat to the environment at a
slower rate. In addition, large mammals also have greater thermal inertia
and lower mass-specific metabolic heat production. Consequently high air
temperature and solar radiation causes less of a deviation in the core body
temperature of large mammals compared with small mammals (Jessen,
2001). Nevertheless, variability in body temperature does occur, as
documented in the Arabian oryx (e.g., Ostrowski et al 2003). Such
variation may be a form of physiological plasticity that could allow animals

to cope with climate change.

1.3.3.1.3.1 Body temperature

It has been widely held since the 1960’s, and it still is reported in some
textbooks today, that large mammals can cope with heat by using
heterothermy. Although the idea originated from a study on captive camels
Camelus dromedarius (Schmidt-Nielsen et al., 1956), it was popularised
following subsequent work on two large African ungulates, the eland and
the beisa oryx Oryx gazella beisa (Taylor, 1969). Based on this premise,
arid-zone mammals like the camel and the beisa oryx allow their body
temperatures to increase throughout the day, thereby progressively
reducing the temperature gradient between the animal and the
environment, and reaching a peak late in the afternoon or early evening,
even when euhydrated. The enhanced temperature gradient between the
animal and its environment through the evening then facilitates non-
evaporative heat loss to the cooler environment throughout the night. The

minimum body temperature, typically reached early morning around
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sunrise, then allows for substantial heat gain during the following day.
Such adaptive heterothermy therefore results in wide fluctuations of 24h
body temperature — up to 6.2°C in the captive camel (Schmidt-Nielsen et
al., 1956) and 4.0°C in the captive beisa oryx (Taylor, 1969) - as the
maximum body temperature is elevated above, and the minimum reduced
below, normal 24h maximum and minimum values, respectively. Adaptive
heterothermy therefore facilitates the conservation of body water, as those
animals employing it suppress evaporative cooling during the day,
resulting in the elevation of body temperature, or the night when the
temperature gradient allows for dry heat loss to the environment (Mitchell

et al., 2002).

More recently it was found that the gemsbok Oryx gazella gazella, a close
relative of the beisa oryx studied by Taylor (1969), did not have widely
fluctuating body temperatures. Over a measuring period of up to 15 days
gemsbok body temperature had only a moderate range (1.8 £ 0.3°C) of
nycthemeral rhythm. Moreover, variations in ambient heat load did not
affect the range of the nycthemeral rhythm (Maloney et al., 2002).
Although the gemsbok study was possibly done over too-short a time
frame to be conclusive, no evidence for adaptive heterothermy has been
found in any of the other African ungulates studied to date (black
wildebeest, Jessen et al. 1994; eland, Fuller et al. 1999; kudu Tragelaphus
strepsiceros, Hetem et al. 2008; springbok Antidorcas marsupialis, Mitchell
et al. 1997, Fuller et al. 2005; zebra Equus quagga, Fuller et al. 2000).

Large fluctuations in 24h body temperature have, however, been found in
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the Arabian oryx (Ostrowski et al., 2003, Hetem et al., 2012b) as well as
the diminutive Arabian sand gazelle Gazella subgutturosa marica with a
body mass of 15 kg (Hetem et al., 2012b), free-living in the deserts of

Saudi Arabia.

While there is no doubt that free-living Arabian oryx and Arabian sand
gazelles display heterothermy, an alternative explanation as to the cause
of the variable body temperature in these animals has recently been put
forward. Hetem and co-workers reported a maximum 24h range in body
temperature of 7.7°C in the Arabian oryx during hot and dry summer
conditions in Saudi Arabia. However, the mean 24h body temperature
range of the Arabian oryx (5.5 £0.5°C) also did not differ from that of the
Arabian sand gazelle (4.1 £0.5°C). The amplitudes of the 24h body
temperatures of the Arabian oryx and sand gazelle were, however, not
associated with the amplitude of the variation of air temperature (Hetem et
al., 2012b). The animals, therefore, did not increase their heat storage with
increasing temperature. When the oryx had access to drinking water
following rainfall the range in body temperature was only about 2.5°C.
However, during summer, neither the Arabian oryx, nor the Arabian sand
gazelle, had access to drinking water and the condition of the grazing was
poor (Hetem et al., 2012b). The authors argued that the absence of water,
in combination with the high ambient temperatures, resulted in the
elevated 24h maximum body temperatures. By inhibiting evaporative
cooling when water-stressed, the Arabian oryx and sand gazelle therefore

prioritised osmoregulation at the expense of thermoregulation, resulting in
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elevated 24h maximum body temperatures (Hetem et al., 2012b, Hetem et

al., 2016).

The elevated body temperatures reported by Hetem and colleagues
(2012b; 2016) should not be confused with dehydration-induced
hyperthermia. Dehydration-induced hyperthermia is the elevation of body
temperature in the absence of water, characterised by an elevated
maximum body temperature due to the suppression of evaporative water
loss. Unlike heterothermy, dehydration-induced hyperthermia is not
characterised by an increased 24h range (maximum — minimum) in body
temperature (Mitchell et al., 2002). Hetem and colleagues showed
decreased minimum body temperatures, in conjunction with elevated
maximum body temperatures in both the Arabian oryx and the sand
gazelle during the hot dry season, resulting in the increased range in 24h
body temperature. The decrease in the minimum body temperature was
attributed to the poor quality grazing, only sparsely available in the desert
environment, potentially resulting in a nutritionally-induced drop in
metabolic rate and, consequently, lower 24h minimum body temperatures

(Hetem et al., 2012b)

Nutritionally-induced reductions in metabolic rate and the resulting
decrease in body temperature have been documented previously in
domesticated animals. For example, decreasing the amount of food
offered to Shetland ponies Equus ferus caballus by 30% was associated
with a 1°C decrease in rectal temperature (Brinkmann et al., 2012).

Similarly Maloney and colleagues found that sheep Ovis aries that were
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fed only 70% of their maintenance diet developed nocturnal hypothermia,
thereby increasing their 24h body temperature range by 70% (Maloney et
al., 2013). Reductions in metabolic rate, accompanied by lowered body
temperature have also been recorded in wild ungulates, including the
Alpine ibex (Signer et al., 2011), red deer Cervus elaphus (Arnold et al.,
2004) and Przewalski’s horse Equus ferus przewalskii (Arnold et al.,
2006). A recent review article suggested that the reduction in metabolic
rate and the lowering of body temperature in response to
undernourishment might be an adaptation to cope with starvation (McCue,

2010).

Large mammals, regardless of their size, therefore have well-controlled,
stable body temperatures when they have access to water and food of
sufficient quantity and quality, with their 24h range in body temperature
typically varying by less than 2.5°C (Mitchell et al., 2002, Fuller et al.,
2014, Fuller et al., 2016, Hetem et al., 2016). When food becomes a
limiting factor large mammals respond by reducing their metabolic rates,
their energy requirements and also their minimum body temperatures.
When water becomes a limiting factor mammals suppress evaporative
water loss and allow their body temperatures to rise, conserving body
water in the process. A reduction in both respiratory and cutaneous
evaporative heat loss has previously been documented in water-stressed
artiodactyls (Taylor, 1970b), while reduced respiratory evaporative heat
loss has also been recorded in heat-stressed goats making use of

selective brain cooling (Kuhnen, 1997). As selective brain cooling is
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believed to also suppress evaporative water loss (Jessen et al., 1994) it is
another physiological mechanism that could provide many of those
animals in possession of a carotid rete the possibility for acclimatization to

a changing environment.

1.3.3.1.3.2 Selective brain cooling

The carotid rete, or rostral epidural rete mirabile, is an intracranial vascular
structure, near-ubiquitous and often elaborate in the Ruminantiamorpha,
Whippomorpha, Camelidamorpha and Suinamorpha, collectively known as
the Cetartiodactyla (Fig. 4; nomenclature sensu (Spaulding et al., 2009).
The carotid rete is present also, often in a rudimentary or primitive form, in
a number of laurasiatherian mammals (Ask-Upmark, 1935, du Boulay and
Verity, 1973), including cats (Kamijyo and Garcia, 1975), in which it is
extracranial (Daniel et al., 1953), and domestic dogs Canis lupus familiaris
(Daniel et al., 1953, Gillilan, 1976). Primates, many small-mass mammals
(for example, rodents, lagomorphs, and “insectivores”), and perissodactyls
(horses, tapirs and rhinoceroses), a sister group of the artiodactyls
(Hassanin et al., 2012), have no carotid rete (Ask-Upmark, 1935, Sisson

and Grossman, 1967, Gillilan, 1974).

In artiodactyls, anatomical investigations (Ask-Upmark, 1935,
Daniel et al., 1953, Gillilan, 1974, Carlton and McKean, 1977, Fragckowiak
et al., 2015, Kiettyka-Kurc et al., 2015), including the identification of
osteological correlates in extant and extinct artiodactyls (O'Brien, 2016),
and physiological studies (Johnsen et al., 1987, Mitchell et al., 1997, Fuller

et al., 1999b, Maloney et al., 2002, Lust et al., 2007, Hetem et al., 2012c)
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have confirmed the presence of the rete and its functionality in virtually all
of the extant terrestrial artiodactyls, with informative exceptions (Fig. 4). In
the vast majority of terrestrial artiodactyls, the carotid rete is found in lieu
of the internal carotid artery and serves as the main supply of oxygenated
blood to the brain (Schummer et al., 1981, Wible, 1984, Frackowiak, 2006,

O'Leary, 2010, O'Brien, 2015).

An exception is the Tragulidae, which consist of three genera of
small, forest-dwelling antelope that have retained an internal carotid artery
instead of a carotid rete (Fukuta et al., 2007, O'Brien, 2015). Whether their
unique cranial vasculature is a plesiomorphic (sensu Janis, 1984) or
apomorphic (e.g. Clauss & Réssner 2014) characteristic has not been
resolved. The Hippopotamidae also are artiodactyls and a historic paper
identifies hippopotamuses as having a carotid rete (Chapman, 1881), but it
is indistinct (du Boulay and Verity, 1973, O'Brien, 2016). The status of the
rete in Hippopotamidae requires further investigation using modern
techniques, because it was identified before the anatomical techniques of
resin injection and maceration for exploring vascular systems became

available.

The function of the carotid rete in the Cetacea is unknown, but in the
terrestrial artiodactyls, cats, and dogs, it is a heat exchanger, that can be
used to cool the brain, but importantly the hypothalamic region, below the
temperature of carotid arterial blood. This phenomenon, known as
selective brain cooling, first was described in a domestic cat Felis catus 50

years ago (Baker and Hayward, 1967).
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Figure 4: Phylogenetic tree indicating the relationship between the Cetartiodactyla,
Perissodactyla and the Carnivora, represented by the cats and dogs (adapted from
Hassanin et al., 2012). Red branches indicate clades with a carotid rete, capable of
selective brain cooling. Black branches designate the absence of a carotid rete
(Hippopotamidae largely data deficient). Also depicted in various shades are the
Ruminantiamorpha (green), Whippomorpha (blue), Camelidamorpha (orange) and
Suinamorpha (yellow).
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The brain, as a highly metabolically-active organ, usually has a
temperature higher than that of the arterial blood perfusing it. The heat
produced by the brain is removed by that blood, meaning that in the
absence of a carotid rete, the brain is about 0.5°C warmer than arterial
blood leaving the heart (Fuller et al., 2000, Maloney et al., 2009). The
carotid rete, carrying arterial blood destined for the brain, is surrounded by
venous blood in either a cavernous sinus (artiodactyls) or a pterygoid
sinus (felids) (Daniel et al., 1953). The venous blood derives from the
maxilloturbinates and other mucous surfaces of the mouth and nose,
where it is cooled to well below arterial blood temperature by evaporation
of water into inspired air, whether or not the mammal is panting (Kuhnen

and Jessen, 1991).

The thin walls and large surface area of the carotid rete vessels allow for
efficient heat exchange between the arterial and venous blood, the result
being that the arterial blood exiting the carotid rete into the brain, and
subsequently the hypothalamic tissue in that region, can be more than 1°C

cooler than arterial blood entering the rete (Maloney et al., 2007).

Soon after the heat-exchange function of the carotid rete was discovered,
investigations of selective brain cooling in domesticated and habituated
wild mammals in captivity led to the conclusion that selective brain cooling
served to protect the brain from reaching dangerously high temperatures
(Baker and Hayward, 1967, Baker and Hayward, 1968, Magilton and Swift,
1968, Baker, 1972, Taylor and Lyman, 1972, Baker and Chapman, 1977,

Baker, 1979, Mitchell et al., 1987). That conclusion was influenced heavily
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by one measurement of selective brain cooling. Taylor and Lyman (1972)
reported that brain temperature after induced exercise in habituated
Thomson’s gazelle Gazella thomsonii was as much as 2.7°C lower than
carotid arterial blood temperature, a magnitude of selective brain cooling

never seen before or since by anyone else, in any mammal.

A protectionist function fitted well with the perceived vulnerability of brain
tissue to thermal damage in vitro (Burger and Fuhrman, 1964). Only when
it was shown that goats Capra hircus could withstand brain temperatures
of 42.5°C for an hour without any apparent ill-effect (Caputa et al., 1986b)
did it become apparent that the brain was not as vulnerable to thermal
damage as believed previously (Mitchell et al., 2002). Indeed, rather than
the brain, it is the tissue of the gastrointestinal tract that is most
susceptible to thermal damage (Braasch, 1964) due to reduced splanchnic
blood flow and endotoxin leakage (Leon and Helwig, 2010). Subsequent
studies of free-living and unrestrained mammals have revealed that
selective brain cooling is not obligatory at high body temperatures (Mitchell
et al., 2002), and, as first noted in a laboratory study on goats, it is part of
the normothermic thermoregulatory repertoire of artiodactyls (Kuhnen and
Jessen, 1991). Rather than functioning primarily to protect the brain from
thermal damage, selective brain cooling modulates the use of body water
for thermoregulation (Jessen et al., 1998). By reducing the temperature of
the hypothalamus, where the temperature sensors that provide the internal
drive for heat loss are located, selective brain cooling reduces evaporative

water loss (Kuhnen, 1997).
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Factors controlling selective brain cooling

Control mechanisms govern the onset and degree of selective brain
cooling in mammals with a carotid rete. The finding that selective brain
cooling typically is exhibited by tame or habituated mammals when
exposed to heat or exercise indicated that a primary input to the control of
selective brain cooling is the mammal’s internal temperature (Jessen et al.,
1998). However, the absence of selective brain cooling in hyperthermic
artiodactyls, particularly in free-living mammals during intense exercise,
revealed that there also are non-thermal inputs in the control of selective
brain cooling, and that these inputs can override thermal inputs (Mitchell et

al., 2002; Fuller et al., 2014).

Thermal inputs

Typically at the lower carotid arterial blood temperatures, brain
temperature is higher than, and runs in parallel to, carotid arterial blood
temperature. In that temperature regime, in all mammals whether or not
they have a carotid rete, hypothalamic temperature generally exceeds
carotid arterial blood temperature by about 0.2 - 0.5°C (Maloney et al.,
2007). As carotid arterial blood temperature rises, hypothalamic
temperature uncouples from carotid arterial blood temperature, as
selective brain cooling ensues in those species with a carotid rete. There
are two variables that can be used to characterise selective brain cooling:
the temperature at which hypothalamic temperature and carotid arterial

blood temperature are equal, which is the threshold temperature for
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selective brain cooling (Kuhnen and Jessen, 1991), and the extent to
which brain temperature drops below carotid arterial blood temperature,
the magnitude of selective brain cooling. The threshold temperature for
selective brain cooling can differ, within an individual when exposed to

different environmental conditions (Hetem et al., 2012).

That hyperthermia is a not a prerequisite for selective brain cooling is
confirmed by measurements of the threshold temperature in many species
(Table 1); it typically lies between 38°C and 39°C (Table 1), close to the
modal and mean body core temperature of artiodactyls (Hetem et al.,
2016). In captive mammals, the magnitude of selective brain cooling
typically increases with increasing carotid arterial blood temperature, but in
free-living wild mammails it is more variable. Large mammals typically have
a 24h rhythm of arterial blood temperature with a trough soon after dawn
and a peak in the late afternoon (Mitchell et al., 2002; Hetem et al., 2016).
Hypothalamic temperature, which is determined mainly by post-carotid
rete arterial blood temperature (Hayward et al., 1966), typically has a 24h
pattern similar to that of carotid arterial blood temperature. As carotid
arterial blood temperature approaches its 24h peak, hypothalamic
temperature uncouples from carotid arterial blood temperature and
selective brain cooling ensues. Although selective brain cooling could be
implemented at any time of the day, its magnitude typically is greatest (0.5
—1.5°C, Table 1) around the time of the 24h peak in carotid arterial blood

temperature (Mitchell et al., 2002). At that time of day, environmental heat
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Table 1: The threshold temperature (mean £ SD, where originally reported) and maximum
magnitude of selective brain cooling reported (or inferred) from studies of selective brain
cooling on artiodactyls. Values in brackets represent sample size.

Species (sample size)

Selective brain cooling

Threshold (°C)

Magnitude
(°C)

Notes

Reference

Domestic or habituated animals studied under controlled, laboratory conditions, unless otherwise indicated

Goat Capra hircus (6)

Goat Capra hircus (3)

Goat Capra hircus (3)

Goat Capra hircus (3)

Goat Capra hircus (3)

Goat Capra hircus (3)

Goat Capra hircus (3)

Goat Capra hircus (5)

Goat Capra hircus (5)

Ox Bos taurus (11)
Ox Bos taurus (3)

Sheep Ovis aries (3)

Sheep Ovis aries (4)
Sheep Ovis aries (4)
Sheep Ovis aries (4)
Sheep Ovis aries (4)
Sheep Ovis aries (4)
Sheep Ovis aries (4)

Sheep Ovis aries (4)

Not reported

38.8+0.1

39.05+0.06

39.2+0.05

38.9

39.0

38.9

39.3+01

39.3

39.1
40.3

Not reported

Not reported
Not reported
Not reported
Not reported
Not reported
Not reported

Not reported

39

2.5

1.2

0.5

1.2

1.5

0.3

0.8

0.7

1.2

0.8

1.5

0.6

1.0

1.0

1.0

0.5

0.8

0.6

0.9

Heat exchanger

Heat exchanger

Heat exchanger &

high humidity

Heat exchanger &

low humidity
Heat exchanger

Free-living,

euhydration

Free-living,

dehydration

Hydrated and

exercise

Dehydrated and

exercise
Heat exposure
Exercise

Heat exchanger &

heat exposure
Room temperature
Heat exposure
Febrile — induced
Exercise

Heat exposure
Cold exposure

Febrile — induced

(Caputa et al.,
1986a)

(Kuhnen & Jessen
1991)

(Kuhnen & Jessen
1992)

(Kuhnen & Jessen
1992)

(Kuhnen, 1997)

(Jessen et al., 1998)

(Jessen et al., 1998)

(Baker and Nijland,
1993)

(Baker and Nijland,
1993)

(Chesy et al., 1983)
(Chesy et al., 1985)

(Maloney and
Mitchell, 1997)

(Laburn et al., 1988)
(Laburn et al., 1988)
(Laburn et al., 1988)
(Laburn et al., 1988)
(Nijland et al., 1990)
(Nijland et al., 1990)

(Nijland et al., 1990)



Sheep Ovis aries (9)

Sheep Ovis aries (9)

Sheep Ovis aries (5)

Pig Sus scrofa (4)
Pig Sus scrofa (2)
Pig Sus scrofa (1)

Camel Camelus dromedarius

)

Camel Camelus dromedarius

()

Reindeer Rangifer tarandus

@)

Reindeer Rangifer tarandus

@)

Thomson'’s gazelle Gazella
thomsonii (5)

Free-living wild animals with free access to normal behaviour

Black wildebeest Connochaetes

gnu (4)
Eland Tragelaphus oryx (1)

Gemsbok Oryx gazella (4)

Gemsbok Oryx gazella (4)

Kudu Tragelaphus strepsiceros

(4)

Kudu Tragelaphus strepsiceros

4)
Arabian oryx Oryx leucoryx (4)

Springbok Antidorcas
marsupialis (2)

Pronghorn Antilocapra

americana (2)

39.1

39.56+0.5

39.1+0.5

38.9
Not reported
Not reported

38.0

39.5

38.7+0.2

39.5+0.3

39.4

38.9+0.2

40

39.8+04

39.56+0.9

39.3+0.7

38.8+0.1

37.8+0.1

39.2+0.2

39.5

0.4

1.5

0.5

0.9

0.8

0.3

1.0

1.5

1.0

0.5

2.7

0.4

0.4

0.4

0.9

0.5

0.2

1.4

0.5

0.5

40

Water deprivation &

heat exposure

Water deprivation &

heat exposure

Thermoneutral
Heat stress
Cold stress

At rest

Exercise — hydrated

& dehydrated

Heat exchanger

Exercise

Exercise

Febrile — naturally

Afebrile

(Fuller et al., 2007)

(Strauss et al., 2016)

(Maloney et al.,
2007)

(Fuller et al., 1999a)
(Fuller et al., 1999a)
(Fuller et al., 1999a)

(Schroter et al.,
1989)

(Schroter et al.,
1989)

(Kuhnen and Mercer,
1993)

(Kuhnen and Mercer,
1993)

(Taylor and Lyman,
1972)

(Jessen et al., 1994)

(Fuller et al., 1999b)

(Maloney et al.,
2002)

(Strauss et al., 2016)

(Hetem et al., 2008)

(Hetem et al., 2008)

(Hetem et al., 2012)

(Mitchell et al., 1997)

(Lust et al., 2007)



Blue wildebeest Connochaetes 393104 1.1 (Strauss et al., 2016)

taurinus (6)

Red hartebeest Alcelaphus 39.4+0.6 1.0 (Strauss et al., 2016)
buselaphus (5)
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load is decreasing and the antelope usually are involved in low-intensity
activities, such as rumination and grazing. Despite strong thermal inputs at
that time of day, however, selective brain cooling in artiodactyls can be
modulated by non-thermal inputs, such that its magnitude can be further

increased, or it can even be completely abolished.

Non-thermal inputs

Cranial sympathetic tone

A role for sympathetic nervous system activity in the modulation of
selective brain cooling was revealed through a series of elegant
experiments on reindeer Rangifer tarandus (Johnsen and Folkow, 1988,
Johnsen et al., 1987, Johnsen et al., 1985). Experiments on habituated
artiodactyls showed that selective brain cooling could be controlled by
directing the passage of venous blood draining the evaporating surfaces of
the head either to the cavernous sinus, classically via the angularis oculi
veins, or to the jugular vein via the facial vein, bypassing the cavernous
sinus (Fig. 5). The default direction of blood flow appears to be via the
cavernous sinus, so increased cranial blood flow in heat-stressed
artiodactyls (Vesterdorf et al., 2011, Maloney and Mitchell, 1997) led to
increased flow of cooled venous blood to the cavernous sinus and, hence,

increased selective brain cooling.
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Angularis oculi vein

Nasal mucosa -
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Figure 5: Diagram illustrating the position of the carotid rete in artiodactyls, located within
a cavernous sinus at the base of the brain, as well as the main arterial blood supply to the
brain, via the carotid rete. During selective brain cooling, cool venous blood from the
nasal mucosa drains into the cavernous sinus via the angularis oculi vein (as well as
some deeper veins; see Fuller et al. 2011). Under high sympathetic activity the cooled
venous blood draining from the nasal mucosa largely bypasses the cavernous sinus as it
is shunted via the facial vein, thereby attenuating selective brain cooling. Diagram
adapted from Jessen (1998).
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Increased cranial sympathetic nervous system activity, however, led to
simultaneous contraction of a muscular sphincter in the angularis oculi
vein (a-adrenergic) and dilatation of a similar sphincter in the facial vein (3-
adrenergic), resulting in venous blood bypassing the cavernous sinus and
returning via the jugular to the heart (Johnsen et al., 1985, Johnsen et al.,
1987, Johnsen and Folkow, 1988). While this differential vasoconstriction
can modulate the degree of selective brain cooling, it does not fully explain
the control of selective brain cooling in artiodactyls. In addition to the
angularis oculi veins, less superficial veins such as the sphenopalatine,
external ophthalmic and ethmoidal veins also supply venous blood to the
cavernous sinus (Sisson and Grossman, 1967, Carlton and McKean,
1977). As a result, severing the angularis oculi veins does not completely
eliminate selective brain cooling (Fuller et al., 2011). High sympathetic
tone attenuates selective brain cooling not only by constricting the
angularis oculi veins, but also by constricting nasal mucosal blood vessels

and closing arteriovenous anastomoses.

Within the nasal mucosa, the rate of heat extraction is attenuated through
a combination of reduced blood flow and the restriction of airway width
(Malm, 1973). So increased cranial sympathetic nervous system activity
decreases blood flow to the evaporating surfaces of the head as well as
redirecting the flow of venous blood leaving those surfaces away from the
cavernous sinus (Maloney and Mitchell, 1997, Fuller et al., 2011). These
changes result in an upward shift of the threshold temperature for

selective brain cooling, as documented in springbok (Mitchell et al., 1997),
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or complete abolishment of selective brain cooling, as documented in
black wildebeest (Jessen et al., 1994). Free-living mammals rarely engage
in intensive exercise except for predator-prey interactions, during which
there is a dramatic increase in sympathetic nervous system activity in both
predator and prey. The sympathetic activity prevalent during the flight and
fright response in wild artiodactyls abolishes selective brain cooling
(Jessen et al., 1994), overriding the drive of high body temperature.
Selective brain cooling observed in tame artiodactyls exercising at low or
moderate intensity likely is associated with low sympathetic activity

(Mitchell et al., 2002).

Though it is not as strong as in intense exercise during predator-prey
interactions, there also is sympathetic activation during psychological
stress. The effects of psychological stress, including rising body and brain
temperatures are well-documented, even in non-rete mammals such as
rats (Mohammed et al., 2014). In rete-mammals selective brain cooling is
absent or reduced in other circumstances likely associated with increased
sympathetic tone, including nearby human presence (Maloney et al.,
2001), the return of drinking water to dehydrated artiodactyls (Fuller et al.,
2007), and vigilance in male artiodactyls (Maloney et al., 2002; Hetem et
al., 2012). The temperament of individual mammals, a heritable trait
among artiodactyls (Murphy et al., 1994), plays an important role in how

situations are experienced (Beausoleil et al., 2008).
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Hydration status

Selective brain cooling is enhanced during water deprivation (Jessen et
al., 1998, Fuller et al., 2007). Because body temperature is elevated in
dehydrated mammals exposed to heat, that enhancement could arise from
a stronger thermal drive on selective brain cooling (Jessen et al., 1998).
However, Fuller et al. (2007) showed that sheep exhibited a higher
magnitude of selective brain cooling during dehydration even when carotid
arterial blood temperature did not increase. Water deprivation on its own
therefore seems to be a sufficient stimulus to enhance selective brain
cooling. That idea is supported by measurement of selective brain cooling
in antelope living free in arid environments. In the hyper-arid desert of
Saudi Arabia, the mean magnitude of selective brain cooling in free-living
Arabian oryx peaked in the afternoon (Figure 6A), well after solar noon
and maximum heat load, as measured with miniature black globe
thermometers on the collar of the animals (Hetem et al., 2007). Water
availability, or aridity, appears to be the main factor determining the use
and magnitude of selective brain cooling, with selective brain cooling being
enhanced in the dry period than in the wet period (Hetem et al. 2012).
During the hot dry period when no drinking water was available, the
Arabian oryx made near continuous use of selective brain cooling during
the four hours leading to sunset (Figure 6B, grey bars), compared to no
more than 40% of the time during the warm wet period, when the oryx
presumably had access to drinking water or food with a higher moisture

content (Figure 6B, black bars).
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Figure 6: The effect of aridity on selective brain cooling as illustrated through differences
in the mean (+SD) magnitude of selective brain cooling (carotid blood temperature minus
hypothalamic temperature; A) and the proportion of time that a single Arabian oryx used
selective brain cooling in the hot, hyper-arid deserts of Saudi Arabia (B). Grey depicts the
hot dry and black the warm wet periods. Horizontal grey and black bars depict night-time
during the two periods of interest. Data from Hetem et al. (2012c).
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Despite being exposed to similar ambient temperatures, Arabian oryx, in
the hyper-arid desert of Saudi Arabia, also showed enhanced selective
brain cooling compared to the congeneric gemsbok with free access to
water (Maloney et al., 2002), as they initiated selective brain cooling at a
lower threshold temperature, used selective brain cooling more frequently

and at greater magnitude, than did the gemsbok (Hetem et al., 2012c).

1.4 Thesis aims

The preceding sections have summarised some of the ways animals might
respond to some aspects of climate change as well as current knowledge
surrounding the physiological and behavioural responses that animals,
particularly large artiodactyl mammals, could employ to adapt to the hotter
and drier conditions predicted for southern Africa. In summarising the
possible physiological and behavioural responses to climate change
several areas worthy of further investigation have been identified and

these shaped the research presented here.

Water is the most vital limiting component in Southern Hemisphere
ecosystems, as the region is relatively warm year-round, with relatively low
thermal variability seasonally, as compared with the Northern Hemisphere
(Hawkins et al., 2003). Therefore, a particular focus of this thesis was on
the conservation of body water in a region where increasing air
temperatures and the associated increased evaporation rates are
predicted to coincide with decreasing, less predictable, rainfall. As

indicated below, much of this focus was centred on selective brain cooling
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in large African antelope as well as investigating variability in body

temperature, subcutaneous temperature and microclimate use.

Chapter 2. For almost 20 years the evidence that selective brain cooling
conserves body water hinged on a single laboratory study where the brain
and core body temperatures of two goats were manipulated through the
use of extracorporeal heat exchangers in 18 experiments (Kuhnen, 1997).
Here it was shown that heat-stressed goats had higher respiratory
evaporative water loss, when selective brain cooling was inhibited by
experimentally (artificially) increasing brain temperature, than when

animals were allowed to use selective brain cooling.

Although water conservation as a result of selective brain cooling has
frequently been inferred in artiodactyls (Mitchell et al., 1997, Jessen et al.,
1998, Maloney et al., 2002, Fuller et al., 2007, Hetem et al., 2008, Hetem
et al., 2012c), no-one has ever measured how much water an artiodactyl,
naturally making use of selective brain cooling, could save. Using a model
artiodactyl, the Dorper sheep, | therefore set out to quantify the water

savings that result from selective brain cooling.

Chapter 3. Although selective brain cooling has been investigated in
artiodactyls inhabiting arid (e.g., Fuller et al. 1999; Maloney et al. 2002;
Hetem et al. 2008) and even hyper-arid (e.g., Hetem et al. 2012c) regions,
very little is known about the comparative use of selective brain cooling in
artiodactyls, the relative capacities of different artiodactyl species to

selectively brain cool, or whether selective brain cooling differences — if it
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exists - might be related to species anatomical differences in the carotid
rete. Selective brain cooling has never been investigated simultaneously in
more than one species inhabiting the same environment. | therefore set
out to compare the use of selective brain cooling and the anatomy of the
carotid rete, in three large, sympatric artiodactyl species with varying water
dependencies that naturally occur in the hot and dry Northern Cape

Province of South Africa.

Chapter 4. It is increasingly realised that a mechanistic understanding of
how animals respond to the rapidly changing environment is needed
(Seebacher and Franklin, 2012, Munoz et al., 2015, Fuller et al., 2016).
However, it is clear that not enough is known about the physiology of
animals, particularly the physiological limits of animals (Kenney et al.,
2004), to understand to what extent they could adjust their physiology in a

changing environment (Somero, 2010).

The identification of physiological (e.g. body temperature) and behavioural
(e.g., microclimate use) signals in response to a hot and dry environment,
expected to become even hotter and drier, with increased rainfall
variability in the face of climate change, could serve as an important
reference for future investigations into the extent and occurrence of
physiological and behavioural adjustments. | therefore investigated the
abdominal body temperatures, changes in peripheral blood, and
microclimate use of three large artiodactyl species (gemsbok, red

hartebeest and blue wildebeest) over the four warmest months of the year.
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Abstract

In artiodactyls, arterial blood destined for the brain can be coocled through counter-current
heat exchange within the cavernous sinus via a process called selective brain cooling. We
test the hypothesis that selective brain cooling, which results in lowered hypothalamic tem-
perature, contributes to water conservation in sheep. Nine Dorper sheep, instrumented to
provide measurements of carotid blood and brain temperature, were dosed with deuterium
oxide (D20), exposed to heat for 8 days (40°C for 6-h per day) and deprived of water for the
last five days (days 3 to 8). Plasma osmolality increased and the body water fraction de-
creased over the five days of water deprivation, with the sheep losing 16.7% of their body
mass. Following water deprivation, both the mean 24h carotid blood temperature and the
mean 24h brain temperature increased, but carctid blood temperature increased more than
did brain temperature resulting in increased selective brain cooling. There was considerable
inter-individual variation in the degree to which individual sheep used selective brain cool-
ing. In general, sheep spent more time using selective brain cooling, and it was of greater
magnitude, when dehydrated compared to when they were euhydrated. We found a signifi-
cant positive correlation between selective brain cooling magnitude and osmolality (an
index of hydration state). Both the magnitude of selective brain cooling and the proportion of
time that sheep spent selective brain cooling were negatively correlated with water turnover.
Sheep that used selective brain cooling more frequently, and with greater magnitude, lost
less water than did conspecifics using selective brain cooling less efficiently. Our results
show that a 50kg sheep can save 2.6L of water per day (~60% of daily water intake) when it
employs selective brain cooling for 50% of the day during heat exposure. We conclude that
selective brain cooling has a water conservation function in artiodactyls.

Introduction

Several mammal species, particularly artiodactyls (such as sheep, goats and antelope), use the
carotid rete to lower hypothalamic temperature below arterial blood temperature, a process
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Competing Interests: The authors have declared termed selective brain cooling |1]. Typically, in resting artiodactyls, when carotid blood tem-

that no-compeing interests exist perature exceeds a threshold of 38.5-39.0°C [2], selective brain cooling is implemented, and
brain temperature increases at a slower rate than does carotid temperature. However, selective
brain cooling is not mandatory at high body temperatures and can be switched off by high
sympathetic nervous system activity |3, 4]. Sympathetic nervous system activity influences
blood flow to the cavernous sinus, which envelopes the carotid rete with cool blood, through
the constriction of nasal mucosal blood vessels and the closure of arteriovenous anastomoses
[5] located in the nasal cavity [6]. Variation in sympathetic tone between individuals of the
same species appears Lo account for high inter-individual variability in the use of selective
brain cooling [7, 8], which can be quantified by assessing the magnitude of the difference be-
tween brain and carotid blood temperature, the proportion of time spent with brain tempera-
ture lower than carotid blood temperature, and the threshold temperature for selective brain
cooling [9].

Selective brain cooling initially was thought to protect a thermally vulnerable brain during
hyperthermia [10, 11]. But such a protective role for selective brain cooling has been found
wanting [12]. It is now thought that selective brain cooling plays a role in conserving body
waler by cooling the lemperature sensors in the hypothalamic region of the brain, thereby re-
ducing heat loss drive [1, 9, 12-14]. Indeed, when dehydrated, Bedouin goats [15] and Dorper
sheep 8] showed enhanced selective brain cooling, both in terms of magnitude and the fre-
quency of use. However, the higher carotid blood and brain temperatures recorded in the Bed-
ouin goats during dehydration meant that the increased selective brain cooling also could be
explained by the higher core temperature compared to the period of euhydration [8]. Con-
versely, the carotid blood temperature in the sheep did not increase during dehydration, yet se-
lective brain cooling was still enhanced, showing that the increase in selective brain cooling
was a function of dehydration, not simply elevated core body temperature [8]. Studies in free-
ranging antelope also support the idea that selective brain cooling is enhanced in arid environ-
ments independently of heal exposure. Arabian oryx had a higher magnitude, higher frequency
of use, and lower threshold of selective brain cooling in dry environments than when they had
free access to water, despite ambient temperatures being similar [9].

These studies provide circumstantial evidence in support of the notion that selective brain
cooling serves a waler conservation function. To dale, only a single laboratory study has inves-
tigated the relationship between selective brain cooling and water use. Goats, in which extra-
corporeal heat exchangers were used to independently manipulate carotid blood and brain
temperatures, had lower respiralory evaporalive heal loss when the brain was cooled artificially
and the body core heated, than when the brain was not cooled [2]. Here we investigate, for the
first time, whether water savings accrue in artiodactyls spontaneously using selective brain
cooling. Dorper sheep were fitted with temperature probes that provided continuous, real-
time, temperature measurements from the brain and carotid artery. We measured water turn-
over using the washout rate of deuterium oxide. We hypothesized that if selective brain cooling
does play a role in water conservation it would lead to reduced water turnover in those sheep
showing grealer seleclive brain cooling.

Methods
Animals

Nine adult Dorper ewes (Dorset x Persian Ovis aries, initial body mass 60 + 15 kg, mean + SD)
were used. The mean fleece length of the ewes at study termination, as measured at the shoul-
der and on the hip, was 18.0 + 3.8 mm and 15.4 + 2.2 mm, respectively. The sheep were housed
indoors in a single pen at an ambient temperature of ~22°C on a 12h/12h light/dark cycle
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(lights on from 06:00-18:00) for twe weeks before implantation surgery. Lucerne, Eragrostis
teff and water were available ad libitum, while commercial sheep pellets (Epol, Johannesburg,
South Africa) were provided to the sheep once per day. The water content of the food was esti-
mated to be no more than 5%. Fresh bedding (dry straw) was provided daily after the holding
pen was cleaned.

Ethics statement

The Animal Ethics Screening Committee of the University of the Witwatersrand approved all
of the procedures (protocol no. 2008/55/04).

Surgery

In the holding pen the sheep were given diazepam (0.3mg kg" Valium, Roche, Nutley, NJ,
USA) intra-muscularly (IM). Aboul 15min later butorphanol (0.1mg kg'l, Torbugesic, Forl
Dodge, Kempton Park, South Africa) and ketamine (2mg kg ', Anaket, Bayer Animal Health,
Isando, South Africa) were administered intravenously (IV) and the sheep were transported to
a nearby slerile theatre. Al the Lhealre, Lhe sheep were maintained in slernal recumbency with
the help of sandbags. Following intubation, general anesthesia was maintained with 2-3% iso-
flurane (Isofor, Safe Line Pharmaceuticals, Johannesburg, South Africa) in oxygen. The surgical
incision sites were shaved and sterilized with chlorhexidine gluconate (Hibitane, Zeneca, Jo-
hannesburg, South Africa). Each sheep received a long-acting antibiotic (0.1ml kg LM, peni-
cillin, Peni LA Phenix, Virbac Animal Health, Centurion, South Africa), an analgesic (0.01mg
kg ', sub-cutaneously (SC), buprenorphine, Temgesic, Schering Plough, Isando, South Africa),
a non-steroidal anti-inflammatory (2.2mg kg *, IM, flunixin meglumine, Finadyne, Centaur
Labs, Johannesburg, South Africa), a broad-spectrum parasiticide (2.5ml SC, doramectin, Dec-
tomax, Pfizer Laboratories, Sandton, South Africa), and a multivitamin (Mulitivit injectable so-
lution, Univel Lid, Counly Cavan, Ireland) injeclion. To anesthelize Lhe periesleum and
reduce bleeding a 1.5ml cocktail of lignocaine (0.1g, Bayer Animal Health, Johannesburg,
South Africa) and adrenaline (Kyron Labs, Johannesburg, South Africa), mixed at a ratio of
10:1, was injected subcutaneously under the scalp where the brain probe would be inserted.
Under sterile surgical procedures, we implanted two thermometric radio-lelemelers into each
animal (see below). We measured respiratory rate (visual observation), heart rate, peripheral
arterial oxygen saturation (Nonin Handheld Pulse Oximeter, Plymouth, MN, USA) and rectal
temperature (Cardell 9400, Midmark Corporation, Ohio, USA) throughout the ~2 hour surgi-
cal procedure. Implanted devices were covered with inert wax (Sasol, Johannesburg, South Af-
rica) and dry-sterilized using formaldehyde vapor for at least 24 hours before implantation.

Temperature measurement

Ruggedized glass-coated bead thermistors (bead diameter 0.3mm; ABOE3-BR11KA103K-L10,
Thermometrics Corporation, Northridge, CA, USA) in sealed guide tubes specific for cach im-
plantation site were used to measure temperatures in the brain and carotid artery. For brain
temperature measurements, a cellulose acetate butyrate guide tube (length 44mm, OD 3.2mm,
ID 1.6mm; World Precision Instruments, Sarasota, FL, USA) sealed with a stainless-steel cap at
the tip was positioned near the hypothalamic region of the brain. The guide tube was inserted
via a 2.0mm hole drilled through the cranium, ~3.0mm to the left of the mid-line of the skull,
at previously determined anatomical markers [16]. The guide tube was connected to a polyvi-
nylchloride head plate (20 x 10 x 5mm). The head plate was attached to the skull with two bone
screws and covered with skin. A polytetrafluoroethylene (PTFE) coated coaxial cable (150mm
long, OD 3mm, Belden, Richmond, VA, USA), connected to the thermistor in the head plate,
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was extended subcutaneously over the skull to a radio-telemeter (Africa Wildlife Tracking, Pre-
toria, South Africa) specifically developed for our purposes. The radio-telemeter, with dimen-
sions ~70 x 50 x 30mm and mass of 100g when covered with wax, was placed subcutaneously,
caudal to the base of the left ear.

To measure carotid arterial blood temperature, a bead thermistor, inserted into a blind-
ended, thin-walled PTFE tube (OD 1.35mm, ID 0.97mm; Straight Aortic Flush 4F Catheter,
Cordis, The Netherlands) was inserted 80mm into the left common carotid artery, towards the
heart. It was secured in position, midway along the length of the neck, with a purse-string su-
Lure in the artery wall. Quiside the arlery, the PTFE Lube was sealed onlo a PTFE-coaled coaxial
cable (150mm long, OD 3mm, Belden, Richmond, VA, USA), connecting the thermistor to a
second radio-telemeter, identical o that used for brain temperature measurement. Because all
the transmitting units were implanted there was no external instrumentation on the animals.

The temperature sensors had a measurement range of 34°C 1o 50°C and a resolution of
0.03°C. They were calibrated against a high-accuracy thermometer (Quat 100, Heraeus,
Hanau, Germany) in an insulated water bath to an accuracy of better than 0.05°C. A single
receiver/transmitting unit, which logged temperature data from all animals at 5-minute inter-
vals, was placed ~2m above ground level, and less than 8m away from any animal al any given
time during the study. Logged temperature data were also transmitted Lo an internet server, via
GPRS, at hourly intervals, with all temperature records accessible in near-real time.

Experimental procedure

The experimental procedure was repeated twice, once for four sheep and again for five sheep.
The sheep were moved into a temperature-controlled climatic chamber (about 7.0m? floor
area) ten days afier implantation surgery, and allowed to acclimatize to their new environment
for two days (12h/12h light/dark cycle, lights on at 06:00, temperature ~22-24°C, relative hu-
midity ~60%). Following acclimatization to the climatic chamber, the sheep were allowed a fur-
ther two days Lo acclimalize Lo the lemperature and relalive humidily regime Lhal would
prevail during the study: heat exposure (40°C; relative humidity ~40%) for a total of six hours
per day (09:00-15:00), ~22-24°C, ~60% relative humidity for the remainder of the time

(Fig. 1C). Food and water were available freely during the four-day acclimatization period. On
the first lwo days of the study (day 1 & 2), the animals had free access lo food and drinking
water (as in their holding pen). Drinking water, but not food, was removed on the morning of
day 3 (~09:00) and was returned on the afternoon of day 8 (~16:00) to each animal after it was
individually weighed. Animals were weighed every afternoon at about 15:00.

We measured water turnover (L day Y, the sum of water influx (food and melabolic water)
and water loss (change in total body water), by dilution of the stable hydrogen isotope deuteri-
um oxide, over the five days of water deprivation and heat exposure. At the time of water re-
moval on day 3, a 4ml blood sample was collected from the right jugular vein of each sheep to
determine background concentrations of deuterium oxide. Each sheep then was injected with
0.05ml kg ! deuterium oxide (D,0, 99.8 at%; Merck & Co. Lid, Rahway, NJ, USA) TM, based
on body mass measured on the previcus afternoon. The blood sample collection and deuterium
injection procedures were completed for all sheep within ~15 minutes of water removal. Fol-
lowing equilibration of the deuterium oxide in the body water pool (~ 8 hours later), another
(enriched) 4ml blood sample was collected from the right jugular vein. Using the same proce-
dures, we collected a blood sample every afterncon immediately following heat exposure from
each sheep on days 4-7 of the experimental period. Shortly before heat exposure on the morn-
ing of day 8 (~08:30, 5 day of water deprivation), a background blood sample was taken, and
sheep again received 0.05ml kg™’ deuterium oxide IM based on the body mass measured on the
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Fig 1. Carotid blood (black) and brain (grey) temperature {A) and the difference between carotid blood
and brain temperatures (B; positive values indicating selective brain cooling) at 5-minute intervals for
one representative sheep, and daily air dry-bulb temperature profile as recorded in the climatic
chamber (C) during an 8-day experimental period. Sheep had ad ibitum access to drinking water on days
1 and 2. Water was removed on the moming of day 3 and was returned on the afternoon of day 8 {as
indicated by the dotted lines). Food was available ad fibiturm throughout the experimental period.

doi:10.1371/journal pone. 0115514 g001
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previous afternoon. This second injection of deuterium oxide allowed for a measure of total
body water volume at the end of the water deprivation period to allow for the calculation of
change in total body water over the period of water deprivation. A final blood sample was col-
lected ~8 hours later (i.e. ~15:00 on afterncon of day 8), following equilibration of the deuteri-
um oxide in the body water pool and before drinking water was returned to the sheep.

The blood samples were collected in 4ml heparinized vials (Vacutainer, BD-Plymouth, UK),
and placed in ice until centrifuged (Wifug Ltd, Bradford, England) at 6000g for 10 min. Plasma
was separated and stored in 2ml vials (cryogenic vials 430489, Corning Inc., NY, USA) and fro-
zen al -4°C for later analysis. A calibrated osmomelter (Vapro Model 5600, Wescor Inc., Ulah,
USA) was used Lo determine the osmolality of every plasma sample. Pure waler was extracled
from the plasma samples through cryogenic vacuum distillation [17]. The deuterium concen-
tration of the pure water samples was measured on a liquid water isotope analyzer (LWIA-24d,
Los Galos Research, Mountain View, CA, USA), normalized against an international reference,
Vienna Standard Mean Ocean Walter (V-SMOW). Individual water samples were analyzed five
times and the mean concentration calculated. A comprehensive description of the underlying
theory, the available methods and calculations are provided elsewhere [18]. Briefly, we used a
two sample method Lo determine body waler Lurnover, where the elimination rate of the deute-
rium oxide was calculated through the slope of a regression of the log-transformed concentra-
tion plotted against time [18]. The natural exponential function of the y-intercept of the
regression line was used to estimate the isotope distribution space. We estimated total body
water by dividing the known dose of injected deuterium oxide (ml) by the difference between
the natural exponential function of the y-intercept (isotope distribution space) and the back-
ground enrichment (ppm) of deuterium oxide. The influx of water (through metabolism and
preformed water in the diet) was determined from the deuterium oxide dilution rate over the
5-day period, when sheep did not have access to water, multiplied by the total body water.

Data analyses

The original 5-minute body temperature records from each sheep were used to find the abso-
lute minimum and the absolute maximum carotid blood and brain temperatures each day, and
to calculate the mean, standard deviation and amplitude (difference between absolute maxi-
mum and absolule minimum lemperalures) for each individual. Seleclive brain cooling was
calculated as the difference between carotid blood temperature and brain temperature, with
positive values representing selective brain cooling. We categorized the 48h period before
waler removal and the 48h period before returning water Lo the sheep as periods of “euhydra-
tion” and “dehydration”, respectively. We used paired Students t-tests to compare temperature
data during the periods of euhydration and dehydration. Repeated measures one-way ANO-

V As were used to investigate the differences in the daily magnitude of selective brain cooling
(calculated as the maximum or mean positive difference between carotid and brain tempera-
ture), the proportion of time spent using selective brain cooling (calculated as the proportion
of measurements in which the difference between carotid and brain lemperature was
>0.05°C), the threshold temperature (calculated as the temperature at which the regression
line of carotid blood versus brain temperature crossed the line of identity) and osmolality
throughout the experimental period. We used Pearson correlation analysis Lo investigale possi-
ble relationships between variables. To compare variability in the selective brain cooling re-
sponse during water deprivation, we correlated the standard deviations of the selective brain
cooling magnitude, and the standard deviations of the mean proportion of time spent using se-
lective brain cooling, against days of water deprivation. Also, to investigate the rates at which
carotid blood and brain temperatures increased with continued water deprivation we
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compared the slopes of the linear regression lines of the daily carotid blood and brain tempera-
ture profile against days of water deprivation. Data analysis was done using GraphPad
PRISM 6. Results are reported as mean + SD, and P < 0.05 was considered significant.

Results

Fig. 1A and B show the response of one sheep to the entire experimental protocol. During the
first two days, when water was freely available, carotid blood and brain temperatures followed
similar profiles and brain temperature frequently exceeded carotid blood temperature. These
patterns changed following the removal of water (day 3), with brain temperature cearly decou-
pling from carotid blood temperature. Peak carotid blood and peak brain temperature in-
creased wilh conlinued waler deprivalion (Fig. 1A), however, Lhe increase in carolid blood
temperature was larger than that of brain temperature, leading to increasing separation of the
two temperatures and enhanced selective brain cooling. Indeed, the mean difference between
carotid blood and brain temperatures was significantly higher during dehydration than during
euhydration (1 = 2.83, P = 0.022). Examinalion of the difference belween carolid blood and
brain temperature revealed selective brain cooling being used for more of the day (fewer data
points below the zero line), and an increased magnitude (greater positive value) of selective
brain cooling, as the period of waler deprivation progressed (Fig. 1B). The other eight sheep
showed similar responses during the experimental protocol.

Increased carotid and brain temperature with water deprivation

The increased use of selective brain cooling with continued water deprivation (Fig. 1B) was
associated with an increase in carotid blood temperature (Fig. 1A). The mean 24h carotid blood
temperature was 0.6°C higher during dehydration than during euhydration (t = 3.48, P = 0.0082;
Table 1). Although the minimum carotid blood temperature did not change from euhydration to
dehydration (1g = 1.91, P = 0.092), the maximum carolid blood lemperalure was significantly
higher during dehydration than during euhydration (tg = 2.85, P = 0.021). The mean 24h brain
temperature also was significantly higher during dehydration than during euhydration (ts = 3.02,
P =0.017). Unlike carotid blood temperature, the minimum brain temperature increased signili-
cantly from euhydration o dehydration (ty = 2.43, P = 0.041). The maximum brain temperature
also increased significantly from euhydration to dehydration (s = 2.35, P = 0.047).

To investigate the rate at which carotid and brain temperatures increased with continued
waler deprivalion, we compared the slope of regression lines of the mean and maximum daily
temperatures against days of water deprivation. The slope of the linear regression lines of mean
daily carotid temperature (y = 39.5 + 0.086x, r* = 0.97) and mean daily brain temperature
(y=39.4 + 0.037x, r’ = 0.81) against days of water deprivation were significantly different
(Fq.8y = 17.37, P = 0.003), with brain temperature having the lower slope. However, the slopes
of the regression lines of maximum daily carotid temperature (y = 0.093x + 40.26, r* = 0.44)
and maximum daily brain temperature (y = 0.053x + 40.19, r* = 0.40) against days of water
deprivation did not differ (F ¢y = 0.43, P = 0.53).

Increased selective brain cooling with water deprivation

The daily magnitude (mean positive difference between carotid blood and brain temperature)
of selective brain cooling increased significantly with days of water deprivation (F(s 5 = 10.26,
P =0.0017) from 0.28 = 0.06°C on day 3 (the day of water removal) to peak at 0.66 + 0.22°C on
day 8 (fifth day of water deprivation; Fig. 2A). The selective brain cooling magnitude was posi-
tively correlated with carotid blood temperatures (r* = 0.61, P = 0.013). The mean proportion
of time that the sheep spent using selective brain cooling ranged from 52.5 + 12.8% on day 3 to
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Table 1. Mean (+SD) daily carotid blood and brain temperatures recorded every 5 minutes and the mean difference between carotid and brain
temperatures in nine Dorper ewes during 48h of euhydration and 48h of dehydration.

Carotid artery temperature Brain temperature
Euhydration Dehydration Euhydration Dehydration
Mean 39.36 £ 0.19°C 39.92 + 0.47°C* 39.36£0.18°C 39.61 £ 0.36°C*
Minimum 38,60 0.21°C 38.95 + 0.63°C 38,76 £ 020°C 38.99 + 0.43°C*
Maximum 40.41 £ 0.39°C 40.96 £ 0.38°C* 40.37£0.31°C 40.56 £ 0.29°C*
Amplitude 1.77 £ 0.40°C 1.82+£0.55°C 1.6010.27°C 1.69+£0.19°C

* indicates significant differences {(P<0.05) between temperatures measured during euhydration and dehydration

doi:10.1371/journal pone.0115514.1001

76 £ 15% on day 5 (the second day after water removal; Fig. 2B), but did not change significant-

ly over the period of water deprivation, (F(s gy = 2.23, P = 0.15). Plasma osmolality increased

significantly over the period of water deprivation (I¢5 g = 50.09, P < 0.0001), from

282 + 11mmol kg ' on day 3 to 328 + 10mmol kg ' on day 8 (Fig. 2C). There was no significant

relationship (1” = 0.23, P = 0,34) between the variability of osmolality, as measured by the stan-

dard deviation of mean plasma osmolality, and time since water removal. The variability in the

use of selective brain cooling by different sheep (Fig. 2A & B), as measured by the standard

devialion of the mean magnitude of seleclive brain cooling (r* = 0.86, P = 0.008) and the stan-

dard deviation of the mean proportion of time spent using selective brain cooling (r* = 0,92,

P = 0.003), was correlated positively with the duration of the experimental period (days 3 to 8).
The mean magnitude of selective brain cooling increased significantly and was twice as

high during dehydration (0.51 + 0.20°C) compared o euhydration (0.26 £ 0.07°C; Ly = 3.78,

P = 0.0054; Fig. 3A). The maximum magnitude of selective brain cooling was significantly

higher during dehydration (1.09 + 0.37°C) than during euhydration (0.67 + 0.18°C; ty = 3.32,

P =0.0106). The proportion of lime that the sheep, on average, spent using seleclive brain cool-

ing also increased significantly from their 48h state of euhydration (39 + 12%) to that of dehy-

dration (61 + 24%; tg = 2.57, P = 0.033; Fig. 3B). The threshold temperature at which selective

brain cooling was initiated did not differ between euhydration (39.31 £ 0.25°C) and dehydra-

lion (39.48 + 0.47°C; 1y = 1.18, P = 0.27; Fig. 3C).

Selective brain cooling and plasma osmolality

The body mass of the sheep decreased significantly, by about 16%, from 60 + 15 kg during
euhydration to 50 + 15 kg (range of change: 7.0-11.6 kg) during dehydration (ty = 17.99,

P < 0.0001). Concomitantly, plasma osmolality, on average, showed an increase of 15% (euhy-
dration 287 = 9 mmol kg ' vs. dehydration 338 = 15 mmol kg '; ts = 10.96, P < 0.0001). Corre-
lating the maximum magnitude of selective brain cooling recorded per animal during the last
four days of water deprivation against osmolality on the day that the maximum magnitude was
recorded (i.e. one point per animal) resulted in a significant positive relationship (+* = 0.70,

P = 0.005), indicating increased magnitude of selective brain cooling with increased osmolality
(Fig. 4A). Correlating the maximum magnitude of selective brain cooling during the last four
days of water deprivation against the change in osmolality (the difference between the osmolal-
ity on day of maximum selective brain cooling magnitude and the osmolality on day 3) also re-
sulted in a significant positive relationship (r* = 0.56, P = 0.020; Fig. 4B). There was no
relationship (r* = 0.12, P = 0.36) between the maximum proportion of time spent using selec-
tive brain cooling during a day on the last four days of water deprivation and osmolality on
that day (Fig. 4C).
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Fig 2. Mean (x SD) of the magnitude of selective brain cooling (A), the proportion of time that selective
brain cooling was used (B) and the osmolality (C) as recorded daily for nine sheep over the 8-day

experimental period. The five-day period in which water was removed is highlighted by the black line.

doi:10.1371/journal.pone.0115514.g002

Selective brain cooling and water loss

Total body waler decreased significantly (range: -1.0-16.9L) from day 3 (41 + 7L) to day 8

(31 £ 6L; ty=4.96, P = 0.0011), that is over the five days of water deprivation. The body water
fraction (% of body mass), on average, also decreased significantly over the five days of waler
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Fig 3. Mean (t SD) of the magnitude of selective brain cooling (A), proportion of time that selective
brain cooling was used (B), and the threshold temperature for selective brain cooling (C) as recorded
in nine Dorper sheep during euhydration {48 hours before water removal) and dehydration (last

48 hours before returning water). * P<0.05, ** P<0.01 for comparison between euhydration

and dehydration.

doi:10.1371/journal. pone.0115514.9003
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Fig 4. The relationship between the maximum magnitude of selective brain cooling {°C} during the
last four days of water deprivation and plasma osmolality as recorded on the day of the maximum

{A; ¥ = 0.02x - 4.38 [* 1.37]), and maximum magnitude of selective brain cooling during the last four
days of water deprivation and the change in osmolality (difference between osmolality on day of
maximum and osmolality on day 3) (B; y = 0.03x - 0.46 [£ 0.52]), and maximum proportion of time spent
using selective brain cooling during the last four days of water deprivation and osmolality on the day
of maximum proportion (C) for nine sheep. Each data point represents a single animal.

doi;10.1371/journal.pone.0115514.g004
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the change in plasma osmolality (D; no relationship) as recorded from day 3 to 8 (i.e., five days of water deprivation) in nine sheep. Each data point
represents a single animal,

doi110.1371/journal pene.0115514.g005

deprivation (day 3, 70 + 12% vs. day 8, 51 + 7%; ty = 3.88, P = 0.0047). Water turnover and the
magnitude of selective brain cooling correlated negatively (r’ = 0.54, P = 0.024, Lig. 5A), as did
water turnover and the proportion of time that animals spent using selective brain cooling

(r* =049, P =0.035, Fig. 5B). A significanl, negalive correlalion was also found belween waler
Lurnover and the change in body mass of Lhe nine sheep (r*=0.49,P =0.037) during the period
of waler deprivalion (Fig. 5C). No relationship was found belween the change in body waler
and change in osmolality (r* = 0.08, P = 0.45; Fig. 5D).

Discussion

Using stable isotope analysis to measure water turnover in sheep, we have shown, for the first
time, that selective brain cooling allows an animal to conserve body water during water depri-
vation with heat exposure. Total body water comprised ~70% of the body mass of our sheep on
the day of water removal (day 3), similar to that previously reported for large herbivores [19],
and decreased to about 51% of the body mass following a 5-day period of water deprivation.
Our sheep lost 16% of their initial body mass during five days of water deprivation; a decrease
similar to that found in Dorper ewes previously exposed to a similar experimental protocol [8],
and to Dorper rams that were water-deprived for 4 days [20]. The reduction in the total body
water likely was the main cause of body mass loss in our sheep, as has been found for Marwari
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sheep [21], Sinai goats |22] and Dorper rams [20], with 94% of the total mass loss in the Dorper
rams being attributed to water loss. Plasma osmolality of our sheep increased throughout the
5-day period of water deprivation (Fig. 2C), indicating increased waler stress over time [23].
The sudden increase in osmolality from the 2% to the 3™ day of water deprivation (day 4 to 5,
Fig. 2C) is consistent with the idea that the rumen can buffer the effects of water deprivation
over the short-term, but that the water reservoir of the rumen becomes depleted within a few
days of water deprivation [24].

When our sheep had access to water (Fig. 1A, day 1 & 2) brain temperature and carotid
blood temperature showed similar profiles, with brain temperature periodically being slightly
above carolid blood temperature. Following the removal of water (day 3) both carotid blood
and brain temperatures increased. Although arterial blood temperature is the main determi-
nant of brain temperature |25], brain temperature increased by only half as much, on average,
as did carotid blood temperalure, resulling in an increased magnitude of selective brain cooling
with progressive water deprivation (Fig. 1B & Fig. 2A).

Artiodactyls exposed to heat and deprived of drinking water appear to prioritize the conser-
vation of body water by decreasing water loss through evaporative cooling, resulting in their
body temperatures increasing, a phenomenon referred to as hypohydration or dehydration-
induced hyperthermia [15, 26-28]. If selective brain cooling promoles the conservation of
body water, one would expect the increased use of selective brain cooling with water depriva-
tion to result in increased carotid blood temperature. Moreover, one would expect those ani-
mals showing the highest magnitude of selective brain cooling to also have the highest carotid
blood (core) temperatures when dehydrated. In our sheep, the mean magnitude of selective
brain cooling increased during the experimental period, from about 0.2°C when water was
available ad libitum, to about 0.6°C on the 5" day of water deprivation (Fig. 2A). Concomitant-
ly, carotid blood temperature increased by about 0.6°C during the period of water deprivation,
double that previously reported for sheep exposed to a similar experimental protocol [8], but
similar Lo the hypohydralion hyperthermia previously found in dehydraled Bedouin goals
[15]. We also found a strong relationship between the magnitude of selective brain cooling and
carotid blood temperatures. Indeed, selective brain cooling in our sheep explained 61% of the
variation in the carotid blood temperatures observed during the period of dehydration. Higher
magniludes ol seleclive brain cooling were Lherefore associaled with higher carolid
blood temperatures.

A high carotid blood temperature is not the only factor that drives selective brain cooling
[29]. Individual sheep in our study exposed Lo the same research and husbandry protocol
showed considerable variability in the use of selective brain cooling. The variability of selective
brain cooling (magnitude and frequency of use) between individuals also increased with con-
tinued water deprivation (Fig. 2A & B, day 6 to day 8). These results are likely explained by var-
iation in sympathetic nervous system activation (for review see [1]) between animals with
continued water deprivation.

Despite variability between individuals, selective brain cooling, in general, was enhanced
with water deprivation. When our study animals had unlimited access to water they used selec-
tive brain cooling for 38% of the time. When dehydrated, they used selective brain cooling 61%
of the time (Fig. 3B). The proportion of time that our sheep spent using selective brain cooling
was not correlated to plasma osmolality, but rather to body water turnover (Fig. 5B), which ex-
plained 49% of the variability in the proportion of time spent using selective brain cooling,

‘The magnitude of selective brain cooling also increased in dehydrated compared to euhy-
drated states. We found a strong positive correlation between the maximum magnitude of se-
lective brain cooling and both plasma osmolality (Fig. 4A) and the absolute change in
osmolality (Fig. 4B), with the osmolality explaining up to 70% of the variability in the
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maximum magnitude of selective brain cooling. One interpretation of the relationships be-
tween selective brain cooling magnitude and osmolality could be that those animals showing
the highest levels of selective brain cooling became more dehydrated. However, because the
magnitude of selective brain cooling peaked on the fifth day of water deprivation (Fig. 2A) and
seven of our nine study animals exhibited maximum magnitudes of selective brain cooling on
the last day of water deprivation, the same day that plasma osmolality peaked, we propose that
those animals that became most dehydrated showed enhanced magnitudes of selective brain
cooling, and as a result had reduced evaporative heat loss drive. Indeed, we found a significant
posilive correlation belween body water lurnover and the magnitude of selective brain cooling,
which explained 54% of the observed variability, confirming that larger magnitudes of selective
brain cooling resulted in smaller changes in body waler turnover (l'jig. 5A).

Our data support the idea that osmolality enhanced the magnitude of selective brain cool-
ing, but not the proportion of time spent using selective brain cooling. Although hormonal
feedback mechanisms following the initiation of selective brain cooling have not been investi-
gated to date, osmolality is likely located upstream of the selective brain cooling-water depriva-
tion sequence. If another variable, such as blood volume contraction, was responsible for
enhanced seleclive brain cooling and the resultant waler saving, we would expect osmolality Lo
decrease in those animals showing the largest magnitudes of selective brain cooling. In rals,
changes in osmolality as small as 2% are much more effective in altering vasopressin secretion
than are changes in blood volume [30]. Although hypovolemia does help to maintain vasopres-
sin release over the longer term, it is not considered to be an effective stimulus for vasopressin
release, unless blood volume is reduced by more than 8-10% of the normal blood volume in
rats [30] and by more than 10% in sheep [31]. The lack of correlation between changes in body
water and changes in osmolality (Fig. 5D) and the plateau in osmolality during the last days of
water deprivation (Fig. 2C, day 6 onwards) in our sheep may be explained by the increased
electrolyte excretion during water deprivation, as previously documented in ruminants [19, 32]
and the decreased food intake with continued waler deprivalion. Even though we did nol quan-
tify daily food intake in our sheep, decreased food intake during dehydration is well docu-
mented [33].

We did not measure water turnover in our study animals before the removal of drinking
waler. Therefore the actual changes in waler lurnover from a period of euhydration Lo dehydra-
tion could not be quantified in our study. Although artiodactyls do use selective brain cooling
when euhydrated, the use of selective brain cooling is enhanced in the absence of drinking
waler in goals [15], sheep [8], and in free-ranging Arabian oryx [9]. While enhanced selective
brain cooling has been reported in dehydrated animals previously |8, 15], to date no one has
shown that selective brain cooling results in a saving of body water in dehydrated animals. Our
study is the first to show that individuals spontaneously making use of selective brain cooling
have lower water turnover rates than conspecifics, living under exactly the same conditions,
which use less selective brain cooling.

As shown previously in a study with similar design to ours [8] the threshold temperature for
selective brain cooling (~39.4°C) did not change with hydration status. Sheep in that study [8],
however, had a much smaller increase in the magnitude of selective brain cooling when dehy-
drated and heat exposed than sheep in our current study. The lower level of selective brain
cooling in those sheep, which possibly resulted from higher sympathetic tone, implies that the
animals continued to make use of evaporative water loss to maintain body temperatures [7].
Indeed, carotid blood temperature did not increase during the progressive dehydration of
those sheep [8], a result which contrasts with the significant increase in mean carotid blood
temperature in our sheep (~ 0.6°C, Table 1) and Bedouin goats [15]. Thus, an increase in core
temperature is not a requirement for enhanced selective brain cooling during dehydration.
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Rather, body water status and hyperosmolality appear to be the primary drivers of selective
brain cooling [8, 9]. Hyperosmolality in cats, a species which also can employ selective brain
cooling, suppressed evaporative healt loss intra-cranially under conditions of dehydration [34].
Indeed, it is the osmotic pressure of the arterial blood perfusing the brain that stimulates the in-
hibition of thermoregulatory responses | 35]. Inhibition of evaporative heat loss mechanisms,
in turn, may contribute to an increase in core temperature.

Differences in temperament and the resultant variation in sympathetic nervous system tone
when exposed to the same stressors likely also accounted for the observed increase in variability
in selective brain cooling use by individuals with continued water deprivation. The relationship
between selective brain cooling and increased sympathetic inpul (i.e. psychological stress) was
first suggested in a study on reindeer [36] and it is now widely accepled that increased sympa-
thetic activity attenuates the use of selective brain cooling in domestic [4, 8, 29] and wild [1, 7,
37] artiodactyls. Merino sheep, for example, abolished selective brain cooling when an investi-
gator entered the holding area [29], while different levels of selective brain cooling in male and
female gemsbolk have been attributed to the vigilance associated with territorial defense among
males [7]. While sympathetic input may alter the actual time that an animal spends using selec-
Live brain cooling, the maximum magnilude of selective brain cooling may be mediated by
hyperosmolality. Changes in the magnitude of selective brain cooling can, in part, be attributed
to variations in the blood flow to the respiratory evaporative heat loss surfaces as well as the
evaporative heat loss capacity. For example, when an animal is hyperthermic, there is increased
blood flow to the nasal mucosa and other parts of the head compared to during normothermia,
while the blood flow to the brain does not change |38, 39]. Increased blood flow to the nasal
mucosa, as a result of an increased proportion of the cardiac output passing through arteriove-
nous anastomoses there [38], could explain the larger magnitude of selective brain cooling
when comparing the two hydration periods (Fig. 3A). Whether there is an upper limit to the
nasal mucosal blood flow that could take place, or whether no clear upper limit exists, as was
found for dogs [40], is nol yel known for sheep. The maximum seleclive brain cooling magni-
tude recorded in our sheep was comparable to that (1.1°C vs. 1.2°C) previously recorded in the
arid-adapted Arabian oryx during summer [9]. Artiodactyls, therefore, may well have similar
underlying abilities in terms of the maximum magnitude of selective brain cooling. Even
small magniludes of seleclive brain cooling are likely Lo resull in the conservalion of body
water though.

A 50 kg sheep using selective brain cooling for 50% of the time could save an estimated 2.6 li-
ters of waler per day (Fig. 5B). Given a daily waler inlake of 4.2 liters for Dorper ewes in the ab-
sence of heat stress [41], such selective brain cooling would result in a ~ 60% saving of normal
daily water intake. In European goats artificial cooling of the brain resulted in a water saving of
0.7L per day (or 35% of normal intake) as a result of reduced respiratory evaporative water loss
(2]. It was proposed that the water savings in the European goats would be about 70% when
water lost through sweating was also taken into account [2], a proportion similar to that saved
by our sheep using selective brain cooling spontaneously.

In conclusion, we have measured seleclive brain cooling and waler turnover in nine Dorper
ewes deprived of drinking water for a period of five days. We have shown that selective brain
cooling increases with water deprivation and that such increases are likely mediated by changes
in body fluid osmolality. Increased use of selective brain cooling, either through more frequent
use or an increase in the magnitude of selective brain cooling, resulted in increased core tem-
peratures. Although a relationship between selective brain cooling and water conservation has
been suggested for the past 20 years [12], ours is the first study to quantify body water savings
associated with spontancous selective brain cooling. We have shown that Dorper sheep can
save a substantial amount of their daily water requirements through the use of selective brain
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cooling. It remains to be investigated to what extent free-ranging artiodactyls, with varying
water dependencies and changing seasonal food preferences, use selective brain cooling as
a water conservation mechanism in the wild.
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Ahbstract The use of selective brain cooling, where
warm artedal blood destined for the brain is cooled in the
carotid mte via countercurrent heat exchange when in
close proximity to cooler venous blood, contributes fo the
conservation of body water. We simultansously measurad
carotid blood and hypothalarnic taraparature in four gems-
bok, five red hartebesst and six blue wildzbeest to assess
the extent to which these free-living animals, with varying
water dependency, routirely rely on szlective brain cool-
ing, We investigated the hypothesis that irnate differences
in salective brain cooling axist in large, symapatric artiodac-
tyls with varying water depandancy. All three spacies wed
selective brain cooling, without any discarnible differences
in three szlactive brain cooling indices. GLIMIMs revealad
no species differences in the threshold temperature for
selective brmin cooling (7 =0.79, P = 0.43), the magni-
tude (z = -0.51, P =0.61), or the frequercy of szlective
brain coaling use (2 = —0.47, P =0.64), after controlling
for carotid blood tamparature and black globe tamparature.
Companison of anatomical attributes of the carotid retes
of the three specias revealed that the wolume (F,, = 554,
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P =0.03) and height (Fy4 =543, P =0.03) of the carotid
rte, par Klogram body mass, were greaterinthle =dharte-
beest than in the blue wildzbesst. Nevertheless, intraspe-
cific variability in the magnitude, the frequercy of uss,
and the threshold tempemture for sslective brain cooling
axcaaded any interspacific vafability in the thee indicss
of selective brain cooling. We conclude that the three spe-
cigs have sirnilar underlying ability to makes we of selactive
brain cooling in anenvironment with freely available water.
It remains to ba s22n to what axtent these thme spacias
vould rely on szlective brain cooling, as a water consar-
vation machanisr, when challanged by asdity, a condition
likely to become pravalant throughowt much of southern
Africa under futurs climates change scanarios.

Keywords Conservation physiology - Climate changs
adaptation - Artiodactyl . Plasticity . Water consarvation -
Rostral apidural rate mirabila

Introduction

The diverity of artiodactyls, the group of avan-toed ungu-
lates that includas antzlope, catile and sheep, has incraased
since the Eocene, particulady during the prograssively
wartn and s2asonal climates of the Miocene (Barnoeky
at al. 2003; Bouchenak- Khelladi 2t al. 2000; Cifalli 1981,
Hassanin ard Dowzery 1909). Their rapid diversification
traditionally has baen attributed to the development of the
mminant digestive tract, methods of food salection, and
irnpmovad locomotion, which facilitated the use of sparse
fibrous vegetation in open landscapes (Janis 1976). IMore
recently, however, Mitchell and Lust (2008) suggested that
the svolution of the carotid rete, and resultant szlective
brain cooling (the lowerng of hypothalamic temparaturs
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below carotid blood feraparature), also may have contrib-
uted o artiodactyl diversification. By cooling the hypothal-
amus, selective brain cooling inhibits evapomtive heat loss
(Jessen et al. 1908). Selective brain cooling was increased
in dehydrated goats (Jessen et al. 1598) and sheep (Fuller
at al. 2007), ard raducad respiratory svaporative water loss
in goats (Kuhnen 1967) and total body water loss in sheep
(Strauss et al. 2015).

If the adaptive significarce of selective brain cooling is
in the modulation of water we for tremoregulation, the
capacity for and use of selective brain cooling might be
axpactad fo differ in free-living artiodactyls with diffarant
water dependencies. While measurements of selective brain
cooling have heen mads on animals in their natural anvi-
ronment, to date, all studies have bzen on single spacies.
To determineg if selective brain cooling plays a role inwater
dependercy, measurements on speciss with differant water
dependercies need to be made simultansowsly in the same
envimnment.

Ore mason to axpact a physiological intarspacific differ-
ance in selective brain cooling amongst artiodactyl spacies
viould be differertial evolution of the rate itself, as the ana-
tomical structure responsible for salective brain cooling in
artiodactyls (Fuller et al. 2014). Under the selection pes-
sure of aridity, those spacies with greater water indepand-
ency may have svolved bigger ard more alaborate retes.
Indesd, the camtid rete is absent in the forest-dwelling
mouss deer (Nagdas javanicss and Tvagulus napa), which
have awlved in habitats with plantiful accass to weater
(Fukuta et al. 2007).

While the carotid rete has been dascribed morphologi-
cally for several species (Ask-Upmark 1935), the descrip-
tions for artiodactyls have focussed mainly on the vascular-
isation and arterial blood supply to the carotid rete (Dandzl
et al 1053; Gillilan 1674) ard the venous circulation and
drainage (Carlton and McKean 1977) of the camtid =te
in domesticated animals. Moe m=cenfly, descriptions of
the arterial blood supply to the brain and the carotid ==
(also knovn as the rostral epidural @2 mirabile) have baen
made in giraffe Givaffe camelopavdalis (Frackowiak and
Jakubowski 2008), selectzd antelope (Family: Antilopi-
nag) (Frackowiak et al. 2015) and deer (Family: Carvidaz)
(Kialtyka- Knre et al. 2015). Howevar, the physical dimen-
sioge of the carotid w2 in artiodactyl spacies with different
water dependancias have not baen maasurad.

Hers we compare szlective brain cooling and carotid
rete size (height, length, vadth and volume) in three large,
sympatdc artiodactyl spacies, with varying water depend-
encizs that occur naturally in the semd-arid Kalahari of
South Africa. We hypothesized that the gemsbok Oryx
gazella (Linnazus, 1758), a member of the Hippotragini
that is reputedly independent of surface water (Skinner and
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Chimimba 2005), would use szlective brain cooling more
and have a larger carotid rete than would two memters of
the Aleelaphini, the red hariebeest Alcelaphus buselaphas
(E. Geoffroy Saint-Hilaire, 1803) and the blue wildeheast
Commochaetes taavinus (Burchell, 1823). While both the
ed hartebasst and the blue vildebasst ame reliant on surface
water (Knight 2t al. 1988; Skinner and Chimiraba 2005),
the blue wildebeast, an obligatory grazer, is more reliant
(ills and Retief 1584) on water than is the ed harteteast,
which obtains supplementary water sources in the form of
melons ard underground tubers (Skinner and Chimiraba
2005). There may therefors also be diffarances in selective
brain cooling vithin the Alcalaphind.

Materials and methods
Anlmak

Ten gemsbok eight red hattebeest and ten blue wilde-
teast were studiad; all ardmals wers famale. The anirmals
were captured from the wild by a standamd game capture
techrique: immobilisation via a dart fired by a veferinar-
ian from a helicopter. The body mass of each antzlope was
estimated viswally (Skinner and Chiriraba 20035) to derive
darting drug doses. The gemsbok weare iramobilised with
darts containing storphine hydrochloride (~0.05 mg kg™,
MBS, Novattis, Johannasburg, South Africa), azaperore
(~0.5 mg kg™, Strasnil, Bayer Animal Health, Isando, South
Africa) and ketamire (~0.5 mg kg~!, Anaket, Bayer Ari-
mal Hzalth). The rad hartebesst ard blue wildeheest wers
immobilissd with atorphine hydrochloride (~0.04 mg kg ™)
ard azapemns (0.05 mg kg™)). Following immobilisa-
tion the animals all received a combination of haloperidol
(~0.1 mg kg™, Kyron Laboratories, Johannasburg, South
Africa) and parplerazire enanthate (~0.8 mg kg'l, Kymon
Laboratories, Johannasburg, South Africa).

The iramobilised andmals wers transported o nzarby
animal holding pans (bomas, ~25 m?), with sach spacies
in its own boma. They were kept in the bomas for 12 days
tefore biologger implantation. Evagrosis =ff and com-
mefcial garme pellets (Voermol, Maidstone, South Africa)
were povided onca daily, and water vas available ad liti-
tum. Following biologger implantation, the animals wers
rleased into a 10000 ha fenced portion of Rooipoort
Nature Reserve, where they sither joined up with conspe-
cifics or remaired solitary. After the study, the animals
were culled, with a single shot, thmough the heart, by an
axpariancad marksman using a high-calibe rifle as part of
an anmmal game managemant quota. All the aquiproent was
refrisved from the carcasses and the rete was parfused and
isolated for measumment.
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Study area

The study was conducted on the privataly ovned Rooipoort
Nature Resarve (42647 ha, latitude 28°30°-28°40/S, lon-
gitude 24°02'-24°25'E), located in the Kalahari, approxi-
mately 50 km west of Kimbeday in the Northern Cape
Povince of South Africa. It racaivas surmer minfall, with
a mean annual rairfall of approximately 400 . Adr tem-
peratures range fmm —4 °Cinvinterto 44 °C inthe austral
summer Bazuidenhout 2008). Basad on a broad-scals veg-
atation description, Rooipoort Mature Reserve falls within
the Kimbarley Thornveld and Schmidsdrift Thoroveld of
the Savanna Biome and the Highveld Saltpars of the Inland
Azcnal Vegetation (Mucina ard Rutherford 2006). A com-
prehensive description of the vegetation of the Rooipoort
MNature Reserve has been made elsswlere (Bezuidenhout
2000). Common tree and shrub species included Vachellia
erioloba, Vachellia toniis, Ziiphus mucron@a, Tacho-
namttus camphovatus and Senegalia mellifera. Schmidtia
pappophovoides, Themeda triandra, Evagrodtis lehmanni-
ana and Herewopogon comtovtus were some of the domi-
nant grass species. While no large predators wes presant,
the 10,000 ha stady area supported Cape buffalo Synceris
caffer and giraffe as well as a wide vadety of African
savanna antelope spacias.

EBlelogger Implantation

For biologger implantation, we immobilisad the ardmals in
the bomas using a COp-pessurised dart gun Dan-Injact,
Bgdkop, Denmark, 2 ral darts). The dmg combinations and
dosages were as for immobilisation fom the helicopter.
The garsbok, but not the other spacies, ware given zuclo-
phenthixal (Clopixol Acuphase, ~0.4 mg k ~1 Lurdbeck,
Randburg, South Africa) by intrarauscular injection follows-
ing immobilisation. Once immobilised, the animals were
blindfolded, sarplugged, transported to a nearby terapo-
rary surgical theatre, waighed, and anassthesia maintainad
with 2-3 % isoflurane (Isofor, Safe Line Pharmaceuticals,
Johannesturg, South Africa) in oxygen, administared via
andotracheal tube. The animals wers maintained in sternal
recumbancy, with the use of sand bags. The @d hartebaest
and blue wildebaest were given butorphanal (0.12 mg kg'l
IV Torbugesic, Fort Dodge, Kempton Park, South Africa)
following intubation.

Surgical incision sites on the laft hard side of the neck,
and on top of the head, between the horns, wee shaved and
sterilised with chlorhexidine gluconate (Hibitane, Zeneca,
Johannesturg, South Africa). To anasstletiss the pedos-
teum, a 1.5 ml bolus of ligrocaing (0.1 g, Bayar Arndmnal
Health, Johannasburg, South Affica) and adrenaline (Kyron
Labs, Johanresburg, South Africa), mixed at a ratio of
10:1, was injected subcutaneously urder the scalp whers

the brain prote would be inserted. Respiratory mte, mond-
tored visually, heart rate, arterial oxygen saturation Monin
Handeld Pulss Oximatar, Flymouth, MN, USA), blood
prassure ard rectal temaperaturs (Cardall 9400, Midmark
Corpomation, OH, USA) were measured throughout the
~2 himplartation procedure.

Using sterile surgical procedures, we implanted the
biologgers in each animal. Temperatures in the hypothala-
raus and the carotid arfery were measured vith rmuggedized
dass-coated bead thermdstors (bead diameter 0.3 mum;
ABOE3-BRI1KAIOZK-L10, Tremometdcs Corporation,
Northrdge, CA, USA), in sealed guide tubes. For hypotha-
lamic measuemants, a callulose acatate butyrate guida tube
(langth 44 ram, OD 3.2 mm, ID 1.6 mm; Wodd Precision
Instruments, Samsota, FL, USA) with a stainlass-steal cap
at the tip weas insertad via a burr hole in the cranium. Ana-
tomical markers, previously determined for sach species
from skulls of adult females, were used to ensure placament
of the thermistor tip in or near the hypothalamic region
Tre guide tube was cormectad to a polyvinylehloride head
plate (20 > 10 > 5 mm), attached to the skull subcutare-
ously, with two bone scraws. A polytetmfluomathylans
(PTFE) coated coaxial cable (150 mm long, OD 3 mm,
Belden, Richmond, VA, USA) connected to the thermis-
tor in the head plate was extended subcutanzously over the
skull to a transmitting unit (Africa Wildlifs Tacking, Pre-
toria, South Africa) developed spacifically forour purposas.
Tre transmitting unit, with dimensiors ~70 > 50 > 30 mm
and weighing ~100 g when covered with inert wax (Sasol,
Johangesburg, South Africa), was placed subcutansously,
caudal to the base of laft 2ar. For carotid blood measuge-
ments, the bead thermdstor, in a blind-ended, thin-walled
FTFE tubz (OD 1.35 mam, ID 0.97 mam; Straight Aortic
Flush 4F Catheter, Cordis, the Natherlands) was insarted
0 mm into the laft coramon carotid artery, in the direction
away froma the heart, and secured in position with a purse-
string suture in the artery wall. Outside the arfary, the PTFE
fubte was sealed onto a PTFE-coated coaxial cable (150 o
long, OD 3 mm, Belden, Richmond, VA, USA) connecting
the thermistor to a second transmitting unit, that was posi-
tioned subcutareously, also caudal to the base of the left
2af.

The temperature sensors had a measurement range of
HA-50°C and a eaolution 0f0.03 °C. They were calibrated
against a high-accuracy thermometar (Quat 100, Harasus,
Hanau, Garmany) in an irsulated water bath. Following
calibration, the biologgers measured temperature o an
accuracy of better than 0.05 °C.

Following tiologger implantation sach animal recaiveda
long-acting antitictic (004 1l kg™, I, benzylpenicillin
Duplocillin, Intervet, Isando, South Africa), a non-steroidal
anti-inflaramatory agent (005 mg kg™l I, meloxicam,
Ivdotic, Boshringer Ingelleira, Randburg, South Africa),
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a longacting broad-spectrum pamsiticide (0.02 mg kg'l,
SC, dommectin, Dectorax, Pfizer Labomtonas, Sandton,
South Africa), and a multivitamin irjection (0.05 g kg™,
I, Multivit injectable solution, Undvat Ltd, County Cavan,
Ireland).

A collar (Africa Wildlife Tracking, Praforia, South
Africa), holding a GPS/GSM tracking device, and a ralay
unit, was fitted around the nack of 2ach anirnal at the and
of surgery. Temperature data wer traremittad from the
implantad biologgers to the w=lay on the collar avery 5 min,
stored in a buffer, and uploaded to an internst server, via
GPRS, twice daily at 06:00 and 12:00.

Following all procedures, the antelope, in sternal recurm-
bancy, were trareparted to the release site, located approxi-
mately 25 min from the surgical theate and given dipranor-
phinz hydrochlorids (~0.1 mag kg'l, IV, 145050, Novartis,
Johannesburg, South Africa) to reverse the effects of the
etorphine hydrochloride. The antelope all became ambula-
tory within 10 min of recaiving the antagonist.

Climatic data

The study was conducted at the end of the dry s2ason
(October/Movamber). A portable data logger (Hobo Ul2-
013, Onset Computer, MA, USA) on site meorded black
globe temperature, which provides an integrated measure of
heat load irposed by mdiant and convective heat exchangs
(Baklen at al. 1985). Other climatic data (ircluding air
teraperature, wind speed and direction and relative humid-
ity) for the town of Kimberley (28.7419°5, 24.771%°E),
situated ~50 ki 2ast of the Rooipoort Nature Reserve were
sonrcad from the South African Weather Service (Erasmus-
rand, Pratoria, South Africa). The water vapour prassure
was caleculated from the Kimberley dry-bulb temperature
and Immidity data. Solar radiation flux was obtained from
satellite-derived data (GeoSUN Africa, Stellanbosch, South
Africa).

Reke anabpmy

The heads of the individual animals were removed intact
immeadiately aftar death. The arterial and venous vascula-
tura of 2achhead was dreed with a gravity-fad salire solu-
tion (~5 % MaCl by weight) until the solution axiting the
vessels were clear of blood. A catalyst-based silicore mix-
ture (Zhermack, Silicore Concepts, Johannesburg, South
Africa) was injected info the laft camtid artery and allowed
to perfuse the arterial vasculaturs of the head. Emergence
of the silicore at the contralateral carotid artery indi-
cated complete infusion, after which both carotid arterizs
were ligated. The heads were stored at 4 °C for a week to
allow tle silicore to set, and then frozen, unti they could
be macerated in sulphudc acid (28 % H,SO,, Meamk,

4 Sotinger

Modderfontzin, South Africa) bathe over a 2 month period
The carotid arteries were used as anatomical markers to
identify the mtes inthe silicona casts.

The left and right mtes ware saparated; the laft rete was
wad for microscopy and the right rete was used for mor-
phometry. The wolume of the right rate was measued by
water displacemeant, with the mass of the displaced water
measured to the nzarest 0001 g on a high-precision bal-
ance (Precisa 1604, Dietikon, Switzerlard) until three val-
wes differing by <0.1 g weare obtained. For consistency this
procass was undertaken by the same parson (WiS) for all
et

WIS used Vernier callipers (KBH, Switzerland) to
measure the length (rostralfcaudal), width (parpendicu
lar to rostrlicaudal axis at widest point) and height (dor-
sal/ventral at highest point) of the right rete to the reamst
001 mm, until three values differing by <05 mm wers
obtained Meare of the three values of volume and dimen-
sions warzs wad for comparisons.

Becauss of the potantial influance of injaction pessurs
and otler technical aspacts of cast extraction, we are relwe-
tant to claim that our casts are faithful replicas of living
mtes. Howeaver, the same fechniques were used for all casts,
80 our comparisons tetween casts should be valid.

Dataanalyses

Data from the 10 days after implantation were excludad to
eliminate possible confounding affects of surgery. Com-
plete data sets were obtained for batween 3 and 35 subse-
quent days. There were five recording days on which we
had complate data sats for two individuals from 2ach spe-
cizs. We used thoss data o compare the degmee of selec-
tive brain coaling of the different species under idantical
meteorological conditions; there were 1440 simultanzous
measuremants of carotid blood and hypothalamic tem-
peratue for 2ach animal during these five recording days.
Equipment failure curtailed data sefs, but we oblaired
morz than 40000 sirnaltaneows measurements of brain
and carotid artery temperature. We extracted metzorologi-
cal data for each day for which we obtained selactive brain
cooling measuraments for ons or mors study andimals.
Houdy values were calculated for sach meteorological
variable. Over the study period, sunfise occured at 05:39
00:11) and sunsat at 18:32 (A00:07), so we considered
06:00-18:00 as daylight hours. We used three indices to
assass the degree to which an animal usad salactive brain
coaling (Strauss a2t al. 2015): the maximum magnitude of
selective brain cooling (the maximum positive difference
between carotid blood and hypothalamaic tamparature), the
propotion of time spant using selective brain cooling (time
that carotid blood temperatue exceeded hypothalamic tem-
peratue), and the theshold tempenatue for selective brain
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cooling (the tamparature at which a plot of mean hypotha-
lamic temperature against carotid temperaturs crossad the
lire of identity). We wed the original 5-min body tero-
parature records from 2ach animal to caleulate these indi-
ces. To assess the mlationship between hypothalamic and
carotid blood temperatures and to calculate the threshold
for szlective brain cooling, the Smincarotid blood temper-
aturs racords were sorted into 0.1 *C bins, and the mean,
standand daviation, miniraum and maximum hypothalamic
teraparatures were detemnined for 2ach bin of carotid blood
teraperature.

We used ore-way ANOVAS o compare variables of the
nycthemeral thythm of hypothalamic and carotid blood
teraparaturas acfoss spacias. We usad STATA (vefsion 10)
o run geremlised linsar mixed-affects modeals (GLMIMs),
with ardmal identity as a random factor, fo investigate dif-
farences in selective brain cooling between species. To
investigate factors associated with the thee salective brain
cooling indices, that is the magnitude, the frequercy of we,
and the threshold temperature for selective brain cooling,
wee ircluded, as indepandant variablas, the 24 h maximum
or the 24 h mean carotid blood tamperature, black globe
teraperature, and species. One data point per ardmal per
day was therefore analysed. Because multiple measure-
ments ware made on the same animals on diffarant days,
wre nizsted days within individual in the GLIMI analyses.

Physical characteristics of the carotid rate were com-
pared across species using one-way ANOVA. To account
for the fact that the carotid mte may scale with body size,
we corrected the morphological measursmends by divid-
ing the measuremant (2.2., length of the rete in mm) by the
mass (kg) of the ralavant animal, as determined at the time
of implantation surgary. In all analyses statistical signifi-
cance was accepted whan P <005

Results
Climatie conditions

Over the 35 days of selective brain cooling measure-
ment, the dry-bulb temperature averaged 16 £ 4 °C
(mean &£ SD) at rdght and 23 & 6 °C during the day. Solar
radiation excesded 1000 W m~? on 33 days, for an aver-
age of 5 & 2 h per day. The mean marirnum solar radia-
tion was 1051 £ 31 W m™2 Black globe tempertue aver-
aged 15 &£ 3 °C at night, close to dry-bulb temperature,
and 38 £ 5 °C during the daytime, much igher than dry-
bulb tamperature, confirming radiation as a main source of
heat dunng the day. The matimum black globe fempera-
tures axceaded S0 °C on 16 of the days of body fempera-
ture measuement. Wind spead varied litfle throughout the
24 h period, with a mean wind spead of 4.1 £ 22 m e

at night and 5.7 £ 2.8 m 57! during the day. The average
hously wind speed naver exceeded 13 m s~1, with a mean
of 42401 and 5.7 0.7 m s~ during the night and day-
light hours mspactivaly. Water vapour pressure varied lit-
fle throughout the 24 h period, mnging on average from
05 £02 KPa at right to 06 & 0.2 KPa during the day.
The water vapour pressure never exceedesd 1.6 kPa. The
water vapour pressue of the air was therfore sufficiantly
low to allow evaporative cooling throughout the pariod of
data callection, as the wet evaporative surfaces of all three
specizs would have had a water vapour pressure of ~6 kPa
(e, 100 % relative humidity at about 37 °C) (Barenbrug
1574).

Relationship between hypothalamic and cavotid blood
tenpeyauve

We succassfully collected simultansous hypothalamic and
carotid blood temparature data from four gemsbok, five
=d hartebesst ard six blue wildebeest. Table 1 shows the
mean 24 h carotid blood and hypothalamaic temperatures,
ard indicas of selective brain cooling, of all 15 animals,
for all the days with full data sets. The carotid blood and
hypothalamic temparatures of all three species axhibited a
simnilar nycthemeral variation, with a trough amund sunrise
{about 05:00-08:00) and a paak just tefore sursat, at about
17:00 (Fig 1). The range of the nycthamaral thythm of the
carotid blood (F,,, = 0.27, P = 0.77) and hypothalamic
Fy1p =033, P =0.73) terparature did not differ between
species. The mitdmum (Fyy, =1.34, P = 0.29) and maxi-
mum &,y = 287, P = 0.10) carotid blood temperatures
also did rot differ batween specizs. Although miniraurm
hypothalamic tamperature did rot differ between species
Foyp = 1.68, P = 023), we found a species differanes in
the maxirum hypothalamic temperature (F,,, = 4.90,
P = 0.03), with the red hartebesst having a higher maxi-
mum hypothalarnic teraperature than the gerebok. Salec-
tive brain cooling was avident mors when body fempemtur
ircreased during the day than when it was decreasing at
right. & thythm in the use of salective brain cooling thege-
fore existed, with salective brin cooling gensrally baing
initiated in the afternoon and continuing into the sarly aven-
ing. Over the 5 days where we had data simultansously for
all specizs black globe tamperature coreistantly reached or
axceeded 30 °C. In four of the antzlope hypothalamic tero
perature seldom droppad balow carotid blood temparatuse,
that is selective brain cooling was rare during the 5 days,
tut ore gerastok (gemsbok 3) and one red hartebesst (=d
hartebaest 5) employad szlective brain cooling for most of
tte day, every day (Fig. 2). The difference between carotid
blood and hypothalamic temaperatures, over the 5 days, did
fot differ between species (F,, =029, P =0.77). Similady
when comparing the entire data sat the differance between
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Table 1 Mean (+ SD) camtid blood (Tig) and hypothalarae (Ty)
terrperatires mooded every 5 roin and he reean diffemnce betpeen
camtid blood and hypohalaric terrpemture, as well as the roesdrmura

rmgrtude frequency of occurmence and theshold ternperahie for
lective bexin cooling meorded in four gercsbade five md hartebesst
and six blue wildebeest fermles

Species ID Mass(ks) Mean teraperatire (°C) Selec tive bezin cooling indices
Hypothalarde  Camtid Tex— Tip MEx.(°C) Freq. (%) Theshald(°C) Days
Gercebok 1 147 3801 £056 3877 4+070 0154020 038 13 3933 5
2 161 3220 +043 38614+057 -025+016 086 5 3954 4
317 38744033  3801+045 0174024 086 &3 3842 15
4 170 388 £042 3241+050 -043+015 010 1 4054 0
Redhartebeest  I* 133 3907 £037 38804045 -0274020 10 13 3945 35
2112 39304042 3001 £046 0284020 035 5 4043 3
3110 3022 £033  3906+042 -016+018 094 12 3953 9
£ 18 3026 +£026 3920+020 O0B+016 074 39 3904 3
F 115 39124036 3024050 0104021 0% &l 3874 23
Bhe wildehesst I 178 390 +£032 38774042 -03+£017 051 1 3975 13
2 150 39064044 30104056 0044019 057 54 3884 é
F 157 3015 4£040 387 +053 -037+026 046 é 3083 12
£ 211 39004025 38794030 -02+014 041 a4 3954 r
5 170 3023 £020 39.16+041 -005+021 110 25 3924 3
& I 38884026 3883+032 00 +019 050 35 3882 5

The two individwals per species that were cornpaed for an overlpping 5-day pedod (see Figs. 1 2, 3) wem gercsbok 3, gerrshok 4, md haste-

beest 1, ;d hartebeest 5, blue wildebeest 3 and blue wildebeest 4

Iz, (*C)—abaolute reesdirourn difference betpeen camtd and hypothalaroe ercpemtue, Freq. (®)—the pementage of tiree for which camtid
teroperature exceeded hypohalric ternpemhie Theeshold (*Cl—empemhue at which the got of hypothalarde erpembie versys camtid

blood tercpetatire cmesed the line of identity

* Anindividual for which carotd rete reorghological reezsims wee obtxned
b Extrmpohed—pbt did not cross the line of dentty within he mnge of actual reeasirercents

the carotid blood and hypothalamic temperaturss did not
differ tetween species F,y, =008, P =0.52). In general,
the difference betwesn carotid blood and hypothalamic tem-
perature was small in all animals, and the average, over all
days of measuremnent, was positive in only one gemsbok,
two red hartebaest and two blue wildebeast (Table 1).

Just as for the diffarance between carotid blood and hypo-
thalamic temperature, the frequency with which selective
brain cooling was used was highly variable tetween indi-
viduals, within and tetween specias (Table 1). Ore gems-
bok and one red hartebeest wead selective brain cooling for
more thané0 % of the overlapping 5-day pariod, whilz both
blue vildebeest ard the remaining gemsbok and red harte-
beest rrely used selective brain cooling at all (<10 % of the
time). We found no differanca in the proportion of tima that
the thea spacias spent using salactive brain cooling during
the overlapping 5-day period (Fpn =048, P = 0.66). Sirmd-
larly, when analysing all data from all animals, we found no
difference between species in the proportion of fime spent
using selective braincooling ,,, =008, P =052).

The thrashold temperatums for selactive brain cooling
are shown for all animals in Table 1, and in Fig. 3 for the
two individuals of 2ach species over the same 5-day period.

4 Sotinger

Tre threshold teraparature for szlective brain cooling also
showed coreiderable variability between individuals within
and between species. For example, gemsbok 4, which
faely exhibited selective brain cooling, had an extrapo-
lated thrashold tamperature of 40.5 °C, while gamstok 3
had the lowest thrashold temperature (38.4 °C) for selective
brain cooling of any of the six animals during the ovedap-
ping 5-day pedod. There was no difference in the threshold
temperature for selective brain cooling between the three
species during the overlapping 5-day period (Fp, =021,
P = 0.82). When comparing the antire data set we also
found no differance in the threshold temperature for selec-
tive brain cooling between species (7, j, =006, P =0.95).

Eoth the largest (0.86 °C) and the smallest (0.10 °C)
maximum magpitade of selactive brain cooling during
the ovedapping 5-day pedod were recorded in the gems-
bok, tut outside that period, selective brain cooling in a
blue wildebeest reached 1.10 °C. We found no spacies
difference in the maximum magnitude of selective brain
cooling during the overlapping 5-day period (¥,, = 045,
P =0.67). Whan we analysad the antirz data sat the max-
imum magnitude of sslective brain cooling did rot differ
tetween species (F 3, = 1.10, P =0.38).
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Factoys influencing selective brain cooling

We applied GLMMs to axplore the factors that might
inflience selective brain cooling, using the enfire data
set. The GLMMMs irdicated that the maxirum 24 h mag-
nitude of sslective brain cooling was associated positively
with maximum 24 h carotid blood tamperature (z = 7.56,
Table 2). Also, the proportion of time spant using salective
brain cooling par day was associated positively with carotid
blood temperatue (z = 5.82). The threshold temmperature
for szlective brain cooling was associated negatively with
the black glote temperature (2 = —2.55). Species was not
a sigpificant determinant of the indices of selective brain
cooling in any of our GLIMNMs (Tatle 2).

Conpavison of cavotid vete mophology betwesn species
We succassfully obtained carotid rate morphology meas-

ures fom three gemshok, four red hartebeest ard five
bluz wildebeest. Both the aleolutz carotid rate length

Foo =801, 2 =001) and width (Fpp =508, P =003
differed betwean species. Based on Tukey's post hoc tast,
the blue wildeheest, the largest of the thres species, had a
longer and wider carotid rete than the =d hartebesst, the
smallest of the three study spacies. The ateolute haight of
the carotid rete did not differ between species (Fpp =0.76,
P =0.50).

Wren scaled to body mass, we found no differance in
the length (F,g =042, P = 0.67) or width (Fp = 1.78,
P = 0.22) of the carotid wte between species. However,
the height of the carotid mte differed between species
Fop =543, P =0.03) when scaled to mass (Fig. 4). Also,
the volume of the carotid rate comected for mass diffeed
between species Fop = 554, P =0.03). Tukey's post hoc
analyses indicated that the red hartebeest carotid etz had a
areater volume and height, par klogram of body raass, than
did the blue wildehaest carotid rate.

For four blue wildebeast and three red hartebeast for
which we determined carotid rete morphology, we also had
szlactive brain cooling data (Table 1). None of the gemsbok
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for which we obtainad carotid rete measuraments yislded
measures of selective brain cooling. No mlationships were
fourd between selective bmin cooling magritude and
carotid rate haight or volums, par lqloégram body mass, for
either the blue wildebeest (reight: R° = 0.20, P =0.55;
valume: B2 =0.16, 2 =0.60) or the red hartsbasest (teight:
R =003, P = 0.39; volume: B = 025, P = 067)
(Fg 5).

Discussion

We document the first simultareous measurements of
salective brain cooling, determined from hypothalamic
teraperature and camtid blood temperature, in multiple
species living free in the same envirormaent. We also have
made the first quantitative comparison of the dimersions of
the carotid rate of the species, using the ries from our ani-
mals instrumentad with tamparature biologgers.
Hypothalamic tamperature closely tracked carotid blood
temperature for most of the 24 h period, with both tem-
peratures exhibiting a nycthememl thytho (Fig 1), similar
to that obsarved previously in otter artiodactyls (Mitclhell
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Days

at al. 2002). Howeaver, in all three species, hypothalamic
terperature was lower than carotid blood temperature, on
occasion, indicating szlective brin cooling, Selactive brain
cooling was axhibited at all times of day, but was most
oft2n avident while carotid blood temperature was rising
during the latz afternoon (Fig. 1).

We used thee indices, namely the threshold carotid
blood temperature above which selective brain cooling
tecame the norm, the maxirum diffeernce between the
carotid and hypothalarnic temparature (magnituda), ard the
frequency of we of s2lective brain cooling, to charactenss
theextent of selective braincooling use (Table 1). The most
cofepicuous outcome of our analyses was the considerable
variability in the uss of salective brain cooling, batwesn
different individuals within the same spacies.

For axaraple, gerashok 3, used selective brain cooling
for more than 60 % of the time, while gemsbok 4 did so for
only 1 % (Tatle 1). Moreover, ona day when the heat 1oad,
as maasured by a black globe thermometar, reached 53 °C,
gemshok 3 used selactive brain cooling near-contimously
for 17 h, while gerasbok 4 usad it for <0.5 h (Fig. 2, day 3).
Sirndlarly, red hartebeest 1 used selective brain cooling ~5
tirnas less fraquantly than did rad hartabeast 5. Also, blue
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Tablz 2 Association behpesn the mdices of ®lective bram cooling and factors poentally influencing selecive beain cooling, deterodned by

geneglised linear rodxed roodels
Index of selective biain cooling  Vapates rocdelled S+ SE z P %6 ®%CI
Maxircoma 24 h reagndtude (°C)
Maxirurn 24 hcamtid blood erpemue (°C) 0253 £ 087 156 <=00001 Q20910035
Maxirura24 h black globe teropetature (°C) —0.0004 £+ 0002 021 0235 =0.008 w0004
Species -0@5+0088 -051 0411 —0.169 w0099
Frequency of we (%)
Meam 24 h camtid blood teregetatuee (5C) 0213+ 0087 582 <00001 01410028
Mean 24 hblack globe terrpemhue (°C) 0.002 + 0002 104 0208 —0.002 0005
Species -0El1+0066 047 0441 —0.159 w0058
Theeshold tercperatue (°C)
eam 24 hcamtid blood terepetature (°C) 02580215 -120 0220 -0&0o01&
Mean 24 hblack globe tercperatue (°C) -0MR&x 0010 =255 0011 -0.045 o -0008
Species 0.198+ 0251 079 0429 =0.295 00820
Anircal identity wes included == a mndorafoc or and nested within days. M= 162
2 Soringer
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wildebeest 3, and not blue vildeteast 4, showed a clear
threshold temperature for selective brain cooling, during
the overlapping S-day period (Fig. 4). The high variability
of uss of szlactive brain cooling within a species masked
completely any difference between species, if, indeed, any
species difference exists. Some of the water-dependant blue
wildebesst, for axaraple, had a larger magnitude of selec-
tive brain cooling than did some of the waterindepandent
gemsbok, while some of the rad hartzbeast initiated selac-
tive brin cooling at lower threshold temperatures, and wed
selective brain cooling moe frequently, than did some of
the blue vildebesst and gemsbok (Table 1, Fig 2).

Ore axplanation for the absance of physiological diffar-
ancas in selective bmin cooling batwaen species may be
that the species had asimilar anatomical substrmte for selac-
tive brain cooling. Indead, the carotid rete of the water-
indepandert gemsbok was ro bigger than that of the more
water-dependant antelope. However, we did detect some
differerces in @te morphology, with the red hartebeest
carotid mte having greater height and volurae par kilograra
of body mass than that of the blus wildsbesst (Fig. 4). No
other differences were found in @tz morphology when it
was scaled to body mass, and it is unlikely that the vari-
ability in rete dimercsions that we detected could account
for the massive variability in the indices of selective brain
cooling (Fig. 5).

We wed GLMMs to explore other factors that might
account for the variability in the use of salective brain
cooling (Table 2). Maximum hzat load on the animals,
as indexed by the maxiraum black-globe teraperature on
site, was not associated with the maxirum magnitude of
use of sslective brain cooling. Meither was mean black
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dobe temperature associated with the frequercy of selec-
tive brain cooling use. The threshold for implementation
of szlective brain cooling was influenced significantly by
black-globe temperature: the higher the leat load, the lower
was the carotid blood terperature at which the animals
implementsed szlective brain cooling As the function of
szlactive braincooling is to supprass avaporative water loss
(Strauss et al. 2015), that association iraplies that the higher
the drive for avaporative waterloss is likely to be, the lower
the body temperature is at which avaporative water loss
vill be suppessed. We also explored whather the animal's
ovin temperatures were associated with variability of salec-
tive brain cooling. Camtid blood temparaturs indeed was
associated with two of the indicas of salactive brain cooling
(Table 2). The higher the maxiraum 24 h carotid blood tam-
peratue of an indivicual, the greater was the 24 h magni-
tude of selective brain cooling, and the mare frequantly the
individual employed selective brain cooling over the same
24 hpedod. So, higher carotid blood teraperature was asso-
ciated with enhancad use of szlective brain cooling, and
the variability in rete use was associated with variability
in the carotid blood tempemature between different animals
Fig. 3.

Decpite our naw biologging technology, developed spe-
cifically for studying selective brain cooling in unrestraired
animals, working well in domestic sheep (Strauss et al
2015), equipment failure in the wild herbivores reducad our
sample size and duration of data collaction. MNevarthalass,
our morz than 40 000 simultareous measurements of hypo-
thalaradc and carotid blood tampamture constitute the only
simultareons data sat on selactive brain cooling in multiple
spacizs. Given the dependence of selective brain cooling
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on non-tharmal factors, including drinking (Hatem at al.
2012) and sympathetic tone (associated with exemise and
vigilance; Jessan ot al. 1654, Mitchall ot al. 1967, Malonay
st al. 2001, 2002), tehavioural diffeerces batwreen indi-
vidnal animals on the reserve may have contributed to the
variability in their we of salective brain cooling. Conss-
quently we avoidad intensive behaviouml monitoring, as
the fear-induced increase in sympathetic drive, associated
with human preserce, is known to inhibit sslective brain
coaling (Jassen at al. 1904 Malonay at al. 2001; Mitchell
etal. 2002).

We have investigated the aftributes of selective brain
coaling in artiodactyls from two of the bovid tribes, the
Aleslaphind and the Hippotragini. Three previous stud
ies have investigated selective brain cooling in fre-living
members of these tribes, namely black wildebeest (Jessen
et al. 1664), a member of the Alcalaphind, and the gersbok
(Mvaloney at al. 2002), and the Ambian oryx (Hatem 2t al.
2012), members of the Hippotragini (Table 3). Climatic
conditiors far the previow studizs (me2an ambiant tempesa-
tue ~25 °C, mean solar adiation ~300 W m?) were simi-
lar o those expedenced by our study animals. Among the
members of the Alezlaphind the thresholds for implamenta-
tion of szlactive brain cooling differ=d by only 0.5 °C (Jes-
s2n 2t al. 1984) (Table 3). Howevear, the maximum magni-
tude of selective brain cooling that we racorded, in both the
blue vildebeest and the =d hartebeest, was twice as high
as that previously reported for the black wildebeest (Jas-
s2n et al. 1004). We do rot know whether that difference
in maximum szlective brain cooling arose fom intdrsic
differences between spacies of from differences in circum-
stances that influerced maximum selactive brain cooling,

Within the Hippotragind tabe, we can compare gemsbok
and Ambian oryx; the threshold tamparature for salactive

Tablz 3 Sekective brmin cooling attabutes reasured in the Alelaphind and the Hippotmgind tribes of the Cetzriodaciyla (nurcbess in brclets

indicate sarople size)
Tribe Species Selective bram cooling Reference
Magnitude (°C) Frquency (%) Threshold (°C)
Alcelphind Black wildeheest
Connochuetes gna(4) 05 - B9 Jessen etal. (1994)
Blue wikdebeest
C traius (6) 11 21 03 This study
Red harehesst
A fuselaptaes (3) 10 26 L4 This study
Q. gazlls (4) 04 15 =k Malmeyet al.
(2002)
0. gamlls (4) 09 21 o5 This study
Agatian onyx
Oy levicoryx (4) 12 a7 e Heemet al. (2012)

~Var@ble not reported . the onginal publication
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brain cooling that we recorded for gershok was simd-
lar to that previowly reported for that species (Table 3).
Our gerasbok, all fermales, also used selective brain cool-
ing for a similar proportion of time (21 ve. 23 %) as did
two female gemsbok in the study of Maloney et al. (2002).
Hetern 2t al. (2012) compared the attributes of szlective
brain cooling of gemsbok from southern Africa [as reported
by Maloney et al. (2002)] with the Arabian ofyx, from the
hyperand desaris of Arabia. Apart from rainfall, climatic
conditions were similar duting the two studies. Compared
to that of the gemsbok, in both the sarlier study and ours
(Table 3), selective brain cooling in the Arabian ofyx was
enhancad: the maxirmum magnituds of selactive brain cool-
ing axceaded 1 °C, the threshold tamparaturs was balow
38 °C, and frequency of use was above #) % of the time
(Hatem et al. 2012). The enhanced use of selective brain
cooling by Arabian oryx was attributed to the greater arid-
ity to which the Arabian oryx wem exposad.

We have shown recanily that depriving another artio-
dactyl speciss, the sheep (Ovis avies) of drinking water
enhancad szlective brain cooling, and the enhancad selac-
tive brain cooling was associated with reducad water
loss (Strawss at al. 2015). Our study amimals had accass
to drinking water at all times, and high maximum daily
carotid blood temperatures indicative of dehydration
(Hatem ot al. 2012) were not evidant (Fig 1). The affacts of
dehydration on szlective brain cooling tharafore could not
be determined. We expect that their selective brain cooling
also will te enhancad by dehydration, perhage more 0 in
the water-indapendant specizs than in the water-dependant
species.

In conditiors in which their thermoregulation was not
stressed by aridity, our animals demonstrated extmordinary
variability in their use of szlective brain cooling. Vadabil-
ity inselective brain cooling use between individuals of the
samea spacias has been documentad in both domeastic (Fullar
at al. 2007; Malonay =t al. 2007; Strauss =t al. 2015) and
wild artiodactyls (Fuller et al. 1965; Hatem et al. 2012; Jes-
sen et al. 1994; Maloney at al. 2002; Mitchall 2t al. 1997),
Howrever, we are the first to show that this variability inuse
of selective brain coaling within species exceads the vard-
ability in we batwean spacies simultansously inhabiting
the same anvironmant. Onz possitlacauss of the variability
is individual variation in activationof the sympathetic narv-
ous system, that is, variation in the physiological rasponse
to stress (Fuller 2t al. 2011; Johnsen at al. 1987; Maloney
at al. 2002). Individual artiodactyls have diffent tempara-
ments (Beausoladl ot al. 2008), and therefore different statas
of sympathetic activation, which may induce variatility in
selective brain cooling we (Strauss et al. 2015) evenin the
absarce of any specific strassor at the time. Animal tehav-
iour associated with increased vigilance or activity, such as
that s2en in a dorinant male (Hatam 2t al. 2012), also is
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likely to reduce selective brain cooling, The wse of selactive
braincooling, therefore, is a physiological mechanism with
potertial for individual plasticity and, since terapemament is
restable, at least in sheep (MMurphy at al. 1894), it seems
possible that those individuals with a greater capacity for
szlective brain cooling may have a compatitive advantage
within populations in add eqviroraaents in temas of water
saving during combired thermal and osmaotic stress.

Inconclusion, for the first time, we have measured salec-
tive brain cooling simultareously in more than one spe-
cies living under the same environmental conditions. Our
gemsbok, red hartebeest and blue wildebeast, represending
aclear water dependercy gradiant, all used selective brain
cooling, #ren in an anvironmant whars water radily was
available. The obsarved intraspecific vadability inthe mag-
nitude, the frequancy of we, and the threshold temparature
for selective brain cooling overshadowed any interspecific
variability in selective brain cooling, Whether differences
in selective brain cooling betwaen the specizs will emerge
when the artiodactyls are subjectad to aridity remains to
be investigated. We suggest that the obsarved plasticity in
selective brain cooling use that axists within large artio-
dactyl spacies will allow individuals, regamiless of species,
to employ szlective brain cooling to help cope with the
increasad aridity and variability in rainfall that is predicted
for roch of southern Africa in the face of anthropogenic
clirate change (MNiangat al. 2014).
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CHAPTER 4

Heterothermy and microclimate use in three large
sympatric antelope with varying water

dependencies
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4.1 Introduction

Species across the globe are predicted to respond to climate change
through, for example, shifting their distribution ranges poleward (Thomas
and Lennon, 1999) or to higher altitudes (Moritz et al., 2008). While many
investigations focus on projecting how organisms might respond to climate
change in the future, 47% of terrestrial mammal species have already
been negatively impacted by climate change in at least part of their
distribution range (Pacifici et al., 2017). There is therefore an urgent need
to understand how animals are coping in their environments that are
currently undergoing change, and to identify potential behavioural patterns
and physiological adaptations that could act as signals to indicate whether

species have the capacity to respond to anthropogenic climate change.

Thermoregulatory signals of interest include changes in the pattern of
microclimate use, as well as physiological mechanisms that animals are
already using, even if only occasionally (e.g. seasonally), to facilitate their
survival. Although the use of microclimates, such as shade, is well-
documented in large mammals (Seddon and Ismail, 2002, Tull et al.,
2001), the temperature difference between various microclimates has,
with a few exceptions (e.g. Hetem et al., 2012, Signer et al., 2011,
Kinahan et al., 2007) seldom been quantified for large mammals. For
example, Hetem and colleagues showed that the desert-adapted Arabian
oryx Oryx leucoryx and the Arabian sand gazelle Gazella subgutturosa

marica made use of microclimates that were up to 12 °C cooler than what

is available in full sun during summer, in the absence of drinking water
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(Hetem et al., 2012b). At an environmental heat load threshold
temperature of 28 °C the oryx and gazelle therefore made use of cooler
microclimates (presumably shade) more often than not (Hetem et al.,
2012b). By seeking shade and therefore reducing the radiant heat load,
oryx and gazelles reduced the need for evaporative cooling. Although
behavioural adjustment, such as increased shade use during the hot and
dry season, is likely a first response to conserve body water in a warming
climate (Fuller et al., 2016, Cain et al., 2006), it is unlikely to be sufficient
on its own because of associated costs such as decreased foraging time.
Moreover, once ambient temperature exceeds an animal’s body
temperature shade seeking won'’t prevent the animal from gaining heat

from the environment.

A physiological water conservation mechanism that has become
entrenched in the literature is adaptive heterothermy, originally defined in
large mammals as the heterothermy resulting from heat storage during the
day, reducing the need for evaporative water loss (Louw and Seely, 1982).
First described in the dromedary camel Camelus dromedarius (Schmidt-
Nielsen et al., 1956) and later also attributed to the eland Tragelaphus
oryx and the beisa oryx Oryx gazella beisa (Taylor, 1969), adaptive
heterothermy allows for heat storage in the body during the day. Captive
camels, water deprived under hot conditions, increased their rectal
temperatures during the day to the extent that the maximum body
temperatures attained were up to 6.2 °C above the norm (Schmidt-Nielsen

et al., 1956). Similarly, captive, hydrated eland and gemsbok elevated
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their body temperatures by 6-7 °C higher than normal when exposed to
temperatures of 40 °C (Taylor, 1969). The heat storage results in a greater
temperature gradient between those animals with elevated body
temperatures and the cool environment at night, thereby allowing for rapid
non-evaporative heat loss. The minimum body temperatures attained are
also lower than normal, because of a lower set point at night, thereby
providing greater capacity for heat storage during the day (Schmidt-
Nielsen et al., 1956). The existence of adaptive heterothermy in large
mammals, particularly African ungulates, has been questioned though, as
the studies describing the mechanism were done in captivity where
animals were deprived of their normal suite of thermoregulatory

behaviours (Mitchell et al., 2002).

To date, adaptive heterothermy has not been found in any of the African
ungulates studied, including gemsbok (Maloney et al., 2002), eland (Fuller
et al., 1999b), springbok (Mitchell et al., 1997) and plains zebra (Fuller et
al., 2000). It has, however, been confirmed in free-living Arabian oryx
(Ostrowski et al., 2003, Hetem et al., 2012b) and Arabian sand gazelle
(Hetem et al., 2012b) where the importance of seasonal energy deficiency
(scarce, low quality food) was first recognised in the occurrence of
heterothermy (Hetem et al., 2012b, Hetem et al., 2016). In those free-living
African ungulates studied, the range in the 24h body temperature rhythm
was small and not related to variations in environmental conditions
(Mitchell et al., 2002). However, the studies investigating the nychthemeral

24h body temperature rhythms of African ungulates, generally, has been
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done over the short term, limiting the inferences that can be drawn on the
relationship between environmental conditions and body temperature.
Moreover, a recent review of adaptive heterothermy in large mammals
(Hetem et al. 2016) and recognition that its drivers could be reduced
minimum body temperatures due to energy deficiency, elevated maximum
body temperatures due to a lack of water, or a combination of both (Fuller
et al., 2014) necessitates a reassessment of heterothermy in African

ungulates.

We therefore set out to investigate thermoregulation in three sympatric,
large, African antelope species, with varying water dependencies: the
water independent gemsbok (Spinage and Matlhare, 1992), the red
hartebeest Alcelaphus buselaphus of intermediate water dependency
(Crowe et al., 1981) and the water-dependent blue wildebeest
Connochaetes taurinus that drinks water daily (Berry and Jenssen, 1997).
We investigated the microclimate use and the nychthemeral 24h body
temperature rhythms of the three antelope species in an environment
where they are currently thriving, but which is expected to become hotter
and drier in the face of anthropogenic climate change (Engelbrecht et al.,

2015).

4.2 Methods

4.2.1 Study area
The study was conducted on the 42 000 ha privately-owned Rooipoort

Nature Reserve (latitude 28°30'-28°40'S, longitude 24°02'-24°25'E). The
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reserve is located approximately 50 km WNW of Kimberley in the Northern
Cape Province in an area where South Africa’s Savanna, Grassland and
Karoo biomes meet. A phytosociological study has been conducted on the
reserve to describe the vegetation communities, characterised by species
such as Vachellia erioloba, Vachellia tortilis, Tarchonanthus camphoratus,
Ziziphus mucronata, Schmidtia pappophoroides and Themeda triandra
(Bezuidenhout, 2009). The large mammal component consisted mainly of
ungulates, including buffalo Syncerus caffer, giraffe Giraffa
camelopardalis, eland Tragelaphus oryx, kudu Tragelaphus strepsiceros,
plains zebra Equus quagga, blesbok Damaliscus pygargus and springbok
Antidorcas marsupialis. Rooipoort Nature Reserve receives a mean
annual summer rainfall of approximately 400 mm. Air temperatures range
from -4 °C in the austral winter to 44 °C in the austral summer

(Bezuidenhout, 2009).

4.2.2 Study animals

Gemsbok Oryx gazella, red hartebeest Alcelaphus buselaphus and blue
wildebeest Connochaetes taurinus females were immobilised on the
Rooipoort Nature Reserve. Published values of mean body mass (Skinner
and Chimimba, 2005) were used to calculate drug doses for the gemsbok
(210 kg), red hartebeest (120 kg) and blue wildebeest (183 kg). Etorphine
hydrochloride (~0.05 mg kg™', M99, Novartis, Johannesburg, South
Africa), azaperone (~0.5 mg kg™, Stresnil, Bayer Animal Health, Isando,
South Africa) and ketamine (~0.5 mg kg~', Anaket, Bayer Animal Health)

were used to immobilise the gemsbok. A combination of etorphine
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hydrochloride (~0.04 mg kg™') and azaperone (0.05 mg kg~') were used to

immobilise the red hartebeest and the blue wildebeest.

Following immobilisation the animals all received a combination of
haloperidol (~0.1 mg kg™', Kyron Laboratories, Johannesburg, South
Africa) and perphenazine enanthate (~0.8 mg kg™, Kyron Laboratories,
Johannesburg, South Africa). The immobilised animals were kept in
bomas on Rooipoort Nature Reserve for 12 days before biologger
implantation. Eragrostis teff and commercial game pellets (Voermol,
Maidstone, South Africa) were provided once daily, and water was
available ad libitum. After surgery, the animals were released into a
10,000 ha fenced-off portion of Rooipoort Nature Reserve. At the end of
the study, the animals were culled as part of an annual game
management quota. The implanted temperature loggers and the radio
collars, each with its miniature black globe thermometer were retrieved

from each carcass.

4.2.3 Biologger implantation

The animals were immobilised in their bomas using similar drug
combinations and dosages as for immobilisation during the initial capture.
The gemsbok were given zuclophenthixol (Clopixol Acuphase, ~0.4 mg
kg™', Lundbeck, Randburg, South Africa) by intramuscular injection
following immobilisation. Once immobilised the animals were blindfolded,
ear-plugged and transported to a nearby temporary surgical theatre. Upon

arrival at the surgery each animal was weighed. Anaesthesia was
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maintained with 2—-3 % isoflurane (Isofor, Safe Line Pharmaceuticals,
Johannesburg, South Africa) in oxygen, administered via endotracheal
tube. Sand bags were used to maintain the animals in sternal
recumbency. The red hartebeest and blue wildebeest were given
butorphanol (0.12 mg kg™ IV Torbugesic, Fort Dodge, Kempton Park,

South Africa) following intubation.

The surgical incision site, on the right side of the abdomen, was shaved
and sterilised with chlorhexidine gluconate (Hibitane, Zeneca,
Johannesburg, South Africa). We visually measured respiratory rate, while
heart rate, arterial oxygen saturation (Nonin Handheld Pulse Oximeter,
Plymouth, MN, USA), blood pressure and rectal temperature (Cardell
9400, Midmark Corporation, OH, USA) were also measured throughout
surgery. Using sterile surgical procedures, we implanted an abdominal
temperature logger (StowAway XTI, Onset Computer Corporation,
Pocasset, MA, USA) and a subcutaneous temperature logger (model:
MLOG_T1C, Sigma Delta Technologies Pty. Ltd., Floreat, Australia) in

each animal.

The abdominal temperature logger had a resolution of 0.03 °C across a
measurement range of 34-50 °C, with dimensions of ~50%x45x20 mm and
mass of ~40 g when coated in inert wax (Sasol wax EXP986, Sasol,
Johannesburg, South Africa). The subcutaneous data logger, with a

measurement range -20 to 65 °C and a resolution of 0.06 °C, had
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dimensions of ~25x10x8 mm and a mass <20 g when covered in inert
wax. The abdominal temperature logger was implanted into the abdominal
cavity via an incision in the paralumbar fossa, where after the muscle layer
was sutured closed. The subcutaneous data logger was placed
underneath the skin before the skin was sutured closed. The temperature
loggers were individually calibrated in an insulated water bath against a
high-accuracy thermometer (Quat 100, Heraeus, Hanau, Germany). After
calibration the biologgers measured temperature to an accuracy of better

than 0.06 °C.

At the end of implantation surgery each animal received a long-acting
antibiotic (0.04 ml kg™, IM, benzylpenicillin, Duplocillin, Intervet, Isando,
South Africa), a non-steroidal anti-inflammatory agent (0.05 mg kg™’, IM,
meloxicam, Mobic, Boehringer Ingelheim, Randburg, South Africa), a long-
acting broad-spectrum parasiticide (0.02 mg kg™', SC, doramectin,
Dectomax, Pfizer Laboratories, Sandton, South Africa), and a multivitamin
injection (0.05 mg kg™, IM, Multivit injectable solution, Univet Ltd, County
Cavan, Ireland).

Each animal was fitted with a GPS/GSM tracking-collar (Africa Wildlife
Tracking, Pretoria, South Africa). Dorsally, each collar also supported a
miniature black globe thermometer (the “collar miniglobe”) to measure the
microclimate used by the animal (Hetem et al., 2007). We measured
miniglobe temperature with a thermistor, individually calibrated against a

high-precision thermometer in an insulated water bath, placed into a matt-
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black, hollow, copper sphere (i.d. 30 mm, Press Spinning & Stamping,
Cape Town, South Africa). The measurement range of the miniglobe
thermistors, calibrated individually as previously detailed, was 0 — 65 °C
with a resolution of 0.06°C. All temperature data were recorded every 5
minutes except for the abdominal temperatures that were recorded at 15
minute intervals. All temperature data were stored on the radio-collars,
with a copy of data sent via GPRS to a centralised computer server twice

daily.

Following all procedures, the antelope, in sternal recumbency, blind-folded
with ear plugs in place, were transported to a fenced-off 10 000 ha section
of the reserve, located approximately 10 km (20 min) from the surgical
theatre. Upon arrival the antelope were given diprenorphine hydrochloride
(~0.1 mg kg™*, IV, M5050, Novartis, Johannesburg, South Africa) to
reverse the effects of the etorphine hydrochloride. The antelope became
ambulatory within 10 min of receiving the antagonist. They were allowed to
roam freely within the fenced-off 10 000 ha study area and, although they
were translocated from elsewhere on the 42 000ha reserve, many of them
joined existing herds during the study period. Our study period included
the five most physiologically-challenging months for antelope in a
Southern Hemisphere summer rainfall area, notably the end of the dry
season (Oct/Nov) when the nutritional value of the grazing is at its lowest
(Grunow et al., 1980, Rutherford, 1965), followed by the hottest months of

the year (Dec-Feb).

120



4.2.4 Climatic data

A portable weather station was deployed at the study site. Technical
issues with the portable weather station resulted in inconsistent recording
of data. Climatic data for the town of Kimberley (28.7419° S, 24.7719° E),
situated ~50 km ESE of the Rooipoort Nature Reserve were therefore
sourced from the South African Weather Service (Erasmusrand, Pretoria,
South Africa). Solar radiation was obtained from satellite-derived data
(GeoSUN Africa, Stellenbosch, South Africa). A miniature black globe
(hereafter called the reference miniglobe), similar to that mounted on the
individual radio-collars, also with a calibrated thermistor, was placed
unsheltered in the veld at 1 m above the ground. The reference miniglobe,
therefore, was in full sun throughout daylight hours and unobstructed at

night to provide a measure of heat load in the environment.

4.2.5 Data analyses

We analysed our data for two different periods. Firstly we analysed the
entire 152-day data set with the use of GLMM'’s, linear regression and
one-way ANOVA. Secondly, we identified the 10 hottest (all during
December; not necessarily consecutive) and 10 coolest days during the
study period and compared animal responses under those conditions with
the use of linear regression, and either one-way ANOVA or repeated

measures ANOVA, where applicable.

We extracted the 24h minima and maxima for all the climatic variables. We

calculated the water vapour pressure from the Kimberley dry-bulb
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temperature and humidity data. We extracted the 24h minima and maxima
for the abdominal and subcutaneous temperature measurements obtained
from each individual animal of every species. We then calculated the
mean and the range (maximum — minimum) for each variable for each 24h
measurement period. We also calculated a mean 24h index of peripheral
blood flow (abdominal temperature — subcutaneous temperature) for each
animal; it is assumed that the greater the difference between the
abdominal and subcutaneous temperatures the greater the level of
vasoconstriction. A small abdominal-subcutaneous difference represented

vasodilation.

We used GLMM'’s to investigate variables associated with the following
dependent variables over 152 days: abdominal temperature (minima,
maxima, and range), the difference between the abdominal-subcutaneous
temperature, and microclimate use. Animal identity was used as a random
effect in all the GLMM analyses and, because multiple measurements
were made on the same animals over 152 different days, we nested days
within individual. We used the days since winter solstice (21 June) as a
continuous variable to test for changes in dependent variables over time.
Linear regression was used to determine the relationship between
miniglobe temperature and reference miniglobe temperature. The
individual regression equations were used to calculate the temperature at
which each collar miniglobe (Y) equalled the reference miniglobe (X) - the

threshold reference globe temperature where >50% of collar miniglobe
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records lie under the line of identity, i.e., that reference globe temperature
at which an animal makes use of a cooler microclimate more often than
not. The slopes of the regression lines and the threshold temperatures

were compared across species with one-way ANOVA.

For the 10 hottest days we determined the proportion of time that each
animal spent in microclimates cooler than those recorded by the reference
miniglobe between 10:00 and 15:00, the hottest part of the day. The
proportion of time that each species spent in cooler microclimates was
compared using one-way ANOVA. As we did for the 152-day period, we
regressed the miniglobe temperatures, as recorded by the individual
animal collars, against the reference miniglobe temperatures for the 10
hottest days and then also for the 10 coolest days during the study period.
We then calculated the shade threshold heat load for each 10-day period.
The thresholds and the slopes of the individual regression lines were
compared using ANOVA. We used repeated measures ANOVA to
compare abdominal temperatures, and the difference between abdominal
and subcutaneous temperatures, between the 10 hottest and 10 coolest
days. GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA)
was used for all ANOVA and linear regression analyses and STATA10
(StataCorp LP, TX, USA) was used for the GLMM analyses. The

significance level was set at P<0.05 in all analyses.
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4.3 Results

4.3.1 Climatic conditions

Both air temperature and black globe temperature varied over 24 hours,
increasing from a minimum at about sunrise to peak about one hour after
solar noon. The air and black globe temperatures therefore had a
characteristic 24h bell-shape. The 24h solar radiation also showed the
characteristic bell-shaped distribution, peaking around midday at 1055 +
107 W.m2 (Table 1). The water vapour pressure, on average, remained
lower than 1 kPa throughout the study period, a level conducive to
evaporative water loss at all antelope surface body temperatures.
Moderate wind speeds (mean: 4.4 + 1.4 m.s™') were recorded during the
study period. Rain was recorded from October through January, with

101.3 mm recorded in total.

4.3.2 Microclimate selection

As there is a linear relationship between collar miniglobe and reference
miniglobe, with a slope close to one, the most important determinant of
collar miniglobe temperature is environmental temperature. The
relationships between the collar miniglobe temperatures for one gemsbok,
one red hartebeest and one blue wildebeest and the reference miniglobe
temperatures recorded during the study period are illustrated in Figure 1.
The scatter of points around the line of identity in Figure 1 reflects the
deviation of collar miniglobe temperatures from reference miniglobe

temperatures. The mean slopes of the regression lines for all the gemsbok
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(0.83), the red hartebeest (0.86), and the blue wildebeest (0.91) were less
than one, indicating intervention by all three species to manage their heat
loads, with a significant species difference (F2,13=4.19, P = 0.04) found
only between the gemsbok and blue wildebeest. As the points of
intersection were high (Fig. 1), the mean difference in slope is interpreted
as the gemsbok seeking warm refuges of better quality, at low reference
miniglobe temperatures, than did the blue wildebeest. The threshold
heatload, which is that reference globe temperature at which the majority
of collar miniglobe temperatures are cooler than the reference globe
temperature, differed between species (F2,13=6.90, P = 0.009). We found
no difference in the threshold heat load of the gemsbok (35°C) and the red

hartebeest (31°C).

However, at 48°C, the blue wildebeest threshold temperature for use of
cooler microclimates, that is the reference globe temperature at which the
majority of collar miniglobe temperatures would be cooler than the
reference globe temperature, was significantly higher than that of either
the gemsbok or the red hartebeest. Although the blue wildebeest,

evidently did make use of cooler microclimates (Fig. 1 bottom panel),
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Table 1: Weather conditions (mean x SD) recorded for the Rooipoort Nature Reserve in
the Northern Cape Province, South Africa.

Variable Minimum Maximum Mean
Air temperature (°C) 13.2+44 31.4+£3.9 224+ 3.5
Black globe temperature (°C) 12.8 £4.0 40.0£52 248+3.0
Water vapour pressure (kPa) 0.6+0.4 14+05 1.0+£05
Wind speed (m.s™) 09+0.8 92+25 44+14
Solar radiation (W.m) 142 1055 752
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Figure 1: The relationship between the microclimates experienced by a single gemsbok,
red hartebeest and blue wildebeest, as measured with the miniglobes on individual
animal collars, and the heat load measured by the reference miniglobe during the study
period (152 days). The grey line represents the line of identity. The arrows indicate the
threshold heat load - the point where the majority of points would be below the line of
identity for the individual gemsbok and red hartebeest. The threshold heat load predicted
for this particular wildebeest, representing the point along the x-axis where the majority of
points would be below the line of identity, i.e., in the shade, was 68°C.
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it did so less predictably, on average, within the range of recorded

reference globe temperatures than the gemsbok or the red hartebeest.

Although all three of our study species occupied microclimates cooler and
warmer than that measured by the reference miniglobe, clear species
difference in microclimate use were found. When it was cool the animals
frequently made use of microclimates warmer than that measured by the
exposed reference miniglobe (Fig. 1), suggesting that the animals sought
shelter from wind during the day, or minimised radiative heat loss to the
cold night sky. When it was hot the animals frequently made use of cooler
microclimates than that measured by the reference miniglobe, but not

exclusively so.

Our GLMM analyses showed that species were positively associated with
the maximum 24h collar miniglobe temperatures, with the blue wildebeest
exposed to higher heat loads than the gemsbok and the red hartebeest.
However, species was not associated with the minimum 24h collar
miniglobe temperatures (Table 2). Although the reference miniglobe
temperature increased with time since winter solstice, the maximum collar
miniglobe temperatures did not. Our study animals, therefore, made use of
shade more with increasing time since the winter solstice as reference
miniglobe temperatures increased. Minimum collar miniglobe temperatures
did increase with days since winter solstice. Higher reference miniglobe
temperatures were associated with higher collar miniglobe temperatures,

while lower reference miniglobe temperatures were associated with lower
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Table 2: Variables of interest related to microclimate use by gemsbok, red hartebeest and
blue wildebeest on the Rooipoort Nature Reserve, Northern Cape Province, South Africa.

Microclimate use Variable of interest V4 P

Species 5.09 <0.0001

Days since winter solstice 1.21 0.228
Maximum collar miniglobe  p;4imum reference miniglobe 29.52 <0.0001
temperature temperature

Maximum water vapour pressure 1.59 0.112

(kPa)

Species -0.46 0.646
Minimum collar miniglobe  Days since winter solstice 23.93 <0.0001
temperature

Minimum reference miniglobe 48.61 <0.0001

temperature

Species -0.14 0.893
Cooler microclimate used  Days since winter solstice -1.34 0.181
(collar miniglobe —

o Maximum reference miniglobe -28.27 <0.0001

reference miniglobe = -

temperature

Maximum water vapour pressure 6.80 <0.0001

(kPa)

Species 1.75 0.080
Warmer microclimate

Days since winter solstice 5.66 <0.0001
used (collar miniglobe —
reference miniglobe = +) Minimum reference miniglobe -7.66 <0.0001

temperature

129



collar miniglobe temperatures. The heat load experienced by the animals

was therefore influenced by the environmental heat load.

We found no species difference in the use of microclimates that were
either cooler, or warmer, than that recorded by the reference miniglobe.
Nevertheless, our study animals did seek cooler microclimates under
higher environmental heat loads and warmer microclimates under cold
conditions (Table 2). Maximum water vapour pressure also was
associated positively with the use of microclimates cooler than the
environmental heat load measured by the reference miniglobe. The
greater use of microclimates warmer than that recorded by the reference
miniglobe with increasing time since the winter solstice is attributed to the

animals sheltering from wind while remaining in the sun.

When comparing microclimate use during the 10 hottest days (maximum
reference globe temperatures >46.4°C) with that of the 10 coolest days
(maximum reference globe temperatures <32.8°C) recorded during the
study period, we found a species effect (F2,11 = 6.21, P = 0.02) with
significant differences in the slopes of the regression lines (F1,11 = 319,
P<0.0001) for all three species between the two periods. During the 10
coolest days the slopes of the regression lines were larger than one for all
three species, but the slope for the gemsbok was lower than that of the
red hartebeest. During the 10 hottest days (Fig. 2), the slopes of the
regression lines differed significantly between species (F2, 11 = 10.04, P =
0.003), as did the heat load threshold temperatures for using cooler

microclimates (F2,8 = 11.50, P = 0.004).
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Figure 2: Comparison of microclimate use between the gemsbok, red hartebeest and
blue wildebeest during the 10 hottest days (Treference minigiobe >46.4°C) recorded on
Rooipoort Nature Reserve, Northern Cape Province, South Africa. (A) The mean slope of
the individual regression lines per individual per species of collar miniglobe temperature
against reference miniglobe temperature; the dotted line indicates parity between collar
miniglobe and reference miniglobe temperatures (i.e., no behavioural thermoregulation to
reduce heat loads). (B) The heat load threshold temperature at which the gemsbok, red
hartebeest and blue wildebeest accessed cooler microclimates and, (C) the proportion of
time that each species spent in microclimates cooler than that measured by the reference
miniglobe during the heat of the day (10:00 - 15:00).
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The red hartebeest predictably made use of microclimates cooler than that
measured by the reference globe at a lower threshold temperature (18°C)
than either the gemsbok (22°C) or the blue wildebeest (22°C), while the
gemsbok (slope: 0.64) made use of better quality shade, than either the
red hartebeest (slope: 0.70) or the blue wildebeest (slope: 0.72). The
proportion of time that the gemsbok, red hartebeest and blue wildebeest
spent in microclimates cooler than those measured by the reference
miniglobe between 10:00 and 15:00, the hottest time of the day, differed
(F2,10 = 6.87, P = 0.01) during the 10 hottest days of the study period.
During the hottest time of the day the red hartebeest spent a larger
proportion of time in cooler microclimates than did the blue wildebeest
(33% vs. 14%). The gemsbok spent 21% of their time between 10:00 and

15:00 in cooler microclimates during the 10 hottest days (Fig. 2).

4.3.3 Body temperature patterns

The mean abdominal temperature traces for the gemsbok, the red
hartebeest and the blue wildebeest over 152 days are illustrated in Figure
3. Also shown in Figure 3 are the daily air temperature trace and the daily
maximum and minimum reference miniglobe temperatures. From these
abdominal temperature traces two distinct periods can be distinguished by
inferring the range of body temperatures from the 15 min recording. Over
the first 50 days, the maxima recorded were higher and the minima lower
than over the rest of the recording period. The 24h abdominal temperature
profiles of all three species were characterised by a nadir early morning

just after sunrise and reaching a zenith at about sunset, well after solar
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noon (Fig. 4). We found no species differences in the mean minimum or
maximum 24h body temperature measures, nor in the mean range of the
24h abdominal temperature (Table 3). All three antelope species had
lower mean minimum 24h abdominal temperatures, and higher mean
maximum 24h abdominal temperatures closer to the winter solstice (Table
4). As a consequence, the mean 24h range of abdominal temperature
(maximum — minimum abdominal temperature) also was higher closer to

the winter solstice in all three species.

The mean 24h abdominal temperatures were dependent on environmental
conditions. We found a positive association between the heat loads
experienced by the animals, as measured with their individual collar-
mounted miniglobes, and the mean 24h maximum abdominal
temperatures. Collar miniglobe temperature also was associated with the
mean 24h minimum abdominal temperature. Increased amplitudes in the
miniglobe temperature were associated positively with increased
abdominal temperature amplitudes (Table 4). All three species showed a
clear 24h rhythm in abdominal-subcutaneous temperature; the profile is
the inverse of that recorded for subcutaneous temperature, with the
maximum difference (vasoconstriction) reached at about sunrise (Fig. 5).
Shortly after sunrise, when abdominal temperature was at its lowest,
peripheral blood vessels presumably dilated and the difference between
the abdominal and subcutaneous temperatures decreased quickly, to

reach a minimum shortly before midday. In the 24h cycle, all three species
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Figure 4: The mean 24h abdominal temperature profiles (+SD) for the gemsbok (left panel), the red hartebeest (middle panel) and the blue
wildebeest (right panel) in relation to the mean 24h reference miniglobe temperature (dotted line; secondary y-axis) as measured over 152 days on
Rooipoort Nature Reserve in the Northern Cape Province of South Africa. Horizontal black bars indicate night time.
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Table 3: The mean (+ SD) minimum, maximum and range of abdominal (Tabdominal) and abdominal minus subcutaneous (Tabdominal — Tsubcutaneous) temperatures
recorded in, as well as the microclimate use by, the gemsbok, red hartebeest and blue wildebeest from October to February on the Rooipoort Nature Reserve,
Northern Cape Province, South Africa. Tthreshold is the heat load threshold temperature at which an animal sought a microclimate cooler than that available in full sun.
The difference between the collar miniglobe and the reference miniglobe (Tcoliar-Tref globe) represents the mean daily microclimate selection.

Species Tabdominal (°C) Tabdominal — Tsubcut (°C) Microclimate use

Min Max Range Min Max Tthreshold Slope Teoliar - Tref globe
Gemsbok Oryx gazella
Gemsbok 1 37.410.4 39.5£0.3 2.1+0.5 -0.9+0.5 3.111.4 31.3 0.7939 1.4£1.9
Gemsbok 2 37.7+t0.4 39.840.3 2.1#0.5 -0.9+0.6 3.5¢1.1 32.1 0.8427 1.1£1.9
Gemsbok 3 37.5£0.1 39.910.2 2.4+0.2 - - 37.2 0.8552 1.8+1.7
Gemsbok 4 37.7t0.4  40.0+0.4 2.310.7 -0.840.6 4.8+1.9 39.5 0.8614 2.1+1.8
Gemsbok 5 37.7¢0.3 39.7¢0.3 1.9+0.5 -0.74£0.6 42417 35.4 0.8544 1.5+1.7
Gemsbok 6 38.1+0.2 39.5+0.3 1.4+0.4 -0.7+0.5 3.311.0 334 0.7998 1.6+1.9
Mean 37.7£0.4 39.710.4 2.0%0.6 -0.810.6 3.8%1.6 34.8+3.1 0.83+0.03 1.6+0.3
Red hartebeest Alcelaphus buselaphus
Red hartebeest 1 38.1£0.3 39.8404 1.7+0.5 -0.5+0.6 5.4+2.2 31.2 0.8972 0.6+1.9
Red hartebeest 2 38.3:t0.3  40.2+04 1.9+0.5 -0.840.7 5.4+1.7 38.8 0.9144 1.242.0
Red hartebeest 3 - - - - - 22.9 0.8128 -0.3+0.6
Red hartebeest 4 - - - - - 32.0 0.7917 0.2+4.0
Red hartebeest 5 37.7¢0.4  39.7¢04 2.0+0.6 -0.90.8 4.61.6 28.2 0.8696 0.4+1.8
Red hartebeest 6 37.840.4 39.9+04 2.2+0.6 -1.0+0.8 5.1£2.0 33.8 0.8697 1.1£1.6
Mean 38.0+0.4 39.9%0.4 1.9%0.6 -0.8+0.8 5.1+1.9 31.245.3 0.86+0.05 0.5+0.6
Blue wildebeest Connochaetes taurinus
Blue wildebeest 1 38.0+0.4 39.6+0.2 1.6+0.5 -1.310.8 6.0+3.3 424 0.922 14124
Blue wildebeest 2 38.4+0.4 40.2¢0.3 1.840.5 -0.6+0.6 3.9+1.6 375 0.8675 1.6£1.9
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Blue wildebeest 3
Blue wildebeest 4

Blue wildebeest 5
Mean

37.5+0.5
38.4+0.4

38.1+0.4
38.0£0.4

39.9+0.3
39.9+0.3

39.74£0.2
39.8+0.4

2.5+0.6
1.5£0.5

1.6x0.4
1.710.6

-1.1x0.7
-0.7x0.7

-0.8+0.6
-0.9£0.7

4.8+1.8
4.1+1.9

4.6x1.8
4.7£2.3

68.4
43.3

45.8
47.5%121

0.9548
0.8973

0.9094
0.91£0.03

1.9+1.7
1.9+1.8

1.8+1.8
1.72+0.2
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Table 4: Variables of interest related to the body temperature of three
antelope species on the Rooipoort Nature Reserve, Northern Cape

Province, South Africa.

Body
Measurement (°C) Variable of interest z P
temperature
Species 1.91 0.57
Days since winter solstice -5.22 <0.0001
Maximum 24h miniglobe — maximum 24h -7.38 <0.0001
Maximum o
reference miniglobe temperature (°C)
Maximum miniglobe temperature (°C) 8.06 <0.0001
Maximum water vapour pressure (kPa) -1.27 0.203
§ Species 1.53 0.126
I
§ Minimum Days since winter solstice 5.67 <0.0001
<
Minimum miniglobe temperature (°C) 8.72 <0.0001
Species -0.14 0.892
Days since winter solstice -10.41 <0.0001
Range Mean 24h miniglobe temperature range (°C) 6.93 <0.0001
Maximum 24h miniglobe — maximum 24h -10.24 <0.0001
reference miniglobe temperature (°C)
Species 2.38 0.017
Days since winter solstice -7.82 <0.0001
Vasoconstriction
" (large difference) Maximum miniglobe temperature -8.13 <0.0001
>
o
% Maximum 24h miniglobe — maximum 24h -1.90 0.058
§ reference miniglobe temperature (°C)
L
I Species -1.41 0.159
g
€ Days since winter solstice 12.70  <0.0001
S Vasodilation
Q
< . Maximum miniglobe temperature 3.67 <0.0001
(small difference)
Maximum 24h miniglobe — maximum 24h -1.92 0.055

reference miniglobe temperature (°C)
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Figure 5: (A) The mean 24h abdominal (blue) and subcutaneous (black) temperatures
(xSD) recorded in the gemsbok, the red hartebeest and the blue wildebeest on Rooipoort
Nature Reserve, Northern Cape Province, South Africa and, on the secondary y-axis, the
mean difference between the 24h abdominal and subcutaneous temperatures (red). An
increasing difference between the abdominal and subcutaneous temperatures reflects
increasing vasoconstriction. (B) The mean (+SD) 24h reference miniglobe (black) and air
(grey) temperatures. Horizontal black bars indicate night time.
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therefore reached maximum vasodilation shortly before the peak heat load

(reference miniglobe temperature) was experienced (Fig. 5).

Shortly after midday, once the maximum reference miniglobe temperature
was reached, the difference between abdominal and subcutaneous
temperatures started increasing gradually again throughout the afternoon
and evening. We found a species difference with regards to
vasoconstriction, with the gemsbok showing less vasoconstriction than
either the red hartebeest or the blue wildebeest (Table 4), specifically
during the early morning (Fig. 5). The abdominal — subcutaneous
temperature differential decreased with time since the winter solstice, was
enhanced at lower miniglobe temperatures, and decreased at higher
miniglobe temperatures. As for body temperature, we found no species

differences with regards to vasodilation during the 152 day study period.

We found no species differences when comparing the minimum (Fz2, 13 =
1.84, P = 0.2), the maximum (F2,13 = 1.90, P = 0.2) or the range (F2, 13 =
0.53, P = 0.6) of body temperatures recorded during the 10 hottest days
with those recorded during the 10 coolest days. The maximum abdominal
temperatures differed between the two time periods (F1,13 =35.2, P
<0.0001) with gemsbok and red hartebeest reaching higher maximum
abdominal temperatures during the 10 hottest days (gemsbok: 39.7 vs
39.5 °C; red hartebeest 40.1 vs 39.7 °C) than the 10 coolest days. No
difference (F1,13 = 0.03, P = 0.86) was found in the range of abdominal

temperature between the 10 hottest and 10 coolest days.
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The minimum difference between abdominal and subcutaneous
temperature was lower during the 10 coolest days compared to the 10
hottest days (F1,11 = 7.15, P = 0.02), with the blue wildebeest more
vasodilated during the 10 coolest days. There was no difference in the
maximum abdominal - subcutaneous temperature differential (i.e.,
vasoconstriction) between the 10 hottest and 10 coolest days (F1, 11 =
1.49, P = 0.25). All three species, therefore, were maximally

vasoconstricted at night, even during the 10 hottest days.

4.4 Discussion

We have used biologgers to successfully record simultaneous data on
abdominal and subcutaneous temperatures in three large, sympatric
antelope species with varying water dependencies. The use of a collar-
mounted miniature black globe thermometer (Hetem et al. 2007) and a
similar, unsheltered reference black globe thermometer in the open
enabled us to investigate the way in which the three species made use of
microclimates in the same environment. The combined data sets allowed
us to investigate and compare, for the first time, abdominal temperature,
abdominal - subcutaneous temperature, and microclimate use between
large African antelope species inhabiting the same area. Moreover, we
have collected these data sets over the physiologically most challenging
time of the year, from October through February — that is the end of the

dry season though the hottest period of the year.

We have shown that species differences exist in the microclimate use by

the gemsbok, the red hartebeest and the blue wildebeest, both in terms of
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the threshold reference globe temperature at which cooler microclimates
are mostly used and the quality of the shade utilised. We have also shown
that the animals responded to windy conditions, by sheltering from the
wind at low temperatures and also at high temperatures at the expense of
shade seeking. Despite these differences in accessing microclimates
cooler or warmer than that available in the full sun, we have found no
species differences in the mean 24h abdominal or the difference between
abdominal and subcutaneous temperatures (Table 4). While
environmental conditions did affect the abdominal temperatures of all
three antelope species, the effect was small. In all three antelope species,
we found higher maximum and lower minimum abdominal temperatures
closer to the winter solstice. For all three antelope species the range in
abdominal temperature (maximum — minimum abdominal temperature)
therefore was also greater closer to the winter solstice when the

environmental temperature was lower.

The simultaneous recording of abdominal and subcutaneous temperatures
provided us with an opportunity to compare how the animals altered
peripheral blood flow to change dry heat loss during the hottest time of the
year. The abdominal — subcutaneous temperature differential has
previously been used as an index of peripheral blood flow in Angora goats
Capra aegagrus (Hetem et al., 2009b), and in kudu that naturally
developed a fever (Hetem et al., 2008). However, to the best of our
knowledge we are the first to investigate the difference between

abdominal and subcutaneous temperatures in more than one species
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simultaneously inhabiting the same habitat. Although the red hartebeest
and the blue wildebeest showed lower levels of peripheral blood flow than
the gemsbok, all three species decreased peripheral blood flow closer to
the winter solstice, thereby limiting the transfer of heat from the core to the
periphery, and, consequently, limiting heat loss to the environment.
Peripheral blood flow increased in all three species with increasing days
since the winter solstice, thereby facilitating dry heat loss to the

environment as environmental temperatures increased.

The failure of some subcutaneous and abdominal temperature loggers
limited our sample size during this study. Despite these shortcomings we
collected ca. 15 000 abdominal, and more than 43 000 simultaneous
subcutaneous and microclimate temperature records for six gemsbok, four
red hartebeest and five blue wildebeest. Although our data collection
spanned five months, compared to weeks or even days in earlier studies,
the mean 24h minimum and maximum body temperatures, as well as the
body temperature amplitudes, were similar to that previously reported for
gemsbok (Maloney et al., 2002), red hartebeest (Finch, 1972, Finch and
Robertshaw, 1979) and blue wildebeest (Fick et al., 2006, Shrestha et al.,

2012).

The lack of an association between days since winter solstice and
maximum collar miniglobe temperature (maximum heat load experienced)
reflects thermoregulatory behaviour, as an association was found between
days since winter solstice and reference miniglobe temperature. Lower

minimum collar globe temperatures were recorded earlier in the study
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when the air temperatures were lower. The minimum collar miniglobe
temperatures increased with time since the winter solstice, while the
maximum collar miniglobe temperatures increased with increasing

reference miniglobe temperature (Table 2).

All three ungulate species made use of microclimates cooler than that
measured by the reference globe, as indicated by the slopes of the
regression lines being less than one (Fig. 1 and Table 3). All three
ungulate species, therefore stabilised their microclimates by occupying
warmer microclimates when it was cold and cooler microclimates when it
was hot. The use of warmer microclimates by impala Aepyceros
melampus and blue wildebeest during the night, when environmental
temperatures were low, has been attributed to close proximity with
conspecifics or recumbency (Hetem et al., 2007). Lying down at night
shelters animals from the wind. Moreover, lying down allows animals to
make use of the boundary layer of the ground, thereby reducing
convective heat loss because of the higher air temperature close to
ground level (Bakken, 1992). Alternatively, the animals may have
sheltered under trees or shrubs at night, thereby reducing their radiative
heat loss to the night sky, which could be as cold as -30°C (Hetem et al.

2007).

The use of warmer microclimates during the day, even when
environmental temperatures were high (Fig. 1), is possibly related to the
habitats used by the animals, with dry pans, rocky and or sandy areas with

relatively low vegetation cover potentially having higher levels of re-
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radiation than the reference miniglobe habitat. The reference miniglobe
habitat, characterised as Eragrostis lehmanniana — Tarchonanthus
camphoratus shrubland was characterised by 60% herbaceous cover,
<2% rocks or stones on the surface (Bezuidenhout, 2009). Alternatively
the animals may have given greater priority to sheltering from the wind
rather than seeking shade, thereby reducing their heat loss to the
environment, as has previously been documented for blue wildebeest

(Hetem et al. 2007).

Based on our GLMM analyses the gemsbok and red hartebeest sought
microclimates cooler than that measured by the unsheltered reference
miniglobe (presumably shade), at lower maximum miniglobe temperatures,
than did the blue wildebeest (Table 2). Blue wildebeest are, however,
known not to seek shade even when environmental temperatures are high
(Hetem et al., 2007). An earlier study on the behavioural thermoregulation
of black wildebeest Connochaetes gnu suggested the existence of a
threshold heat load at which orientation was initiated as a
thermoregulatory behaviour (Maloney et al., 2005b). While a combination
of study objectives (minimum disturbance of animals), long animal flight
distances and habitat structure precluded behavioural observations in the
present study, we have quantified a threshold heat load for shade seeking
in each of our study species (Fig. 2). The gemsbok and the red hartebeest
consistently used microclimates cooler than that in full sun at threshold
heat loads that were up to 25°C degrees cooler than the 48°C threshold

heat load for the blue wildebeest. In the Kgalagadi Transfrontier Park
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gemsbok spent less time feeding and more time resting in the shade than
did the blue wildebeest (Knight, 1991). Also, despite an increased
proportion of blue wildebeest making use of shade from September to
December, the majority of animals still rested in the sun unsheltered
(Knight, 1991). The gemsbok, considered to be able to survive
independent of surface water, and the red hartebeest of intermediate
water dependency therefore moved into cooler microclimates before the
water-dependent blue wildebeest, even when surface water was readily

available.

The 10 hottest days accentuated the microclimate use signal for all three
species. As for the entire study period, during the 10 hottest days the
gemsbok, red hartebeest and blue wildebeest all regularly used
microclimates cooler than that recorded by the reference miniglobe
(slopes of the regression lines <1). However, during the 10 hottest days
the threshold heatload for shade use — that reference globe temperature
where more than 50% of collar miniglobe temperatures are below the
reference globe temperature - was 18°C for the red hartebeest, lower than
that of the gemsbok or the blue wildebeest (both 22°C). That the
abdominal - subcutaneous temperature differential for the blue wildebeest
was smaller during the 10 coolest days than the 10 hottest days, suggests
that the animals spent more time basking in the sun during the coolest

days.

The microclimate, particularly the heat loads experienced by our study

animals, influenced both the minimum and the maximum abdominal
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temperatures. Consequently an increased range in their mean 24h
abdominal temperature was associated with a greater range in the mean
24h miniglobe temperature (Table 4). The effects of heat load on the
abdominal temperature were small, however, with a 1°C increase in black
globe temperature, on average, resulting in a 0.01 °C increase in the
abdominal temperatures of our study animals. In a year-long study Fuller
and colleagues have previously reported an 0.02°C increase in abdominal
temperature per 1°C increase in air temperature for the much smaller
springbok Antidorcas marsupialis (Fuller et al., 2005). By contrast, no
relationship between environmental conditions and abdominal temperature
was reported in earlier studies on gemsbok (Maloney et al., 2002) and
springbok (Mitchell et al., 1997), but that could be attributed to small
sample sizes (N= 1; Mitchell et al. 1997) and testing for relationships over
short time frames (up to 15 days; Maloney et al. 2002), respectively (Fuller
et al., 2005). While Fuller et al. (2005) concluded that environmental
conditions have only a small, weak effect on the 24h abdominal
temperature rhythms of African ungulates, a more recent analysis using
body temperature data from 17 ungulate species found that environmental
temperature had no effect on body temperature rhythm or amplitude when
animals had access to sufficient food and water (Hetem et al., 2016).
Moreover, the species differences that we have recorded in microclimate
use did not translate into species differences in abdominal temperature

(Table 4).
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We did, however, find differences in the abdominal temperatures of our
study animals. All three our study species had lower mean 24h minimum
and higher maximum abdominal temperatures closer to the winter solstice.
The range of the mean 24h abdominal temperatures were therefore also
higher closer to the winter solstice (Fig. 3). We attribute the lower
minimum body temperatures close to the winter solstice (Table 4) to the
lower nutritive value of the grass in the Northern Cape Province at the end
of the dry season. As decreasing forage quality and quantity at the end of
the dry season have been documented across much of southern Africa
(O'Connor et al., 2001, Chamaillé-Jammes and Fritz, 2009), our study
animals likely were undernourished during a part of the study period. A
decrease in minimum abdominal temperature in response to nutritional
stress has been documented in captive ungulates (Piccione et al., 2002,
Maloney et al., 2013) and free-living ungulates (Hetem et al., 2016, Hetem
et al., 2012b, Ostrowski et al., 2006b, Shrestha et al., 2012). All three of
our study species were therefore more heterothermic, in keeping with
recent evidence indicating that homeothermy is maintained only when
enough water and food of sufficient quality is readily available (Hetem et

al., 2016).

As water was available at four artificial water points throughout the study,
it is difficult to explain the higher maximum 24h abdominal temperatures
observed in all three species towards the end of the dry season. It is
possible that differences in activity, which we could not quantify, resulted

in different levels of metabolic heat production. While the contribution of
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different activities to metabolic heat production in free-ranging ungulates is
not known, estimates have been generated for domestic cattle. For
example, in cows Bos taurus, feeding results in a five-fold increase and
walking in a three-fold increase in metabolic heat production compared to
when standing still (Malechek and Smith, 1976). Because endogenous
heat production contributes to the heat load experienced by the animals
(Maloney et al., 2005a) increased feeding and walking activity towards the
end of the dry season may therefore have contributed to the higher
maximum abdominal temperatures during the period of nutritional stress.
Although data are not available for all three of our study species,
metabolic heat production contributed about 10% and 12% to the heat
loads of captive red hartebeest and eland respectively (Finch, 1972).
Alternatively, it is possible that the study animals, all of which were
translocated into the 10 000 ha study area at the beginning of the study,
were naive and unfamiliar with the location of the four artificial water
sources, and their naivety may have resulted in them not accessing and
drinking water from these water points. Coupled with vegetation of low
nutritive value, and also low water content at the end of the dry season,
the animals therefore may have had a reduced water intake, thereby
contributing to the increased maximum abdominal temperatures observed
closer to the winter solstice (Fig. 3). With subsequent changes in ranging
behaviour (A. Stainthorpe pers. comm.), greater familiarity with the

distribution of water, and food of sufficient quality, ensued.
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Heterothermy in large mammals is therefore not implemented in
anticipation of high environmental heat loads when water is scarce (i.e.,
not adaptive), but rather is an inevitable response to either an energy
deficiency, a scarcity of water, or as in the case of the Arabian oryx and
sand gazelle, a combination of both (Hetem et al., 2012b). Contrary to a
suggestion by Ostrowski and Williams (2003), high air temperatures are
therefore not a prerequisite for heterothermy. High environmental
temperatures do, however, exacerbate the effect of a water shortage on
maximum body temperature, while also influencing subcutaneous

temperature directly.

A similar 24h abdominal — subcutaneous temperature rhythm was found in
all three antelope species (Fig. 5, red lines). Although the antelope already
were vasoconstricted, at dawn, they went through a brief period of extra
vasoconstriction, with the concomitant drop in subcutaneous temperature
(Fig. 5 black lines) resulting in the maximal 24h difference between
abdominal and subcutaneous temperature. While air and reference
miniglobe temperature gradually reached its nadir at this time (Fig. 5),
none of the antelope showed the anomalous drop in abdominal
temperature at dawn previously reported in eland (Fuller et al., 1999b) and
kangaroos (Dawson et al., 2007). All three species started vasodilation,
characterised by a decrease in the difference between abdominal and
subcutaneous temperatures, when their abdominal temperatures were at a
minimum, with vasodilation peaking at midday. Heat was therefore

transferred from the body core to the periphery before abdominal
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temperature started increasing. At midday the difference between the
mean 24h abdominal and subcutaneous temperatures were close to zero
in all three species. Occasionally, as a result of solar radiation, the
subcutaneous temperatures of all three species exceeded abdominal
temperature. After midday, vasoconstriction was again gradually employed
throughout the afternoon and evening. The greater vasoconstriction
recorded in the blue wildebeest and the red hartebeest, compared to the
gemsbok, is possibly related to the periodic use of more open habitats by
the hartebeest (Ben-Shahar and Fairall, 1987), or earlier feeding bouts by
the red hartebeest and the blue wildebeest. Exposure to cooler
microclimates early morning would have resulted in the red hartebeest and
blue wildebeest defending their body temperatures by reducing blood flow

peripherally.

When sensible heat transfer (radiation and convection) changes from a
loss to a gain, mammals have to make use of evaporative cooling to
maintain their body temperatures (Tattersall et al., 2012). The mean
maximum 24h reference miniglobe temperature (Table 1) was higher than
the mean maximum 24h abdominal temperatures of all three antelope
species (Table 3). Our study species, therefore, would have gained heat
from their environment during those midday periods that heat load
exceeded abdominal temperature, provided they were not in shade at the
time. All three species, therefore needed access to shade to reduce heat

gain from their environment and to conserve body water.
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All three species reduced the heat load threshold temperature for shade
use during the 10 hottest days, compared to the 10 coolest days.
Moreover, the slopes of the regression lines of miniglobe temperature
against reference miniglobe temperature decreased from the 10 hottest to
the 10 coolest days in all three species, implying the more regular use, or
the use of better quality shade, during the hottest days. Both the Arabian
oryx and the Arabian sand gazelle had lower threshold temperatures for
shade use and used shade of better quality, during the hot dry period
compared to the warm wet period in the Saudi Arabian desert (Hetem et
al., 2012b). Lower heat load threshold temperatures for shade use and the
use of better quality shade during the hottest days compared to the
coolest days likely facilitated the conservation of body water in all three
species during the hottest days. In the absence of shade, the observed
heterothermy — particularly the elevated maximum abdominal
temperatures compared to the norm — means that all three species would
have gained less heat from the environment because of a reduced
temperature gradient (Hetem et al., 2016), resulting in a reduced need for
evaporative cooling. Under cool conditions closer to the winter solstice the
animals made use of refugia warmer than the exposed reference
miniglobe, thereby reducing the costs of maintaining homeothermy and

conserving energy at a time that they were undernourished.

In conclusion, we have provided the first evidence of heterothermy in free-
living African ungulates. Over a period of about 50 days, coinciding with

the end of the dry season, and before the vegetation responded to the first
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summer rains, all three of our study species had reduced minimum and
elevated maximum body temperatures. Although the observed
heterothermy is likely not adaptive (Hetem et al. 2016), the elevated
maximum body temperatures would have contributed to the conservation
of body water under high environmental heat loads. The patterns of
microclimate use, particularly during the 10 hottest days suggests
behavioural flexibility. The gemsbok and the red hartebeest readily used
shade, even in the presence of surface water, implying that they did not
drink water daily, even though it was available. The lower threshold
temperatures for shade use exhibited by the gemsbok and red hartebeest
throughout the study period possibly reduced the need for evaporative
cooling (e.g., panting) as it is skin temperature, not abdominal temperature
that determines the onset of panting (Finch 1972). Possibly as a result of
its daily water intake the blue wildebeest spent more time in the sun and
had a higher heat load threshold temperature for cooler microclimate use
than the gemsbok and the red hartebeest, presumably relying more on
evaporative cooling for more efficient heat loss, than behavioural
adjustment. Thermoregulatory signals of interest are therefore discernible
in large African ungulates, even in an environment that currently is
relatively benign. To what extent large African ungulates could rely on
these thermoregulatory signals, and the relative contributions that each
makes to water conservation, requires further investigation in a more arid

region.
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CHAPTER 5

Conclusion

Some of the ideas in this chapter, related to selective brain cooling, have

been published in:

Body water conservation through selective brain cooling
by the carotid rete: a physiological feature for surviving

climate change?

Strauss, W.M., Hetem, R.S., Mitchell, D., Maloney, S.K., O’Brien, H. D.,

Meyer, L.C.R. & Fuller, A.

Conservation Physiology 5(1): cow078; doi:10.1093/conphys/cow078.
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| have investigated the water conservation strategies used by some large
African antelope (i.e., artiodactyls), in an arid southern hemisphere
ecosystem, a region where water is the main driver of ecosystems
(Hawkins et al., 2003), and a region that is expected to become hotter and
drier, with increased variability in rainfall, in the face of anthropogenic
climate change (Engelbrecht et al. 2015). More specifically, | investigated
the physiological water conservation strategies that large antelope already
use, and that they may rely on more in a changing environment. An
improved understanding of the physiological mechanisms used intra- and
inter-specifically, and insights into the capacity for, and plasticity in, its
use, are urgently needed to facilitate the successful conservation
management of African ungulates, which already are in decline across
much of Africa (Ripple et al. 2015). To achieve these aims, with assistance
from my colleagues, | implanted biologging devices to investigate the
water conservation mechanisms in ungulates by quantifying the volume of
water conserved as a result of selective brain cooling in a model ungulate
(Chapter 2), by comparing selective brain cooling in sympatric, large free-
living ungulates with varying water dependencies (Chapter 3), and by
investigating heterothermy and microclimate use in sympatric, large free-

living ungulates with varying water dependencies (Chapter 4).
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5.1 Selective brain cooling

Selective brain cooling is enhanced by water deprivation (Jessen et al.,
1998, Fuller et al., 2007, Strauss et al., 2015). When Dorper sheep (Ovis
aries) were deprived of drinking water and exposed to diurnal heat load,
after the third day of water deprivation, when the water reservoir within the
rumen would have been depleted, plasma osmolality and selective brain
cooling magnitude increased in a near-linear manner and in unison (Fig.
1A; Strauss et al., 2015). After 5 days of water deprivation, the 24 h mean
magnitude of selective brain cooling was three times greater (0.9 vs.
0.3°C) than that during euhydration (Fig. 1B). The proportion of time
during which the sheep used selective brain cooling also differed markedly
depending on hydration status. Figure 1C shows that the sheep used
some selective brain cooling at all times of the day regardless of hydration
status. However, when dehydrated, the sheep used selective brain cooling
more frequently at all times of day, but especially during the daylight hours
when selective brain cooling, on average, was used 75% of the time.
Water deprivation, presumably acting through hyperosmolality, therefore

appears to be one driver of selective brain cooling (McKinley et al., 2008).
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Figure 1: Summary of the effects of water deprivation on selective brain cooling
in Dorper sheep. (A) The relationship between the mean (+SD) magnitude of
selective brain cooling (carotid blood temperature minus hypothalamic
temperature, black bars) and osmolality (grey bars) during 5 days of water
deprivation; the black bracket indicates the period of water deprivation. (B) The
mean (£SD) 24 h magnitude of selective brain cooling during euhydration (black
line, days 1 and 2 in A) and dehydration (grey line, days 7 and 8 in A);
horizontal black bars along the x-axis depict night-time. (C) The proportion of
time that the sheep spent using selective brain cooling throughout the 24 h
period when euhydrated (black bars; days 1 and 2 in A) and when dehydrated
(grey bars; days 7 and 8 in A); the black bracket indicates the period of heat
exposure (09.00-15.00 h) and the horizontal black bars along the x-axis depict
night-time. Data from Strauss et al. (2015).
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5.1.1 Selective brain cooling conserves body water

In dehydrated mammals, increased osmotic pressure of the arterial blood
perfusing the brain inhibits thermoregulatory responses to heat (McKinley
et al., 2008), including evaporative heat loss (Doris, 1983). If
hyperosmolality also enhances selective brain cooling, then what would be
the benefit to artiodactyls? In goats, at least, but presumably also in other
artiodactyls, the neural drive for respiratory evaporative heat loss is
provided about equally by thermoreceptors in the hypothalamus and
thermoreceptors within the trunk (Jessen and Feistkorn, 1984). During
selective brain cooling, input from the hypothalamic temperature sensors
would be attenuated. Consequently, panting and sweating, the main
physiological avenues of evaporative heat loss in artiodactyls, would be
attenuated. The potential water savings as a result of selective brain
cooling could be substantial considering that a 1°C decrease in brain
temperature resulted in a ~6-fold decrease in respiratory evaporative
water loss in goats (Kuhnen and Jessen, 1994). The hypothalamic

thermosensitivity for evaporative water loss in goats is therefore high.

Based on data provided by Jessen and Feistkorn (1984), the hypothalamic
thermosensitivity for evaporative water loss for goats, at a trunk
temperature of 40°C, was 0.35 W kg™ °C™"', or 14 g H2O min~" kg™' °C".
In contrast, for a species lacking a rete, the rabbit, the hypothalamic
thermosensitivity for evaporative water loss, calculated at an ambient
temperature of 39°C, was 0.038 W kg™" °C™", or 1.5 g H20O min~' kg™' °C™"

(Stitt, 1976). The hypothalamic thermosensitivity therefore was10 times
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greater in the heat-exposed goat than in the heat-exposed rabbit, a
difference that | attribute to the presence of the rete in goats. A relatively
small change in the hypothalamic temperature of the goat (tenths of a
degree Celsius) can therefore result in significant water savings as a result
of decreased evaporative water loss. In an elegant experiment on goats,
Kuhnen (1997) used extracorporeal heat exchangers to manipulate
selective brain cooling and measured respiratory evaporative heat loss.
The experimental inhibition of selective brain cooling resulted in a reduced
trunk threshold for respiratory evaporative heat loss; therefore,
evaporative water loss occurred at lower body temperatures, as well as at
a higher overall rate. At an aortic blood temperature of 40°C, selective
brain cooling of merely 0.5°C reduced respiratory water loss by 0.72 |
day™', the equivalent of 35% of the average daily water requirement of the
goats (Kuhnen, 1997). Sweating is largely driven by thermal receptors in
the hypothalamus (Smiles et al., 1976); therefore, selective brain cooling
also will reduce water loss by sweating (Strauss et al., 2015), further
contributing to the water savings of a mammal that uses either form of

evaporative heat loss.

Recently, in the laboratory, | quantified the total water savings attributable
to selective brain cooling in Dorper sheep. | used the stable hydrogen
isotope deuterium oxide (D20) to measure water turnover in sheep that
were deprived of drinking water and naturally making use of selective
brain cooling. The sheep lost a quarter of their body water over 5 days of

water deprivation. The threshold temperature for selective brain cooling
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remained unchanged, but those individuals that used selective brain
cooling more frequently, or of greater magnitude, had lower water turnover
rates (they therefore conserved body water better) than did conspecifics
that used selective brain cooling less frequently or of smaller magnitude. |
showed that a 50 kg sheep that used selective brain cooling for half of a
day would save 2.4 litres of water that day, the equivalent of ~60% of the
daily water requirement of a Dorper sheep not exposed to heat (Strauss et
al., 2015). Thus, the reduction of hypothalamic temperature by the 1°C or
less that selective brain cooling can achieve reduces evaporative cooling
during heat exposure sufficiently to save a substantial portion of the water
that an artiodactyl would need to access each day.

How does an artiodactyl continue to maintain heat balance if its
evaporative cooling is attenuated? The attenuation of evaporative cooling
by selective brain cooling results in an increase in body temperature,
including skin temperature (Caputa et al., 1986b, Laburn et al., 1988). In
environments in which an artiodactyl can lose heat by radiation and
convection, the higher skin temperature will enhance radiant and
convective heat loss, so selective brain cooling will switch heat loss from
evaporative to non-evaporative channels. If an artiodactyl is in an
environment in which it is gaining heat, the rate of heat gain will be
reduced by the higher skin temperature. In the process of conserving
water, however, the artiodactyl may store heat during hot periods of the

day. As selective brain cooling generally is used late in the afternoon (Fig.
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2, left panels), the heat that is gained as a result of the suppression of

evaporative cooling may be dissipated non-evaporatively during the night.

5.1.2 Selective brain cooling as a physiological feature for surviving
hotter and drier environments

Water economy strategies in artiodactyls provide compelling evidence that
selective brain cooling mitigate negative population responses to warming
and aridification. The use of selective brain cooling offers significant water
savings to artiodactyls, but it is not the only mechanism by which they can
save water. Dehydration itself reduces evaporative water loss via
osmosensitive neurons in the hypothalamus, even in the absence of

selective brain cooling (Baker and Doris, 1982).

However, unlike dehydration or blood osmolality, selective brain cooling
can be switched off rapidly (probably within seconds) by high cranial
sympathetic activity. That property of selective brain cooling potentially
conveys a survival benefit (Mitchell et al., 2002). For example, should an
artiodactyl in a hot environment and implementing selective brain cooling
be confronted by a flight-or-fight situation, its selective brain cooling would
be abolished immediately by increased sympathetic tone. Consequently,
hypothalamic temperature would increase, and the hypothalamic drive on
evaporative cooling would be restored immediately, with the full power of
evaporative cooling invoked to dissipate the extra metabolic heat.
Immediate survival outweighs the longer-term benefits of body water
conservation, and the artiodactyl makes temporary use of full evaporative

cooling to avoid a potentially lethal hyperthermia. When the threat has
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receded, selective brain cooling can again be initiated and evaporative
water loss suppressed. Thus, selective brain cooling may bestow benefits
for survival in arid environments in two ways: (i) switching selective brain
cooling on conserves body water, improving long-term survival, whereas
(i) switching selective brain cooling off rapidly accelerates evaporative
cooling to avoid lethal hyperthermia, thereby supporting immediate
survival.

The ability to modulate evaporative water loss through the use of selective
brain cooling may have contributed to the evolutionary success of
artiodactyls (Mitchell and Lust, 2008). It can be assumed that the carotid
rete, and therefore selective brain cooling, evolved concomitantly with the
emergence of the modern artiodactyl orders, at least 45 million years ago
(Janis, 2009). When the diversity trends of Artiodactyla (presumably all
rete bearing) and their sister clade Perissodactyla (presumably not rete
bearing) are compared across the Cenozoic, discrepancies in generic
richness are established in three pulses, each of which corresponds to a
trend of aridification, whether warming or cooling (Fig. 2). In the earlier half
of the Cenozoic, global climate is best described as a ‘tropical hothouse’
(Buchardt, 1978, Wolfe, 1978, Wing, 1987, Huber and Sloan, 2001,
Bowen and Zachos, 2010, Galeotti et al., 2010). During this period of
abundant moisture, artiodactyls and perissodactyls enjoyed similar generic
richness (Fig. 2). However, a pronounced period of cooling and drying
across the Eocene to Oligocene transition began to shift this relationship

(Diester-Haass and Zahn, 1996, Lear et al., 2008). Although many large-
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bodied mammals faced extinction throughout this period (Prothero, 1985,
Hooker, 1992, Legendre and Hartenberger, 1992), artiodactyls survived
better both during and after this event. Throughout the drier, temperate
Oligocene (Kennett, 1985, Ehrmann and Mackensen, 1992), artiodactyl
generic richness remained elevated relative to perissodactyls (Fig. 2).
Across the Late Oligocene to Early Miocene transition, another period of
aridification swept the globe, this time accompanied by warming (Kennett,
1985, Retallack, 2013). This period of warming and aridification saw a
pulse in generic richness of artiodactyls capable of selective brain cooling,
immediately before the Mid-Miocene expansive radiation of C4 grasslands.
It is often the expansion of grasslands and the artiodactyl rumen that have
been associated and promoted as the driver of artiodactyl success
(Retallack, 1991, Jacobs et al., 1999, Retallack, 2001, Retallack, 2007a,
Retallack, 2007b, Retallack, 2013), but, as Figure 2 shows, the

artiodactyls proliferated before the grasslands expanded.

The C4 grasslands, which are now dominant in the tropics, are
characterised by a photosynthetic pathway different to that of the more
common, ancestral Cs photosynthetic pathway (Edwards et al., 2010). In
many terrestrial plants, the C4 photosynthetic pathway, which evolved
under conditions of depleted COz, has resulted in reduced efficiency and
rate of carbon uptake, especially under hot and arid conditions (Sage
2004). The C4 grasslands therefore represent diet of a lower quality than

the Cs grasses, as they have a higher fibre content and lower
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concentrations of nitrogen than Cs grasses, and because leaf anatomy
makes nutrients less accessible in the C4 grasses than in the Cs grasses
(Caswell et al., 1973, Ehleringer and Monson 1993, Heckathorn et al.
1999).

Although the late Cenozoic (Mid-Miocene to present) diversification
patterns of artiodactyls generally have been attributed to the ruminant
digestive physiology of bovids (Janis et al., 1998, Clauss et al., 2003,
Janis, 2007, Janis, 2009, Clauss and Rossner, 2014, O'Brien, 2016), as
well as their ability to survive on smaller amounts of grass selectively
chosen (Janis, 2008), this highly specialized mode of digestion is variably
present and cannot solely be responsible for earlier Cenozoic survivorship
and diversification patterns. Indeed, it is likely that the influence of
selective brain cooling insulated artiodactyls from extensive periods of
aridification, whether warming or cooling, that saw declines among
ungulates that do not use selective brain cooling (O’Brien, 2016). This
pattern of selective-brain-cooling-related survivorship is corroborated by

evolutionary patterns of the Tragulidae.

Although they are small-bodied artiodactyls with a rudimentary capacity for
rumination (Clauss and Réssner, 2014), tragulids do not possess a carotid
rete (Fukuta et al., 2007). Therefore, they can be considered to ruminate
but not to use selective brain cooling. The earliest record of tragulids and
other closely related small-bodied primitive ruminants is the Late Eocene
to Early Oligocene (Webb and Taylor, 1980), when swamps and

temperate forests dominated much of Europe and North America (Mai,
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1989, Pross et al., 2001, Retallack, 2007a, Retallack, 2007b, Kunzmann,
2012, Retallack, 2013). Since that period, these taxa without selective
brain-cooling have experienced declines in generic richness even as more
advanced ruminants have increased in diversity (Clauss and Rossner,
2014). Thus, although diet undoubtedly plays a role in the extinction and
survivorship capacity of any taxon, failure to incorporate selective brain
cooling not only leaves early artiodactyl evolution unsatisfactorily
explained, but it renders an incomplete evaluation of these species’

abilities to persist into the Anthropocene.
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Figure 2: Diversity curve for the artiodactyls (continuous line) and
perissodactyls (dashed line) from the early Eocene (EEO) to the Palaeocene
(PLE) relative to global temperature (red line; Zachos et al., 2001) and an
indication of the relative hydrological regimes (Janis, 2008); blue and red
shading represent aridification combined with cooling and warming
temperatures, respectively. Occurrence data were downloaded from the
Fossilworks/Paleobiology Database in August 2016. The epochs along the x-
axis are as follows: EEO, Early Eocene; MEO, Mid-Eocene; LEO, Late Eocene;
EOL, Early Oligocene; LOL, Late Oligocene; EMI, Early Miocene; MMI, Mid-
Miocene; LMI, Late Miocene; EPL, Early Pleistocene; LPL, Late Pleistocene;
and PLE, Paleocene.
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Among artiodactyl species, there may be innate differences between
species in their capacity for selective brain cooling, which may facilitate
the persistence of those species with enhanced selective brain cooling in a
hotter and drier Anthropocene. To date it has not been feasible to
measure the water savings that result from selective brain cooling in free-
living artiodactyls, but | recently investigated selective brain cooling in
three sympatric antelope species with different water dependencies and
determined the dimensions of their carotid retes (Strauss et al., 2016).
Individuals of all three species, living free in their natural habitats in the
same environmental conditions, used selective brain cooling. However, |
found no differences in selective brain cooling use between the gemsbok,
independent of surface water, the red hartebeest of intermediate water
dependency or the blue wildebeest that is dependent on surface water and
has to drink water daily. In fact, | found more variability in selective brain
cooling use within those species than between those species in a habitat
in which surface water was available ad libitum. Should this pattern of
variability hold true in a more arid region, the result implies that with
progressive aridification (as predicted with climate change), individuals in
each species will be favoured rather than one species being favoured over
another.

Although earlier descriptions of carotid rete morphology documented
variability in the vascularization of the rete between species (Daniel et al.,
1953, Carlton and McKean, 1977), | found little quantifiable difference in

the rete volume of those three artiodactyls with varying ecological water
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requirements (Strauss et al., 2016). The observed variability in use of
selective brain cooling within these three species living in exactly the same
environmental conditions reaffirms the concept that selective brain cooling

is not simply under thermal control.

5.2 Body temperature

Because selective brain cooling reduces heat loss drive by inhibiting
evaporative water loss through panting and sweating (Jessen et al., 1994,
Kuhnen, 1997, Strauss et al., 2015) it should, in theory, contribute to
heterothermy as it would result in the elevation of body temperatures. In
chapter 2 | showed that heat-exposed sheep conserved body water, at the
expense of hyperthermia, when they switched from evaporative cooling to
non-evaporative cooling (i.e., selective brain cooling). The elevation of
maximum body temperatures, first described in captive dromedary camels
(Schmidt-Nielsen et al., 1956), eland and beisa oryx (Taylor, 1969), was
originally termed adaptive heterothermy and identified as a water
conservation strategy vital to large, arid-adapted mammals. More recently,
however, it has been questioned whether heterothermy in large mammals
is adaptive or whether it is an indication that animals are unable to cope
with their circumstances. When water deprived, mammals tend to reduce
evaporative water loss (Taylor, 1970b, Finch and Robertshaw, 1979,
Silanikove, 1994), thereby conserving body water. However, when water
deprivation coincides with heat exposure, the reduced evaporative water

loss often leads to an elevation in the maximum body temperatures (Finch
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and Robertshaw, 1979, Jessen et al., 1998), leading to the risk of

hyperthermia.

A recent analysis, by Hetem and colleagues, of body temperature data
from 17 ungulate species showed that these large mammals were able to
maintain their body temperatures independent of ambient temperature,
provided they had access to sufficient food and water (Hetem et al. 2016).
In their comprehensive review on heterothermy and its drivers, the authors
discounted the older arbitrary limits previously used to define heterothermy
—e.g., an increase in amplitude of 2°C or more despite larger fluctuations
in ambient temperature (Bligh and Johnson, 1973), or, in the case of small
torpid mammals, a decrease in body temperature of 5°C or more below
that of normal resting temperature (Cooper and Geiser, 2008). Instead
they considered heterothermy simply as perturbations from the underlying
24h body temperature rhythm when animals that are not heat stressed

have access to sufficient food and water (Hetem et al. 2016).

Many mammals and birds show a 24h body temperature rhythm; a so-
called nychthemeral rhythm, when influenced by environmental signals
(Hetem et al. 2016). My sheep, housed in a climatic chamber, displayed a
24h rhythm in body core temperature (Chapter 2), as did the free-living
gemsbok, red hartebeest and blue wildebeest (Chapter 3).The free-living
ungulates also showed a nychthemeral rhythm in subcutaneous
temperature (chapter 4), despite subcutaneous temperatures being more
influenced by environmental conditions than was core body temperature.

As shown in Chapter 4, the 24h nycthemeral rhythm of subcutaneous
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temperature therefore differs substantially from that of core body
temperature. Moreover, the simultaneous measurement of subcutaneous
and core body temperature in captive goats Capra hircus revealed a
discrepancy of up to 3.5°C between measurement sites (Torrao et al.,
2011), similar to that reported in three free-living ungulate species (chapter

3).

In chapter 4 | used the difference between the abdominal and the
subcutaneous temperatures as an index of peripheral blood flow
throughout the day. A similar rhythm in vasoconstriction/dilation was found
in all three species. The observed early morning vasoconstriction,
indicates that the animals were defending their body temperatures, more
so closer to the winter solstice when they were nutritionally stressed, by
decreasing peripheral blood flow and therefore the flow of heat from the
core to the periphery. At about sunrise there was a pre-emptive diurnal
increase in peripheral blood flow, transporting heat from the core to the
periphery before body core temperature started to rise, thereby

attenuating the rise in core temperature.

In chapter 4 | also showed that the body temperatures of the gemsbok, red
hartebeest and blue wildebeest were dependent on ambient conditions,
suggesting, according to Hetem et al. (2016), an inadequate supply of
food or water, or a combination of both. Seasonal food shortages have
previously been implicated in reduced metabolic rates in desert ungulates
(Williams et al., 2001, Ostrowski et al., 2006a, Ostrowski et al., 2006b)

and, while animals could try and compensate for a reduced metabolic rate,

178



through for example behavioural changes, body temperature will decrease
if the attempted compensation is insufficient (Hetem et al. 2016). | attribute
the heterothermy observed in the gemsbok, red hartebeest and blue
wildebeest to a combination of starvation-induced hypothermia and

dehydration-induced hyperthermia at the end of the dry season.

Although they were heterothermic seasonally (chapter 4), there is no
indication that the gemsbok, red hartebeest or blue wildebeest were
compromised. The body temperature that constitutes a pathological
hyperthermia is not known for the ungulates, but, at least in humans, that
would be around 45°C (Kenney et al., 2004), substantially higher than the
maximum body temperatures recorded in the three ungulate species on
Rooipoort Nature Reserve. Nevertheless, the predicted concomitant
increase in ambient temperature and reduced, more variable, rainfall are
likely to result in fewer food resources, which, in turn, are expected to
make the animals more susceptible to the increased ambient
temperatures. All three species are therefore expected to become more
heterothermic under more extreme conditions. The degree of
heterothermy that the animals would be able to withstand is not known.
The animals may, however, use behaviour to buffer the expected

changes.
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5.3 Microclimate use

Climates are changing globally and considerable effort has gone into
predicting how the climates of various world-regions will change and also
how ecosystems are likely to be affected. Large parts of southern Africa,
for example, are predicted to become hotter and drier, with increased
variability in rainfall and, only recently, has it been realised that the region
is warming at a rate faster than the global average (Engelbrecht et al.
2015). Bioclimatic envelope model predictions are commonly used to
model the future suitability of habitat in the face of climate change.
However, the usefulness of such correlative models has been questioned
as they do not incorporate factors such as dispersal, adaptation or
behavioural plasticity (Pearson and Dawson, 2003). Moreover, a recent
meta-analysis highlighted the degree of spatial mismatch between the
sizes of organisms and the scale at which climate is modelled, with the
grid-length in species distribution models 10 000 fold larger on average
than the animals they study (Potter et al., 2013). The biological relevance
of bioclimatic envelope model predictions also has been questioned, as
animals make use of microclimates and not broad-scale climates (Varner

and Dearing, 2014).

At the smaller terrestrial landscape scale there is considerable variation in
temperature, and thermal environments at a fine scale influence the daily
activity patterns and the thermoregulatory behaviour of organisms
(Angilletta, 2009). Recently, Carroll and colleagues, using black globes

similar to those used in chapter 4, concluded that thermal landscapes, and
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the occurrence of thermal extremes in the landscape, are subject to high
temporal variability, with thermal conditions spatially homogenous at night
and increasingly variable during the day, until about 14:00 when thermal
heterogeneity peaks (Carroll et al., 2016). The observed thermal
homogeneity at night implies that an animal is likely to experience the
same thermal conditions regardless of the habitat patch it chooses at
night. However, Carroll et al. (2016) did not measure microclimate use by
animals in conjunction with their characterisation of microclimates. In
chapter 4 | showed that the gemsbok, red hartebeest and blue wildebeest
occupied warmer microclimates when the reference miniglobe temperature
was low. By laying in the warmer air boundary layer close to the ground,
sheltering from radiant heat loss at night (Mount, 1979), and by avoiding
wind, my study animals therefore occupied warmer microclimates than

those that they would have experienced in the open.

Sheltering is a common thermoregulatory strategy, also among small
mammals. Most small mammals make use of burrows, which buffer them
against temperature extremes, with daytime burrow temperatures
commonly about 10°C cooler than air temperature (Stark, 1963, Johnson,
1970, Taylor and Skinner, 2004, Wilson et al., 2010). While few large
mammals can access underground thermal refuges, they do adjust the
timing of their activity and seek appropriate microclimates, such as shade

during the heat of the day (Kinahan et al., 2007, Hetem et al., 2012b).

In chapter 4 | showed that three large ungulates with varying water

dependencies differed in their use of microclimates, with the gemsbok and
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red hartebeest consistently using microclimates cooler than in full sun at
lower threshold temperatures, than did the water dependent blue
wildebeest. | also showed that all three species had lower heatload
threshold temperatures during the 10 hottest days of the study period, and
made use of better quality shade, compared to the 10 coolest days.
Despite having access to water to facilitate evaporative cooling (panting
and sweating) my study animals, therefore, also used thermoregulatory
behaviour. The management of environmental heat loads, for example,
through shade seeking, likely to be the first response for ungulates in
environments predicted to become both hotter and drier, will increase in
importance but would impede feeding activity. In the hyper-arid Arabian
desert, the Arabian oryx compensated for increased shade use during the
hot dry season by becoming largely nocturnal in an area devoid of natural
predators (Hetem et al., 2012b). In African ecosystems animals may not
be able to shift their activity and become more nocturnal because of the
prevalence of predators in these systems. A recent camera trap study in
South Africa’s Addo Elephant National Park revealed that buffalo
Syncerus caffer, kudu and warthog Phacochoerus aethiopicus are more
active diurnally in the presence of nocturnal predators, than in the absence
of such predators (Tambling et al., 2015). The ungulates in the Addo
National Park, therefore reduced their activity overlap with the nocturnal
predators, suggesting a higher susceptibility to predation at night. Biotic

and abiotic factors influence habitat selection and new relationships,
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including biological costs, are likely to emerge as species respond to

climate change (Martin, 2001).

Simultaneous, long-term conservation physiology studies are therefore
needed in the same thermal landscape on both ungulates and their
predators, to ascertain the extent of diurnal and nocturnal overlap in
microclimate use currently, and in the face of climate change. Such
studies should not only focus on the characterisation of microclimates at
scales suitable to both the temporal and spatial heterogeneity of the
habitat and the range use patterns of the species of interest, but should
also include the simultaneous quantification of the microclimates being
used by the species of interest. The shade provided by trees is especially
important, for large mammals, in maximising thermal buffering across
landscapes (Carroll et al. 2016) yet, in African disturbance-dependent
ecosystems, tree cover is reduced through disturbance by both fire and
herbivores (Midgley and Bond, 2015). Predictions related to the future of
African ecosystems vary greatly (Midgley and Bond, 2015) reinforcing the
need for long-term monitoring of species and their microclimates. The
effects of climate change on local communities are, however, likely to
exacerbate landscape degradation and habitat transformation, including
the loss of trees (IPCC, 2013). Homogenisation of the landscape following
the loss of trees will result in a shift in landscape thermal patterns to be
more homogenous (Carroll et al. 2016). The expected loss of thermal
heterogeneity is likely to result in trade-offs between the thermal

environment, foraging and predation risk.
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5.4 Perspectives and significance

In my thesis | have investigated water conservation strategies of large
African ungulates, with a particular focus on selective brain cooling, as
well as heterothermy and microclimate use. | have shown that selective
brain cooling does indeed conserve body water in a model ungulate
naturally making use of selective brain cooling and that selective brain
cooling did not differ between three antelope species with varying water
dependency when water was freely available in their habitat. As | could not
challenge the animals in terms of their selective brain cooling use it is not
clear whether the similar magnitudes of selective brain cooling, regardless
of species or water dependency, reflects a similar underlying ability for use
of this water conservation mechanism among artiodactyls. Nevertheless,
the plasticity in the use of selective brain cooling may provide a
physiological feature for selection in the face of anthropogenic climate
change, as numerous regions are expected to become hotter and drier,
with increased variability in rainfall (Niang et al., 2014). Large mammals
will be unable to adapt genetically given the rapid rate of climate change
and will be unlikely to be able to move to new, suitable habitats, leaving
them dependent on phenotypic plasticity if they are to counter such
climate change (Hetem et al., 2014). Having survived and diversified
dramatically during periods of pronounced aridification, the artiodactyls
may be insulated, to a degree, from global warming and drying (Mitchell
and Lust, 2008). Moreover, the observed inter-individual variability in

selective brain cooling use within species implies that individual
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artiodactyls within populations, regardless of species or ecological water
dependency, might have a relative evolutionary advantage in hotter, drier,
less predictable environments. Representatives of the characteristic large
herds of artiodactyls across various landscapes, which often also form the
mainstay of large tracts of land under conservation management,

therefore could persist through the Anthropocene.

However, considering the continuing decrease in antelope populations
across the globe (Ripple et al., 2015) and the poor performance of
artiodactyls during mid-latitude glaciation of the Miocene to Pliocene
transition, persistence through the Anthropocene may partly depend on
the degree of intra-specific selective brain cooling plasticity and resilience
generally. Indeed, artiodactyls such as the Arabian oryx may already be
living close to their physiological tolerance levels. With a 24h body
temperature range (maximum—minimum 24 h body temperature) of up to
7.7°C during the summer, these animals are seasonally losing control of
homeothermy as a result of water and nutritional stress (Hetem et al.,
2012b, Hetem et al., 2016). As a consequence of a paucity of similar data
from other artiodactyls, and also from perissodactyls, we know little about
the physiological performance of these mammals in current environmental
conditions and, ultimately, their ability to cope with a changing climate.
While | expect the first response to a warming and drying environment to
be one of behavioural adaptation, particularly increased shade use, we do

not know to what extent ungulates would be able to compensate for
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reduced feeding time by changing to nocturnal activity patterns. Moreover,
we do not know the magnitude of heterothermy that free-living African
ungulates would be able to withstand, or indeed, whether that differs

between species.

It seems likely that African ungulates would need to rely on an array of
water conservation strategies if they are to survive climate change. As
perissodactyls, many of which are evolutionarily distinct (Zoological
Society of London, 2014), cannot use selective brain cooling to conserve
body water, concerted conservation efforts may be required as conditions
become drier under anthropogenic climate change. Yet such conservation
efforts should not be to the detriment of other species sensitive to
disturbance (see, for example, Harrington et al., 1999). Survival of those
predators depredating artiodactyls and perissodactyls may also depend on
the predators’ capacity for selective brain cooling, as selective brain
cooling has been observed in heat-stressed domestic cats (Baker and
Doris, 1982) and dogs (Baker, 1984). The degree to which free-living felids
and canids use selective brain cooling is currently not known. We also do
not know, therefore, whether the evolutionary success of carnivores can
be attributed to the development of their carotid rete, selective brain
cooling and the conservation of body water. A better understanding of
selective brain cooling, which provides some mammals with flexibility in
terms of water conservation, is integral to efforts to predict how mammals

will respond to changing environments and how best to conserve them.
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The studies that are required are long-term investigations undertaken on a
range of artiodactyl and carnivore species (Fuller et al., 2014, Hetem et
al., 2014). Such studies should focus on identifiable individuals and their
progeny, free-living in their natural environment, with the aim of relating
varying levels of evolutionary success to the observed flexibility in
microclimate selection, body temperature regulation and selective brain
cooling and resulting water savings. Measuring water turnover in large,
free-living mammals remains a challenge though. In chapter 2 | was able
to quantify the amount of water that a heat-exposed, water-deprived
Dorper sheep conserves as a result of selective brain cooling. The use of
the stable hydrogen isotope, deuterium oxide (D20), and the associated
sampling intervals were feasible in a laboratory setting where relatively
small, habituated animals could readily be captured and handled for the
collection of blood samples. Considering the cost (of doubly labelled water
or indeed deuterium oxide) and the sampling requirements, which are
particularly impractical when working with large, free-ranging mammals, it
becomes clear why water-turnover has been measured only in one free-
living African antelope, the springbok (Nagy and Knight, 1994). If we are to
tease out the relative importance of the various water conservation
strategies used by African ungulates we need to develop an affordable,
logistically feasible technique to measure water turnover in large
ungulates. A next step therefore would be the development of a non-
invasive technique to gain insights into the water turnover of large

ungulates.
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A possible non-invasive technique to measure water turnover would
require weighing individually identifiable animals (equipped with bio-
loggers to measure body, brain, subcutaneous and microclimate
temperatures) individually on their way to and from water. By controlling
access to water through a series of access-controlled points, each
equipped with a scale that individual animals have to walk over, and a
passive integrated transponder (PIT tag) reader to identify the individual
animals (fitted with a PIT tag), one could gain insight into not only the
drinking frequency of specific individuals, but also the volume of water
consumed by each individual. Once water turnover can feasibly be
measured, and with biologgers in place, we would be much closer to
attributing actual water savings to specific water conservation strategies
such as shade seeking, heterothermy, or selective brain cooling in free-

living ungulates.

In chapter 3 | investigated selective brain cooling in three sympatric
artiodactyl species with varying water dependency in an environment
where water was available. It would be most insightful to repeat that study,
also including a measure of metabolic rate (e.g. heart rate monitors), in a
more arid area where the artiodactyls would not have access to surface
water. Only by challenging the animals physiologically will we be able to
discern whether species with varying water dependency have different
selective brain cooling capabilities and to what extent they may rely on

those abilities.
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The African antelope can also be challenged physiologically by studying
them in one of the harshest environments available — the Arabian Desert.
As there are large numbers of African antelope, semi free-living in
extensive animal collections in the Middle East, the comparative water
conservation strategies — selective brain cooling, heterothermy and
microclimate use - of African and Arabian antelope could be investigated
in the same hyper-arid environment. Such a comparative study where
animals simultaneously inhabit the same environment would provide
important insights into the extent that African antelopes could adapt to a

warming and drying environment.

There are a number of other questions related to selective brain cooling
that remains unanswered and could be investigated further. These include
selective brain cooling in cats, such as the lion Panthera leo free-living in
their natural environment. The circumstances under which these animals
use selective brain cooling is not known at present, while the function
remains unclear as prey items are a main source of water to these
carnivores. Moreover there also is a pressing need to further investigate
the relationship between rete dimensions, incorporating modern
anatomical procedures e.g., three- dimensional scanning and printing, and
selective brain cooling use. For example, do similar sized species showing
variable development in the carotid rete (e.g. warthog vs. blesbok) have

similar selective brain cooling abilities?
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In chapter 4 | investigated the microclimate and body temperature profiles
of free-living African ungulates. To get a better idea of the spatial and
temporal availability of microclimates and how animals are making use of
these, future studies should deploy multiple arrays of reference globes
throughout the landscape. These reference globe arrays need to sample,
at a scale suitable to the animals being studied, microhabitats across the
entire range used by the animals of interest. In conjunction with the collar
mounted miniglobes on the study animals, more detailed insight would
thus be gained into microclimate use relative to availability, compared to
the sun/shade (or open/shelter) comparison in chapter 4. Also in chapter
4, | attributed the elevation in maximum body temperature, and, to some
extent, also the suppression of minimum body temperature to the
translocated animals being naive about resource distribution (water and
food, respectively). Translocation of animals for reintroduction purposes is
an important conservation management tool throughout the world. In this
way, organisms, either captive-bred or sourced from other free-living
populations, are reintroduced back into areas that they previously
occupied, but from which they have become extirpated (Seddon et al.,
2012). Monitoring of reintroduced animals typically revolves around
ecological parameters such as range use and breeding success (e.g.
Stanley-Price, 1989), with time to first offspring or time to first offspring
reproducing used as measures of short-term success. There is, however,
a need for a mechanistic approach to understanding why reintroductions

fail (Tarszisz et al., 2014). Incorporating the measurement of body
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temperature into reintroductions, could provide valuable insights with
regards to animal performance and stress (see Meyer et al., 2008)
following release into an area, especially if those measures are available
in real time (chapter 2). Such data also would help to quantify how
reintroduced animals respond to specific reintroduction management
approaches (e.g., hard release vs. sift release), thereby contributing to

improved conservation management.
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Appendix 1

Body water conservation through selective brain
cooling by the carotid rete: a physiological feature

for surviving climate change?

Strauss, W.M., Hetem, R.S., Mitchell, D., Maloney, S.K., O’Brien, H. D.,

Meyer, L.C.R. & Fuller, A.

Conservation Physiology 5(1): cow078; doi:10.1093/conphys/cow078.

244



~— Conservation
o= Cons SEB
’ PhySIUlOgy Socety for Experimental Biology

Volume 54 2017 101043/ conphysicond 78

Body water conservation through selective brain
cooling by the carotid rete: a physiological
feature for surviving climate change?

V. Maartin Strauss'>*, Robyn 5. Hetem'~, Duncan Mitchell'”, Shane K. Maloney'*, Haley D. O“Brien®,
Leith C. R. Meyer'* and Andrea Fuller'-*

"B rain Function Research Group, Schoolof Physiology, Faculty of Heath Sciences, University of the Witwatersrand, Johannesburg, 2143,
South Africa

Ipepartment of Environmental Science, Univarsity of South Africa, Johannasburg, 170¢, South Africa

35chool of Animal, Plantand Environmental Scierces, Faculty of Sierce, University of the Witwatersrand, Johannesburg, 2056, South Africa
*chool of Anatomy, Physiology, and Human Bialogy, Univarsity of Wastern Australia, Parth, WA 6009, Australia

*Department of Anatomy and Cell Biokogy, Oklahoma State University Centerfor Health Sciences, Oklahoma, OK 74107, USA

*Department of Paraclinical Sciancas, Faculty of vatarinary Science, Univarsity of Pretoria, Pratoria, 0110, South Africa

“Corresponding author Department of Ervironmeantal Sience, Univarsity of South Africa, Science Campus, Zomer of Christisan da et &
Pionaar Raads, Florida, 1704, South Africa. Tel: +27 11 471 2163, Email: stravwm@unika acza

Some mammals have the ability fo lower their hy pothalamic femperature below that of carofid arterial blood femperature,
a proass termed seledive brain moling. Although the requisite anatomical structure that facilitates this physiological pro-
w@ss, the carofid rete, is present in members of the Cetartiodactyla, Felidae and Canidae, the carofid refe is particularly well
developed in the arfiodactyls, eg. antelopes, caftle, sheep and goafs, First described in the domesfic caf, the seemingly
obvious function inifially attributed fo selective brain cooling was that of protecting the brmin from thermal damage.
However, hyperthermia is nof a prerequisite for selective brain cooling, and selecfive brain cooling @n be exhibited af all
fimes of the day, even when carofid arterial blood femperature is relafively low. More recently, it has been shown that
selective brain moling funcfions primarily as a waterconservation mechanism, allowing artiodactyls fo save more than
half of their daily water requirements. Here, we argue that the evolufionary sucess of the artiodactyls may, in part, be
attribufed fo the evolution of the camtid refe and the resulting ability to conserve body water during past environmental
ondifions, and we suggest that this group of mammals may therefore have a selective advantage in the hotter and drier
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Perspective

Introduction

The carotid rete, or rostral epidural rete murabile, isan intra-
cranial vascular structure, near-ubiquitous and often elaborate
in the Ruminantiamerpha, Whippomeorpha, Camelidamorpha
and Sumameorpha, cdleatively known as the Cetarticdaayla
{Fig. 1; nomenclature sewss Spaulding ¢ al. (2009)). The
carotid rete is present alse, often in a rudimentary or primitive
form, in a2 number of laurasiatherian mammals {Ask-Upmark,
1935; du Bouly and Verity, 1973), inchiding cats (Kamijyo
and Garcia, 1975), in which it is extracranial (Daniel s al.,
1953), and domestic dogs (Casss lupsis famsiiavis; Danuel
et al., 1953; Gillllan, 1976). Primates, many small-mass mam-
mals (for example, rodents, lagomorphs and ‘insectiveres')
and perissedactyls (horses, tapirs and rhinoceroses), a sister
group of the articdactyls (Hassanin ot @i, 2012), have no
carotid rete (Ask-Upmark, 1935; Sisson and Grossman, 1967;
Gilllan, 1974). In articdactyls {e.g. antelopes, cattle, sheep
and geoats), amatomical investigations (Ask-Upmark, 1935,
Daniel et al., 1953; Gillilan, 1974; Carlten and Mcl{ean,
1977, Frackowiak et al., 2015; Kidtyka-Kure ¢ al., 2015},
including the identification of osteclogical correlates in extant
and extinct artiodagyls (O'Brien, 2016), and physiclegical
studies (Johnsen et @l., 1987; Miuchell 2¢ @l, 1997; Fuller
et al, 1999k, Maloney st al, 2002; Lust ct al., 2007; Hebert
et al., 2008; Hetem et @l, 2012; Strauss ¢t @i, 20168) have

— Feliformia m_

Caniformia

Perissodactyla m
— Tayassuidae ﬁ

L— suidae

— Lamini “

L Camelini
Hippopotamidae *
Cotacoa g

Tragulidae -

Antilocapridag m

Giraffidae

Cervidae

Moschidae

Bovinae

Antilopinae

Caprinae

Figure 12 Phylogenetic tree indicating the relations hip betweaen the
Catartiodactyla, Persodactyla and the Carnivora, represented by the
<ats and dogs adapted from Hassanin ef al, 2012). Red branches
indicate clades with a carotid rete, capable of selactive brain cooling.
Black branches designate the absance of a carotid rete
[Hippopotamidae largely data deficient). Ako depicted in various
shades are the Ruminantiamorpha (green), Whippomarpha (blue),
Camelidamorpha (orange) and Suinamorp ha (yellow).
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confirmed the presence of the rete and its functionality in vir-
tually all of the extant termstrial articdaayls, with inform-
ative exceptions (Fig. 1). In the vast majortty of terrestrial
articdactyls, the carotid rete is found m lien of the internal
carotid artery and serves as the main supply of cxygenated
bleed te the brain (Schummer ¢t @, 1981; Wikle, 1984,
Frackowiak, 2006; O'Leary, 2010; O'Brien, 2015). An oxcep-
ticn is the Tragulidae, which consist of three genera of small,
forest-dwellng antelope that have retained an intemal carotid
artery instead of a carotid rete (Fukuta st i, 2007; O'Brien,
2015). Whether their unique cranial vasculature is 2 plesic-
merphic (sossu Janis, 1984) or apomerphic characteristc fe.g.
Clauss and R&smer, 2014) has not been resolved. The
Hippopotamidae alse are artiodactyls, and 2 historic paper
identifies hippopotarmmses as having a carotid rete (Chapman,
1881), but it is indisting (du Boulay and Verity, 1973;
O'Brien, 2016). The status of the rete in Hippopotamidae
requires further investigation using modern techniques,
because it was identified before the amatomical techniques of
resin imection and maceration, for exploring vasalar systems,
became available.

The functien of the carstid rete in the Cetacea is unknown,
but in the terrestrial articdactyls, cats and deogs, it is 2 heat
exchanger that can be used to eool the bram, but mportanty,
the hypothalamic region, belew the temperature of carotid
anterial bleed. This phenemenen, known as ‘sckctive brain
cocling', first was described m 2 domestic cat (Pelis catse)
almost S0 years age (Baker and Hayward, 1967). The brain,
as 2 metabolically adtive organ, usually has a temperature
higher than that of the arterial bloed perfusing it. The heat
preduced by the bram is removed by that bloed, meaning that
in the absence of a carotid rete, the bmin is -0.5°C warmer
than arterial blood kaving the heart {Fuller sc a@f, 2000,
Maleney <t al., 2009). The carctid rete, cacrying arteral blood
destined for the brain, is surrcunded by vencus bleed in either
a cavernous sinus (articdaayls) or 2 prerygoid smus (felids;
Dankel ¢ al., 1953). The venous bloed is derived from the
maxilloturbmates and other mucous surfaces of the mouth
and nase, where it is cooled to well below arterial bleed teme
perature by evaporation of water into inspired air, whether or
not the mammal is panting (I{uhnen and Jessen, 1991). The
thin walls and large surface area of the carotid rete vessels
allow for efficient heat exxhange between the arterial and vene
ous bloed, the result bemg that the anerial bloed exiting the
carotid rete inte the brain and, subsequently, the hypothal-
amic tissue in that region, can be mere than 1°C coeler than
arterial blood entering the rete (Maloney ceal., 2007).

Soon after the heatexchange finction of the carstid rete
was discovered, investigations of sekctive brain cocling in
demesticated and habitvated wild mammals in captivity led to
the conclusion that sekctive bram eooling served to protect the
brain frem reaching dangerously high temperatures (Baker and
Hayward, 1967, 1968; Magilten and Swift, 1968; Baker,
1972, 1979; Taylor and Lyman, 1972; Baker and Chapman,
1977, Michell et i, 1987). That condusion was influenced
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heavily by one measurement of selective brain cocling. Taylor
and Lyman (1972) reported that brain temperature after
mduced exercise in habituated Themsen's gazelle (Gazdia
thosmsosss) was as much as 2.7°C lower than carctid arterial
Heod temperature, 2 magnitude of sekctive brain coolng never
seen before or smee by anyene else, m any mammal. A protec-
ticnist functien fitted well with the perceived vulnerability of
bram tissue to thermal damage 5 vitvo (Burger and Fuhoman,
1964). Only when it was shewn that geats (Capya hivoss) could
withstand brain temperatures of 42.5°C for an hour without
any apparent il effect (Caputa <t al, 1986b) did it become
apparent that the brain was neot as valnerable to thermal dam-
age as believed previcusly (Mitchell 2t al., 2002). Indeed, rather
than the brain, it is the tissue of the gastroimestmal trac that is
most susceptible to thermal damage (Braasch, 1964), atribut-
abk to reduced splanchmic blood flow and endotexin leakage
{Leon and Helwig, 2010). Subsequent studies of free-living and
unrestrained mammals have revealed that selective bram cocl-
mg is not cbligatary at high body temperatures (Mitchell =t al.,
2002) and, as first neted in 2 laboratery study on geats, it is
part of the normothermic thermeregulatory repertoire of artic-
daayls (Kulnen and Jessen, 1991). Rather than functicning
peimarily to protect the brain from thermal damage, seleative
bram ceoling modulates the use of bedy water for thermaregu-
htion (Jessen <t @i, 1998). By reducing the temperature of the
hypethalarms, where the temperature sensers that provide the
mternal drive for heat loss are located, selective brain cocling
reduces evaporative water loss (Iluhnen, 1997; Strauss <t al.,
2015). In the context of this altermative role for selective bram
cooling, now described I textbocks of animal physiclogy (for
oample, Willmer st al., 2009; Withers <t al., 2016), we provide
here 2 perspective on the evolutionary and functicnal signifi-
cance of selective brain cooling and its potential to provide
physiclogical plasticity for articdactyls facng hotter and drier
environments asseciated with aurrent climate change.

Factors controlling selective brain
cooling

Centrel mechanisms govern the onset and degree of sckame
bram eooling inmammals with a carotid rete. The finding that
selective brain cocling typically is exhibited by tame or habitu-
ated mammals when exposed to heat or exercise indicated that
a primary input to the contral of seleaive brain cocling is the
marmmal's internal temperature (Jessen o¢ @l 1998). However,
the absence of seledtive brain cocling in hyperthermic artiodac-
tyls, partialarly in free-living mammals during intense exercise,
revealed that there alse are non-thermal mputs in the contral of
selective brain cooling, and that these inputs can override ther-
mal inputs (Mitchell st al., 2002; Fuller seal., 2014),

Thermal inputs

The typical rehationshp between hypothalamic termperature
and pre-rete carotid anteral blood temperature in articdactyls

Perspective

with carotid retesis shown in Fig, 2 (right panels). At the lower
carotid arterial bloed termperatures, bramn temperatue is high
er than, and runs in parallel to, carotid atteral blecd tempera-
ture, as ilustrated for one gemsbok (Ovyx gazelle, upper
panel), one red hantebesst (Aloslaphss buselaphse, middle
panel) and ene bhue wildebeest [ Cosssochastes tasaisssis, lowser
panel) over the same S day pericd. In that temperature regime,
in all mammals, whether or net they have a carotid rete, hypo-
thalamic temperature generally exceeds carotid arterial Blood
temperature by about 02-0.5°C (Maloney =t al., 2007). As
carotid arterial blecd temperature increases, hypothalamic
temperature uncouples from carotid arterial bleed tempera-
ture, as selective brain eocling ensues in those species witha
carotid rete. Figure 2 also illustrates two variables that can be
used to characterize seleative brain coclng {red arrows): the
temperature at which hypothalamic temperaturs and carotid
aneril blood temperature are equal, which is the thresheld
temperature for selective brain codling (Kuhnen and Jessen,
1991), and the extent to which brain temperature drops below
carotid arterial blood temmperature, the magnitude of sekctive
brain codling. The thresheld temperature for sekctive brain
cooling can differ, not enly between species simultanecusly
exposed to the same envirenmental conditions (Fig. 2), but
alse both between individuals within 2 species (Strauss st al.,
2018) and within an individnal when exposed to different
envirenmental conditions (Hetem eeal., 2012), with the theesh-
eld temperature for seleaive brain cocling being reduced under
high heat loads (Straussecal, 2016).

The finding that hyperthermia is 2 not 2 prerequisite for
selective brain cocling is confirmed by measurements of the
thresheld temperature in many species (Table 1); it typically
lies betwreen 38 and 39°C (Table 1), dose to the modaland
mean bedy core temperature of artiedactyls (Hetem st al,,
2018). In captive mammals, the magnitude of selective
brain cooling typically increases with increasing carstid
arterial blood temperature, but in free-living wild mammals
it is more variable. Figure 2 (left panels) dlustrates the
carotid arterial bloed and hypothalamic temperatures of
three individual articdactyls, a2 gemsbok (upper panel), a
red hartebeest (middle panel) and a blue wildebeest (lower
panel), living free in the same habitat and measured over
the same 24 h peried (Strauss e¢ al., 2016). Like other large
mammals (Mitchell =t al., 2002; Hetem 2¢ @l., 2018), these
antelops had a2 24 h rhythm of arterial blood temperature,
with 2 trough scon after dawn and a peak in the late after-
neen (Fig. 2, grey line). Hypothalamic temperature (Fig. 2,
tlack line), which is determined mainly by post<arotid rete
arterial bleed temperature (Hayward et @l., 1966), had a
24 h pattern similar to that of carstid anterial bloed tem-
perature, and the individuals from the three species exhib-
ited 2 pattern of selective brain cooling similar to that
typically exhibited by other free-living articdactyls (Jessen
et al., 1994; Mitchell et @i, 1997; Hetem et al., 2012;
Strauss ecal., 2016). As carotid arterial blood temperature
approached its 24 h peak, hypothalamic temperature
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Figure 2¢ Left panels show the 24 h carotid blood and hypothalamic tamparature profiles of a single gemsbok Onpr gazale (upper), red
hartebeest Alcalaphus busalaphus (middle) and blue wildebeest Connachaetas tawinus (lower), for asingle day, when the animals were frae
living in the same conditions in the Northern Cape Province, South Africa. Red anows represent the magnitude of selective brain cooling within
the 24 h period. Horizontal black bars indicate night time. Right panek show the carelation of hy pothalamic tamperature agairst carotid
anterial blood temperature (grey circles) as wellas hypothalamic temperature (mean = S0) farevery ¢.1°C bin of simultaneous carotid anterial
bload temperature, in the same gemsbok [upper), red hartebeest (middle) and blue wikdebaest lower) over a 5 day period during which they
were exposed to the same environmental conditiors. The boundary lines demorstrate the minimum and maximum hypothalamic
temperatures in each bin. The diagonal line & the line of identity. Red arrows indicate the respactive observed threshold tem peratures for
s2lactiva brain cooling: in the blue wildebeest the threshokd was nat reached within the range of measurement. Data from Strawss e @l 2016).

uncoupled from carctid arterial bloeod temperature, and
selective brain cooling ensued. Although selective brain
cooling could be implemented at any time of the day (e.g
Fig. Z, middle left panel), its magnitude typically was great-
est (0.5-1.5°C; Table 1) around the time of the 24 h peak in
carotid arterial blood temperature. At that time of day,
enviconmental heat load was decreasing, and the antelope
usually were invelved in low-intensity activities, such as
mminaticn and grazing. Despite strong thermal inputs at
that time of day, however, selective brain cooling in artic-
dactyls can be medulated by non-thermal inputs, such that
its magnitude can be further increased or it can even be
completely abelished.

Nen-thermal inputs
Cranial sympathetic tone

A rdle for sympathetic nervous system activity in the modula-
tien of selective brain codling was revealed through a series of
ckgant experments on reindeer (Rasgifer tavassdss; Johnsen
et al, 1985, 1987; Johnsen and Folkow, 1988). Experments
on habituated articdactyls showed that selective brain cocling
could be controlled by directing the passage of wenous blood
draining the evaporating surfaces of the head cither to the caw
emeus simis, dassically via the angularis eculi vems, o to the
jugular wein via the facial vein, bypassmng the caverncus sinus
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Table 1: The threshold temperature (mean = S0, whare ariginally reported) and maximum magnitude of selactive brain cooling reported (or
inferrad) from studies of selective brain cooling in artiodactyls

Spacias [sample size, 7l kefarance

R
TR AR R
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Table ¥ continued

Selective brain cooling

et @l., 2011) kd te increased flow of cooled venous bleed to
the cavernous sinus; hence, increased seletive brain cooling.
Increased cranial sympathetic nervous system activity, how-
ever, led to simultanecus centraction of 2 muscular sphinder
m the angularis oculi wein (e-adrenergic) and dilatation of 2
similar sphincter in the facial vein (f-adrenergic), resulting m
venous Hood bypassing the caverncus sinus and retuming via
the jugular vein to the heart (Johnsen e @l, 1985, 1987;
Johnsen and Folkows, 1988). Although this differential vase-
constriction can medulate the degree of selective brain coeling,
it dees not fully explain the wntrolda:leai\rcbmnmli:g m
articdactyls. In addition to the angularis cali vems, less super-
frial veins, such as the sphenopahtine, external ephthalmic
and cthmeidal veins, alse supply venous bloed to the cavemn-
ous sinus (Sissen and Grossman, 1967 Carlton and Mc{ean,
1977). As a result, severing the angularis cauli veins dees not
wompktely clminate selective brain cocling (Fulkr <¢ al,
2011). High sympathetic tone attenuates selective brain cocling
not cnly by constriaing the angularis cculi veins, but alse by
constricting masal mucosal blood vessels and closing arterio-
venous anastemeses. Within the nasal mucasa, the rate of heat
extraction is attenuated through a2 combination of reduced
Hood flow and the restriction of airway width (Malm, 1973).
Thus, increased cranial sympathetic nervous system activity
decreases blood flow to the evaporating surfaces of the head as
well as redirecting the flows of venous blood leaving those sur-
faces away from the caverncus snus (Maleney and Mitchell
1997, Fuller «t al., 2011). These changes result in an upward
shift of the thresheld temperature for selective bram cooling, as
docurmented in springbok [Astidovars mavsspialis; Mitchell
stal., 1997), or compkte abalishiment of selective bram cooling,

-
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as documented in Hack wildebeest (Commochastes pass; Jessen
et @l., 1994). Free-lving mammals rarely engage in intensive
exercise except for predator-prey mteractions, during which
there is 2 dramatic mcrease in sympathetic nervous system
activity in both predator and prey. The sympathetic activity
prevalent during flight and fright in wild articdacayls abelishes
selective bram codling (Jessen et al, 1994), overriding the drive
of high bedy temperature. Sekeative bram cocling observed in
tame articdactyls excrcising at low or mederate intensity is
likely to be asscciated with low sympathetic activity (Mitchell
etal., 2002).

Although it is not as strong as in intense exercise during
predater-prey interactions, there is alse sympathetic activa-
tion during psychelogical stress. The effects of psychelogical
stress, induding an increase in bedy and brain temperatures,
are well documented, even in mammals lacking a carctid
rete, such as rats {Mchammed e¢ al., 2014). In mammals
with a carotid rete, selective brain cocling is absent or
reduced in other circumstances likely to be asseciated with
increased sympathetic tone, including nearby human pres-
ence (Maloney ec @l., 2001), the retum of drinking water to
dehydrated artiodactyls (Fuller 2t @l., 20 07) and vigilance in
male artiodactyls (Maloney et al, 2002; Hetem 2t al.,
2012). The temperament of individual mammals, 2 heritable
tmt ameng zmodzctyls (Mu.q}hy et al., 1994'-), plays an

et @l., 2016) and therefore, presumably, different levels of
sympathetic activation. Individual variability in sympathetic
responses to the same stressor may contribute te an under-
lying plasticity in the contrel of seective brain cooling
(Strauss etal., 2016).
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Angpiat o vein

Dagpan welr

Figure 3: Diagram illustrating the pasition of the carotid rete in
artiodacty ks, located within a cavernous sinus at the base of the brain,
& well & the main arterial blood supply tothe brain, via the carotid
rete. During selective brain cooling, cool venows blood from the nasal
muccsa drains into the cavernous sinus via the angularis oculi wein

fas wallas some deeper vairs;see Fulleraral, 2011). During high
sympathetic activity, the cooled wanous blood draining from the nasal
mucosa largely by passes the cavernous sinus as it b shunted via the
facial vein, thareby atte nuating selactive brain cooling. Diagram
adapted from Jessen [199£).

Hydration status

Selective brain cooling is enhanced during water deprivation
{Jessen 2t al., 1998; Fuller ¢t al., 2007; Strauss ¢t al, 2015).
Given that bedy temperature is elevated in dehydrated mam-
mals exposed to heat, that enhancement could arise from a
stronger thermal drive on selective brain cocling (Jessen
ot al., 1998). However, Fuller ¢ al. (2007) showed that
sheep oxhibited a higher magnitude of selective brain cocling
during dehydration ewen when carctid arterial bleed tem-
perature did not merease. Water deprivation on its own
therefore seems to be 2 sufficient stimmlus to enhance select-
ive brain cooling. That idea is supported by measurement of
sekctive bram cocling in antelope living free m arid environ-
ments. In the hyperarid desert of Saudi Arabia, the mean
magnitude of selective brain cocling in free-living Arabian
oryx (Ovyx lesccoryx) peaked in the aftemcon (Fig. 4A), wel
after selar neon and maximal heat lead, as measured with
mimniature black globe thermometers on the collar of the ani-
mals (Hetem ot al., 2007). Water availability, or aridity,
appeared to have been the main factor determining the use
and magnitude of selective brain cocling, with selective bram
woling being enhanced in the dry pericd compared with the
wxt period (Hetem ¢ al., 2012). During the hot dry peried
when no drinking water was available, the Arabian oryx
made near<continuous use of sckctive brain cooling during
the 4 h leading te sunset (Fig. SB, grey bars), compared with
no more than 40% of the time during the warmm wet peried,
when the oryx presumably had access to drinking water or
foed with a higher meisture content (Fig. 4B, bladk bars).
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Figure 4: The effactof aridity on selective brain cooling as illustrated
through differences in the mean 50) magnitude of selective brain
cooling arotid blood temparature minus hypothalamic tamparature;
A) and the proportion of time that a single Arabian ongt used
salactive brain cooling in the hot, hyper-arid deserts of Saudi Arabia
(B). Grey depicts the hat dry and black the warm wet periods.
Horzontal grey and black bars depict night-time during the two
pariods of intarest. Data from Hetem etal (2012).

Despite being exposed to similar ambient temperatures,
Araban oryx, in the hyper-arid desert of Saudi Arabia, alse
showed enhanced selective brain cocling compared with the
congeneric gamsbok with free access to water (Maloney
et al., 2002), as they initiated selective brain cocling at a
lower thresheld temperature and used selective brain cocling
more frequently and at greater magnitude than did the gems-
bok (Hetem st al., 2012).

The enhancement of selective bram cocling by water depriv-
atien has been confumed in mere controlled conditions, in
which domestic articdactyls can be handlked for sample colkee
tion (Jessen etal., 1998; Fuller st al., 2007; Strauss st al., 2018).
When Darper sheep (Ovés avies) were deprived of demking
water and expossd to dmmal heat load, after the third day of
water deprivation, when the water rezrveir within the rumen
would have been depleted, plasma csmdlality and selective
brain cocling magnitude increased in 2 near-linear manner and
in unisen (Fig. SA; Strauss et al., 2015). After § days of water
deprivatien, the 24 h mean magnitude of selective brain eecling
weas three times greater (09 vs. 0.3°C) than that during euhy-
dration (Fig. SB). The propertion of tme during which the
sheep used seletive brain coolng alse differed markedly
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Figure 5: Summary of the effects of water deprivation on selactive
brain cooling in Dorpersheep. (A) The relationship betweean the
mean (+50) magnitude of selective brain cooling (carotid blood
temperature minus hy pothalamic temperature, black bars) and
csmolality [grey bars) during 5 days of water deprivation:the black
bracket indicates the period of water deprivation. (B) The mean (2500
24 h magnitude of selective brain caaling during euhydration [black
lina, days 1and 2 in A) and dehydration [grey line, days 7and & in A):
horizontal black bars along the x-axi depict night-time. (C) The
proportion of time that the sheep spant wsing selective brain cooling
throughaut the 24 h period when euhiydrated (black bars; days 1 and
2in A) and when dehydrated (arey bars: days 7and & in A): the black
bracket indicatas the pariod of haat axposure [0400-1500) and the
harizontal black bars along the x-axks depit night-time. Data from
Strauss et gl 2015).

depending on hydration status. Figure SC shows that the sheep
used some selective brain cooling at all tmmes of the day regard-
kess of hydration status. However, when dehydrated, the sheep
used sekative bram cooling more frequently at all times of day,

Corservation Physiology « Volume 5207

but especially during the daylight hours when selective brain
coding, on average, was used 75% of the tme. Water depriv-
atien, presumably acting through hyperosmelality, therefore
appears to be a driver of selective brain eoclng,

Selective brain cooling conserves
body water

In dehydmted mammals, mereasd csmotic pressure of the
arterial blood perfusing the brain inhibits thermeregulatony
responses to heat (Mcllnley eeal., 2008), indudng evaporative
heat loss (Doris, 1983). If hyperssmalality alse enhances selea-
ive brain cooling, then what would be the benefit to articdac-
tyls? Ingoats, at kast, but presumably alss in other articdactyls,
the neural drive for respiratary evaporative heat loss is provided
about equally by thermorecsptors in the hypothalamrms and
thermoreceptors within the trunk (Jessen and Feisthom, 1984).
During sekave bram ceoling, input frem the hypethalamic
temperature nsos would be attenuated Consequently, pant-
ing and sweating, the mam physiclogical avermes of evaporative
heat loss m atisdactyls, would be attenuated The potential
vaater savings as a result of selctive brain cosling eould be sab-
startia]l considering that 2 1°C decrease m brain temperature
resulted m a —6-fald decrease in respiratory evapomtive water
loss m goats (Knhnen and Jessen, 1994). The hypothalamic
thermosenstivity for evaporative water loss in geats is there
fore high. We calculated the hypothalamic thermosensitivity
forevapeorative water loss for goats, at a trunk temperature of
40°C,tobe 0.35 Wkg ' °C ',er 14 gH;Omin kg 1°C?
using data provided in Jessen and Feistkomn {1984). In con-
trast, for a species lacking a rete, the rabbit, the hypothalamic
thermosenstivity for evapeorative water loss, calculated at
an ambient temperature of 39°C, was 0.038 Wkg *°C . or
1.5 g H,0 min kg *°C ! {Stitt, 1974). The hypothalamic
thermosensitivity is therefore 10 times greater in the heat-
exposed goat than in the heatexposed rabbi. A relatively
small change in the hypothalamic temperature of the goat
{tenths of 2 degree Celsius) therefore can result in significant

wrater savings asa result of decreased evaporative water loss,

In an clegant experiment on geoats, Kuhnen (1957) used
extracorporeal heat exchangers to manipulate selective brain
cooling and measured respiratory evaporative heat loss. The
experimental mhibition of sckctive brain coclng resulted in
a reduced trunk thresheld for respiratory evaporative heat
loss; therefore, evaporative water loss ocourred at lower
body temperatures, as well as at a higher overall rate. At an
aortic blood temperature of 40°C, selective bram cocling of
only 0.5°C reduced respiratory water loss by 0.72 1 day ?,
the equivalent of 35% of the average daily water require-
ment of the goats (Kuhnen, 1997). Sweatng also is driven
largely by thermal recepters in the hypothalamus (Smiles
«t al, 1978); therdfore, sckctive brain cooling alse will
reduce water loss by sweating (Strauss «t al., 2015), further
contributing to the water savings of 2 mammal that uses
both forms of evaporative heat loss.
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Recently, in the laboratery, we quantified the total water
savings attributable to selective brain cocling in Deorper sheep.
We used the stable hydrogen isotope deuterium oxide ([D20)
to measure water tumover in sheep that were deprived of
drinking water and naturally making use of selective bram
woling. The sheep lost 2 quarter of their bedy water over
5 days of water deprivation. The thresheld temperature for
sekective brain cooling remaimed unchanged, bat those indivi-
duals that used sekctive brain cooling mere frequently, or of
greater magnitude, had lower water turnover rates (they there-
fore conserved body water better) than did conspecifics that
used sekctive brain coeling less frequently or of smaller mag-
nitude. We showed that a 50 kg sheep that used selective bram
eooling for half of a day would save 2.4 lires of water that
day, the equivalent of -60% of the daily water requirement of
a Dorper sheep not exposed to heat (Strausseeal, 2015).

Thus, the reduction of hypothalamic termperature by the 1°C
o less that selective brain eocling can achieve reduces evapora-
tive cooling during heat exposure sufficiently to save a substan-
tial portion of the water that an articdactyl weuld need to
access each day. How does an artiodactyl continue to mamtam
heat balance i its evaporative cooling is attenuated? The
attenuation of evaporative coolng by selective brain cocling
results m an merease m bedy temperature, induding skin tem-
perature (Caputa etal., 1986k; Labum ecal., 1988). In enwiron-
ments in which an articdadyl can lose heat by radiation and
convedion, the higher skin temperature will enhance radiant
and convective heat loss, so sekctive brain coclmg will switch
heat loss from evaporative to noreevaporative channels. If an
articdaatyl is in an erwirenment in which it is gainmg heat, the
rate of heat gain will be reduced by the higher skin temperature.
In the process of conservimg water, however, the artindactyl
may store heat during hot pericds of the day. As selective brain
wwolng generally is used late in the afterncon (Fig. 2, left
panels), the heat that is gained as a result of the suppression of
evaporative cooling may be disspated non-evaperatively dur-
mg the night.

Selective brain cooling as a
physiological feature for surviving
hotter and drier environments

Water economy strategies in artiodactyls provide compelling
evidence that seledtive brain cooling can mitigate negative
pepulation responses to warming and aridification. The use of
sekctive brain cooling offers significant water savings to artic-
dactyls, but it is not the only mechanism by which they can
save water. Dehydration itself reduces evaporative water loss
via osmosmnstive neurens in the hypethalamus, even in the
absence of selective brain cooling (Baker and Doris, 1982),
Howrever, unlike dehydration or blood csmelality, selective
brain cocling can be switched off rapidly (probably withm
seconds) by high cranial sympathetic adivity. That property
of selective brain cocling potentially conveys a survival benefit
{hitchell 2t @l., 2002). For examgle, should anartiodactylina
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hot envirenment and implementing selective brain cocling be
confrented by a flightor-fight situation, its sdective brain
coolng would be abolished immediately by increased sympa-
thetic tone. Consequently, hypothalamic temperature would
increase, and the hypothalamic drive on evaporative cooling
would be restored immediately, with the full power of evap-
prative cooling invoked to dissipate the extra metabolic heat.
Immediate survival cutweighs the lnger-term benefits of
bedy water conservation, and the articdactyl makes termmpor-
ary use of full evaporative cocling toaveid a potentially lethal
hyperthermia. When the threat has receded, selective brain
cooling can again be initiated and evaporative water loss sup-
pressed. Thus, selective brain coolng may bestow benefits for
survival in arid environments in two veays: (i) switching select-
ive brain cooling on conserves body water, improving long-
term survival, whereas (i) switching selective brain cooling off
rapidly aceelerates evaporative cooling to aveid lethal hyper-
thermia, thereby supporting immediate survival

The ability to modulate evaporative water loss through the
use of selective bram cooling may have contributed to the evely
tionary suceess of articdactyls (Mitchell and Lust, 2008). It can
be azsumed that the carctid rete, and therefore selective brain
coding, evelved concomitantly with the emergence of the med-
em articdacty]l orders, at least 45 milion years age (Janis,
20089). When the diversity trends of Artiodactyla (presumably
all rete bearing) and their sister dade Perissedadyla (presume
ably not rete bearing) are compared across the Cenceoic, dis-
crepancies in generic richness are established in three pulses,
cach of which corresponds to a trend of aridification, whether
warming or cooling (Fig. 6). In the earlier half of the Cenczoic,
global cdimate is best described as a2 ‘tropical hothouse'
(Buchardt, 1978; Welfe, 1978; Wmng, 1987; Huber and Slean,
2001; Bowen and Zachaos, 2010; Galeotti ecal, 2010). During
this pericd of abundant meisture, articdadyls and perissedac
tyls enjoyed similar generic richness (Fig. 6). However, a pro-
nourced peried of coolng and drying across the Eocene to
Oligocens transition began to shift this relationship (Diester-
Haass and Zahn, 1996; Lear et @, 2008). Althcugh many
large-bodied mammals faced extination throughout this peried
{Prothero, 198S; Hooker, 1992; Legendre and Hartenberger,
1982}, articdactyls emoyed a comparatively higher degree of
survivorship both during and after this event. Throughout the
drier, temperate Oligocene ([{ennett, 1985; Ehrmann and
Mackensen, 1992), articdactyl generic richness remained ele-
vated relative to pensscdadyls (Fig. 6). Across the Late
Oligocene to Early Miccens transition, another peried of aridi-
fication swept the globe, this time accompanied by warming
(Kermett, 1985; Retallack, 2013). This pericd of warming and
aridification saw a pule in generic richness of articdadtyls cap-
able of selective bram coolng, immediately before the Mid
Miccene expansive radiation of Cy grasslands. It is often the
expansion of grasshnds and the articdaayl mumen that have
been associated and promoted as the driver of articdaayl suc
cess (Retallack, 1991, 2001, 2007a, b, 2013; Jacchs <t al.,
1999). Akhough the late Cenczoic (Mid-Miccene to present)
diversification patterns are largely attributable to the ruminant
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Figure 6 Diversity curve for the artiodactyls [solid line) and perssodactyls [dashed line) from the early Bocene [EED) to the Falazacene [PLE)
relative to globaltemperature (red line; Zachas et al., 2041) and an indication of the relative hydrological regimes (Janis, 2002); blus and red
shading represant aridification combined with cooling and warming temparatures, respectivaly. Occurrence data were downlboaded from the
Fessilworks/Palkeobiology Database in August 2016, The epochs along the saxk are as follows: EED, Early Bocena: MEQ, Mid-Eocene; LED, Lata
Eocane; EOL, Early Oligocene: LOL, Late Oligocena: EML Early Miocane: MMI Mid-Miocenea: LML Late Miocene; EFL Early Plabtocene; LPL, Late

Plastocena: and PLE Pakeocens,

digestive physiclegy of bovids (Janis et al., 1998; Clauss ec al.,
2003; Jarus, 2007, 2009; Clauss and Rissner, 2014; O'Brien,
2018}, this highly specialized mede of digestion is varably pre-
sent and cannot sckly be responsible for earlier Cencacic sur-
vivership and diversification patterns. Indeed, it is likely that
the mfluence of selective brain cooling insulated articdactyls
from extensive pericds of aridification, whether warming or
eoolng, that saw declines ameng nen-seleaive-bram-cooling
ungulates (O 'Brien, 2016).

Thus pattern of selective-braincooling-related survivership is
cwrroborated by evolutionary patterns of the Tragulidae
Although they are small-bodied aricdaayls with a mdmentary
capacity for numination, tragulids do not possess a2 carotid rete.
Therefore, they can be considered to rumimate but not to select-
e brain cool. The earliest record of tragulids and other dosely
related small-bodied promitive muminants is the Late Eccene to
Early Oligocene (Webb and Tayler, 1980), when swampsand
temperate forests dominated muwch of Europe and Nerth
America (Mai, 1989; Pross ot al,, 2001; Retallack, 2007a, b,
2013; Kunzmann, 2012). Smce that peried, these noneselective-
bram-cooling taxa have experienced declines in generic richness
eowen as mare advanced ummnants have increased m diversity
{Clauss and Résmer, 2014). Thus, although diet indoubtedly
plays a rele in the extmetion and survivership capacity of any
taxen, failure to incorporate selective brain codling not only
kaves early arnticdaayl evelution unsatisfacterily explained, but
1 renders an incomplete evaluation of these species’ abilities to
persist into the Anthropocene.

10

Ameng articdactyl species, there may be innmate differences
betwesn species in their capacity for selective brain cocling,
which may facilitate the persistence of those species wih
enhanced selective brain coelng in 2 hotter and drier
Anthropocene. Although it has not been possible logistically,
todate, to measure the water savings that result from selective
bram coelng in free-ving articdaayls, we recently investi
gated selective brain cooling in three sympatric antelope spe-
cies with different water dependencies and determined the
dimensions of their carotid retes (Strauss o al, 2018)
Individuals of all three species, living free in their natural habi-
tats under the same envircnmental conditions, used selective
bram cooling, but we found no diferences in selective brain
coolng use between the gemsbek that is independent of sur-
face water, the red hartebeest of intermediate water depend-
ency and the blue wildebeest that is dependert on surface
water and has to drink water daily. In fact, we found more
variability in selective brain cooling use within those species
than between those species in 2 habitat in which surface water
vas available ad kbiton. Although earlier deseriptions of
carctid rete merphelogy deaumented variability in the vascu-
larzation of the rete betwaeen species (Damniel ¢ al., 1953,
Carlton and Mc{ean, 1977), we found little quantifiable dif-
ference in the rete anatemy of those three articdactyls wih
varying ecological water requirements (Strauss ec @i, 2016).
The chserved variability in use of selective brain cooling
withun these three species living in exactly the same enviren-
mental cenditions reaffirms the concept that selective brain
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eooling is not simply under thermal contrel (in the sense that
there is a threshold temperature at which it is inttiated).
Mareover, the plasticity in the use of sckctive brain cocling
may provide a physiclogical feature for selection in the face of
anthropogenic dimate change, as numercus regions are
expected to became hotter and drer, with increased variability
inrainfall (Nang st al., 2014). Large mammals will be unakle
to adapt genetically given the rapid rate of dimate change and
will be unlikely to be abk to meve to new, suitable habitats,
leaving them dependent on phenctypic phsticity if they are to
counter such climate change (Hetem et al., 2014).

Having survived and diversified dramatically during peri-
ods of pronounced aridification, the articdactyls may be
insulated, to a degree, from global warming and drying
{Mitchell and Lust, 2008). Moreover, the chserved inter-
individual variability in selegive brain cooling use within
species implies that individual artiedaayls within popula-
tiens, regardless of species or ecological water dependency,
might have a relative evelutionary advantage in hotter,
drier, less predictable environments. Representatives of the
characteristic large herds of anticdactyls across various land-
scapes, which often alse form the mainstay of large tracts of
land under conservation management, therefore could per-
sist through the Anthropocene. However, considering the
contmuing decrease in antelope populations across the globe
{(Ripple ecal., 2015) and the poor performance of articdactyls
during mid-latimade glaciation of the Miccene to Pliscene
transticn, persistence through the Anthropecene may depend
on the degree of intra-specific selective brain cocling phsticity.
Indeed, articdactyls such as the Arabian oryx may already be
living clese to their physiclogical tolerance levels. Witha 24h
bedy temperature amplitude (maximum minus minmum 24 h
bedy temperature) of up to 7.7°C during the summer, these
animals are seascnally lesing contrel of hemeothermy as a
result of water and nutritional steess (Hetem et @l, 2012,
2016). As a consequence of a pancity of similar data fram
other articdactyls, and alse from perissedactyls, we know lit-
tle about the physiclegical performance of these mammals
under airrent envircnmental conditions and, ultmately, their
ability to cope with a changing clmate. Because perissodac-
tyls, many of which are evohtionarily disting (Zocdogical
Society of Londen, 2014), cannot use seleative brain cocling
to conserve body water | concerted conservation efforts may be
required a5 conditions become drier under anthropogenic di-
mate change. Vet such conservation efforts should not be to
the detriment of other species sensitive to disturbance (see, for
oample, Harrington et al., 1999).

Survival of those predators depredating articdacayls and
perissodactyls may alse depend on the predators' capacity
for selective brain cooling, as selective brain cocling has been
observed m heat-stressed domestic cats (Baker and Deris,
1982) and dogs (Baker, 1984). The degree to which free-
living felids and canids use selective brain cooling is currently
not known. We alse do not know, therefore, whether the

evolutionary success of camiveres can be attributed to the

Perspective

development of their carotid rete, selective brain cooling and
the conservation of body water. A better understanding of
seleative brain cooling, as a form of physiclogical plasticity
that is available to some mammals, is integral to efforts to
predict how mammals will respond to changing enviren-
ments and how best to conserve them. The studies that are
required are long-term investigations undertaken on a range
of articdaayl and camivere species (Fuller et al, 20145
Heterm st al., 2014). Such studies should foais on identifiable
individuals and their pregeny, freeliving in their natural
environment, with the aim of relating varying levels of evoln-
ticnary success to the chserved flexibility in selective brain
cooling and resulting water savings.
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