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DISSERTATION STRUCTURE

In Chapter 1, | examined the role of solar radiation in determining torpor patterns in eastern
rock elephant shrews (Elephantulus myurus) under semi-natural conditions during the winter
season. | compared thermoregulation in elephant shrews comprising three experimental
treatments receiving different amounts of solar radiation in order to establish whether
exogenous heating using solar radiation during arousal from torpor created quantifiable
differences in heterothermy parameters between the three groups.

In Chapter 2 | investigated the effect of solar radiation availability on acclimatisation
of heat production capacity in eastern rock elephant shrews. The objective of this chapter was to
ascertain whether brown adipose tissue-mediated non-shivering thermogenesis and/or shivering
thermogenic capacity differed in rock elephant shrews exposed to variable levels of solar
radiation under semi-natural conditions. In addition, | attempted to verify the relationship
between cold-induced summit metabolism and torpor usage by examining metabolic
expansibility (ME) to try and determine what role passive rewarming using solar radiation plays
in determining heat production characteristics.

Finally, Chapter 3 provides a general summary of the entire study.
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CHAPTER 1
Effect of solar radiation availability on patterns of heterothermy in eastern rock elephant

shrews, Elephantulus myurus, under semi-natural conditions.

ABSTRACT

Recent studies of heterothermy in free-ranging mammals have revealed that solar radiation is an
important variable influencing torpor patterns. The interaction between solar radiation (SR) and
arousal costs can be thought of as a continuum from passive increases in body temperature (Tp)
(rewarming at a slower rate but energetically less costly), to supplementation of endogenous
heat production (rewarming more rapidly but with costs similar to that in the absence of solar
radiation). To better understand the importance of solar radiation | experimentally manipulated
its availability for E. myurus rewarming from torpor under natural conditions of air temperature
and photoperiod. T, was recorded for E. myurus housed in deep shade (20 % SR), partial shade
(40% SR) or full sun (100% SR), and torpor frequency, rewarming rates, minimum body
temperature, torpor bout duration and heterothermy index compared among treatments.
Animals in unshaded cages rewarmed more rapidly than individuals in partially shaded cages.
Torpor bouts were less frequent, but overall levels of heterothermy were higher in E. myurus
receiving natural solar radiation compared to those in partially shaded treatments. This study, as
far as | am aware, is the first demonstrating that solar heat gain, separated from the effects of an
increase in ambient temperature (T,), plays an important role in torpor arousal. Taken with the
direct evidence for elephant shrews basking while rewarming, this demonstrates that animals in
the unshaded treatment used solar radiation to supplement, rather than replace, endogenous

metabolic thermogenesis. It is clear that E. myurus does not necessarily depend on solar
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radiation for rewarming, but will take advantage of this resource if available, primarily by

reducing time taken to rewarm.

Keywords: Solar radiation, heterothermy, rewarming rate, passive rewarming, endogenous

rewarming
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INTRODUCTION

Maintaining a high and relatively constant body temperature (T},) offers a number of
fundamental physiological benefits (Geiser et al. 2002, Grigg et al. 2004, Feldhamer et al.
2007), but also incurs considerable costs with regards to the metabolic heat production required
to defend a Ty, setpoint at low air temperature (T,) (Bennett & Ruben 1979, McNab 2002,
Boyles et al. 2011). These thermoregulatory costs are particularly evident in small endotherms,
whose large surface area/volume ratios and accompanying high rates of mass-specific heat loss
give rise to overall energy requirements far greater than those of similarly-sized ectotherms
(Geiser 2004, Heldmaier et al. 2004, Feldhamer et al. 2007). One way of reducing these costs is
heterothermy, which comprises facultative, reversible reductions in metabolic rate (MR) and Ty
far below normothermic levels (Wang 1989, McKechnie & Mzilikazi 2011).

The energetic cost of maintaining a homeothermic Ty, increases with decreasing
environmental temperature (Scholander et al. 1950), and the employment of heterothermic
responses such as hibernation and daily heterothermy has traditionally thought to be tightly
coupled to cold temperate-latitude habitats (Lyman et al. 1982, Lovegrove 2000, Mzilikazi &
Lovegrove 2002, Mzilikazi & Lovegrove 2004, Lovegrove & Génin 2008). In recent years
however, extensive use of daily heterothermy has been documented among mammals from
subtropical latitudes, most notably the Afrotropical and Australasian regions (Geiser 1998,
Lovegrove 2000, Mzilikazi & Lovegrove 2004, Geiser 2004) contradicting the perception of
heterothermy primarily being an adaptation to cold environments. The widespread use of
summer and winter torpor, be it induced (when resources are limited) or spontaneous (when
resources are freely available) (Lovegrove & Raman 1998, Lovegrove 2000, Mzilikazi &
Lovegrove 2002, Geiser & Drury 2003), by heterothermic species inhabiting arid habitats

highlights the adaptive value of torpor in regions characterised by climatic unpredictability
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(Geiser 2004). Such unpredictability may be associated with phenomena such as the El Nifio
Southern Oscillation (ENSO) which causes unpredictable rainfall patterns over much of the
tropical and sub-tropical regions of the planet, and which in many mesic environments
effectively mimics the environmental unpredictability more usually associated with arid zones
(Tyson 1986, Lovegrove 2000, Lovegrove et al. 2001, Mzilikazi & Lovegrove 2002).

Although heterothermy can result in massive energetic savings (Lyman et al. 1982), a
significant portion of the energy budget associated with a torpor or hibernation bout is generally
allocated to arousal (Ruf & Heldmaier 1992, Mzilikazi et al. 2002, Geiser et al. 2004). The
resulting rewarming costs represent the single largest constraint in the energy savings
achievable via heterothermy (Geiser et al. 2004). During endothermic rewarming the metabolic
rate may increase to over 100 times the torpid MR (Geiser & Brigham 2000, Geiser et al.
2002), and thus the energy saved during torpor can easily be negated by the cost of rewarming
(Geiser & Drury 2003, Warnecke et al. 2008). For hibernators these periodic returns to
normothermia can comprise over 80% of the total winter energy budget even though periodic
arousals account for less than 1% of the corresponding time budget (Thomas et al. 1990). For
example, 84% of winter energy expenditure in hibernating Richardson’s ground squirrels
(Spermophilus richardsonii) is associated with arousal costs and the subsequent maintenance of
endothermy during interbout arousals (Wang 1979). In both hibernators and daily heterotherms
(in which constraints associated with the energetic cost of rewarming are likely even more
pronounced on account of their more frequent arousals), selection may be expected to favour
physiological and/or behaviour avenues whereby the costs of rewarming are reduced (Careau
2013).

In the context of reducing energetic costs of rewarming, much recent work has focused
on the potential role of solar radiation (Mzilikazi et al. 2002, Geiser & Drury 2003, McKechnie

& Wolf 2004). Recent studies of heterothermy in free-ranging mammals have revealed that
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solar radiation is an important variable influencing torpor patterns. In spite of this, direct
evidence of basking during rewarming has only been reported for fat-tailed antechinuses
(Pseudantechinus macdonnellensis), who spend mornings sunning themselves to assist
rewarming from torpor (Geiser et al. 2002) as well as fat-tailed dunnarts (Sminthopsis
crassicaudata) and Giles’ planigales (Planigale gilesi) who, whilst still in a torpid state,
actively emerge from rest sites and strategically position themselves to intercept solar radiation
(Warnecke et al. 2008, Warnecke & Geiser 2009, Warnecke & Geiser 2010). Eastern rock
elephant shrews (Elephantulus myurus) under natural conditions also make use of solar
radiation for the bulk of rewarming episodes; however, this is based only on observation data
(Mzilikazi et al. 2002, Ribble & Perrin 2005). In birds, common poorwills (Phalaenoptilus
nuttallii) select south facing roosts exposing them to morning sun for regular passive
rewarming during winter stints of hibernation (Woods 2002) and the tawny frogmouth
(Podargus strigoides), one of the largest birds to utilise torpor, often terminates winter torpor
bouts using heat from the sun to rewarm passively (Kortner & Geiser 1999, Kortner et al.
2000). In addition to these free-ranging observations, studies have also examined the effect of
solar radiation under laboratory conditions. Geiser and Drury (2003) quantified the effects of
radiant heat on metabolic rate and body temperature in Sminthopsis macroura, a small, arid-
zone dasyurid, revealing that radiant heat substantially affects the energy expenditure during
rewarming and reduces average arousal costs from 340% of BMR using endogenous heat
production, to only 70% with passive rewarming. However, it was also established that
measurements using constant T,s, as utilised in most laboratory work, are likely to exaggerate
energetic costs under natural conditions (Geiser & Drury 2003). The mounting evidence of
increased torpor frequency in free-ranging animals in comparison to those in captivity suggests
that simulated conditions underestimate the proposed significance of torpor as well as the extent

to which it may be used (Geiser et al. 2000, Geiser & Ferguson 2001, Smit 2008). This may
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provide reasonable justification for the use of daily torpor in individuals inhabiting sunny
environments in the wild where passive rewarming is a reliable option to reduce rewarming
costs (Warnecke et al. 2008).

In theory, solar radiation can influence arousal costs in several different ways
(McKechnie & Wolf 2004); either by serving to raise Ty, through passive means which would
facilitate rewarming at a far slower rate, but with the advantage of being energetically less
costly, or it may function to supplement endogenous heat production which would allow
rewarming to occur more rapidly but at a cost similar to that in the absence of solar radiation
(McKechnie & Wolf 2004). These two modes of rewarming are not necessarily mutually
exclusive, but represent the ends of a continuum along which species may differ in their relative
positions (McKechnie & Wolf 2004). The data currently available for the influence of solar
radiation on patterns of heterothermy are derived from either artificial laboratory conditions
(e.g., Geiser & Drury 2003) or observations of wild individuals in their natural habitats (Geiser
et al. 2002, Mzilikazi et al. 2002). Neither of these approaches is well-suited to establishing
how radiant energy derived from basking behaviour interacts with endogenous heat production,
i.e., whether solar radiation augments or substitutes endogenous heat production (McKechnie &
Wolf 2004). An alternative approach that, to the best of my knowledge, has not yet been used to
better understand the role of solar radiation is to experimentally manipulate its availability for
animals rewarming from torpor under natural thermal conditions. This approach has the
advantage of separating the effects of solar radiation from those of changes in air temperature.

Based on the model proposed by McKechnie & Wolf (2004), several alternate
predictions can be made. First, if solar radiation is primarily used to minimise the cost of
rewarming (i.e., solar radiation substitutes endogenous heat production), one would expect
individuals with access to solar radiation to show lower rates of rewarming than conspecifics

artificially shaded, since rewarming rates associated with passive rewarming will almost always
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be lower than those associated with rewarming using endogenous heat production.
Alternatively, if solar radiation augments endogenous heat production, and is instead used to
minimise the time required for rewarming, then individuals with access to solar radiation should
show more rapid rewarming than those without access. Of course, these predictions are not
mutually exclusive, and observed patterns could fall between these extremes. It may be that
animals with access to solar radiation rewarm at much the same rate as those without access,
and derive limited energy savings from basking.

| tested these predictions using E. myurus, a small Macroscelid occupying diverse,
rocky habitats in sub-Saharan Africa (Skinner & Smithers 1990, Mzilikazi & Lovegrove 2004).
This species has been known to reduce Tys to below 5°C (Mzilikazi et al. 2002). The ability of
E. myurus to lower their Tps in such a manner has raised a number of questions regarding the
proposed cost of arousal as, generally, depth of the torpor bout is directly related to the energy
required for arousal (Ruf & Heldmaier 1992, Mzilikazi et al. 2002) and therefore, arousals from
such low Tps should theoretically require substantial amounts of energy if rewarming occurs on
a daily basis. The high propensity of torpor usage by E. myurus makes them the ideal study
species to examine the role of solar radiation in the energetic costs of rewarming. In this study
heterothermy patterns of E. myurus, and how they fluctuate with variation in solar radiation
availability, were examined when exposed to natural patterns of T, in an food constrained
environment. If solar radiation is as important in reducing energy expended during
heterothermy as suspected, then the implications of such energy reductions may be imperative
to the survival of small endotherms (Warnecke et al. 2008) in the face of changing global
weather patterns, habitat destruction and anthropogenic introductions of predators and
competitors (Geiser & Mzilikazi 2011), giving heterotherms an extended advantage over

homeotherms (Geiser & Turbill 2009).

12
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MATERIALS AND METHODS

Study species and study site

Male and female E. myurus (3: n =12, Q: n=12), were captured at Welgevonden Private
Game Reserve (24° 18' S, 27° 53' E) in the Limpopo Province of South Africa, using Sherman
traps baited with a mix of oats, peanut butter and sardines, before being transported to the
University of Pretoria (UP). Animals were captured with permission from Limpopo Department
of Economic Development, Environment and Tourism (001-CPM402-00001). All experiments

were approved by the UP Animal Ethics Committee (EC-028-12).

Experimental setup

E. myurus individuals were initially housed in a constant-temperature room (set at 18°C) for
two weeks to allow them to acclimate to captive conditions. During this time animals were
housed individually in 22 cm x 22 cm x 23 cm cages with sawdust bedding. This two-week
period also allowed sufficient time for the ad libitum food consumption rate to be determined.
Thereafter, animals were transferred to the UP Experimental Farm (25° 45' S, 28° 15' E) where
they were housed in 1.2 m x 1.2 m x 1.2 m wire mesh cages, each with a rock pile intended to
mimic their natural habitat, in an open field. Animals were kept one individual per cage with
water provided daily ad libitum on a reduced diet, which was calculated by using the pre-
established ad libitum food consumption and reducing it by 30%. The diet consisted of a mash
of dogfood and ProNutro breakfast cereal (BOKOMO, Pioneer Foods (Pty) Ltd, Cape Town,
South Africa) with daily supplements of an apple and carrot mixture, as well as mealworms

once a week.
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Body and air temperature measurements

Body temperatures were measured using surgically implanted miniature temperature loggers
(Thermochron iButton, model 1922L, Maxim Dallas Semiconductors, Sunnyvale, CA, USA).
An iButton was implanted into the intraperitoneal cavity of each elephant shrew through a small
incision in the abdomen. This was done under inhalation anaesthesia (Isoflor). This procedure
took place a week before experimentation began to allow animals to recover. The iButtons, with
a mass of £3g, do not negatively influence E. myurus’s activity or behavioural patterns
(Mzilikazi et al. 2002, Mzilikazi & Lovegrove 2004). The iButtons recorded T, measurements
at 15 min intervals for a period of 42 days. Prior to implantation, all iButtons were coated in
surgical wax and calibrated over a temperature range of 0-45 °C in a circulating water bath
against a mercury-in-glass thermometer with accuracy traceable to the NIST. Air temperature,
solar radiation and other weather variables were recorded simultaneously with T, and
observational data using a portable weather station (Vantage Pro2, Davis Instruments,
Haywood, CA, USA) installed 2.5 m above ground level and no more than 30 m from the

cages.

Experimental Protocol

Animals were allocated into three treatments with an equal sex ratio in each group. Each
treatment was exposed to different levels of solar radiation by sheltering cages to various
extents with different grades of shade cloth (0 %, 60.2 %, 78.7 %), fitted in~2.6 mx1.5m
frames secured above the cages. These are henceforth referred to as the full sun (FS), partial
shade (PS) and deep shade (DS) treatments, respectively. The amount of solar radiation each

treatment received was measured using a factory calibrated radiation sensor (to the nearest

© University of Pretoria



Watt; Vantage Pro2, Davis Instruments, Haywood, CA, USA) prior to the experiment.
Measured radiation as a percentage of solar radiation received was 100 % for FS, 39.8 % for PS
and 21.3 % for DS treatment. The experiment was conducted in mid-winter (15 June — 27 July
2013) so as to coincide with the pronounced use of heterothermy by E. myurus at this time of
year. Animals were maintained in the outdoor cages for a period of approximately two months,
after which time the iButtons were surgically explanted and T, data downloaded. Sample sizes
were reduced due to unforseen deaths and final treatment sample sizes decreased to n =7 in
deep shade, n = 6 in partial shade and n =5 in full sun treatments, respectively.

Important incidental behavioural data, such as basking by individuals clearly rewarming
from torpor were noted with time stamps to correlate with Ty s recorded from iButtons.
Behavioural data collection also included opportunistic recordings of any abnormal behaviours

observed in order to monitor general health status of individuals.

Data analysis

All values presented as mean + SD for n = number of individuals and N = number of
observations. Due to the controversy surrounding the ability to distinguish down-regulated
metabolic rate and Ty, from normothermic levels (Barclay et al. 2001, Schleucher & Prinzinger
2006, Willis 2007, Smit & McKechnie 2010) departures from normothermy were determined
by fitting a normal distribution curve to Ty, data that was greater than or equal to the upper
modal Ty, (see McKechnie et al. 2007). The lower 99% confidence interval was calculated for
each individual’s normothermy distribution curve, with the upper threshold Ty, being defined by
subtracting 3°C from the lower 99% confidence interval of the Ty, distribution. Torpor bout
duration (min) was thus calculated as the total time where Ty, was maintained below the

calculated threshold for each individual and the time of torpor entry and torpor arousal
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determined by taking the time where Ty, initially dropped below the threshold and when it
returned to the threshold value, respectively. Minimum Ty, (°C) was taken as the lowest T,
measured over a 24 hour period. The rewarming rate (°C min™) was calculated for each bout
using the slope of linear models from the onset of arousal until normothermic temperature was
reached, using Expedata software (Sable Systems International 2009).The extent of
heterothermy for each individual elephant shrew was also estimated using the Heterothermy
Index (HI), a continuous variable that takes into account deviation from normothermic T, as

well as the time spent away from that temperature. HI was calculated using the equation:

z (]_i»—nmd - ]_;1—1')2
HI = .

n—1

Where Tp-mode 1S the modal Ty, Ty.iis the measured Ty at time i, and n is the number of times Ty
was sampled (Boyles et al. 2011). Finally, torpor frequency was measured as the number of
days torpor was used as a percentage of the total recording days. Days on which cloud cover
was present in the morning when rewarming was likely to occur were excluded from the
analyses. To analyse differences between the three experimental treatments the relationships
between response variables (T, @min), HI, rewarming rate, torpor bout duration, time of
rewarming or torpor frequency) and predictor variables (minimum T,, treatment, sex and mass)
were examined using generalized linear mixed models, where data distribution was non-normal,
and linear mixed models when normality assumptions were met. | tested for differences
between shading treatments using either Ty min), HI, rewarming rate, torpor bout duration, time
of rewarming or torpor frequency as the response variable, treatment and minimum T, as fixed
factors, individual nested within date as a random effect and M, as a covariate. | considered
results with a P < 0.05 as significant. The models were conducted in R 3.0.2 (R Foundation for

Statistical Computing 2013) using the Ime4 (Bates et al. 2013) package and mvtnorm (Genz &
16
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Bretz 2009) when applicable. Pearson’s product moments were conducted in Sigma Plot (Systat
Software Inc., Richmond, CA, USA) to analyse relationship trends in mean values per
individual. Sex differences were initially included in all models throughout the data set but as

this factor was not significant it was dropped from further analyses.

RESULTS

Body Mass

Despite food restriction, body mass appeared to be maintained by both males (t-test; t =-2.00,
P =0.063) and females (t-test; t =-0.03, P = 0.976). The mean body mass was 52.14 + 5.35 g
for females (n = 9) and 50.72 + 4.02 g for males (n = 9) prior to the experiment. At the end of
data collection, females and males weighed 52.23 + 4.94 g and 54.74 + 4.49 g, respectively.
Male and female body mass did not differ significantly before (ANOVA, F1 16=0.409, P =

0.531) or after (ANOVA, F; 15=2.188, P = 0.157) the completion of the experiment.

Torpor Frequency

A total of 297 torpor bouts were recorded over 36 days. The percentage of days where torpor
was used did not differ between the three treatments when shaded treatments were considered
as separate entities (ANOVA; F,, 16=3.98, P = 0.06, FIG 1). However, when frequency data

were pooled for the partial and deep shade treatments, individuals that received shading of any
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FIG 1. Percentage of days torpor was used on per individual in three shading
treatments, represented as percentage solar radiation received (DS = black, PS = grey,
FS = white). Shaded treatments differed significantly from full sun at P < 0.05,

indicated by a and b.

kind showed significantly more torpor than animals in the full sun, regardless of the degree of
shading (ANOVA, F; 16=5.33, P =0.035, FIG. 1). The partially shaded animals showed the
highest torpor frequency with a mean of 58.33 + 18.09 %. A total number of 126 bouts was
recorded for the partial shade treatment (3: n =3, N=64; Q: n =3, N = 62). In the deep shade
treatment a total 124 bouts were recorded (3: n =3, N =54; Q: n=4, N = 70) with a mean
frequency of 54.76 £ 20.27 %. Finally, animals in the full sun treatment had a noticeably lower
torpor frequency with mean frequency of 27.78 + 28.12 % days where torpor was utilised and
total bout number of 51 bouts (J: n =1, N=22; Q: n=4, N = 29). There was high variability in

torpor usage amongst individuals (FIG 2).

18

© University of Pretoria



Body temperature (°C)

45 25
F 20
- 15
25 4 10
L s O
15 4 )
-
L o >
-
©
—
Q
5 T T T T T 5 Q9
Mon 24 Mon 01 Mon 08 Mon 15 Mon 22 =
45 - - 25 8
a
oy
=1
f\ o)
35MMMMWMWWWW VI B
<C
- 15
25 - 10
F 5
15 4
- O

T T T T '5
Mon 24 Mon 01 Mon 08 Mon 15 Mon 22

Date

FIG 2. Contrasting body temperature responses for two female individuals in the
full sun treatment over same 38 day ambient temperature cycles (Body

temperature = black, Ambient temperature = grey).

Body temperature and ambient temperature

The lowest Ty, value recorded during the experiment was 8.89 °C. There was no significant

effect of percentage solar radiation received on Ty, min) (GLMM, t = 0.386, P = 0.699). Both

normothermic and torpid Ty, (min) Were very similar across treatments. The mean normothermic

Tb (miny Was 32.88 +2.54 °C (n=7,N =76), 34.37 £ 0.74 °C (n =5, N = 46) and 34.30 £ 0.78

°C (n =5, N = 113) for the deep shade, partial shade and full sun treatments, respectively (FIG

3).
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FIG 4. Minimum mean torpid body temperatures per individual in three shading
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Torpid body temperatures reached mean minimum values of 17.67 £8.05°C (n=7,N =
144) for the deep shade treatment, 17.67 £ 7.73 °C (n = 6, N = 168) for the partial shade
treatment and 17.51 £ 8.70 °C (n =5, N = 67) for the full sun treatment (FIG 3). This lack of
relationship between Ty (miny and treatment was further supported when mean Ty, (min) per

individual was considered (Pearson’s product moment, r = 0.255, P = 0.307; FIG 4).

Rewarming rates

Rewarming rates increased significantly with access to solar radiation with mean values of 0.15

+0.05 °C min, 0.18 + 0.06 °C min™ and 0.20 + 0.05 °C min™ for the deep shade, partial

shade and full sun treatments, respectively (LMM, t = 2.150, P = 0.047). Mean rewarming
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FIG 5. Mean individual rewarming rates in three shading treatments, represented

as percentage solar radiation received (DS = black, PS = grey, FS = white).
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rates per individual showed a significant positive relationship with increasing solar radiation

(Pearson’s product moment, r = 0.504, P = 0.033; FIG 5)

Torpor timing and bout duration

Most torpor entries occurred during darkness hours for all three treatments; however, the

frequency of time of torpor entry appeared to show a bimodal distribution with an initial peak

occurring between 19nh00-00h00 and a second peak occurring just before sunrise. This was

particularly the case for the shaded treatments (FIG 6A). Rewarming times ranged from 22h00

Frequency

30

25
20
15 1
10 1

50

40 -

30 1

20 1

10 ~

A mDS

aPs

ars

r
o 2 =2 [ [} o [ = o [} [} o [} o o
& & 8 &8 &6 8§ 8 9 @ &§ 5 & § 8 &
ow [m3] [} - ™ o) [ -— (] m b § [y} ] P~ [n3]
- - o™ ™ ™ [} = = [} [} = = [} o o
- L
[ ] =0 [ [ = 0 o o [ = (o] [ ] [ ] [ =0
0 9 g & o O g9 9 g 9 8 g o 9 o
[an] [n)] [ — (o] o) o -— (o] [an] =T ¥y ] [fn] P~ o
- - o™ o o™ [a] [ (] o () o (] [} o O
Time bins

FIG 6. Frequency of E.myurus A. Torpor entry times and B. Torpor rewarming times for

three shading treatments. Time bins of 1hr were used (i.e. 18:00 = values between 18:00-

19:00). Sunrise occurred between 06:00 and 07:00.
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to 08h00 across treatment groups (FIG 6B). For animals in the deep shade treatment most
rewarming took place between 07h00-08h00, in comparison to the partial shade treatment
where most rewarming took place between 06h00—-07h00 (FIG 6A). In the full sun treatment
most rewarming occurred between 05h00—-07h00. When considering time of rewarming, in
minutes before sunrise, individuals in the full sun treatment rewarmed later than individuals in
the shaded treatment, but not significantly so. Rewarming time in the deep shade treatment was
on average 63 + 113 min before sunrise, in partially shaded individuals 94 + 140 min before
sunrise and full sun individuals 59 = 92 min before sunrise (FIG 7). Rewarming largely

occurred before sunrise. In deep shade 64.52 % of all rewarming took place before the sun had
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FIG 7. Mean timing of rewarming, in minutes before sunrise, for each individual E. myurus
in three shading treatments, represented as percentage solar radiation received (DS = black,

PS = grey, FS = white).

risen, compared to 72.55 % and 83.33 % in the full sun and partial shade, respectively. In terms

of torpor bout length, there was no trend with increasing access to solar radiation (GLMM, t =
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0.977, P = 0.349). Nor was there a relationship between mean bout length for individuals across
treatment (Pearson’s product moment, r = 0.295, P = 0.234; FIG 8). Mean values of 495 + 225

min were recorded for the deep shade, partial shade and full sun treatment, respectively.
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FIG 8. Torpor bout length mean values per individual E. myurus in three shading
treatments, represented as percentage solar radiation received (DS = black, PS =

grey, FS = white).

Heterothemy index (HI)

The percentage solar radiation received had a significant effect on perceived torpor HI values
(GLMM, t = 2.56, P =0.01). Mean torpor HI values of 9.43 £ 4.69 °C, 10.89 + 4.49 °C and
11.65 + 4.38 °C were calculated for the deep shade, partial shade and full sun treatments (FIG
9). Significant differences existed between full sun and deep shade treatments (Tukey HSD, P =
0.012) as well as between partial shade and deep shade (Tukey HSD, P = 0.015). There was no

difference between full sun and partial shade treatments (Tukey HSD, P = 0.849, FIG 9).
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Mean torpor HI values per individual showed no relationship with increasing access to solar
radiation (Pearson’s product moment, r = 0.243, P = 0.332). For the entire recording period,
there was no relationship between mean HI values per individual and percentage solar radiation
received (Pearson’s product moment, r = 0.243, P = 0.332; FIG 10) with mean values of 5.81 +
5.27 °C, 7.23 £5.67 °C and 4.13 £ 5.34 °C for the deep shade, partial shade and full sun

treatments, respectively.

DISCUSSION

Artificial reductions in solar radiation availability affected torpor patterns in E. myurus
housed in outdoor enclosures in several ways. First, rewarming rates were positively related to
solar radiation availability, with animals in unshaded cages rewarming more rapidly than
individuals in partially shaded cages. Furthermore, torpor bouts were less frequent, but overall
levels of heterothermy were higher, in elephant shrews experiencing natural solar radiation
availability compared to those in partially shaded treatments.

As was the case for wild conspecifics (Mzilikazi et al. 2002), captive elephant shrews in
my study typically rewarmed within a 2—3 hour period following sunrise. The range of
rewarming rates in my study (individual means of approximately 0.10-0.25 °C min™*) was
narrower than that observed by Mzilikazi et al. (2002). In the latter study, free-ranging elephant
shrews showed rewarming rates ranging from approximately 0.01-0.35 °C min™*, with inferred
SR-assisted rates between 0.01 and 0.10 ° C min™ and inferred endogenous (i.e., not associated
with basking behaviour) rates between 0.25 and 0.35 ° C min™*. Mzilikazi et al. (2002) did not
directly observe SR-assisted rewarming, but inferred it from comparisons between observed
rewarming rates of elephant shrews and blackbody probes. In contrast, | observed elephant

shrews basking, and my study hence provides direct evidence for SR-assisted rewarming in this
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species. Typical basking behaviour, where the body was flattened against the substrate
perpendicular to the sun’s rays, was observed exclusively in the full sun treatment. This
behaviour took place in the early mornings from approximately 07h00 onwards. Animals
appeared to bask throughout the day, moving intermittently to shaded spots during the heat of
the day. Individuals in partial shade were occasionally observed off the rock pile pressing their
bodies flat to the ground, but it is uncertain whether this was basking behaviour or sand bathing.

In terms of evaluating the functional significance of basking behaviour and solar
radiation for rewarming from heterothermy, a key finding of my study was that rewarming rates
were higher in elephant shrews with access to normal solar radiation levels. Taken together
with the direct evidence for elephant shrews basking while rewarming, this observation leads to
several conclusions. First, the higher rewarming rates in animals in the unshaded treatment
reveal that the elephant shrews used solar radiation to supplement, rather than replace,
endogenous metabolic thermogenesis. McKechnie & Wolf (2004) modelled the energetic
consequences of basking during rewarming from torpor, and noted that passive rewarming (i.e.,
rewarming during which SR replaces endogenous thermogenesis), will usually involve
substantially lower rewarming rates than those associated with endogenous rewarming. In the
case of E. myurus, this prediction is supported by the much lower rewarming rates of animals
inferred as rewarming passively compared to those rewarming using endogenous heat sources
(Mzilikazi et al. 2002), and there is similar evidence from a range of other mammalian and
avian species (reviewed by McKechnie & Wolf 2004).

Second, captive E. myurus in this study apparently used a different mode of SR-assisted
rewarming compared to wild conspecifics in Mzilikazi et al.’s (2002) study. In the latter study,
animals inferred to be basking rewarmed far more slowly than animals rewarming
endogenously, whereas the opposite was true in the present study. Rewarming rates associated

with basking in individuals in the unshaded treatment (mean = 0.20 + 0.05 °C min™*) were well
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above the rewarming rates associated with inferred basking behaviour (< 0.1°C min™) in free-
ranging individuals (Mzilikazi et al. 2002). However, these mean rates were also slightly below
the range of endogenous rewarming rates documented by the latter authors (0.25-0.35 °C min™)
, although the maximum rewarming rate observed during the present study (0.34 °C min™) is
virtually identical to the maximum rates in wild conspecifics. Thus, E. myurus in all three
treatments in the present study showed mean rewarming rates intermediate between the passive
and endogenous rates inferred for wild individuals. A potential explanation for this pattern
could be that, in all three treatments, elephant shrews showed approximately equal endogenous
rewarming rates, and the increase in rewarming rate with SR availability simply reflects the
additive effect of SR-driven warming during basking. This possibility is readily evaluated using
the solar irradiance data collected by the weather station, and the equation presented by
McKechnie & Wolf (2004, p 364). During the study period, solar irradiance between 07h00 and
09h00 ranged from 1 W m™ to 390 W m™, with an average of 137 W m™. Assuming that 20 %
of incident irradiance is converted to physiologically significant solar heat gain, and a surface
area of 75 cm?, the maximum passive rewarming rate predicted from SR = 137 W.m? is 0.067
°C min . The similarity of this value to the difference of 0.05 °C min™ in mean rewarming
rates between the 20 % solar radiation and full sun treatments supports this potential
explanation.

One possible, albeit speculative, explanation for why elephant shrews in this study did
not show the very low rewarming rates associated with inferred periods of passive rewarming in
wild conspecifics (Mzilikazi et al. 2002) concerns perceived predation risk. The presence of
diurnal predators, namely black-headed heron (Ardea melanocephala) and yellow mongoose
(Cynictis penicillata), which were often observed lurking around outdoor cages may have been
a major contributor to the initiation of rewarming prior to sunrise. Thermoregulation has often

been linked with predation risk (Carrascal et al. 1992). Traditional views maintain that periods
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of inactivity and lethargy associated with heterothermy increase the risk of predation (Armitage
2004). The presence of at least two diurnal predators may have encouraged earlier arousal times
than would have been the case had these diurnal predators been absent. This being said, current
research indicates that torpor usage may in fact reduce predation risk, under some
circumstances (Bieber & Ruf 2009, Geiser & Brigham 2012).

Other parameters of torpor bouts observed in the present study also overlapped with
values seen in wild conspecifics. Torpor bout length was variable, ranging from 0.50-14.25h,
compared to 1.00-27.00h in free-ranging E. myurus (Mzilikazi et al. 2002), indicating that
under semi natural conditions torpor bout lengths were shorter overall. Moreover, torpor
frequency under semi natural conditions varied more than in wild individuals. Individuals in the
present study used torpor between 2.78-61.11% of total number of days in full sun treatment,
38.89-83.33% in partial shade and 36.11-77.78% in deep shade whilst wild individuals ranged
from only 19.00 — 64.00% (Mzilikazi et al. 2002).

This study, as far as | am aware, is the first study demonstrating that solar heat gain,
separated from the effects of an increase in T,, plays an important role in torpor arousal.
Although it is clear that E. myurus does not necessarily depend on solar radiation for
rewarming, when available elephant shrews will maximise this resource to reduce torpor costs
as much as possible, albeit primarily by reducing time taken to rewarm or as a secondary effect
to improve the daily energy budget. |1 would expect that the more energetic constraints placed
on an individual the more important solar radiation would become, making torpor usage
extremely flexible. Unlike the two-phase heating process of arousal suggested by Schmidt
(1996) and Ortmann et al. (1996), where passive rewarming is used until a threshold point after
which endogenous heat production is used to return to normothermia, E. myurus appears to
kick-start rewarming using endogenous heat production followed by passive rewarming to

achieve a normothermic state. Much work still needs to be conducted examining the direct
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effects of predator pressure on torpor patterns and the possible role it may play in determining
such rewarming patterns. It is also noteworthy that this usage of morning solar radiation could
also simultaneously function for thermal comfort or to reduce costs of maintaining
normothermia (Bartholomew & Rainy 1971). Due to the discrepancy between wild and captive
E. myurus, the current results also suggest that torpor patterns under semi natural conditions
may still not be a true reflection of natural responses, but do give more insight than previously
conducted laboratory experiments. This being said, this discrepancy could easily be a factor of
geographical variation with E. myurus from more northerly mountain ranges, such as the
Waterberg and Soutpansberg, differing behaviourally from individuals inhabiting the southern
distribution range in Kwa-zulu Natal (KZN). Mzilikazi et al.’s (2002) study site, Weenen
Nature Reserve, near Escourt in KZN has a summer rainfall pattern with dry winters and
receives a mean annual precipitation (MAP) of 550-850 mm (Mucina & Rutherford 2006).
Temperatures in this area also drop to a mean minimum of -2.3°C in the month of June (Mucina
& Rutherford 2006). In comparison, the Waterberg (Welgevonden Private Game Reserve)
experienced mean minimum temperatures of only 0.8°C (June) and 2.1°C (July) in 2013 with
629 mm MAP. The two study sites are separated by ~550 km, and changes in environmental
conditions such as minimum T, experienced may possibly explain differences in torpor usage
between the two populations. As far as | am aware, research into variation among populations
of E. myurus has yet to be conducted. With vastly different responses observed, it would be of

interest to see what more research into intraspecific variation might reveal.
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CHAPTER 2
Effect of solar radiation availability on shivering and non-shivering thermogenic capacity in

rock elephant shrews (Elephantulus myurus) under semi-natural conditions.

ABSTRACT

Mammals exhibit considerable phenotypic flexibility in metabolic traits. In animals utilising
torpor it is apparent that selection favours not only energy conservation (during extended torpid
periods) but also an increased thermogenic capacity for rewarming. Recently, the role solar
radiation plays in reducing torpor arousal costs has been of interest. In the context of the link
between metabolic heat production capacity and rewarming from torpor, | examined
acclimatisation in resting thermogenic capacity in response to varying levels of solar radiation.
Using flow-through respirometry, | examined differences in basal metabolic rate (BMR),
summit metabolism (Msum) and noradrenaline-induced non-shivering thermogenesis (NST) in E.
myurus denied solar radiation (shaded) or with access to natural solar radiation (full sun) under
the same ambient temperature (T) cycle. Shaded elephant shrews upregulated BMR by
approximately 21 % compared to conspecifics with access to full sun. There was however, no
significant difference in Mgm or NST capacity between the two treatments. The lack of a
difference in Mg, between treatments combined with an increase in BMR in the shaded
treatment resulted in metabolic expansibility (ME) being higher in the full sun treatment,
although not significantly so. The increase in BMR in the shaded treatment is consistent with
metabolic changes induced by cold acclimation among small mammals whilst the lack of a

significant difference between treatments suggests that NST is not the sole avenue of heat gain
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for E. myurus. It is clear from the results that solar radiation serves to supplement endogenous

metabolic heat production as opposed to replacing it.

Keywords: Torpor, phenotypic flexibility, thermogenic capacity, solar radiation
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INTRODUCTION

Endotherms maintain much higher metabolic rates than ectotherms of a similar size, and
experience a thermal differential with the environment that increases as environmental
temperature decreases (McNab 1978). Endotherms maintain normothermy by balancing heat
lost to the environment with metabolic thermogenesis (Scholander et al. 1950). Heat production
in mammals derives from cellular biochemical reactions which release heat as a byproduct
(Hohtola 2004, Almeida & Cruz-Neto 2011). The endotherm capacity for metabolic
thermogenesis varies from basal metabolic rate (BMR, the minimum metabolic rate measured
in a post-absorptive, normothermic individual during the rest phase at a thermoneutral
temperature; Rezende et al. 2004) to summit metabolism (Msm) at the opposite end of the scale.
Msum is the highest resting metabolic rate induced by exposure to a cold environment. Metabolic
expansibility (ME), or the ratio of Mg, to BMR, represents the maximum factorial capacity for
thermogenesis for an individual under resting conditions.

Adjustments in metabolic capacity associated with seasonal acclimatization are well
documented in small mammals (McNab 2002, Novoa et al. 2005, Lovegrove 2005), and it has
been suggested that flexibility in metabolic capacity is essential for coping with seasonal
variation in climate (Rosenmann et al. 1975, Feist & Rosenmann 1976, Heldmaier et al. 1982).
This is due to the fact that the lowest T, at which endotherms are able to defend normothermic
body temperature is determined by the maximum capacity for metabolic thermogenesis
(Scholander et al. 1950). In mammals, there is evidence for considerable phenotypic flexibility
in BMR, with increases thought to result from increasing peripheral vascularisation during cold
seasons, increases in blood flow to organs (Heldmaier et al. 1989, Mzilikazi et al. 2007) or
from physiological changes in metabolically active organs (Daan et al. 1990, Geluso & Hayes

1999, Nespolo et al. 2001). However, it has also been documented that decreases in body mass
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can result in reduced metabolic costs in cold seasons resulting in the down-regulation of BMR
(Lovegrove 2005, McKechnie et al. 2006). In addition, decreasing BMR with winter-
acclimatisation is also associated with poor nutrition that accompanies the seasonal decline in
resource availability (Veloso & Bozinovic 1993). For Mg, as with BMR, metabolic responses
are adaptive (Rezende et al. 2004). Changes in Mgy with thermal acclimation and seasonal
acclimatization vary both in magnitude and in direction. For example, in deer mice
(Peromyscus maniculatus) and cururos (Palacopus cyanus) acclimation to low T, results in a
significant increase (31 % and 11%, respectively) in Mg,m (Hayes & Chappell 1990, Nespolo et
al. 2001) whereas in the mouse opossum (Thalamys elegans) cold-acclimation elicits no change
in Mgum (Nespolo et al. 2002). The increase in Mg,m With seasonal acclimatisation to winter
conditions appears to be common among mammals (Rosenmann et al. 1975, Heldmaier et al.
1986, Hayes & Chappell 1990, Novoa et al. 2005). Contrary to these studies, in some species
Msum does not vary across seasons, as seen in pteropodid fruit bats (Epomorphorus wahlbergi;
Minnaar et al. in press). The interplay between BMR and Mg, , reflected as ME, also
highlights mammalian metabolic flexibility. The average range of ME for mammals is between
4-8 with maximum ME reports of between 10-13 (Hinds et al. 1993, Careau 2013, Minnaar et
al. in press).

In highly seasonal climates, many small mammals display an increased capacity for
non-shivering thermogenesis (NST; Haim et al. 1991, Nespolo et al. 2001, Heldmaier et al.
2004). The flexibility in thermogenic capacity appears to be the main reason for the general
trend of increasing Mgym with decreasing T,. In rodents, Mg,m is negatively correlated with
torpor usage, in terms of both minimum T, and torpid Ty, suggesting that, although natural
selection may favour energy conservation in torpor using animals, it may simultaneously
facilitate an increased thermogenic capacity (Careau 2013). Therefore, when considering

heterothermic species, which are able to facultatively and reversibly decrease body temperature
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and metabolic rates in response to low T, and/or food and water shortages, the ability to adjust
internal heat production by modulating metabolic capacity may play an even more important
role.

Heterothermy can facilitate substantial energy savings compared to the cost of
remaining normothermic (Lyman et al. 1982). However, during both daily torpor and
hibernation, a limit is set on the energy savings achievable through heterothermy by the energy
required for rewarming to normothermy (Ruf & Heldmaier 1992, Mzilikazi et al. 2002, Geiser
et al. 2004). These rewarming costs represent the single greatest constraint in the energy
savings achievable via heterothermy (Geiser et al. 2004). For this reason, much research has
focused on environmental factors that may alleviate the energetic cost thereof, particularly the
role of solar radiation (Mzilikazi et al. 2002, Geiser & Drury 2003, McKechnie & Wolf 2004).
Many small mammals that rely heavily on torpor usage have been observed sunbasking in the
early mornings, apparently to reduce rewarming costs. Most of this research has been
conducted on arid-zone dasyurid marsupials inhabiting the Australian interior (Geiser et al.
2002, Warnecke et al. 2008, Warnecke & Geiser 2009, Warnecke & Geiser 2010). In southern
Africa, free-ranging eastern rock elephant shrews (Elephantulus myurus) have also been
observed to use solar radiation for the bulk of rewarming episodes (Mzilikazi et al. 2002,
Ribble & Perrin 2005). In light of the phenotypic flexibility small mammals exhibit in
metabolic traits, and the link between heat production capacity and rewarming from torpor
(Careau 2013), I hypothesised that daily heterotherms display acclimatization in terms of
resting thermogenic capacity in response to changes in levels of solar radiation. | predicted that
daily heterotherms denied access to solar radiation over time scales of weeks to months
compensate by upregulating their BMR as well as capacities for shivering and/or non-shivering
thermogenesis, similar to winter-acclimatised rodents of the Southern-African subregion (Haim

etal. 1991).
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MATERIALS AND METHODS

Study species and study site

Male and female E. myurus, were captured at Welgevonden Private Game Reserve (24° 18'S,
27° 53'E) in the Limpopo province of South Africa, using Sherman traps baited with a mix of
oats, peanut butter and tinned sardines. Thereafter, animals were transported to the University
of Pretoria (UP) where the study took place in an open field exposed to natural environmental
conditions. All experiments were approved by the UP animal ethics committee (EC-028-12).
Animals were captured under permit 001-CPM402-00001 issued by Limpopo Department of

Economic Development, Environment and Tourism.

Experimental setup

Sixteen rock elephant shrews were housed individually in 1.2 m x 1.2 m x 1.2 m wire mesh
cages in an open field on the UP Experimental farm (25° 45' S, 28° 15' E); each cage containing
a rock pile intended to mimic their natural habitat. Water was provided ad libitum, and the
quantity of food provided was equivalent to 70 % of ad libitium food consumption established
in Chapter 1. Animals were fed a mixture of mashed dogfood and ProNutro (BOKOMO,
Pioneer Foods (Pty) Ltd, South Africa) with daily supplements of an apple and carrot mixture,
as well as mealworms once a week. Mean mass of elephant shrews was 55.18 + 5.05 g, with
females averaging 54.28 + 5.35 g and males averaging 56.67 £ 3.89 g. Mass did not differ
significantly between sexes, nor did it differ significantly from the start to the end of the

experiment.
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Experimental protocol

Animals were divided into two treatment groups with varying access to solar radiation (SR).
The two treatments were either full sun (100 % SR) or deep shade (21.3 % SR) with shading
achieved using shadecloth cage covers (approximately 2.6 m x 1.5 m frames secured above the
cages). For the full sun treatment no shadecloth was required, therefore only the steel frame was
erected above the cages. The solar radiation each treatment received (W m™) was measured
prior to the start of experiments using a factory-calibrated weather station radiation sensor
(Vantage Pro2, Davis Instruments, Haywood, CA, USA), by measuring ambient solar radiation
levels at midday, as well as those experienced under the shaded treatment. Individuals used for
this study were the same individuals used to assess the effect of solar radiation on torpor
characteristics in the previous chapter. As the previous experiment required three shading
treatments, and the current study only two, some individuals were transferred from partial shade
treatment to either full sun or deep shade treatments. Following this, a two month period was
allowed for acclimatisation to the shading treatment before metabolic measurements took place.
For each individual elephant shrew BMR, Mg,m and thermogenic capacity (NST capacity) were
determined. On days when metabolic measurements took place animals were not fed until
measurements were completed, ensuring that animals were post-absorptive. Animals were
returned to their respective cages on the UP Experimental farm after each metabolic

measurement.

Body and air temperature measurements

Temperature-sensitive passive integrated transponder (PIT) tags (Destron Fearing, St. Paul,
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MN, USA) were injected subcutaneously between the scapulae of each elephant shrew, which
allowed body temperature to be detected by an antenna (Racket Antenna, Biomark, Boise,
Idaho, USA) placed in close proximity to the chamber. The antenna was attached to a PIT-tag
reader (Model FS2001F-I1SO, Biomark, Boise, Idaho, USA) which allowed for constant Ty
monitoring (to the nearest 0.1 °C). Within each chamber, measurement of air temperature was
possible using a thermistor probe (Sable Systems, Las Vegas NV, USA) inserted through a

small hole in the chamber wall and sealed with a rubber grommet.

Gas exchange measurements

Metabolic rates were estimated using rates of oxygen consumption (\'/02 ) and carbon dioxide

production (Vc02 ). Elephant shrews were placed individually into 2-L airtight plastic containers

fitted with air inlet and outlet ports. A 1 cm layer of mineral oil was placed at the bottom of the
chambers to ensure no water evaporated from urine or faeces. Animals were elevated
approximately 10 cm above the mineral oil layer using a plastic mesh grid. Chambers were then
placed into a soundproof, darkened temperature-controlled cabinet (Model KMF 720, Binder,
Tuttlingen, Germany).

For measurements of BMR and NST, atmospheric air scrubbed of water vapour
(dewpoint =~ -50°C) and CO, (< 5 ppm) by an adsorption dryer (Ecodry K-MT 3, Parker Zander,
Charlotte, North Carolina, USA), was supplied by a compressor. A mass flow controller (Model
FMA5520, Omega Engineering, Bridgeport, NJ, USA) regulated the air supplied to each
chamber at a constant flow rate of 0.7 — 2.1 L min™’. The mass flow controller was periodically
calibrated using a soap bubble flow meter (Baker and Pouchot 1983). An SS-3 Subsampler
(Sable Systems) subsampled excurrent air and pulled the subsampled air through a water

vapour analyser (RH-300, Sable Systems), a CO, analyser (CA-10a, Sable Systems), and an O,
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analyser (FC-10B, Sable Systems). The oxygen dilution method (Lighton, 2008) was regularly
used to span the water vapour analyser, and the CO, analyser was spanned using a certified
span gas with 2000 ppm CO, (Afrox, Johannesburg, South Africa). The water vapour and CO,
analysers were also frequently zeroed using nitrogen (Afrox, Johannesburg, South Africa). The
99% equilibrium time for the system was calculated to be 4.4 -13.2 min (Lasiewski et al. 1966).
The O, analyser was spanned to 20.95% using atmospheric air scrubbed of water vapour and
CO; using Drierite and magnesium perchlorate (Merck, Modderfontein, South Africa),
respectively. Voltage outputs from the analysers and thermistors were acquired and digitised
using an analog-digital convertor (Ul-2, Sable Systems) and recorded in ExpeData software on

a desktop PC.

Basal metabolic rate

Before measurement of BMR, the thermoneutral zone was established (see Mzilikazi &
Lovegrove 2006) by measuring resting metabolic rate (RMR) and Ty, in six individuals at T,s of
20, 25, 28, 30, 33 and 36°C. Each T, was experienced by each individual for a minimum of six
hours and the T, exposure order randomised. A two-segment linear regression model was fitted
to RMR against T, data, and the T inflection point identified. BMR was therefore measured at
Ta = 30°C as this fell within the zone of thermoneutrality. Measurements of BMR took place for
two elephant shrews simultaneously, using a respirometry multiplexer (TRM8, Sable Systems)
to subsample air successively from a baseline channel (10 min), followed by the first chamber
and then the second (20 min each), and lastly an additional baseline reading (10 min) was taken.
Metabolic rates were measured for a minimum of 8 hours, in order to ensure that basal levels

were reached (Cooper & Withers 2009). Body mass measurements were taken both before and
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after BMR measurements to obtain an average for body mass to be used in metabolic rate

calculations.

Non-shivering thermogenesis

Brown adipocytes (BAT) are notably influenced by noradrenalin (NA) the most physiologically
important effector for acute thermogenesis. Classical cold-adaptive NST is characterised by the
noticeable recruitment of BAT and the accompanying increase in physiological features which
confer augmented thermogenic ability (Cannon & Nedergaard 2004). Previous studies have
demonstrated that rock elephant shrews (Elephantulus myurus) react strongly to noradrenalin
(NA) injection which is typically an indication of NST moderated by BAT (Mzilikazi et al.
2007).

In order to establish NST capacity | examined the difference between NA-induced
metabolic response and RMR. Each elephant shrew received a subcutaneous injection of NA,
with the dosage calculated according to the mass of the individual (Wunder & Gettinger 1996,
NA dose (mg/kg) = 2.53 M®#). The same respirometry protocol was followed as for BMR with
the following modifications. Both RMR and NA-induced metabolic response were measured at
25°C to avoid hyperthermia (Mzilikazi & Lovegrove 2006). Animals were placed in
respirometry chambers two hours before measurements began, to allow enough time for the
animals to settle. Following Mzilikazi & Lovegrove (2006), for each individual RMR was
measured for two hours prior to NA/saline injection. Thereafter, metabolic measurements were
allowed to continue for an hour, or until the injection-induced response had returned to RMR.
Saline (0.90% NaCl; SAL) was used for control injections to correct for the effects of stress
associated with handling and injection, with the order of injections (NA or SAL) randomised.

Both the control and NA injections for two individuals took place on the same day. This was
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done by alternating injections between the two individuals. A respirometry multiplexer (TRMS,
Sable Systems) was used to subsample air and was switched between the two chambers
manually as required. Recordings followed a general pattern of baseline (5 min), RMR (2 hr),

Injection (1.5 hr) and a final baseline (5 min) for each injection.

Summit metabolism

In order to determine My,m elephant shrews were exposed to a cold environment in a helox
(21% O,, 79% He) atmosphere, using a sliding cold exposure protocol (Swanson et al. 1996).
Rates of heat loss are approximately 3-fold higher in helox than in atmospheric air, and this
technique allows Mg,m to be reached at much higher temperatures and thus freeze damage to the
animal’s tissues can be avoided (Rosenmann & Morrison 1974).

To determine Mgy, individual elephant shrews were placed in a 2-L chamber inside a
40-L portable fridge/freezer (ARB, Kilsyth, Victoria, Australia), modified by drilling holes
through the lid for incurrent and excurrent air tubing. To measure T, a calibrated Cu-Cn
thermocouple was inserted through a small, grommet-sealed hole in the chamber wall.
Atmospheric air was supplied to each chamber at a flow rate of 1.5 L min™ for approximately
10 min after the individual was placed in the chamber. Thereafter, the atmospheric air was
switched to helox and supplied to the chamber at the same rate by a mass flow controller
(Model FMA5520, Omega Engineering, Bridgeport, NJ, USA) previously calibrated using
helox and a soap bubble flowmeter. During this time, chamber temperature was held at room
temperature (~24°C), as lower temperatures caused elephant shrews to immediately enter
torpor. Sufficient time was allowed for helox to replace atmospheric air in the chamber whilst
simultaneously recording a helox baseline (5-10 min). Thereafter, subsampled excurrent helox

was pulled through O,, CO, and water vapour analysers following the same setup as for BMR.
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At this time, the sliding cold exposure protocol was initiating by reducing the setpoint of the

fridge/freezer to the minimum value (-18°C) which resulted in a chamber cooling rate of ~10°C
hr*. Measurements continued until \'/o2 reached a plateau and ceased increasing with

decreasing T,. To ascertain whether Mg, had in fact been achieved, T, was measured
immediately upon each animal’s removal from the chamber using a handheld PIT tag scanner
(DTR-4, Destron Fearing, South St Paul, Minnesota, USA) to ensure that the elephant shrew
had become hypothermic. A final baseline reading (5-10 min) was taken by flowing helox

through the analysers.

Data analysis

Basal metabolic rate and summit metabolism

BMR and Mg, were calculated using the lowest and highest 5-min average V02 values,

respectively. \'/02 and \'/CO2 were estimated using equations 9.3, 9.4 and 9.5 from Lighton
(2008). Rates of gas exchange were converted to metabolic rates (W, Table 4.2 in Withers
1992) using respiratory exchange ratio (RER) values were calculated as \'/Co2 /Voz . During

BMR, mean RER values were 0.93 + 0.19 suggesting mixed carbohydrate and lipid
metabolism, whereas during Mgm the RER values averaged 0.67 = 0.05, lower than the usual
0.71 —1.00 range (Withers 1992). Therefore, in instances where RER was below the normal

range, a value of 0.71 was assigned for the purpose of estimating metabolic rates.
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Non-shivering thermogenesis capacity

For determining NST capacity, RMR was calculated by using the lowest 15-min consecutive
\'/O2 average that occurred prior to injection. The highest 15-min consecutive metabolic rate

average within the first hour of injection was used to calculate NA/SAL-induced metabolic rate.
From this | calculated thermogenic capacity (TC) for both NA and SAL injections using the

formula:

TC = NA/SAL induced MR - Resting MR

After which | calculated the difference in thermogenic capacity by subtracting NA-induced TC

from SAL-induced TC (Kronfeld-Schor et al. 2000).

Statistical analyses

All values are presented as mean + SD for n = number of individuals. To analyse differences in
the two shading treatments the relationships between response variables (BMR, Mgym, ME,
thermogenic capacity and injection induced MR) and predictor variables (treatment, injection
type, sex and mass) were examined using linear mixed models conducted in R 3.0.2 (R
Foundation for Statistical Computing 2013). Linear mixed models were run using the nime
package (Pinheiro et al. 2013). Interactions between predictor variables did not have a
significant effect and were thus dropped in further analyses. Assumptions concerning normality
were verified using qq plots and Shapiro-Wilk tests, and homoscedascity was confirmed using
Levene’s tests. Body mass was modelled using treatment and sex as fixed effects and

individual as a random effect. Although there was no significant difference in M, between
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treatments | still included an My term in all models. However, as there was no difference in My
between sexes, data for males and females were pooled for each treatment. Sex effects were
tested for all analyses. | tested for differences between shading treatments using linear mixed
models with BMR, Mg, or FAS as the response variable, treatment as a fixed factor, individual
as a random effect and My, as a covariate. Due to the significant difference between the sexes,
for NST analyses sex was also included as a covariate. Thermogenic capacity was also analysed
using linear mixed models with the same general format, as was the difference in injection-
induced metabolic response between control and NA injections. In addition, student t-tests were
used to compare differences between BMR and NA injection induced MR as well as to

compare BMR and Mgypm.

RESULTS

Basal metabolic rate

The BMR of elephant shrews maintained in full sun (n = 6, mean = 0.26 + 0.06 W) was
significantly lower compared to those in the deep shade treatment (n = 8, mean = 0.33 £ 0.07
W; LMM, F;,13=4.808, P =0.047; FIG 1 A). When individual mass was included, this trend
was even more pronounced (LMM, F =6.113, P = 0.028). Neither BMR (LMM, F; 14 = 0.056,

P =0.816), nor mass (LMM, F114=0.432, P = 0.522) differed between sexes.

Non-shivering thermogenesis

Injection of NA caused an easily observable increase in metabolic rate, typically to three-fold

resting values (FIG 1 C). Overall, sex affected NA-induced metabolic rate with males showing
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greater responses (means = 1.22 £ 0.12 W) than females (means = 0.93 + 0.23 W; LMM, F; 5 =

8.130, P = 0.04). The difference in metabolic rate between BMR and post-NA injection was
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FIG 1. Basal metabolic rate (A), thermogenic capacity, i.e., difference in metabolic rates calculated
using NA-induced and SAL-induced metabolic rate (B), factorial increase in metabolic rate induced by
NA injection (C), and components of overall metabolic rate (D), where white = Mg,m, grey = NST and
black = BMR in eastern rock elephant shrews (Elephantulus myurus) with access to full sun (FS) or

maintained in deep shade (DS). All values are mean + SD.
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significant in both shaded (n = 8; t-test, t = -7.098, P < 0.001) and unshaded (n = 6; t-test, t = -
7.4936, P < 0.001) treatments. In addition, the increase in metabolic rate between BMR and
post-NA injection also differed significantly between the deep shade and full sun treatments
(LMM, F1, 10 =10.249, P = 0.01). Deep shade individuals showed a mean increase of 2.96 +
0.66 W from BMR after NA injection, whilst full sun animals showed a significantly higher
increase of 4.02 + 1.02 W after NA injection (FIG 1 C). The increase in metabolic rate induced
by the control SAL injection was significantly lower than that of NA-induced metabolic rate for
both the shaded (means = 0.48 + 0.20, 0.96 + 0.24, respectively) and unshaded (means = 0.43 =
0.21, 1.08 + 0.26, respectively) treatments (LMM, F; 13=51.209, P < 0.001). However, NST
capacity (i.e, the difference between NA-induced metabolic rate and SAL-induced metabolic)
did not differ between the two treatments (LMM, F1 11 = 1.257, P = 0.286), and thus | conclude

that treatment did not influence NST capacity.

Summit metabolism

Mean mass-specific Msum values were 35.40 + 5.03 mW g™ in deep shade and 32.96 + 3.37
mW g™ in full sun, but this difference was not significant (LMM, Fy 13- 1.404, P = 0.257).
Whole-animal Mg, values were also not significantly different between shaded (1.95 £ 0.25
W) and unshaded treatments (1.84 + 0.17 W; LMM, F; 13=1.119, P = 0.309; FIG 1 D). Like

BMR, sex did not influence Mgy (LMM, Fy 14 = 2.636, P = 0.127)

Metabolic expansibility

As for BMR and Mgy, there was no significant effect of sex on ME (LMM, Fy 14=1.341, P

=0.266). Overall ME values did not differ between shaded (mean = 6.16 + 1.40) and unshaded
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(mean = 7.47 = 1.91) treatments (LMM, F1, 13 = 2.293, P = 0.154), nor did mass-specific ME

values per individual (LMM, F; 13 = 4.191, P = 0.067), although the latter difference
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FIG 2. Whole-animal metabolic expansibility (Ms/BMR) in eastern rock
elephant shrews (Elephantulus myurus) housed with access to full sun (FS) or

maintained in deep shade (DS).

approached significance (full sun: 7.60 + 1.74 vs shade: 6.15 + 1.11; FIG 2). The ME of
animals deprived of solar radiation ranged from 4-8, whilst the full sun treatment had a broader

range from 5-11.

DISCUSSION

Acrtificial manipulation of solar radiation levels resulted in metabolic adjustments in E. myurus.
Individuals in shaded cages where less solar radiation was available upregulated BMR by
approximately 21 % compared to conspecifics with access to full sun. The differences in BMR,
however, were mirrored neither by NST capacity nor Mgm, with both the latter variables
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remaining statistically indistinguishable between treatments. The marginally non-significant
difference in ME, with generally lower values in the shaded treatment, appeared to be a
reflection of consistent Mg,m combined with an increase in BMR in the shaded treatment,
thereby decreasing the ME in the shaded treatment.

The increase in BMR in the shaded treatment is consistent with metabolic changes
induced by cold acclimation among small mammals in general (Heldmaier & Steinlechner
1981, Heldmaier et al. 1989, Nespolo et al. 2001, Novoa et al. 2005, Mzilikazi et al. 2007).
Increases in BMR in response to thermal acclimation is often associated with broadening of the
thermoneutral zone to accommodate lower T,s (Heldmaier & Steinlechner 1981) as well as
enhancing thermogenic capacity (Heldmaier et al. 1989, Mzilikazi et al. 2007). However, it is
noteworthy that in the present study these changes were not associated with differences in air
temperature between treatments, but solely by differences in the availability of solar radiation.
My data thus further verify that mammalian BMR is highly responsive to short-term changes in
thermal environment, even if these are independent of air temperature (i.e., radiative heat
fluxes), reiterating the significance of solar radiation in determining the microclimates
experienced by small mammals, and the close links between those microclimates and their
thermal physiology.

The BMR values established in this study are substantially different to values previously
reported for E. myurus, possibly reflecting the fact that all previous measurements involved E.
myurus maintained indoors. The BMR in the present study (unshaded: 0.26 + 0.06 W; shaded:
0.33 £ 0.07 W) is lower than those reported previously. In comparison, Mzilikazi et al. (2007)
found notably higher BMR values of 0.42 £ 0.1 W and 0.56 + 0.01W for warm and cold
acclimated E. myurus, respectively. A much more comparable BMR of 0.38 + 0.01 W was
found in E. myurus maintained at 18°C (Lovegrove et al. 2001). Interestingly, for small

mammals experiencing natural conditions, BMR is generally higher than conspecifics
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maintained under constant environmental temperatures (Heldmaier & Steinlechner 1981), the
opposite of what was found for E. myurus. It must, however, be noted that the above
comparison of BMR in E.myurus involves populations occurring in different regions of South
Africa, with fairly different climates. Thus it may be interesting to further elucidate whether the
discrepancy between captive versus wild BMR results persists in both the southerly (Lovegrove
et al. 2001, Mzilikazi et al. 2007) and more northerly (current study) populations. Similar to
findings in this study, small birds generally upregulate BMR under captive conditions
(McKechnie et al. 2006), thus it is plausible that this would hold true for small mammals. With
seasonal acclimatisation BMR typically increases from winter to summer in higher latitude
species of the northern hemisphere (Heldmaier & Steinlechner 1981, Rosenmann et al. 1975,
Feist & Rosenmann 1976). However, some small African mammals reduce BMR in winter,
compared to summer (Minnaar et al. in press) and it is possible that this strategy is also
undertaken by E.myurus. Measurements of BMR under the same experimental conditions
during summer months would further verify this.

NST capacity was slightly higher than that of previously reported values for E. myurus.
Mzilikazi et al. (2007) reported NST capacity of 0.94 + 0.24 W for warm acclimated and 0.91 +
0.22 W (values converted to W assuming RER = 0.85) for cold acclimated individuals,
respectively. The current results demonstrate slightly higher NA-induced values overall (1.01 +
0.25 W for the two treatments combined). The lack of a significant difference between
treatment suggests that NST is not the sole avenue of heat gain for rock elephant shrews
(Mzilikazi et al. 2007), which further confirms the importance of solar radiation in
supplementing endogenous heat production during torpor arousal. The sex difference in NA-
induced MR was surprising. Gender dimorphism in thermogenic capacity usually indicates
higher thermogenic activity in BAT tissue of females in comparison to males (Justo et al.

2005). The results of this study are not only contradictory, demonstrating significantly higher
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NA-induced MR in males, but also to my knowledge represent the first record of higher
thermogenic capacity in males compared to females. However, remarkable as it may be this
difference is most likely due to the reduced sample size for males in the study and requires
further verification.

To the best of my knowledge, no other data exist for Mg,m in Afrotherian mammals,
making this experiment particularly interesting. In addition to quantitatively consistent Mgm
between the shaded and unshaded treatments, Mg, was lower than the predicted value of 2.22
W, derived from pre-existing mammalian data (see Minnaar et al. in press). However, the
difference was slight as calculated Mg,m was ~ 88% of the predicted value (Minnaar et al. in
press).The lack of a difference in Mg,m between treatments combined with an increase in BMR
in the shaded treatment resulted in ME being higher in the full sun treatment, although not
significantly so. In both treatments, the mean ME of E. myurus falls into the typical range of 4—
as seen in other mammals (Careau 2013, Minnaar et al. in press), within the full sun treatment
however, individual ME was far more variable, ranging from 5-11.

A noteworthy observation related to the measurements of Mg, in E. myurus concerns
the RER values | observed. Expected RER when metabolising lipids and carbohydrates,
respectively, range from 0.71 — 1.00 (Withers 1992). The RER values of 0.665 + 0.054
observed during Mg,m measurements in E. myurus thus fall outside of this expected range. The
likelihood of these values arising from experimental error is small; BMR measurements took
place on the same days as those of Mg, and RER values associated with BMR fell within the
expected range. Low RERs have been documented by other authors (Walsberg & Hoffman
2005, Minnaar et al. in press), and my data add to a growing body of evidence that our current
understanding of the metabolic substrates metabolised by during acute cold stress in mammals

is inadequate (Minnaar et al. in press).
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In Chapter 1 | examined the role that solar radiation may play in determining daily
torpor characteristics, with particular focus on rewarming costs. Previous modelling of the
energetic consequences of basking during rewarming by McKechnie & Wolf (2004) predicted
that passive rewarming, where solar radiation replaces endogenous heat production, will
typically result in notably lower rewarming rates than those relating to endogenous metabolic
thermogenesis. Following this model, the findings of my first chapter support the hypothesis
that solar radiation augments internal heat production, and these two mechanisms (passive and
endogenous rewarming) together determine observed rewarming rates. In the context of
investigating the possible role solar radiation plays in determining metabolic traits related to
heat production capacity, it is clear from the current results that solar radiation serves to
supplement endogenous metabolic heat production as opposed to replacing it. Had this not been
the case (i.e., had solar radiation substituted endogenous heat production), | would have
expected individuals in the shaded treatment to demonstrate substantial upregulation in heat
production capacity in comparison to the full sun treatment. The metabolic data presented in
this chapter are thus consistent with the argument presented in Chapter 1 that during rewarming
in elephant shrews, at least under the conditions they encountered in this study, solar heat gain

supplements endogenous metabolic heat production.
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CHAPTER 3

General Closing

SUMMARY

Recent studies of heterothermy in free-ranging mammals have highlighted the importance of
solar radiation as an influential variable determining torpor in small mammals. This study
focused on the role of solar radiation, separated from effects of T,, in determining torpor
characteristics and thermogenic capacity in a small macroscelid Elephantulus myurus.

The first chapter focused on the effects of solar radiation in determining patterns of
heterothermy. To better understand the role of solar radiation I experimentally manipulated its
availability for E. myurus rewarming from torpor under natural thermal conditions. It was found
that solar radiation plays an important role in rewarming from torpor by serving to supplement
endogenous heat production, allowing individuals with access to solar radiation to rewarm at a
significantly faster rate than those denied solar radiation. In addition basking was directly
linked to torpor rewarming for the first time in this species.

Adjustments in metabolic capacity associated with seasonal acclimatization are well
documented in small mammals and it has been suggested that flexibility in metabolic capacity
is essential for coping with seasonal variation in climate. Small mammals that rely heavily on
heterothermy have been observed sunbasking in the early mornings, apparently to reduce
rewarming costs. This leads to the notion that selection may favour both an increase in
thermogenic capacity and energy conservation in torpor-using animals. In order to assess the
link between heat production capacity and rewarming from torpor as influenced by solar

radiation, in the second chapter | experimentally manipulated solar radiation availability for E.
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myurus rewarming from torpor under natural thermal conditions. | examined differences in
BMR, Mgm and noradrenaline induced NST in E. myurus denied solar radiation (shaded) or
with access to natural solar radiation (full sun) exposed to the same daily T, fluctuations.
Shaded elephant shrews upregulated BMR by approximately 21 % compared to conspecifics
with access to full sun. There was however no significant difference in Mg,m or NST capacity
between the two treatments. The lack of a difference in Mgy, between treatments combined
with an increase in BMR in the shaded treatment resulted in ME being higher in the full sun
treatment, although not significantly so. The increase in BMR in the shaded treatment is
consistent with metabolic changes induced by cold acclimation among small mammals whilst
the lack of a significant difference between treatments suggests that NST is not the sole avenue
of heat gain for E. myurus. It is clear from the results that solar radiation serves to supplement

endogenous metabolic heat production as opposed to replacing it.

65

© University of Pretoria



