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ABSTRACT 

 

Reproduction is physiologically challenging for female mammals, requiring an increase in 

food and water intake to meet the demands of gestation and lactation. One way to assess how 

free-living female mammals cope with these increased demands in changing environments 

(e.g., fluctuating environmental temperatures and resource availability) is by assessing their 

body temperature patterns through biologging. As part of a long-term project to investigate 

the behavioural and physiological mechanisms employed by free-living vervet monkeys 

(Chlorocebus pygerythrus) in the semi-arid Nama Karoo in the Eastern Cape, South Africa, I 

investigated how well female monkeys regulated their body temperatures during gestation 

and lactation. 

 

Body temperature (Tb) data were collected from 30 female vervet monkeys over a seven-year 

period. During that period, we recorded 27 pregnancies. Mean air temperature (Ta) was 23.0 

± 3.1 °C in summer and 11.4 ± 4.6 °C in winter. Early stages of pregnancy coincided with 

mid-winter conditions, with pregnancy progressing through spring when mean Ta was 17.3 ± 

4.1 °C. Lactation generally started in mid-summer and lasted through autumn when mean Ta 

was 17.4 ± 4.8 °C. In one year, the vervet monkeys were exposed to drought with total annual 

rainfall of only 132 mm, compared to the average annual rainfall of 292 ± 99 mm per year. 

Rain fell predominantly in the summer months peaking between December and March, while 

the winter months were drier months. Normalized difference vegetation index (NDVI) (i.e., 

vegetation greenness) was used as a proxy for food availability. 

 

As shown for other mammals, pregnant vervet monkeys displayed gestational hypothermia 

with a progressive decline in overall 24-h Tb (i.e., 24-h minimum, 24-h maximum and 24-h 

mean) as gestation progressed, such that mean 24-h Tb was 0.4 °C lower at the end of 
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pregnancy compared to the start of pregnancy. Despite later stages of pregnancy coinciding 

with warmer conditions and increased food abundance, mean 24-h Tb progressively declined 

up until the day of parturition. Gestational hypothermia in free-living vervet monkeys was 

therefore independent of environmental conditions. Pregnant females also displayed 

improved homeothermy compared to lactating and non-lactating females, where 24-h 

amplitude of the Tb rhythm was 0.1 - 0.2 °C lower in pregnancy.  

 

During lactation, minimum 24-h Tb of females was slightly higher (0.1 °C) than that of non-

lactating females but there was no significant difference in maximum 24-h Tb between 

lactating and non-lactating females. The similar Tb patterns in lactating females suggest that 

they received adequate water and energy intake to meet the demands of lactation. The 24-h 

amplitude of the Tb rhythm of lactating females was on average 0.1 °C lower than non-

lactating females. Over the course of lactation minimum 24-h Tb and mean 24-h Tb did not 

change but maximum 24-h Tb increased slightly by approximately 0.2 °C and the 24-h 

amplitude of the Tb rhythm increased by 0.1 °C. The small increase in maximum 24-h Tb and 

the 24-h amplitude of the Tb rhythm over the course of lactation indicates that lactating 

females generally maintained Tb very well, especially considering the increasing energetic 

and water demands of caring for a growing infant.  

 

During drought conditions, lactating females experienced a decrease in minimum 24-h Tb 

associated with poor energy availability, and an increase in maximum 24-h Tb associated with 

water stress, compared to normal years. As a result, they exhibited an increase in the 24-h 

amplitude of the Tb rhythm, likely reflecting a trade-off in allocating limited food and water 

supplies to other homeostatic systems rather than to thermoregulation. In general, lactating 

females regulated body temperature relatively well, without severe hyperthermia or 
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hypothermia, indicating that they were able to cope with the energetic and water demands of 

lactation during a period of poor resource availability. 

 

My study has contributed valuable insights into understanding how female vervet monkeys 

respond to environmental (e.g., fluctuating environmental temperatures and resource 

availability) and physiological (e.g., reproduction) stressors through investigating body 

temperature patterns. Although female vervet monkeys coped very well with the energetic 

and water demands of reproduction in their semi-arid environment, future climate change 

predictions are likely to exacerbate the seasonal characteristics of the Karoo, which may 

result in increased environmental stress (e.g., higher ambient temperatures and more frequent 

droughts). Biologging of body temperature provides insights on reproductive phenology and 

the physiological welfare of mothers and may be a valuable tool to assess how various free-

living mammals cope with changes in their environments. 
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PRECLUDE 

 

This dissertation attempts to understand the body temperature plasticity of reproductively 

active female vervet monkeys (Chlorocebus pygerythrus) inhabiting the semi-arid Nama-

Karoo, in response to high costs of reproduction while simultaneously being exposed to high 

day time temperatures, low night time temperatures and fluctuating food and water 

availability. Long-lived animals that have slow reproductive cycles, such as the vervet 

monkey, are likely vulnerable to rapid environmental changes (Lubbe, 2013), such as those 

occurring as a result of climate change and habitat destruction. Future climate change 

scenarios predict that the seasonal fluctuations in the Karoo will be exacerbated, resulting in 

higher environmental temperatures, extended summer conditions, decreased rainfall and more 

frequent extreme climatic events such as droughts (Engelbrecht et al., 2015), which will 

significantly impact species survival and distribution.  

 

If we wish to predict the future survival and distribution of species in the face of climate 

change, long-term studies are required to determine the extent of the phenotypic plasticity of 

animals to respond to climate change. Knowledge on an animal’s phenotypic plasticity to 

cope with climate change, will improve our ability to employ successful conservation 

strategies. I had the opportunity to examine a long-term data set, including a drought year, for 

my study. My study aims to investigate the physiological mechanisms employed by free-

living vervet monkeys in response to environmental stresses during the costly reproductive 

period. I therefore investigated the pattern of the body temperature rhythm in free-living 

pregnant, lactating and non-lactating vervet monkeys to investigate how they cope with the 

physiological demands of gestation and lactation during changing and often harsh 

environmental conditions. 
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CHAPTER ONE – INTRODUCTION 

 

The primary goal of an animal’s life is to reproduce. Those animals that are more successful 

in their reproduction are the ones that will be favoured in terms of natural selection because 

of their greater genetic contribution to the gene pool of future generations (Speakman, 2008). 

Therefore, animals will invest heavily in reproduction, especially long-lived species that 

produce fewer offspring. In contrast, short-lived species that have fast life-histories 

characterized by rapid maturation, breeding only once and producing small offspring in large 

numbers (Rowe, 2008), do not invest as heavily in getting those large numbers of offspring to 

maturity. Long-lived species, including many mammals, have slow life-histories 

characterized by long lives, slow growth rates, reach sexual maturity late in life, breed 

multiple times and have fewer offspring in which they invest heavily (Pianka, 1970) to ensure 

the survival of those few offspring to maturity. Female mammals have high individual 

investment in their offspring by carrying their young during gestation and feeding their young 

through lactation, both of which come at a cost to the mother. 

 

The costs of parental investment depend on the number of offspring the mother gives birth to, 

whether or not the young are carried around and the length of the lactation period. The degree 

of parental investment varies greatly between species, which has led to debate among 

evolutionary biologists regarding the trade-offs between an energetically costly reproduction 

and the wellbeing of mothers and their offspring. The cost-benefit approach of parental 

investment was first introduced by Trivers (1972) who defined parental investment as “any 

investment by the parent in an individual offspring that increases the offspring’s chance of 

surviving (and hence reproductive success) at the cost of the parent’s ability to invest in other 

offspring”. Clutton-Brock (1991) later defined the cost-benefit approach of parental 

investment as costs being a decrease in the female’s overall reproductive success and benefits 
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being an increase in the fitness of the current offspring. If a mother allocates substantial time 

and energy to her offspring’s wellbeing, the cost may be a reduction in the time and energy 

required to look after herself in terms of foraging (Wright, 1984; Goldizen, 1987), thus 

compromising her future reproductive success or the welfare of future offspring. Successful 

reproduction requires animals to not only survive but to thrive, socialize, mate and rear 

offspring to maturity, all of which often have conflicting energetic demands (Dunbar, 1988). 

The demands for rearing offspring places female mammals under immense physical and 

physiological stress as a result of the energetic costs associated with gestation and lactation 

(Glittleman and Thompson, 1988). As a result of the costly nature of reproduction, trade-offs 

exist between the different life-history components. For example, maximizing fecundity to 

increase current reproductive output, may be done at the expense of future reproductive 

output (Stearns, 1992; Charnov, 1993). Mammals may therefore need to trade-off current and 

future offspring as well as the quantity and quality (i.e., individual fitness) of offspring 

(Stearns, 1992).  

 

Reproduction is regarded as a physiologically challenging period for female mammals as 

gestation and lactation often require an increase in, or prioritization of resources, which can 

lead to energetic trade-offs if those resources are limited (Archie et al., 2014). For example, 

red deer (Cervus elaphus) hinds in nutrient-rich environments that are presumably in good 

physical condition, are able to transfer energy more efficiently to offspring by having a 

greater milk yield resulting in reduced frequency of nursing events compared to hinds in poor 

nutrient environments (Loudon et al., 1983). Poor quality food resources are associated with 

slow infant growth rates, increased infant rejection and higher infant mortality in several 

species, including sheep (Ovis aries: Arnold et al., 1979), rodents (Eastern woodrat Neotoma 

floridana and cotton-top rat Sigmodon hispidus: McClure, 1987) and primates (vervet 
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monkey Chlorocebus pygerythrus: Lee, 1984; Barbary macaque Macaca Sylvanus: Menard 

and Vallet, 1993). Vervet monkey mothers in both marginal versus prime physical condition 

had similar rates of infant rejection, both of which were higher than mothers in average 

reproductive condition (Fairbanks and McGuire, 1995). Despite similar levels of infant 

rejection, the consequences of that rejection for the infant and the mother differed depending 

on the mother’s reproductive condition. Whereas the self-preservation behaviour of vervet 

monkey mothers that were in marginal reproductive condition resulted in high rates of infant 

mortality (40%) and low rates of fertility, mothers in prime physical condition were able to 

increase their fecundity by shortening birth intervals without jeopardizing infant survival by 

relying on other group members for infant care and potentially producing higher quality milk 

(Fairbanks and McGuire, 1995). Access to sufficient resources is therefore crucial to maintain 

energetic balance and ensure reproductive success.  

 

Resource availability may dictate ‘income versus capital’ breeding strategies where capital 

breeders are defined as “an organism that uses stored energy for reproduction”, while income 

breeders “use energy acquired during the reproductive period rather than stored energy for 

reproduction” (Stearns, 1989; Stearn, 1992). To sustain themselves throughout the costly 

reproductive period, large-bodied capital breeders are able to store energy reserves and 

reproduce independently of food availability, a strategy likely to be advantageous in highly 

seasonal environments (Sainmont et al., 2014). In comparison, small-bodied income breeders 

are at risk of dehydration and energy deficiency in highly seasonal environments, especially 

during the energetically costly reproductive period.   
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1.1 Cost of gestation 

The cost of reproduction is high, especially in mammals where gestation is an energetically 

expensive reproductive period. Energy investments during gestation involve several 

components such as the production of uterine, placental, foetal and mammary tissue as well 

as the increased metabolic costs of the newly produced tissue (Brody, 1945). Many studies 

have focused on caloric intake as an indicator of the energetic costs associated with gestation. 

Placental and uterine tissue proliferations account for ~ 20 % of caloric investment during 

pregnancy (Oftedal, 1985). To supply enough nutrients to a developing foetus, as well as 

tissue growth, pregnant females need to increase their food intake. Several studies have found 

that pregnant females significantly increase their food intake compared to non-reproductive 

females (cotton-top rat Mattingly and McClure, 1982; white-toothed shrew Crocidurinae: 

Mover et al., 1988; guinea pig Cavia porcellus: Künkele, 2000; mice Mus musculus: Gamo et 

al., 2013; yellow baboons Papio cynocephalus: Altmann, 1980; Muruthi et al., 1991; olive 

baboons Papio anubis: Barton, 1989; ring-tailed lemurs Lemur catta: Sauther, 1994).  

 

Females appear to distribute the increased energy intake to the growing foetus as they reduce 

other energetically demanding physical activity during pregnancy. Activity levels have been 

reported to be lower in pregnant females than in non-reproductive females in several species, 

including bats (Chiroptera: Racey, 1982), gerbils (Meriones unguiculatus: Weinandy and 

Gattermann, 1995), chimpanzees (Pan troglodytes schweinfurthii: Murray et al., 2009), mice 

(Gamo et al., 2013) and vervet monkeys (Sashaw, 2012). Reduced levels of activity are 

particularly evident during late pregnancy. Pregnant women reduced daily activity levels by 

26 % from the second to third trimester (Rousham et al., 2006). Similarly, pregnant vervet 

monkeys moved and foraged less during the last month of pregnancy compared to the first 

couple of months of pregnancy (Sashaw, 2012). In addition to reduced movement and 
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foraging activity levels as pregnancy progresses, levels of vigorous activity are reduced 

during late pregnancy. For example, the dwarf hamster (Phodopus campbelli) reduced overall 

activity during early pregnancy and more strenuous activity, such as wheel-running during 

late pregnancy (Scribner and Wynne-Edwards, 1994). Allocating available energy to 

pregnancy rather than activity by reducing physical activity levels may provide an energy-

conserving strategy to support the energetic demands of the growing foetus (Gamo et al., 

2013). 

 

Despite an increase in energetic demands during pregnancy, many animals improve their 

homeothermy during this period. Improved homeothermy has been recorded in large free-

living mammals such as African lions (Panthera leo: Trethowan et al., 2016) and brown 

bears (Ursus arctos: Friebe et al., 2014), as well as in species under laboratory conditions, 

including rats (Eliason and Fewell, 1997), sheep (Laburn et al., 1992) and dogs (Concannon 

and Hansel, 1977). Pregnant lions regulated daily body temperature with greater precision, 

with the mean amplitude of the 24-h body temperature rhythm 0.6 °C lower than that of non-

pregnant and lactating females (Trethowan et al., 2016). Similarly, body temperatures were 

tightly regulated towards the end of gestation in dunnarts (Sminthopsis macroura), echidnas 

(Tachyglossis aculeatus; Nicol and Andersen, 2006), rats (Kitrell and Satinoff, 1988), 

Djungarian hamsters (Phodopus campbelli), Siberian hamsters (Phodopus sungorus; Scribner 

and Wynne-Edwards, 1994) and bats (Eptesicus fuscus: Lausen and Barclay, 2003). This 

narrow rhythm of body temperature likely accelerates foetal development as a result of rapid 

cell division in optimum temperature conditions (Farmer, 2000; Trethowan et al., 2016), 

increasing the parental fitness benefits (Farmer, 2003; Koteja, 2004; Levesque and 

Lovegrove, 2014). Yet it comes at a cost to the mother because maintaining a narrow 24-h 
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amplitude of body temperature rhythm is energetically costly and requires sufficient food and 

water intake (Hetem et al., 2016). 

 

In addition to improved homeothermy, a gradual decline in mean body temperature over the 

course of gestation, termed gestational hypothermia (Kozak, 1997), has been reported in 

several mammalian species including rats (Kitrell and Satinoff, 1988; Eliason and Fewell, 

1997; Cairns et al., 2005), sheep (Laburn et al.,1992), African lions (Trethowan et al., 2016) 

and dogs (Concannon and Hansel, 1977). Gestational hypothermia has also been recorded in 

other mammals that do not display improved homeothermy during pregnancy, such as arctic 

ground squirrels (Williams et al., 2011) and rabbits (Naccarato and Hunter, 1983). Foetal 

body temperature is ~ 0.5 °C higher than maternal body temperature in all species studied to 

date (Laburn et al., 1992), as a result of heat producing metabolically active foetal cells and 

accelerated cell division. Gestational hypothermia may provide a protective mechanism to 

facilitate a lower foetal temperature and thus prevent teratogenic effects caused by 

intrauterine hyperthermia (Edwards, 1986; Fewell, 1995; Laburn, 1996). Prolonged episodes 

of hyperthermia result in foetal death and consequently abortions, while shorter periods of 

hyperthermia result in congenital abnormalities (Asakura, 2004). The foeto-maternal 

temperature gradient allows heat transfer from the foetus to the mother to protect the foetus 

from damage caused by thermal stress.  

 

Gestational hypothermia may also protect the foetus from hypoxia as a lowered maternal 

body temperature results in reduced metabolic activity, and therefore reduced oxygen demand 

in the mother and the foetus (Kozak, 1997). Lowered maternal body temperature has also 

been found to increase oxygen saturation by shifting the oxyhaemoglobin dissociation curve 

to the left (Kozak, 1997). The increased oxygen saturation associated with lower maternal 



7 
 

body temperature may reduce neuronal injury in the foetus in hypoxic conditions, such as 

asphyxia (Nishio et al., 2000), which further contribute to the idea that gestational 

hypothermia may be a neuroprotective mechanism. Although reduced maternal body 

temperature during gestation is advantageous to the foetus, there may be costs associated with 

lowering body temperature such as body water loss associated with evaporative cooling to 

maintain low body temperatures in hot environments (Hetem et al., 2016). 

 

1.2 Cost of lactation 

Although gestation is an energetically expensive period, it is generally less energetically 

expensive than lactation (Brody, 1945; Loudon and Racey, 1987; Altmann, 1980; Clutton-

Brock et al., 1989). Lactation is the most energetically expensive periods of a mammal’s life 

because of the cost of milk production (Altmann, 1980; Glittleman and Thompson, 1988; 

Strier, 1993; Lee, 1996; Dunbar et al., 2002). While pregnant northern female muriquis 

(Brachyteles hypoxanthus) were found to spend similar amount of time feeding compared to 

lactating females (Strier, 1987; Guedes et al., 2008), studies in yellow baboons (Papio 

cynocephalus: Altmann, 1980), gelada baboons (Theropithecus gelada: Dunbar et al., 2002), 

Japanese macaques (Macaca fuscata: Takahashi, 2002) and vervet monkeys (Lee and Hauser, 

1998) found that pregnant females spent significantly less time feeding than did lactating 

females. A lower feeding time in pregnant females suggest that the energetic costs of 

gestation are not as high as those of lactation. 

 

Lactating females increase their energy intake in order to maintain their increased metabolic 

costs (Johnson et al., 2001). For example, energy intake of lactating mice was found to be 

two to four times greater than that of non-lactating females (Speakman and McQueenie, 

1996). In several non-human primates, lactating females fed more than non-lactating females 
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(Altmann, 1980; Strier, 1987; Dunbar and Dunbar, 1988; Koenig et al., 1997) and the 

lactating females may choose higher quality dietary items during lactation. For example, 

vervet monkey mothers in the semi-arid Karoo increased their protein intake as lactation 

progressed and the milk requirements of the infant increased (Sashaw, 2012), while the diet 

of lactating female chimpanzees consisted of a higher percentage of fruit compared to non-

lactating females (Murray et al., 2009). 

 

The risk of an energy deficit during lactation is exacerbated for small-bodied income breeders 

that rely on ingested energy to fuel reproduction and cannot pre-emptively accumulate large 

enough fat stores during pregnancy to fuel lactation (Lindstedt and Boyce, 1985). Although 

primates have the ability to store fat, they rarely do so in the wild (DuFour and Sauther, 

2002) and they therefore need to forage after giving birth to support their own energetic 

needs and those of their growing infant. Cercopithecine primates, such as the vervet monkey, 

carry their young post-parturition, thereby further increasing energetic costs during lactation. 

Transporting infants was found to impose high energetic costs in marmosets (Callithrix 

jacchus) and tamarins (Saguinus oedipus) (Tardif, 1997; Sánchez et al., 1999). Species with 

highly precocial young, which either follow the mother or are carried, have highly diluted 

milk with a lower fat content compared to species that ‘park’ their young or leave them with 

other adolescent females (‘allomothers’) within their troop (Shad, 1963). Vervet monkey 

mothers give birth to highly precocial young and are in constant contact with their infants for 

the first two weeks of their lives (Lee, 1984), which places additional energetic stress on the 

mother while foraging. Thereafter, vervet monkeys will leave their young with allomothers 

while they forage, reducing their energetic burden. Vervet monkeys also use allomothers to 

increase the time between nursing bouts, thus allowing the mother to replenish milk stores 

(Fairbanks, 1990). Vervet monkey mothers in prime reproductive condition (i.e., those that 
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rank higher in the female dominance hierarchy) have less contact with their infant than 

mothers in average reproductive condition (Fairbanks and McGuire, 1995), which may allow 

the mothers an opportunity to recoup energetic costs, improve body condition and reduce the 

interbirth interval. As infants mature and start to locomote independently, the energetic stress 

of infant-carrying will be reduced but the infant remains heavily dependent on their mother’s 

milk for five to six months (Cheney et al., 1981) and the mother needs to produce increasing 

quantities of milk to feed the rapidly growing infant (Altmann and Samuels, 1992).  

 

The lactation period starts immediately after birth with a gradual increase in milk production 

to sustain the growing infant. Maximum milk production, or peak lactation, occurs just before 

weaning; thereafter milk production declines as the infant starts to rely more on solid food. 

Primates have longer periods of lactation compared to other mammals of similar size due to 

late weaning of infants, high investment in individual infant development (Hayssen, 1993; 

Martin, 1995) and their slow life history traits (Hinde et al., 2009). These extended lactation 

periods can compromise both the mother’s and infant’s wellbeing if the mother’s dietary 

needs are not met. Weight loss has been reported during lactation in primates such as olive 

baboons (Papio anubis: Bercovitch, 1987) and vervet monkeys (Fairbanks and McGuire, 

1995), which suggests that lactating females resorted to using their own energy stores to fuel 

lactation. If a primate mother is unable to meet her energy requirements, she may either resort 

to using her own energy stores to fuel lactation, thus compromising her own wellbeing, or she 

may reduce milk output which may compromise the infant’s survival (Roberts et al., 1985). 

Vervet monkey mothers in poor physical condition that are unable to meet her energetic 

requirements limit maternal investment by rejecting the infant, which often result in high 

infant mortality (Hauser, 1993; Fairbanks and McGuire, 1995). In addition, mothers that are 
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energy deficient may adjust their activity budgets in order to conserve energy and reduce 

energetic requirements. 

 

Mothers may use an energy-sparing strategy by reducing their activity levels, thus reducing 

their energetic requirements so that they can meet their own needs and those of their growing 

infant (Kenyatta, 1995). When energy costs cannot be balanced by increased energy intake as 

a result of low food availability, an animal can either use its energy stores or reduce energy 

expenditure (Heasley, 1983). Small-bodied income breeding primates, which cannot rely on 

energy stores to fuel lactation when food availability is low (Lindstedt and Boyce, 1985), 

would need to adopt alternative feeding strategies. When possible, animals are predicted to 

use optimal foraging strategies that maximize their energy intake while at the same time 

minimizing the amount of time or energy spent on foraging (Emlen, 1966; MacArthur and 

Pianka 1966, Schoener, 1971). Altmann (1980) developed an analytical model to predict food 

intake of female yellow baboons in Amboseli, Kenya, for them to effectively deal with the 

increasing nutritional demands of a growing infant. In several populations of baboons (olive 

baboon Papio anubis: Nicolson, 1982; gelada baboon Theropithecus gelada: Dunbar and 

Dunbar, 1988; hamadryas baboon Papio hamadryas anubis: Kenyatta, 1995; chacma baboon 

Papio cynocephalus ursinus: Lycett et al., 1998) feeding time exceeded the predicted food 

intake requirements for lactating females to sustain their growing infant. After a 

comprehensive review of all previous baboon studies that tested Altmann’s (1980) model, 

Barrett et al., (2006) showed that maternal feeding times in habitats with low mean annual 

temperature were above those of Altmann’s predictions, while maternal feeding times in 

habitats with high mean annual temperature fell below Altmann’s predictions. Poor habitat 

conditions and fluctuations in resource availability resulted in females spending more time 
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foraging in order to obtain similar nutrient and energy intake as compared to when conditions 

were favourable (Barret et al., 2006).  

 

In addition to the energetic cost associated with infant carrying and milk production, lactating 

females also have the added energetic cost of having to protect their infants against predators. 

The risk of predation is higher for lactating females than non-lactating females because their 

infants are more likely to be targeted by predators (Caro, 1987; Wolff and Van Horn, 2003). 

Mothers are slowed down when carrying infants and are less likely to escape predator attacks. 

Lactating females are therefore more vigilant than non-lactating females and that vigilance 

was sustained at the cost of feeding time, as the former may possibly have greater long-term 

fitness benefits (Barrett et al., 2006).  

 

To avoid potential energy deficits associated with low food availability, reproductive events, 

including conception (e.g., baboons: Altmann, 1980), gestation, birth and lactation (e.g., 

rhesus monkeys Macaca mulatta, langur monkeys Semnopithecus and vervet monkeys: 

Lancaster, 1965; Lee, 1987) in primates often correspond with the availability of nutrient-rich 

foods. Food availability is generally at its highest during the wettest months of the year. The 

seasonality of vervet monkey reproduction differs depending on environmental conditions. 

For example, in Amboseli, Kenya, the copulation period of the vervet monkeys corresponds 

with the dry season and the birth season peaks early during the wet season in November 

(Struhsaker, 1967b). Similarly, vervet monkeys in the Karoo copulate between April and 

August (i.e., during the dry season) with births peaking in November and most rain falling 

from December through March (Sashaw, 2012), resulting in peak lactation falling within the 

period of high food abundance. Although vervet monkeys are seasonal breeders, ‘off-season’ 

breeding can occur, which may lead to peak lactation corresponding with periods of low food 
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abundance (Lee et al., 1986). For example, in Barbados, West Indies, most vervet monkey 

births occurred within the two months following the month with the least amount of rainfall, 

well within the dry season (Horrocks, 1986). Similarly, gelada baboons in Ethiopia give birth 

during the dry season (Dunbar, 1980). Postnatal death as a result of climatic exposure may be 

highest during the wet season as a result of respiratory infections caused by frequent soakings 

and sub-zero temperatures, therefore births peaking during the dry season may reduce infant 

mortality (Dunbar, 1980). Droughts, or other environmental disturbances, may also alter food 

availability during lactation, which may have knock-on consequences for thermoregulation, 

protection against predators and milk output, placing the mother’s and infant’s survival at 

risk.  

 

Timing of lactation outside of the rainy season, or during a drought, may compromise a 

mother’s ability to manage her body water balance. Lactation significantly increases body 

water flux, as water is the main component of milk (Kunz et al., 1994; Wilde et al., 1995). 

Water scarcity in combination with environmental heat stress may result in a reduced body 

water volume, as a result of the demand for water to sustain milk production and to aid in 

evaporative cooling for thermoregulation. If body water is prioritized for milk production, 

rather than for thermoregulation, then one might expect lactating females in hot environments 

to experience hyperthermia (Hetem et al., 2016). Indeed, environmental heat stress was 

associated with increased body temperature in primiparous sows during lactation (Williams et 

al., 2013). Lactation also is an exothermic process which releases energy in the form of heat, 

which may further contribute to a rise in body temperature.  
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The ‘heat dissipation limitation’ (HDL) theory hypothesizes that the sustained rate of energy 

expenditure is determined and limited by an animal’s capacity to dissipate excess metabolic 

heat generated (Speakman and Król, 2010). For example, lactating mice raising offspring in 

thermoneutral environments were observed to be limited by the capacity to dissipate heat 

under conditions of high metabolic demands (Król and Speakman, 2003a; Król and 

Speakman, 2003b; Król et al., 2003; Król et al., 2007). Speakman (2008) suggested that 

increased metabolic rate during lactation may result in an increase in body temperature, 

which can lead to reduced milk production as a result of vasodilation redirecting blood flow 

away from mammary glands. With a lower milk output associated with increased maternal 

body temperature, suckling events will presumably increase for infants to obtain sufficient 

milk. It has been suggested that suckling generates heat (Speakman and Król, 2005), 

therefore lactating females might cease suckling events earlier if they are faced with 

hyperthermia which might result in retarded growth in offspring.  

 

Throughout lactation, maternal core body temperature remains ~ 0.5 °C higher than that of 

nonpregnant female rats (Fewell, 1995). Increased core body temperature during lactation has 

been suggested to be the result of several mechanisms, including increased metabolic heat 

production as a result of milk production and greater food intake (Adels and Leon, 1986; 

Speakman 2008) and altered hormone levels, including corticosterone and progesterone 

(Stern et al., 1973; Adels and Leon, 1986). Increased core body temperature during lactation 

has been suggested to be a forced thermoregulatory response (i.e., forced hyperthermia) that 

involves the failure of homeostasis when an animal’s heat load exceeds the animal’s ability to 

dissipate heat (Gordon, 1983; Eliason and Fewell, 1997). Chronic hyperthermia has been 

found in several small lactating rodents such as mice (Gamo et al., 2013), dwarf hamsters 

(Scribner and Wynne-Edwards, 1994), Mongolian gerbils (Meriones unguiculatus: Weinandy 



14 
 

and Gatterman, 1995) and Sprague-Dawley rats (Ratus norvegicus: Fewell, 1995). Whether 

lactation in free-living non-human primates results in hyperthermia is not known. Although 

dehydration-induced hyperthermia was evident in baboons deprived of drinking water and 

exposed to heat (Mitchell et al., 2009), there is a lack of data on increased maximum daily 

body temperatures during the combined stressors of lactation and water deficiency, 

particularly in primates.  

 

1.3 Implications for thermoregulation 

In addition to supporting offspring, mothers need resources in order to maintain their own 

homeostasis. For mammals, a homeostatic system that requires energy and water is body 

temperature regulation. Most mammals are homeothermic to some degree (De Ricqlés, 1974; 

Bakker, 1975; Crompton et al., 1978), maintaining their body temperature within a relatively 

narrow range (usually less than 2 °C variation over 24-h). Homeothermy is maintained 

through a facilitating process called endothermy (Refinetti and Menaker, 1992; Schmidt-

Nielsen, 1997). Homeothermic endothermy is a characteristic of birds and mammals where 

they maintain a stable body temperature when exposed to different thermal environmental 

conditions by using internally generated heat, which requires a considerable amount of 

energy input (Hetem et al., 2016). Animals in cold environments need to maintain body core 

temperature above ambient temperature, which requires oxygen and fuel consumption in 

order to generate internal heat. Animals in hot environments need to maintain body core 

temperature below ambient temperature, which requires water for evaporative cooling. 

Therefore, maintaining body core temperature (i.e., homeothermic endothermy) requires 

sufficient intake of food and water. Hetem et al. (2016) have shown that, amongst regulated 

homeostatic systems, homeothermy is not prioritized and is only evident in large mammals if 

they are well nourished and hydrated. For example, if an animal is water-stressed it results in 
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hyperosmolarity and hypovolemia of body fluids, therefore maintaining body fluid 

homeostasis is in direct competition with thermal homeostasis in animals that employ 

evaporative cooling (Cain et al., 2006). Maintaining a consistently high body temperature is 

suggested to increase performance as a result of the high metabolic function and increased 

efficiency of chemical reactions (Heinrich, 1977; Knies et al., 2009). Body temperature 

control therefore plays an important role in the performance and welfare of endotherms 

(Angilletta et al., 2010). However, the advantages of maintaining a high body temperature 

must outweigh the substantial water and energy costs required for homeothermic endothermy.  

 

To reduce energetic and water costs of autonomic thermoregulation, animals may employ 

behavioural adjustments that facilitate heat transfer with the environment. The amount of heat 

exchanged between an animal and its environment by non-evaporative means is dependent on 

the temperature difference between the body surface and the environment (Mitchell et al., 

2018). Heat is exchanged between an animal and its environment to achieve thermal 

equilibrium by means of dry heat exchange, which includes conduction, convection and 

radiation, as well as evaporative heat loss (Hammel, 1968). Conductive heat transfer occurs 

when an animal comes into direct contact with a solid surface. For example, chacma baboons 

in the Namib Desert throw cool subsurface sand on to their bodies to help them regulate their 

body temperatures (Brain and Mitchell, 1999). Convective heat transfer depends on the 

temperature difference between the animal and the surrounding air (Potter et al., 2013; 

Pincebourde et al., 2016) or water. Radiant heat exchange encompasses an array of radiant 

heat sources and sinks in an animal’s habitat that include, but are not limited to, direct solar 

radiation, ground and vegetation thermal radiation and atmospheric thermal radiation. 

Animals seeking shade will only be able to escape direct solar radiation, as other sources of 

radiation penetrate the shade (Mitchell et al., 2018). Some species make postural adjustments 
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to reduce the body surface area exposed to direct sunlight in an attempt to minimize heat 

gained from direct solar radiation at high environmental heat loads (Maloney et al., 2005).  

 

When environmental temperature exceeds body temperature, dry heat loss is no longer 

possible, which leaves evaporative cooling as the primary avenue of heat dissipation 

(Mitchell et al., 2018). Evaporative cooling through panting and sweating facilitates heat 

dissipation but places a demand on the animal’s body water (Hetem et al., 2016). 

Thermoregulation is thus costly in terms of metabolic energy required at low environmental 

temperatures and in terms of body water required at high environmental temperatures. 

Maintaining homeothermy might therefore be difficult for an animal to achieve when water 

and food are scarce.  

 

Reduced energy availability may compromise the ability of mammals to maintain a high 

body temperature at night, or in the cold. Large mammalian herbivores that are energy 

deficient exhibit lower than normal body temperatures at night or in the early morning, when 

the minimum 24-h rhythm of body temperature occurs (Hetem et al., 2016). Exposure to cold 

conditions in the face of poor food availability has been shown to lead to lower than normal 

body temperatures (i.e., hypothermia) in small and large-bodied mammals (rats Rattus 

norvegicus: Hoshino, 1996; horses Equus ferus przewalskii: Arnold et al., 2006) including 

vervet monkeys (Lubbe et al., 2014). However, even in warm seasons, 24-h minimum body 

temperatures may be lower than normal in the face of reduced food availability, as 

demonstrated for the Arabian oryx (Oryx leucoryx: Spalton, 1999; Hetem et al., 2010) and 

Western grey kangaroos (Macropus fuliginosus: Maloney et al., 2011).  
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There is a lack of data on thermoregulation of free-living non-human primates, and very little 

is known about the potential costs of gestation and lactation for thermoregulation. Free-living 

vervet monkeys in a semi-arid environment regulate body temperature relatively well, despite 

their small body size (Lubbe et al., 2014). However, how vervet monkeys, which are exposed 

to high daytime temperatures and cold stress at night, are able to balance the demands of 

thermoregulation and simultaneously balance energetic and water demands of gestation and 

lactation, is unknown. Vervet monkeys are seasonal breeders with a birth peak in mid- to end 

spring and lactation occurring in the summer (Sashaw, 2012). In the semi-arid Karoo, an area 

prone to droughts, vervet monkey mothers may be exposed to poor resource availability in 

combination with high summer air temperatures during drought conditions. Although Karoo 

summers are characterised by high daytime air temperatures, which often exceed 40°C, night-

time temperatures are known to reach lows of around 5°C during the summer and drop below 

zero during winter (Low and Rebelo, 1996). Large variation in environmental temperatures 

and extreme climatic events, such as droughts and snowfall, may compromise the ability of 

female vervet monkeys to maintain body temperature while simultaneously having to cope 

with the energetic and water costs associated with reproduction. 

 

1.4 Dissertation aims and hypotheses 

During an energetically-costly reproductive period combined with environmental stressors of 

heat and cold, and reduced food and water availability, might result in resources and energy 

being directed towards the costly reproductive events and away from other homeostatic 

systems, such as thermoregulation. With future climate change scenarios characterised by 

higher ambient temperatures, decreased rainfall and increased frequency of extreme climatic 

events in South Africa (Engelbrecht et al., 2015), thermoregulation during the costly 

reproductive period might be compromised.  
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The aim of my dissertation is therefore to investigate the effect of environmental factors such 

as air temperature and vegetation greenness, as indexed by normalized difference vegetation 

index (NDVI), and reproductive state (pregnancy, lactating and non-lactating) on the body 

temperatures of female vervet monkeys in the semi-arid Nama Karoo. Long-term continuous 

body temperature measurements will allow me to: 

1. Investigate the relationship of environmental factors (air temperature and vegetation 

greenness, as indexed by NDVI) on the body temperatures of females within different 

reproductive states (pregnancy, lactating and non-lactating). Non-lactating females 

will act as the control group to which the body temperatures of pregnant and lactating 

females will be compared. Comparing the body temperatures of reproductively active 

females to non-lactating females will help identify whether the costs of reproduction 

are evident through thermoregulatory adjustments in a seasonally variable 

environment that is prone to droughts. 

• I predict that minimum 24-h body temperature will be lower in pregnant 

females compared to lactating and non-lactating females because of the 

gestational hypothermia. 

• I predict that minimum 24-h body temperature of lactating females will be 

lower than non-lactating females because of a possible energy deficiency as a 

result of the increased energetic demands of caring for a growing infant, 

particularly during dry years when food resources are limited.   

• I predict that maximum 24-h body temperature of lactating females will be 

higher than non-lactating females because of the increased water demands of 

milk production which may result in maternal water balance being challenged 

during hot and dry periods. 
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2. Investigate the relationship between environmental factors (air temperature and 

vegetation greenness, as indexed by NDVI) and pregnancy progression on body 

temperature. Pregnancy is associated with a developing foetus that requires mothers to 

not only consume sufficient nutrients and energy to sustain foetal growth, but also to 

maintain body temperature within a safe range as heat transfer from the foetus to the 

mother is crucial to avoid teratogenic effects from damage caused by thermal stress. 

• I predict 24-h mean, minimum and maximum body temperature will decrease with 

progression of gestation as a result of gestational hypothermia. 

•  I predict that pregnant females will reduce the 24-h amplitude of the body 

temperature rhythm as pregnancy progresses. 

 

3. Investigate the relationship between environmental factors (air temperature and 

vegetation greenness, as indexed by NDVI) and lactation progression on body 

temperature. The costs associated with lactation such as milk production and infant 

care may place the mother under nutritional and water stress if she is unable to obtain 

sufficient resources from the environment. The added environmental stressors such as 

high air temperatures during the day, low air temperatures at night and variable food 

availability, might increase energetic and water stress during lactation. 

• I predict that lactating females will have an increase in the 24-h amplitude of body 

temperature rhythm over the course of lactation as a result of increased 24-h 

maximum body temperature because of stress placed on the mother’s water 

balance from milk production and reduced minimum 24-h body temperature 

because of increased energetic and metabolic costs of caring for a growing infant.  

• I predict that the increase in 24-h amplitude of the body temperature rhythm as 

lactation progresses will be exaggerated during drought conditions as a result of 
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energy deficiency and water scarcity.   
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CHAPTER TWO – STUDY SITE AND METHODS 

 

This chapter aims to describe the study site (geographical location, vegetation and climate), 

provide detailed information on the environmental conditions during the study period and 

detailed information on the study subjects. For my study I used a long-term data set on body 

temperature and behavioural observations of three troops of vervet monkeys inhabiting the 

Nama-Karoo. In this chapter I provide details on capture and surgical procedures for the 

implantation of the temperature-sensitive data loggers as well technical details of the data 

loggers used to measure body temperature in free-ranging vervet monkeys. 

 

The Department of Environmental Affairs and Tourism in Graaff-Reinet issued a research 

permit for the project (Permit number – CRO 97/10CR) and Samara Private Game Reserve 

gave permission to work at the field-site (E:32/2011/GR). The capture and surgical 

procedures outlined in this chapter were approved by the University of the Witwatersrand 

Animal Ethics Screening Committee (AESC) in 2010 (clearance number AESC 2010/41/04, 

see appendix) and in 2015 (clearance number AESC 2015/04/14/B, see appendix). My 

research objectives were added to the original project via a Modification and Extension to the 

aforementioned ethics application and was approved in May 2017 (see appendix).    

 

2.1 Study species 

The vervet monkey (Chlorocebus pygerythrus) is an Old-World monkey of the subfamily 

Cercopithecinae (Grubb et al., 2003). The vervet monkey was originally classified in the 

genus Cercopithecus which means ‘long-tailed monkey’ (Tappen, 1960), but Groves (2001) 

placed the vervet monkey within their own genus namely Chlorocebus which means ‘green 

monkey’. However, a more recent review by Skinner and Chimimba (2005) retained the 

original classification of the vervet monkey as a superspecies within the genus 
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Cercopithecus. Sexual dimorphism is evident in the vervet monkey with males being heavier 

and larger in length than females. Adult male vervet monkeys weigh on average 5.5 kg and 

measure between 420 and 600 mm in length from the top of the head to the tip of the tail, 

while their female counterparts only weigh around 4.1 kg on average and measure between 

300 and 495 mm in length (Skinner and Smithers, 1990). The lifespan of wild vervet 

monkeys are difficult to determine because of high predation rates, but Fairbanks and 

McGuire (1986) suggested that the upper limit of the vervet monkey’s lifespan in captivity to 

be between 11 and 12 years as this is the age where serious health problems have been 

reported. 

 

Vervet monkeys are found throughout southern and east Africa, from Ethiopia, Kenya, 

Tanzania, Malawi, Mozambique, Botswana to the southernmost part of South Africa (Fig 2.1; 

Kingdon et al., 2008). Vervet monkeys, along with chacma baboons (Papio ursinus), are the 

most widely distributed and densely populated African non-human primate (Jasinska et al., 

2013; Struhsaker, 1967b) and inhabit tree-rich areas (Turner et al., 2016) such as high plains, 

woodland and savanna regions throughout Africa. Home range size of vervet monkeys is 

determined by food and water availability and can vary in size between 0.06 to 1.78 km2 

(Struhsaker, 1967a; Harrison, 1983). Although vervet monkeys are territorial animals, they 

will venture outside their normal home range to neighbouring group home ranges in search of 

water (Wrangham, 1981). Seasonal and geographical variations in home range size are 

common (Struhsaker, 1967b; Wrangham, 1981). Pasternak et al. (2013) found that vervet 

troops in the Karoo that have home ranges centered on rivers tend to be larger compared to 

troops with home ranges further away from rivers.  
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Vervet monkeys are semi-terrestrial, spending most of their days foraging and feeding on the 

ground, and semi-arboreal, sleeping in trees at night (Cawthon Lang, 2006). Vervet monkeys 

are opportunistic omnivores with a diet that consists mostly of parts of various plant species, 

but they also eat invertebrates, rodents and, occasionally, birds and bird eggs (Cawthon Lang, 

2006; Skinner and Chimimba 2005). Vegetative food sources are limited under 

environmental conditions such as droughts and bush fires, resulting in monkeys relying on 

other food sources such as insects and rodents.  

 

 

 

 

 

 

 

 

 

Vervet monkeys live in multiple male/multiple female groups where females tend to remain 

in the home range they were born in, whilst males will leave their natal troop once sexually 

mature at about five years old (Cawthon Lang, 2006; Horrocks, 1986). Females reach sexual 

maturity at approximately three years of age and will give birth to a single offspring for the 

first time between the ages of three and five years (Turner et al., 1997). Multiple births 

Figure 2.1: The vervet monkey distribution range (green area) as of 2008, from the 

International Union for Conservation of Nature (Kingdon et al., 2008) with the field site, 

Samara Private Game Reserve, indicated by the red location pin . 

 

 

 

 

Figure 2.2: The location of Samara Private Game Reserve in South Africa (left) and the reserve 

boundary (right). Maps courtesy of South African Geographical Services and reserve boundary GPS 

data courtesy of A. van Cauter, 2004.Figure 2.1: The vervet monkey distribution range (green area) 

as of 2008, from the International Union for Conservation of Nature (Kingdon et al., 2008) with the 

field site, Samara Private Game Reserve, indicated by the red location pin 
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among vervet monkeys and other small-bodied non-human primates are extremely rare as the 

energetic cost of parturition and infant rearing may simply be too high (Harris et al., 2013). 

The average gestation period of vervet monkeys is 165 days (Rowell, 1970) and they will 

nurse their infant for five to six months, after which the infant will start to incorporate 

invertebrate and vegetative food sources into its diet (Cheney et al., 1981). Vervet monkeys 

are vulnerable to rapidly changing environmental conditions due to them being long-lived 

animals with slow reproductive cycles and life histories (Lubbe, 2013). Vervet monkeys are 

especially vulnerable to prolonged periods of drought (Wrangham, 1981, McDougall et al., 

2010) which makes the Karoo a challenging habitat for such a water-dependent species and 

an ideal site to investigate the effect of environmental stress on vervet monkeys. 

 

2.2 Study site 

The study was conducted at Samara Private Game Reserve, Eastern Cape, South Africa 

(32°22’S, 24°52’E), located in the semi-arid Nama-Karoo approximately 40 km from Graaff-

Reinet (Fig. 2.2). The Nama Karoo is close to the southernly limit of the distribution range of 

vervet monkeys (Fig 2.1) which offers vervet monkeys narrow bands of suitable habitat along 

rivers (Pasternak et al., 2013). The reserve offers a diverse range of vegetation types with 

four distinguishable biomes, namely savanna, sub-tropical thicket, grassland and Nama-

Karoo (Van Cauter, 2004, Fig. 2.3). The vegetation at Samara is dominated by chaemophytes 

(dwarf shrubs) and hemicryptophytes (grass) with many deciduous plants (Pasternak et al., 

2013). The sweet thorn (Vachellia karroo) and wolfthorn (Lycium oxycarpum) trees dominate 

the woodland habitat, interspersed with firethorn (Searsia pyroides), broom karee (Searsia 

erosa) and mountain karee (Searsia lancea). The woodland habitat ranges in height from 1 - 

5 m and has a canopy cover of 70 - 80% (Pasternak et al., 2013). Large exotic pepper bark 
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trees (Schinus molle), ranging from 6 – 12 m, are scattered along the riverbank and 

commonly used as a sleep site by the vervet monkeys (Pasternak et al., 2013; Lubbe, 2013).  

 

 

 

 

 

 

 

 

 

 

 

The Nama-Karoo is characterized by strong seasonality in temperature and rainfall with hot 

wet summers (December - February) and cold dry winters (June - August) (Desmet and 

Cowling, 1999b). During the summer, maximum air temperatures can exceed 40 °C and 

minimum air temperatures often drop below freezing during winter (Palmer and Hoffman, 

1997; Lubbe, 2013). Daily air temperatures fluctuated considerably with summer 

temperatures ranging from 4.3 to 41.9 °C and winter temperatures ranging from -8.7 to 33.9 

°C. Large temperature variations of up to 30 °C between day and night within a single 24-h 

period were common during my study period.  

Figure 2.2: The location of Samara Private Game Reserve in South Africa (left) and the 

reserve boundary (right). Maps courtesy of South African Geographical Services and 

reserve boundary GPS data courtesy of A. van Cauter, 2004.  

 

 

 

Figure 2.3: Vegetation types at Samara Private Game Reserve with the location of the study troops 

home ranges (clear square) centered on the Melk river. Vegetation GPS data courtesy of A. Van 

Cauter, 2004.Figure 2.2: The location of Samara Private Game Reserve in South Africa (left) and the 

reserve boundary (right). Maps courtesy of South African Geographical Services and reserve 

boundary GPS data courtesy of A. van Cauter, 2004. 

 

 

 

Figure 2.3: Vegetation types at Samara Private Game Reserve with the location of the study troops 

home ranges (clear square) centered on the Melk river. Vegetation GPS data courtesy of A. Van 

Cauter, 2004. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South African 

Weather Service from a weather station located at a farm (Klipfontein) approximately 14km from 

Samara Private Game Reserve.Figure 2.3: Vegetation types at Samara Private Game Reserve with the 

location of the study troops home ranges (clear square) centered on the Melk river. Vegetation GPS 

data courtesy of A. Van Cauter, 2004.Figure 2.2: The location of Samara Private Game Reserve in 

South Africa (left) and the reserve boundary (right). Maps courtesy of South African Geographical 

Services and reserve boundary GPS data courtesy of A. van Cauter, 2004. 
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Droughts are common in the Nama-Karoo and rainfall is highly seasonal. Rainfall in the 

summer months peak between December and March (Palmer and Hoffman,1997), and varies 

between 100 and 520 mm per year with a mean annual rainfall of 330 mm (McDougall et al., 

2010). The home ranges of the vervet monkey troops in my study were centered on the beds 

of the Melk River that runs through the study site (Fig. 2.5) and provided the monkeys with a 

natural source of continuously flowing water during the wet season (Sashaw, 2012). For the 

duration of my study (September 2010 to June 2017) annual rainfall varied greatly (Fig. 2.4) 

with 2011 and 2014 receiving the most rain. Average annual rainfall for the study period was 

291 ± 99 mm (range from 132 mm in 2016 to 433 mm in 2011). Monkeys generally had 

access to standing water pools in the river during the study period but, the river dried up after 

the drought of 2016 leaving the vervet monkeys with no standing water during the winter and 

early summer months of 2016. After the first summer rains in January 2017, the vervet 

monkeys had access to standing water pools throughout the summer months of January and 

February of 2017.  

Figure 2.3: Vegetation types at Samara Private Game Reserve with the location of the study 

troops home ranges (clear square) centered on the Melk river. Vegetation GPS data courtesy 

of A. Van Cauter, 2004. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve.Figure 2.3: Vegetation types at Samara Private Game Reserve 

with the location of the study troops home ranges (clear square) centered on the Melk river. 

Vegetation GPS data courtesy of A. Van Cauter, 2004. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve.Figure 2.3: Vegetation types at Samara Private Game Reserve 

with the location of the study troops home ranges (clear square) centered on the Melk river. 

Vegetation GPS data courtesy of A. Van Cauter, 2004. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve.Figure 2.3: Vegetation types at Samara Private Game Reserve 

with the location of the study troops home ranges (clear square) centered on the Melk river. 

Vegetation GPS data courtesy of A. Van Cauter, 2004. 
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Potential predators for the vervet monkeys on our study site included carnivores such as the 

cheetah (Acinonyx jubatus), black-backed jackal (Canis mesomelas) and caracal (Caracal 

caracal), venomous snakes such as puff adders (Bitis arietans), boomslang (Dispholidus 

typus) and cape cobra (Naja nivea) and birds of prey such as the black eagle (Ictinaetus 

malavensis) and martial eagle (Polemaetus bellicosus).  

 

2.3 Study subjects 

I used retrospective data from three troops of habituated vervet monkeys that occupied 

adjacent territories along the Melk River: Riverside Troop (RST), Riverbend Mob (RBM) 

and Picnic Troop (PT) (Fig. 2.5). These troops have been monitored since September 2008 as 

part of a long-term study. These monkeys were habituated to human presence with field 

researchers conducting behavioural observations ten hours a day, five days a week. The 

monkeys were individually recognizable through facial features and other distinguishing 

markings.  

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the 

South African Weather Service from a weather station located at a farm (Klipfontein) 

approximately 14km from Samara Private Game Reserve. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 
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Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve. 

 

 

Figure 2.4: Total annual rainfall for the study period (2010 –2017). Data courtesy of the South 

African Weather Service from a weather station located at a farm (Klipfontein) approximately 14km 

from Samara Private Game Reserve. 
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Sixty-one monkeys (31 males, 30 females) were implanted over a seven-year period (Table 

2.1) with intra-abdominal temperature-sensitive data loggers that recorded body temperature 

at intervals of 5-minutes. The data loggers were explanted at approximately yearly intervals 

after implantation to retrieve the recorded body temperature data (Fig. 2.6). The missing data 

during the period of March 2013 – December 2013 (see Fig. 2.6) was as a result of rhino 

being released on site and the project being temporarily terminated to ensure the safety of the 

field researchers. There was no difference between the body temperature profiles of males 

and non-reproductive females (Fig. 2.7), therefore males were excluded from the analysis 

allowing the non-reproductive females to act as the control group to which the reproductive 

females were compared.  

Figure 2.5: All three troop territories situated along the Melkriver. (RST = Riverside Troop, 

RBM = Riverbend Mob, PT = Picnic Troop). Image courtesy of M. Dostie. 

 

 

 

 

 

Figure 2.7: Original 5-minute body temperature of a male and a non-reproductive female exposed to 

the same environmental conditions over a year (June 2014 – June 2015).Figure 2.5: All three troop 

territories situated along the Melkriver. (RST = Riverside Troop, RBM = Riverbend Mob, PT = Picnic 

Troop). Image courtesy of M. Dostie. 

 

 

 

 

 

Figure 2.7: Original 5-minute body temperature of a male and a non-reproductive female exposed to 

the same environmental conditions over a year (June 2014 – June 2015). 

 

Figure 2.6: Summary of all 30 female vervet monkeys implanted over a seven-year period. Each 

colour bar indicates a different cohort. Not every individual implanted in the previous cohort was 

implanted in the following cohort. Individuals in cohorts with shorter data sets either died or their 

temperature data logger malfunctioned and stopped recording. Individuals implanted in the 2011-

2012 and 2012-2013 cohorts were not all implanted or explanted at the same time. Births are 

indicated by the black stars.Figure 2.7: Original 5-minute body temperature of a male and a non-
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Table 2.1: The number of males and females implanted in each troop (RST = Riverside 

Troop, RBM = Riverbend Mob and PT = Picnic Troop), the number of births, and average 

body mass for males (M) and females (F) during the different study cohorts. 

Cohort Male Female Birth 

Average 

male mass 

(kg) ± SD 

Average 

female 

mass (kg) 

± SD 

Troop 

      RST RBM PT 

      M F M F M F 

2010 – 2011 3 6 2 5.10 ± 1.02 3.41 ± 0.45 2 5 1 1   

2011 – 2012 5 8 0 5.52 ± 1.09 3.32 ± 0.54 2 5 3 3   

2012 – 2013 11 11 1 4.69 ± 1.14 3.28 ± 0.41 4 6 5 5 2  

2013 – 2014 14 3 1 4.62 ± 0.55 3.38 ± 0.69 4 1 8 1 2 1 

2014 – 2015 10 13 11 5.02 ± 0.30 3.61 ± 0.50 2 4 5 4 3 5 

2015 – 2016 9 11 5 5.28 ± 0.19 3.57 ± 0.18 2 4 3 3 4 4 

2016 – 2017 9 12 7 5.08 ± 0.32 3.33 ± 0.27 4 5 2 3 3 4 

 

Figure 2.6: Summary of all 30 female vervet monkeys implanted over a seven-year period. 

Each colour bar indicates a different cohort. Not every individual implanted in the previous 

cohort was implanted in the following cohort. Individuals in cohorts with shorter data sets 

either died or their temperature data logger malfunctioned and stopped recording. 

Individuals implanted in the 2011-2012 and 2012-2013 cohorts were not all implanted or 

explanted at the same time. Births are indicated by the black stars. 

 

Figure 2.8: Temporary surgical theatreFigure 2.6: Summary of all 30 female vervet 

monkeys implanted over a seven-year period. Each colour bar indicates a different cohort. 

Not every individual implanted in the previous cohort was implanted in the following 

cohort. Individuals in cohorts with shorter data sets either died or their temperature data 

logger malfunctioned and stopped recording. Individuals implanted in the 2011-2012 and 
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The study troops had a completely natural diet, previously shown to consist of 26 different 

plant species with 33.8% of the diet consisting of sweet thorn constituents, 15.3% of the diet 

consisting of berries from the creeping saltbush (Atriplex semibaccata), 7.7% of the diet 

comprised of insects such as grasshoppers and termites, 6.5% and 5.4% of the diet consisting 

of wolfthorn (Lycium oxycarpum) and pepper (Schinus molle) berries respectively, during a 

non-drought year (Pasternak et al., 2013). The proportion of the vervet monkeys’ diet that 

consisted of berries from the creeping saltbush and insects decreased significantly during the 

winter months (June - August). During the winter months the vervet monkeys diet mainly 

consisted of sweet thorn constituents and wolfthorn berries (Pasternak et al., 2013). 

  

Figure 2.7: Original 5-minute body temperature of a male and a non-reproductive female 

exposed to the same environmental conditions over a year (June 2014 – June 2015). 

 

Figure 2.6: Summary of all 30 female vervet monkeys implanted over a seven-year period. 

Each colour bar indicates a different cohort. Not every individual implanted in the 

previous cohort was implanted in the following cohort. Individuals in cohorts with shorter 

data sets either died or their temperature data logger malfunctioned and stopped recording. 

Individuals implanted in the 2011-2012 and 2012-2013 cohorts were not all implanted or 

explanted at the same time. Births are indicated by the black stars.Figure 2.7: Original 5-

minute body temperature of a male and a non-reproductive female exposed to the same 

environmental conditions over a year (June 2014 – June 2015). 
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previous cohort was implanted in the following cohort. Individuals in cohorts with shorter 

data sets either died or their temperature data logger malfunctioned and stopped recording. 

Individuals implanted in the 2011-2012 and 2012-2013 cohorts were not all implanted or 

explanted at the same time. Births are indicated by the black stars. 

 

Figure 2.8: Temporary surgical theatreFigure 2.6: Summary of all 30 female vervet 

monkeys implanted over a seven-year period. Each colour bar indicates a different cohort. 

Not every individual implanted in the previous cohort was implanted in the following 

cohort. Individuals in cohorts with shorter data sets either died or their temperature data 

logger malfunctioned and stopped recording. Individuals implanted in the 2011-2012 and 

2012-2013 cohorts were not all implanted or explanted at the same time. Births are 

indicated by the black stars.Figure 2.7: Original 5-minute body temperature of a male and 
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2.4 Surgical procedures 

Monkeys were immobilized using darts from a blowpipe (Dan-Inject system, Zoo Blow 1.25, 

Dan-Inject APS, Børhup, Denmark) containing a ketamine (50 mg, Anaket-V, Bayer (Pty) 

Ltd., Johannesburg, South Africa) and midazolam (2.5 mg, Dormicum, Roche Products (Pty) 

Ltd., Johannesburg, South Africa) combination. Once a monkey was recumbent (~ 5 min), it 

was transported to a temporary surgical facility (Fig. 2.8). Each monkey was weighed 

(Snowrex Electronic Scale, Clover Scales (Pty) Ltd., Johannesburg, South Africa) as they 

arrived at the temporary surgical site, allowing us to calculate accurate doses for the long-

acting antibiotic (Peni LA Phenix, penicillin: 0.1 ml/kg, Virbac Animal Health, 

Johannesburg, South Africa) and anti-inflammatory and analgesic (Metacam, Meloxicam 0.3 

mg/kg, Boehringer Ingelheim (Pty) Ltd., Johannesburg, South Africa) administered to each 

individual. Each monkey was maintained under anaesthetic using isoflurane (Isofor, Safe 

Line Pharmaceuticals (Pty) Ltd., Johannesburg, South Africa) administered in 100 % oxygen 

through an anaesthetic mask. Isoflurane was administered at 2-3 % in order to induce a level 

plain of anaesthesia.  

 

Once a monkey was stable, equipment to monitor rectal temperature (Bailey Type T 

thermocouple, Sensotek Inc., New Jersey, U.S.A), blood pressure (Cardell, Sharn Veterinary 

Inc., Florida, U.S.A), oxygen saturation (pulse oximeter, Nonin Medical Inc., Michigan, 

U.S.A) and end tidal CO2 (Capnograph, Medair, Hudiksvall, Sweden) was connected. A local 

anaesthetic (xylocaine: 10 mg, Astra Zeneca (Pty) Ltd., Johannesburg, South Africa) was 

sprayed into the tracheal opening to reduce irritation before intubating with an endotracheal 

tube. An eye gel (Refresh Optive® Gel Drops) was applied before surgery to keep the eyes 

moist.  
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Surgery to implant the temperature-sensitive data loggers was performed by an experienced 

veterinarian with assistance from a veterinary nurse (Fig. 2.9). Each monkey’s vital signs 

(heart rate, blood pressure, rectal temperature, end tidal CO2 and blood oxygen saturation) 

was monitored at 5-minute intervals throughout the surgical procedure. Anaesthesia was 

maintained during surgery as necessary with 0.5–2 % isoflurane administered in 100 % 

oxygen through an endotracheal tube. Monkeys were kept warm during surgery using heating 

pads and heated bean bags. Each monkey was given a drip (Ringers lactate solution, B. Braun 

Medical Ltd., Northriding, South Africa) throughout surgery in order to replace fluids and 

provide hydration. 

 

A 100 x 100 mm patch of hair on the ventral abdominal surface of each monkey was shaved 

and the abdomen sterilized using chlorhexidine gluconate in alcohol (Hibicol, Astra Zeneca 

(Pty) Ltd., Johannesburg, South Africa). A local anaesthetic (Lignocaine: 40 mg, Bayer (Pty) 

Ltd., Johannesburg, South Africa) was administered subcutaneously at the incision site before 

the start of surgery. A 30 mm midline incision was made through the skin and the linea alba 

Figure 2.8: Temporary surgical theatre 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing 

an anaesthetized vervet monkey for surgery to implant the 

temperature-sensitive data logger.Figure 2.8: Temporary 

surgical theatre 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing 

an anaesthetized vervet monkey for surgery to implant the 

temperature-sensitive data logger. 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing 

an anaesthetized vervet monkey for surgery to implant the 

temperature-sensitive data logger.Figure 2.8: Temporary 

surgical theatre 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing 

an anaesthetized vervet monkey for surgery to implant the 

temperature-sensitive data logger.Figure 2.8: Temporary 

surgical theatre 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing 

an anaesthetized vervet monkey for surgery to implant the 
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to implant or explant the temperature-sensitive data logger. After the implantation or 

explantation of a data logger, the muscle layers were sutured closed with a single interrupted 

absorbable suture (Viamac 3/0, Scimitar Surgical Sutures, Gabler Medical (Pty) Ltd., Essex, 

United Kingdom). Thereafter, the skin was sutured closed with a buried subcutaneous 

continuous suture (Viamac 2/0, Scimitar Surgical Sutures, Gabler Medical (Pty) Ltd., Essex, 

United Kingdom) pattern. A single layer of interrupted sutures was also placed on top; these 

were distraction sutures, to prevent the monkeys from picking at the holding layer of sutures 

below. The surgical wound was treated with a germicidal wound spray (F10, Health and 

Hygiene, Johannesburg, South Africa) and tick-grease (mixture of pesticide and Vaseline 

Petroleum Jelly, Unilever, USA) to prevent external wound infection. Total surgery time was 

on average 25 minutes. After surgery each monkey was left to recover in a dark cage until 

fully alert before being released near to where the rest of their troop was situated.  

 

 

 

 

 

 

 

  

Figure 2.9: Veterinarian and veterinary nurses preparing an anaesthetized vervet monkey for 

surgery to implant the temperature-sensitive data logger. 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing an anaesthetized vervet monkey 

for surgery to implant the temperature-sensitive data logger. 

 

 

Figure 2.9: Veterinarian and veterinary nurses preparing an anaesthetized vervet monkey 
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2.5 Body temperature measurements 

The monkeys were re-captured annually for seven years approximately a year after each 

implantation to retrieve data loggers. The temperature-sensitive data loggers (mlog T1C, 

Sigma Delta Technologies, Perth, Australia) (Fig. 2.10A) used during the first three cohorts 

(September 2010 to March 2013) had dimensions of 30 x 25 x 10 mm, a mass of ~ 12 g after 

being coated with an inert wax (Sasolwax 1276; Sasol, Johannesburg, South Africa), and 

were set to record body temperature at 5-minute intervals at a resolution of 0.06 °C (Lubbe, 

2013). As the technology of biologging advanced, more reliable temperature-sensitive data 

loggers (DST centi-T, Star-Oddi Ltd., Gardabaer, Iceland; Fig. 2.10B) were used from 

December 2013 to June 2017. The newer data loggers were cylindrical, measured 15 mm x 

45 mm in length, had a mass of ~ 18 g when coated with inert wax, and were set to record 

body temperature at 5-minute intervals (see example of data in Fig. 2.11) at resolution of 0.03 

°C. The data loggers had a temperature range of 5-45 °C. All the loggers were calibrated in 

an insulated water bath against a high accuracy thermometer (Quat 100, Heraeus, Hanau, 

Germany). Loggers were calibrated to an accuracy of 0.1 °C between 34 and 42 °C at 2 °C 

intervals to cover the body temperature range of vervet monkeys. The loggers were dry-

sterilized in formaldehyde vapour before implantation.  

 

 

 

 

  

B 

 

A 

Figure 2.10: A) Temperature-sensitive data logger (mlog T1C), used from September 2010 to 

March 2013, uncoated and in inert wax. A 9V battery is used as a size reference (Lubbe, 

2013), B) temperature-sensitive data logger (DST centi-T) used from December 2013 to June 

2017. 

 

 

Figure 2.11: Original 5-minute body temperature (grey) and mean 24-h body temperature 

(black line) of a non-reproductive female over a year (June 2014 - June 2015).Figure 2.10: 
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2.6 Identifying pregnancies, births and lactation periods 

Biologging of body temperature has been determined to be a reliable index of reproductive 

phenology making it possible to identify reproductive events such as gestation and parturition 

(Williams et al., 2011). The sudden decrease in body temperature followed by a precipitous 

increase in body temperature on the day of parturition, allowed me to identify the exact time 

and date of a birth (Fig. 2.12 and Fig. 2.13). Behavioural data were collected by the field 

researchers and included recordings of events such as pregnancies, births and nursing. Births 

were sometimes recorded by observers a couple of days after the actual birth. Behavioural 

data were used in combination with body temperature data to confirm the exact time of birth. 

Primate births typically occur at night (Jolly, 1973) and the births of the vervet monkeys in 

my study were no exception (Fig. 2.14). 

 

  

Figure 2.11: Original 5-minute body temperature (grey) and mean 24-h body temperature 

(black line) of a non-reproductive female over a year (June 2014 - June 2015). 

 

 

Figure 2.12: Mean 24-h body temperature of 12 females (1 non-pregnant female and 11 

pregnant females) July 2014 – July 2015. Birth is indicated by the black arrows. The 

abrupt increase in body temperature on the day of parturition is evident.Figure 2.11: 

Original 5-minute body temperature (grey) and mean 24-h body temperature (black line) of 

a non-reproductive female over a year (June 2014 - June 2015). 

 

 

Figure 2.12: Mean 24-h body temperature of 12 females (1 non-pregnant female and 11 

pregnant females) July 2014 – July 2015. Birth is indicated by the black arrows. The 

abrupt increase in body temperature on the day of parturition is evident. 

 

 

Figure 2.13: a) Mean 24-h body temperature of a pregnant female over 12-months, b) 

mean 24-h body temperature before and after birth (indicated by the black arrow), c) 5-

minute body temperature on the day of birth.Figure 2.12: Mean 24-h body temperature of 

12 females (1 non-pregnant female and 11 pregnant females) July 2014 – July 2015. Birth 

is indicated by the black arrows. The abrupt increase in body temperature on the day of 

parturition is evident.Figure 2.11: Original 5-minute body temperature (grey) and mean 

24-h body temperature (black line) of a non-reproductive female over a year (June 2014 - 

June 2015). 

 

 

Figure 2.12: Mean 24-h body temperature of 12 females (1 non-pregnant female and 11 

pregnant females) July 2014 – July 2015. Birth is indicated by the black arrows. The 

abrupt increase in body temperature on the day of parturition is evident.Figure 2.11: 

Original 5-minute body temperature (grey) and mean 24-h body temperature (black line) of 

a non-reproductive female over a year (June 2014 - June 2015). 
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Figure 2.12: Mean 24-h body temperature of 12 females (1 non-pregnant female and 11 

pregnant females) July 2014 – July 2015. Birth is indicated by the black arrows. The abrupt 

increase in body temperature on the day of parturition is evident. 

 

 

Figure 2.13: a) Mean 24-h body temperature of a pregnant female over 12-months, b) 

mean 24-h body temperature before and after birth (indicated by the black arrow), c) 5-

minute body temperature on the day of birth.Figure 2.12: Mean 24-h body temperature of 

12 females (1 non-pregnant female and 11 pregnant females) July 2014 – July 2015. Birth 

is indicated by the black arrows. The abrupt increase in body temperature on the day of 

parturition is evident. 



37 
 

 

 

 

 

 

 

Figure 2.13: a) Mean 24-h body temperature of a pregnant female over 12-months, b) mean 

24-h body temperature before and after birth (indicated by the black arrow), c) 5-minute 

body temperature on the day of birth. 

 

 

 

 

 

 

 

Figure 2.14: 5-minute body temperature of six pregnant females on the day of parturition. 

Births are indicated by the black arrows. It is evident that births typically occurred at 

night.Figure 2.13: a) Mean 24-h body temperature of a pregnant female over 12-months, 

b) mean 24-h body temperature before and after birth (indicated by the black arrow), c) 5-

minute body temperature on the day of birth. 
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Vervet monkeys have a gestation period of approximately 157-168 days (Rowell, 1970; Hess 

et al., 1979; Seier et al., 2000). An estimation date of when a female fell pregnant was 

calculated by counting back 165 days from the date of birth (Fig. 2.15). The lactation period 

was identified as the period immediately after birth up until the last nursing event recorded by 

the field researchers (Fig.2.15). 

Figure 2.14: 5-minute body temperature of six pregnant females on the day of parturition. 

Births are indicated by the black arrows. It is evident that births typically occurred at night.  

 

 

Figure 2.15: Mean 24-h body temperature of a pregnant female over a 12-month period 

with pregnancy (grey) and the lactation period (blue) indicated by the shaded blocks. Birth 

is indicated by the black arrow.Figure 2.14: 5-minute body temperature of six pregnant 

females on the day of parturition. Births are indicated by the black arrows. It is evident 

that births typically occurred at night.  

 

 

Figure 2.15: Mean 24-h body temperature of a pregnant female over a 12-month period 

with pregnancy (grey) and the lactation period (blue) indicated by the shaded blocks. Birth 

is indicated by the black arrow. 
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2.7 Environmental measurements 

A weather station (Hobo U30, Onset Computer Corporation, Pocasset, USA) placed on the 

reserve measured black globe temperature, air temperature, solar radiation, wind speed and 

relative humidity at 30-minute intervals, malfunctioned multiple times throughout the study 

period. Therefore, air temperatures for my analyses were obtained from the South African 

Weather Services weather station in Graaff-Reinet, approximately 40 km from Samara 

Private Game Reserve. 

 

Remotely sensed normalized difference vegetation index (NDVI) at Samara, calculated by M. 

Dostie, was used as a proxy for food availability. NDVI is a satellite-derived measure of 

vegetation ‘greenness’ (Reed et al., 1994) derived from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) instrument. The MODIS vegetation indices are produced in 16-

day composites. The NDVI values range between -1 and +1 with water registering less than 

0, bare soils registering between 0 and 0.1 and vegetation registering between 0.1 and 1 

Figure 2.15: Mean 24-h body temperature of a pregnant female over a 12-month period with 

pregnancy (grey) and the lactation period (blue) indicated by the shaded blocks. Birth is 

indicated by the black arrow. 

 

 

 

 

Figure 2.16: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI) and reproductive status (pregnancy, lactation and non-lactation) on 24-h 

minimum body temperature (Min_BT), 24-h maximum body temperature (Max_BT), 24-h 

mean body temperature (Mean_BT) and 24-h amplitude of body temperature rhythm 

(BT_amp) while controlling for body mass (BM). Monkey ID nested within troop was 

entered as a random factor. The family was entered as Gaussian with a log link as the data 

fit a Gaussian distribution.Figure 2.15: Mean 24-h body temperature of a pregnant female 

over a 12-month period with pregnancy (grey) and the lactation period (blue) indicated by 

the shaded blocks. Birth is indicated by the black arrow. 

 

 

 

 

Figure 2.16: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI) and reproductive status (pregnancy, lactation and non-lactation) on 24-h 

minimum body temperature (Min_BT), 24-h maximum body temperature (Max_BT), 24-h 

mean body temperature (Mean_BT) and 24-h amplitude of body temperature rhythm 

(BT_amp) while controlling for body mass (BM). Monkey ID nested within troop was 
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(Weiss et al., 2001). As vegetation grows and the photosynthetic activity of the plants within 

an area increases the corresponding NDVI values increase. The NDVI values decrease as 

vegetation dies and the plants start to lose their photosynthetic activity or ‘greenness’.  

 

2.8 Data analysis 

The 24-h minimum, 24-h maximum, 24-h mean and 24-h amplitude of the body temperature 

rhythm were calculated from the original 5-minute measures of the body temperature for each 

of the monkeys. The 24-h minimum, 24-h maximum, 24-h mean and 24-h range of the air 

temperature were also calculated from the original hourly measurements recorded by the 

weather station. I ran a series of generalized linear mixed-effects models (GLMM) to 

investigate the relationship between: 

1. Environmental factors (air temperature and NDVI values) and reproductive events 

(pregnancy, lactation and non-lactation) on the body temperature profile (Fig. 2.16).  

2. Environmental factors (air temperature and NDVI values) and pregnancy progression 

(in days) on the body temperature profile (Fig. 2.17). 

3. Environmental factors (air temperature and NDVI values) and lactation progression 

(in days) on the body temperature profile (Fig. 2.18).  

 

I ran four GLMM’s for each of the above three categories by entering each of the different 

body temperature profile measures (24-h minimum, 24-h maximum, 24-h mean and 24-h 

amplitude) as dependent variables in separate models (Fig. 2.16, 2.17 and 2.18), therefore a 

total of 12 GLMM’s were run. I entered reproductive progression/status (lactating, non-

lactating and pregnant), NDVI and air temperature (24-h minimum, 24-maximum, 24-h mean 

and 24-h range) as independent variables, with body mass as a control variable in each 

model. As air temperature drops at night, I expect to see a coinciding decline in the monkey’s 
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body temperature. The same principle will apply for the high daytime temperatures which, I 

expect, will coincide with an increase in 24-h maximum body temperature. Therefore, I 

matched the air temperature measures (24-h mean, 24-h minimum, 24-h maximum and 24-h 

range) with the corresponding body temperature measures (24-h mean, 24-h minimum, 24-h 

maximum and 24-h amplitude), for example I looked at the relationship between 24-h 

minimum air temperature and 24-h minimum body temperature, and again between 24-h 

maximum air temperature and 24-h maximum body temperature. I tested for collinearity 

between air temperature and NDVI within my models and found no correlation between the 

two variables which allowed me to have them both present in my models.  

 

Model selection was performed using Akaike’s information criteria (AIC) to determine the 

best model fit for all variables, including  entering troop as a nested effect or a control 

variable. Based on model selection and the area of focus (i.e., reproductive status, pregnancy 

progression and lactation progression), the measured variables (i.e., air temperature and 

vegetation greenness, as indexed by NDVI) that yielded the best model fit to test the effect of 

drought on body temperature, were entered into their respective models. The decision was 

made to enter monkey I.D nested within troop as a random factor based on the better model 

fit. The family was entered as Gaussian with a log link as the data fit a Gaussian distribution. 

All statistical analyses were conducted using the package ‘lme4’ in RStudio Version 

1.1.456®. Statistical significance was set at P < 0.05. 
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Figure 2.17: Generalized linear mixed effects models (GLMM) to investigate the relationship 

of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature (Max_AT), 24-h 

mean air temperature (Mean_AT) and 24-h range of air temperature (AT_amp), vegetation 

greenness, as indexed by normalized difference vegetation index (NDVI) and pregnancy 

progression on 24-h minimum body temperature (Min_BT), 24-h maximum body temperature 

(Max_BT), 24-h mean body temperature (Mean_BT) and 24-h amplitude of body temperature 

rhythm (BT_amp) while controlling for body mass (BM). Monkey ID nested within troop was 

entered as a random factor. The family was entered as Gaussian with a log link as the data 

fit a Gaussian distribution. 

 

 

Figure 2.18: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

Figure 2.16: Generalized linear mixed effects models (GLMM) to investigate the relationship 

of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature (Max_AT), 24-h 

mean air temperature (Mean_AT) and 24-h range of air temperature (AT_amp), vegetation 

greenness, as indexed by normalized difference vegetation index (NDVI) and reproductive 

status (pregnancy, lactation and non-lactation) on 24-h minimum body temperature 

(Min_BT), 24-h maximum body temperature (Max_BT), 24-h mean body temperature 

(Mean_BT) and 24-h amplitude of body temperature rhythm (BT_amp) while controlling for 

body mass (BM). Monkey ID nested within troop was entered as a random factor. The family 

was entered as Gaussian with a log link as the data fit a Gaussian distribution. 

 

Figure 2.17: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI) and pregnancy progression on 24-h minimum body temperature (Min_BT), 24-h 

maximum body temperature (Max_BT), 24-h mean body temperature (Mean_BT) and 24-h 

amplitude of body temperature rhythm (BT_amp) while controlling for body mass (BM). 

Monkey ID nested within troop was entered as a random factor. The family was entered as 

Gaussian with a log link as the data fit a Gaussian distribution.Figure 2.16: Generalized 

linear mixed effects models (GLMM) to investigate the relationship of 24-h minimum air 

temperature (Min_AT), 24-h maximum air temperature (Max_AT), 24-h mean air 

temperature (Mean_AT) and 24-h range of air temperature (AT_amp), vegetation 

greenness, as indexed by normalized difference vegetation index (NDVI) and reproductive 

status (pregnancy, lactation and non-lactation) on 24-h minimum body temperature 

(Min_BT), 24-h maximum body temperature (Max_BT), 24-h mean body temperature 

(Mean_BT) and 24-h amplitude of body temperature rhythm (BT_amp) while controlling 

for body mass (BM). Monkey ID nested within troop was entered as a random factor. The 

family was entered as Gaussian with a log link as the data fit a Gaussian distribution. 

 

Figure 2.17: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI) and pregnancy progression on 24-h minimum body temperature (Min_BT), 24-h 

maximum body temperature (Max_BT), 24-h mean body temperature (Mean_BT) and 24-h 

amplitude of body temperature rhythm (BT_amp) while controlling for body mass (BM). 

Monkey ID nested within troop was entered as a random factor. The family was entered as 

Gaussian with a log link as the data fit a Gaussian distribution. 



43 
 

 

  

Figure 2.18: Generalized linear mixed effects models (GLMM) to investigate the relationship 

of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature (Max_AT), 24-h 

mean air temperature (Mean_AT) and 24-h range of air temperature (AT_amp), vegetation 

greenness, as indexed by normalized difference vegetation index (NDVI) and progression of 

lactation on 24-h minimum body temperature (Min_BT), 24-h maximum body temperature 

(Max_BT), 24-h mean body temperature (Mean_BT) and 24-h amplitude of body temperature 

rhythm (BT_amp) while controlling for body mass (BM). Monkey ID nested within troop was 

entered as a random factor. The family was entered as Gaussian with a log link as the data fit 

a Gaussian distribution. 

 

 

Figure 3.1: Cumulative monthly rainfall (grey bars), mean monthly vegetation greenness 

as indexed by normalized difference vegetation index (NDVI) values (black line) and mean 

24-h air temperatures for the duration of the study period (September 2010 to June 

2017).Figure 2.18: Generalized linear mixed effects models (GLMM) to investigate the 

relationship of 24-h minimum air temperature (Min_AT), 24-h maximum air temperature 

(Max_AT), 24-h mean air temperature (Mean_AT) and 24-h range of air temperature 

(AT_amp), vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI) and lactation on 24-h minimum body temperature (Min_BT), 24-h maximum body 

temperature (Max_BT), 24-h mean body temperature (Mean_BT) and 24-h amplitude of 

body temperature rhythm (BT_amp) while controlling for body mass (BM). Monkey ID 

nested within troop was entered as a random factor. The family was entered as Gaussian 

with a log link as the data fit a Gaussian distribution. 

 

 

Figure 3.1: Cumulative monthly rainfall (grey bars), mean monthly vegetation greenness 

as indexed by normalized difference vegetation index (NDVI) values (black line) and mean 

24-h air temperatures for the duration of the study period (September 2010 to June 2017). 

 

Figure 3.2: Mean 24-h body temperatures of four individuals, (a) non-reproductive 

individual (male), (b) female who gave birth once over a period of two years and had a 

complete lactation period (203 days), (c) female who gave birth twice over a period of two 

years and had a shorter lactation period (53 days) due to the death of the infant and a (d) 

female who gave birth twice over a period of two years where lactation and pregnancy 

overlapped (indicated by the purple block). Births are indicated by the black arrows.Figure 

3.1: Cumulative monthly rainfall (grey bars), mean monthly vegetation greenness as 

indexed by normalized difference vegetation index (NDVI) values (black line) and mean 
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CHAPTER THREE – RESULTS 

 

3.1 Environmental conditions during the study period 

There was an annual seasonal variability in air temperature during the study period where 

June – August were the coldest winter months and December – February were the warmest 

summer months (Fig. 3.1a). There was interannual variability in the warm and cold months 

where December 2012 – February 2013 experienced a decline in air temperature similar to 

colder winter temperatures (Fig. 3.1a). For the duration of the study, the summer months had 

a mean air temperature (±SD) of 22.9 ± 1.0 °C while the winter months had a mean air 

temperature (±SD) of 11.3 ± 1.1 °C. Maximum 24-h air temperatures exceeded 40 °C every 

summer during the study period except for the summer of 2012 - 2013. A total of 281 days of 

winter during the study period experienced minimum 24-h air temperatures of below zero. On 

the hottest day during the study period (December 2015) maximum 24-h air temperatures 

reached a high of 42.3 °C and during the coldest day of the study period (July 2014) a 

minimum 24-h air temperature of -8.7 °C was recorded. Large 24-h air-temperature 

fluctuations were recorded with 246 days during the study period experiencing 24-h air 

temperature ranges of 25-33 °C, with the largest 24-h air temperature range recorded during 

September 2013. 

 

For the duration of the study (September 2010 to June 2017) the average annual rainfall was 

291 ± 99 mm per year and total annual rainfall during the study period ranged from 132 mm 

to 433 mm (Fig. 3.1). Rain fell predominantly in the summer months peaking between 

December and March while the winter months were drier months. Drought conditions were 

experienced in 2016 with a total annual rainfall of only 132 mm rain received that year. There 

was a significant correlation (r2 = 0.245, n = 79, p = <0.0001) between vegetation greenness 
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indexed by normalized difference vegetation index (NDVI) and the previous month’s rainfall. 

Vegetation greenness increased approximately one month after rainfall events (Fig. 3.1b).  

 

3.2 Reproductive status 

The vervet monkeys in my study population showed a clear nychthemeral rhythm of body 

temperature, irrespective of reproductive status, with body temperature lowest in the early 

morning and highest near midday. The body temperature profile during reproduction differed 

from that of non-reproductive females which, combined with behavioural observations, 

allowed me to define the different reproductive states (Fig. 3.2). There was a lowering in 

mean 24-h body temperature during pregnancy followed by a precipitous increase in body 

temperature on the day of parturition which initiated the lactation period (Fig. 3.2b). A total 

Figure 3.1: Cumulative monthly rainfall (grey bars), mean monthly vegetation greenness as 

indexed by normalized difference vegetation index (NDVI) values (black line) and mean 24-h 

air temperatures for the duration of the study period (September 2010 to June 2017). 

 

Figure 3.2: Mean 24-h body temperatures of four individuals, (a) non-reproductive 

individual (male), (b) female who gave birth once over a period of two years and had a 

complete lactation period (203 days), (c) female who gave birth twice over a period of two 

years and had a shorter lactation period (53 days) due to the death of the infant and a (d) 

female who gave birth twice over a period of two years where lactation and pregnancy 

overlapped (indicated by the purple block). Births are indicated by the black arrows.Figure 

3.1: Cumulative monthly rainfall (grey bars), mean monthly vegetation greenness as 

indexed by normalized difference vegetation index (NDVI) values (black line) and mean 

24-h air temperatures for the duration of the study period (September 2010 to June 2017). 

 

Figure 3.2: Mean 24-h body temperatures of four individuals, (a) non-reproductive 

individual (male), (b) female who gave birth once over a period of two years and had a 

complete lactation period (203 days), (c) female who gave birth twice over a period of two 

years and had a shorter lactation period (53 days) due to the death of the infant and a (d) 

female who gave birth twice over a period of two years where lactation and pregnancy 

overlapped (indicated by the purple block). Births are indicated by the black arrows.  
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of 27 births were recorded for implanted females during the study period (September 2010 to 

June 2017). The number of births varied between years with the most births occurring in 

2014 (11 births) and only one birth in both 2012 and 2013 cohorts. Only one birth was 

recorded in 2013 because we mostly implanted males as the majority of the females were 

already pregnant when we were scheduled to implant the biologgers and we did not want to 

risk any surgical complications on pregnant females. There were no births recorded in 2011 

from the implanted females which is most likely related to drought conditions experienced 

the year before and females possibly not having regained their optimal physical condition to 

resume cycling. All the births for the study period occurred between the months of October 

and January with 74% of the births occurring in late spring (October and November). The 

timing of the majority of the births coincided with favourable environmental conditions with 

high vegetation greenness and mean air temperature ranging from 15-20 °C (Fig. 3.1). There 

were only two births in mid-summer in the month of January of 2016 and 2017, respectively 

where air temperatures reached highs of 30 °C.  

 

Based on behavioural observations made by field researchers that included nursing events, 

lactation lasted on average 157 ± 75 days with the exception in cases where the infant died 

during the lactation process. Lactation generally occurred during the warmer summer months 

where environmental conditions were characterized by high air temperatures, high rainfall 

and vegetative greenness, and was terminated before the dry winter months. There was 

interannual variability in the lactation period for females who raised their young to 

independence, where females who lactated during normal years lactated on average 22 days 

longer than females who lactated during warm-dry conditions. A total of 16 infants were 

raised to independence and 11 infants died within six months after birth. In cases of infant  
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Figure 3.2: Mean 24-h body temperatures of four individuals, (a) non-reproductive 

individual (male), (b) female who gave birth once over a period of two years and had a 

complete lactation period (203 days), (c) female who gave birth twice over a period of two 

years and had a shorter lactation period (53 days) due to the death of the infant and a (d) 

female who gave birth twice over a period of two years where lactation and pregnancy 

overlapped (indicated by the purple block). Births are indicated by the black arrows.  

 

Figure 3.3: Generalized linear mixed-effects model (GLMM) marginal effects of 

reproductive status (lactating = L, non-lactating = N and pregnant = P) on minimum 24-h 

body temperature (a), maximum 24-h body temperature (b), mean 24-h body temperature 

(c) and 24-h amplitude of body temperature rhythm (d), while controlling for air 

temperature (24-h minimum (a), 24-h maximum (b), 24-h mean (c) and 24-h range (d)), 

vegetation greenness as indexed by normalized difference vegetation index (NDVI) and 
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deaths, females were likely to fall pregnant the following year (e.g. Fig. 3.2c). There was 

evidence of a female falling pregnant while still lactating during both normal environmental 

and drought conditions (e.g. Fig. 3.2d). 

 

Minimum 24-h body temperature differed with the reproductive status of the female vervet 

monkeys (see Table 3.1), with pregnant females having the lowest minimum 24-h body 

temperature compared to lactating and non-lactating females. Lactating females displayed 

higher minimum 24-h body temperature than non-lactating females (Fig. 3.3a). Minimum 24-

h body temperature of females were positively associated with vegetation greenness, as 

indexed by NDVI, and minimum 24-h air temperature (Table 3.1). Not only was minimum 

24-h body temperature lowest during pregnancy, maximum 24-h body temperature in 

pregnant females were also lower than lactating and non-lactating females. There was no 

significant difference in maximum 24-h body temperature between lactating and non-

lactating females (Fig. 3.3b). Maximum 24-h body temperature of females was high when 

maximum 24-h air temperature was high and vegetation greenness was low (Table 3.1). 

 

Mean 24-h body temperature differed with the reproductive status of the females (Fig. 3.2 

and Table 3.1). There was a clear period of gestational hypothermia in pregnant females 

where mean 24-h body temperature was significantly lower during pregnancy compared to 

lactating and non-lactating females which is a result of the decreased minimum and 

maximum 24-h body temperatures during pregnancy (Fig. 3.3c). Lactating females had 

higher mean 24-h body temperatures than non-lactating females as a result of the higher 

minimum 24-h body temperature and no change in maximum 24-h body temperature (Fig. 

3.3c). Mean 24-h body temperature of females was high when environmental air temperature 

was high and vegetation was green (Table 3.1). 
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Pregnant females had a lower 24-h amplitude of body temperature rhythm than lactating and 

non-lactating females (Fig. 3.3d). The decrease in maximum 24-h body temperature was 

more pronounced than the lowered minimum 24-h body temperature in pregnant females 

such that the 24-h amplitude of body temperature rhythm was narrowed during pregnancy. 

Lactating females had a lower 24-h amplitude of body temperature rhythm than did non-

lactating females as a result of the higher minimum 24-h body temperature in lactating 

females compared to non-lactating females. The 24-h amplitude of body temperature rhythm 

Figure 3.3: Generalized linear mixed-effects model (GLMM) marginal effects of 

reproductive status (lactating = L, non-lactating = N and pregnant = P) on minimum 24-h 

body temperature (a), maximum 24-h body temperature (b), mean 24-h body temperature (c) 

and 24-h amplitude of body temperature rhythm (d), while controlling for air temperature 

(24-h minimum (a), 24-h maximum (b), 24-h mean (c) and 24-h range (d)), vegetation 

greenness as indexed by normalized difference vegetation index (NDVI) and body mass. 
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of females were particularly high when 24-h range of air temperature was high and vegetation 

greenness was low (Table 3.1). 

 

Table 3.1: Result of the generalized linear mixed-effects model (GLMM) investigating the 

relationship of air temperature (Ta) (24-h minimum, 24-h maximum, 24-h mean and 24-h 

range), vegetation greenness as indexed by normalized difference vegetation index (NDVI) 

and reproductive status (L= lactating, N= non-lactating and P = pregnant) with 24-h 

minimum, 24-h maximum, 24-h mean and 24-h amplitude of body temperature (Tb) rhythm of 

30 female vervet monkeys over the duration of the study period (September 2010- June 2017). 

Body mass was included as a control variable and individual monkey ID, nested within troop, 

was included as a random factor. Pregnancy (P) was the reference category to which 

lactating and non-lactating females were compared to. (N = 17284). 

Dependent Independent Estimate ± SE t p 

24-h minimum Tb L vs P -0.0038 ± 0.0003 -13.22 < 0.0001 

 N vs P -0.0019 ± 0.0003 -6.15 < 0.0001 

 24-h minimum Ta 0.0008 ± 0.0000 54.87 < 0.0001 

 NDVI 0.0243 ± 0.0011 21.42 < 0.0001 

 Body mass 0.0031 ± 0.0004 7.72 < 0.0001 

 Intercept 3.5770 ± 0.0020 1764.16 < 0.0001 

24-h maximum Tb L vs P -0.0101 ± 0.0002 -50.09 < 0.0001 

 N vs P -0.0104 ± 0.0002 -47.84 < 0.0001 

 24-h maximum Ta 0.0002 ± 0.0000 18.23 < 0.0001 

 NDVI -0.0041 ± 0.0008 -5.06 < 0.0001 

 Body mass 0.0004 ± 0.0003 1.49 0.136 

 Intercept 3.6690 ± 0.0015 2390.52 < 0.0001 

24-h mean Tb L vs P -0.0083 ± 0.0002 -50.71 < 0.0001 

 N vs P -0.0072 ± 0.0002 -41.16 < 0.0001 

 24-h mean Ta 0.0005 ± 0.0000 58.57 < 0.0001 

 NDVI 0.0069 ± 0.0007 10.50 < 0.0001 

 Body mass 0.0014 ± 0.0002 6.16 < 0.0001 

 Intercept 3.6210 ± 0.0023 1592.25 < 0.0001 

24-h amplitude of 

Tb 
L vs P -0.0465 ± 0.0047 -9.91 < 0.0001 

 N vs P -0.0967 ± 0.0051 -18.88 < 0.0001 

 24-h range of Ta 0.0050 ± 0.0003 19.08 < 0.0001 

 NDVI -0.2003 ± 0.0187 -10.70 < 0.0001 

 Body mass -0.0372 ± 0.0070 -5.31 < 0.0001 

 Intercept 3.5750 ± 0.0019 1839.67 < 0.0001 
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3.3 Progression of pregnancy 

The lowered mean 24-h body temperature experienced during pregnancy was not a result of 

an immediate and precipitous drop in body temperature when the female fell pregnant, but 

rather a progressive decline in mean 24-h body temperature as pregnancy progressed (Fig. 3.4 

and Fig.3.5c). To assess the progressive decline in body temperature associated with 

gestational hypothermia, I ran a series of generalized linear mixed-effects models (GLMMs) 

to assess 24-h minimum, 24-h maximum, 24-h mean and 24-h amplitude of body temperature 

rhythm during pregnancy. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Mean 24-h body temperature of two females during pregnancy leading up to the 

birth (indicated by the black arrows). Female in (a) was pregnant during a normal year 

while female in (b) was pregnant during cold and dry environmental conditions. The 

horizontal solid grey line at 38 °C indicate the mean body temperature of non-reproductive 

vervet monkeys, ± SD indicated by the grey dotted lines at 37.5 and 38.5 °C. 

 

 

Figure 3.5: Generalized linear mixed-effects model (GLMM) marginal effects of 

pregnancy progression in days (with 95% CI) on minimum 24-h body temperature (a), 

maximum 24-h body temperature (b), mean 24-h body temperature (c) and 24-h amplitude 
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The progressive decline in mean 24-h body temperature during pregnancy was a result of a 

decrease in minimum and maximum 24-h body temperatures. Minimum 24-h body 

temperature decreased as pregnancy progressed and was on average 1.8 °C lower at the end 

of pregnancy (Fig. 3.5a). The decline in minimum 24-h body temperature that was associated 

with pregnancy progression would have initially coincided with a colder period and 

progressed into a warm period when vegetation was green as the majority of monkeys gave 

birth in late spring. Despite these favourable environmental conditions, minimum 24-h body 

temperature of pregnant females remained low during the warm period so that the decline in 

minimum 24-h body temperature was independent of ambient temperature and vegetation 

greenness (Table 3.2). Minimum 24-h body temperature was positively associated with 

minimum 24-h air temperature but negatively associated with vegetation greenness as 

indexed by NDVI (Table 3.2). Despite later stages of pregnancy being associated with warm 

environmental conditions, maximum 24-h body temperature also decreased by 0.4 °C, on 

average, during pregnancy (Fig. 3.5b). Maximum 24-h body temperature was independent of 

maximum 24-h air temperature but was negatively associated with vegetation greenness 

(Table 3.2).  

 

The lowering of 24-h minimum and 24-h maximum body temperature with the progression of 

pregnancy resulted in a lowering of mean 24-h body temperature that was independent of 

mean 24-h air temperature and vegetation greenness (Table 3.3). Females who were pregnant 

during drought conditions experienced cold environmental air temperatures and low 

vegetation greenness. Mean 24-h body temperature was particularly low in females who were 

pregnant during the cold-dry period where food was scarce (Fig.3.4b).  
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The decline in minimum and maximum 24-h body temperatures occurred at a similar 

magnitude which did not affect the 24-h amplitude of body temperature rhythm as the days of 

pregnancy progressed (Fig. 3.5d). There was a positive relationship between 24-h amplitude 

of body temperature rhythm of pregnant females and 24-h range of air temperature and 24-h 

amplitude of body temperature rhythm was high when vegetation greenness was high (Table 

3.2). 

 

  

Figure 3.5: Generalized linear mixed-effects model (GLMM) marginal effects of pregnancy 

progression in days (with 95% CI) on minimum 24-h body temperature (a), maximum 24-h 

body temperature (b), mean 24-h body temperature (c) and 24-h amplitude of body 

temperature rhythm (d) while controlling for air temperature (24-h minimum (a), 24-h 

maximum (b), 24-h mean (c) and 24-h range (d)), vegetation greenness as indexed by 

normalized difference vegetation index (NDVI) and body mass. 
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Table 3.2: Result of the generalized linear mixed-effects model (GLMM) investigating the 

relationship of air temperature (Ta) (24-h minimum, 24-h maximum, 24-h mean and 24-h 

range), vegetation greenness as indexed by normalized difference vegetation index (NDVI) 

and progression of days of pregnancy with 24-h mean, 24-h minimum, 24-h maximum and 

24-h amplitude of body temperature (Tb) rhythm of 17 pregnant female vervet monkeys over 

the duration of the study period (September 2010- June 2017). Body mass was included as a 

control variable and individual monkey ID, nested within troop, was included as a random 

factor (N = 3078). 

Dependent Independent Estimate ± SE t p 

24-h minimum Tb Days of pregnancy -0.0001 ± 0.0000 -18.59 < 0.0001 

 24-h minimum Ta 0.0005 ± 0.0000 17.96 < 0.0001 

 NDVI -0.0436 ± 0.0048 -9.19 < 0.0001 

 Body mass 0.0067 ± 0.0017 3.85 < 0.001 

 Intercept 3.5870 ± 0.0067 538.12 < 0.0001 

24-h maximum Tb Days of pregnancy -0.0001 ± 0.0000 -14.72 < 0.0001 

 24-h maximum Ta 0.0000 ± 0.0000 0.38 0.704 

 NDVI -0.0152 ± 0.0039 -3.94 < 0.0001 

 Body mass 0.0061 ± 0.0015 4.16 < 0.0001 

 Intercept 3.6520 ± 0.0056 646.87 < 0.0001 

24-h mean Tb Days of pregnancy -0.0001 ± 0.0000 -25.88 < 0.0001 

 24-h mean Ta 0.0002 ± 0.0000 12.09 < 0.0001 

 NDVI -0.0216 ± 0.0021 -10.22 < 0.0001 

 Body mass 0.0050 ± 0.0009 5.65 < 0.0001 

 Intercept 3.6180 ± 0.0033 1089.06 < 0.0001 

24-h amplitude of Tb Days of pregnancy -0.0001 ± 0.0001 -0.94 0.348 

 24-h range of Ta 0.0044 ± 0.0005 8.77 < 0.0001 

 NDVI 0.3154 ± 0.0997 3.16 < 0.01 

 Body mass -0.0108 ± 0.0336 -0.32 0.748 

 Intercept 0.8359 ± 0.1292 6.47 < 0.0001 
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3.4 Days of lactation 

The lactation period was initiated immediately following the precipitous increase in body 

temperature on the day of parturition. I ran a series of generalized linear mixed-effects 

models (GLMM) to assess whether there were similar progressive changes in the 24-h 

minimum, 24-h maximum, 24-h mean and 24-h amplitude of body temperature rhythm, 

compared to pregnancy progression, as the days of lactation progress and the nutritional and 

energetic demands of the lactating female increases as the result of a growing infant. 

Although the lactation period occurred during the warmer summer months where 

environmental temperatures were high and rainfall peaked, which resulted in an increase in 

vegetation greenness, as indexed by NDVI, mean 24-h body temperature was independent of 

lactation progression (Fig. 3.6c) but was high when environmental air temperatures and 

vegetation greenness was high (Table 3.3).  

 

Minimum 24-h body temperature was also independent of days of lactation (Fig. 3.6a) but 

was positively associated with minimum 24-h air temperature and vegetation greenness 

(Table 3.3). Maximum 24-h body temperature increased slightly by 0.2 °C as days of 

lactation progressed (Fig. 3.6b) and was particularly high when maximum 24-h air 

temperature was high and vegetation greenness was low (Table 3.3). The progressive increase 

in maximum 24-h body temperature throughout lactation resulted in a progressive increase in 

24-h amplitude of body temperature rhythm during lactation (Fig. 3.6d) but the effect was 

small with only 0.1 °C increase between the start and the end of lactation. The 24-h 

amplitude of body temperature rhythm was particularly high when 24-h range of air 

temperature was high and vegetation greenness was low (Table 3.3).  
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Maximum 24-h body temperature of females who lactated during normal environmental 

conditions (Fig.3.7a) were less variable compared to females who lactated during drought 

conditions. Females who lactated during drought conditions where environmental air 

temperatures were high and rainfall was particularly low, resulting in low vegetation 

greenness and limited access to drinking water, had higher maximum 24-h body temperatures 

(Fig. 3.7b and Fig.3.7c) than females lactating during normal environmental conditions (Fig. 

3.7a). After rain fell approximately 90 days after the start of the lactation process, resulting in 

Figure 3.6: Generalized linear mixed-effects model (GLMM) marginal effects of lactation 

progression in days (with 95% CI) on a) minimum 24-h body temperature, b) maximum 24-h 

body temperature, c) mean 24-h body temperature and d) 24-h amplitude of body 

temperature rhythm while controlling for air temperature (24-h minimum (a), 24-h maximum 

(b), 24-h mean (c) and 24-h range (d)), vegetation greenness as indexed by normalized 

difference vegetation index (NDVI) and body mass. 

 

 

 

 

Figure 3.6: Generalized linear mixed-effects model (GLMM) marginal effects of lactation 

progression in days (with 95% CI) on a) minimum 24-h body temperature, b) maximum 

24-h body temperature, c) mean 24-h body temperature and d) 24-h amplitude of body 

temperature rhythm while controlling for air temperature (24-h minimum (a), 24-h 

maximum (b), 24-h mean (c) and 24-h range (d)), vegetation greenness as indexed by 

normalized difference vegetation index (NDVI) and body mass. 

 

 

 

 

Figure 3.6: Generalized linear mixed-effects model (GLMM) marginal effects of lactation 

progression in days (with 95% CI) on a) minimum 24-h body temperature, b) maximum 

a b 

c d 



57 
 

an increase in food and water availability, maximum 24-h body temperature decreased 

significantly (Fig. 3.7b and Fig. 3.7c). 

 

Table 3.3: Result of the generalized linear mixed-effects model (GLMM) investigating the 

relationship of air temperature (Ta) (24-h minimum, 24-h maximum, 24-h mean and 24-h 

range), vegetation greenness as indexed by normalized difference vegetation index (NDVI) 

and the progression of the lactation period on 24-h minimum, 24-h maximum, 24-h mean and 

24-h amplitude of body temperature (Tb) rhythm of 17 female vervet monkeys over the 

duration of the study period (September 2010- June 2016). Body mass was included as a 

control variable and individual monkey ID, nested within troop, was included as a random 

factor (N = 3930). 

Independent Dependent Estimate ± SE t p 

24-h minimum Tb Days of lactation 0.0000 ± 0.0000 0.24 0.815 

 24-h minimum Ta 0.0005 ± 0.0000 14.74 < 0.0001 

 NDVI 0.0164 ± 0.0022 7.33 < 0.0001 

 Body mass 0.0003 ± 0.0007 0.44 0.661 

 Intercept 3.5910 ± 0.0030 1192.56 < 0.0001 

24-h maximum Tb Days of lactation 0.0000 ± 0.0000 5.64 < 0.0001 

 24-h maximum Ta 0.0003 ± 0.0000 12.40 < 0.0001 

 NDVI -0.0065 ± 0.0016 -4.09 < 0.0001 

 Body mass 0.0009 ± 0.0005 1.74 0.082 

 Intercept 3.6640 ± 0.0024 1542.25 < 0.0001 

24-h mean Tb Days of lactation -0.0000 ± 0.0000 -0.33 0.741 

 24-h mean Ta 0.0005 ± 0.0000 21.57 < 0.0001 

 NDVI 0.0045 ± 0.0012 3.72 < 0.001 

 Body mass 0.0006 ± 0.0004 1.57 0.117 

 Intercept 3.6250 ± 0.0019 1920.10 < 0.0001 

24-h amplitude of Tb Days of lactation 0.0002 ± 0.0001 3.75 < 0.001 

 24-h range of Ta 0.0053 ± 0.0005 10.31 < 0.0001 

 NDVI -0.2807 ± 0.0442 -6.35 < 0.0001 

 Body mass 0.0159 ± 0.0136 1.17 0.241 

 Intercept 0.8966 ± 0.0540 16.61 < 0.0001 

 



58 
 

  

Figure 3.7: Maximum 24-h body temperature of three females from different cohorts during 

the lactation period starting immediately after birth (indicated by the black arrows). Female 

in (a) is from the 2014-2015 cohort where the lactation period coincided with favourable 

environmental conditions. Females in (b) and (c) are from the 2016-2017 cohort where the 

first three months of lactation (red block) coincided with dry and warm environmental 

conditions with mean Ta of 23.0 ± 3.5 °C. Rain fell during the fourth month of lactation 

which was the start of the warm-wet period (blue block) with mean Ta of 19.5 ± 4.9 °C. The 

solid grey horizontal line at 39.5 °C indicates the average maximum body temperature of 

non-reproductive vervet monkeys, ± SD indicated by the grey dotted lines at 39 and 40 °C. 

 



59 
 

CHAPTER FOUR – DISCUSSION 

 

I have provided the first characterization of body temperature patterns during pregnancy and 

lactation in free-living vervet monkeys. Body temperature differed with the reproductive 

status of the female vervet monkeys. As shown previously (Lubbe et al., 2014), vervet 

monkeys displayed a clear nychthemeral rhythm of body temperature, where body 

temperature was lowest in the early morning and highest near midday. Mean 24-h body 

temperature of non-lactating females was on average 37.9 ± 0.3 °C. 

 

In comparison to non-lactating females, pregnant females had a mean 24-h body temperature 

of 37.6 ± 0.2 °C, approximately 0.3 °C lower than non-lactating females. Earlier stages of 

pregnancy (first trimester) coincided with cold-dry winter conditions while later stages of 

pregnancy (second and third trimester) stretched into early to mid-spring and coincided with 

warm-wet conditions as the first rains generally fell in mid spring. Despite the relative benign 

environmental conditions near the end of pregnancy, minimum 24-h body temperature and 

maximum 24-h body temperature were lower at the end of pregnancy than at the start of 

pregnancy. The lower 24-h minimum body temperature and 24-h maximum body temperature 

with pregnancy progression resulted in a progressive decline of mean 24-h body temperature 

as pregnancy progressed that was on average 0.4 °C lower at the end of pregnancy compared 

to the start of pregnancy. Although minimum 24-h body temperature was lower on colder 

days, the progressive decline in mean 24-h body temperature with pregnancy was 

independent of air temperature and coincided with a period when air temperature would have 

increased during spring. The first rains generally fell during late pregnancy resulting in an 

increase in vegetation greenness, as indexed by normalized difference vegetation index 

(NDVI), however, the progressive decline in mean 24-h body temperature was independent 

of NDVI. The progressive decline in mean 24-h body temperature is likely to reflect 
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gestational hypothermia, which is a regulated decrease in body temperature during pregnancy 

(Wilson and Stricker, 1979; Eliason and Fewell, 1997). 

 

Gestational hypothermia was resolved at birth as body temperature displayed a precipitous 

increase on the day of parturition. Lactating females had a mean 24-h body temperature of 

38.0 ± 0.3 °C, approximately 0.1 °C higher than non-lactating females. In contrast with my 

predictions that lactating females would have lower than normal minimum 24-h body 

temperatures and higher than normal maximum 24-h body temperatures, lactating females 

had higher minimum 24-h body temperatures, but similar maximum 24-h body temperatures 

compared to non-lactating females. Therefore, lactating females had a narrower 24-h 

amplitude of their body temperature rhythm compared to non-lactating females and thus 

maintained better homeothermy than non-lactating females. 

 

Although 24-h mean body temperature and 24-h minimum body temperature of lactating 

females were higher compared to non-lactating females, lactating females maintained that 

higher 24-h mean body temperature and 24-h minimum body temperature over the course of 

lactation likely because lactation occurred during the warm-wet summer months where 

environmental temperatures were high and food and water sources were generally adequate. 

It appears that the vervet monkeys were able to increase energy intake to compensate for 

increased energy demands during lactation. They also would have faced warmer 

environments at night over the summer, reducing the energetic demand for maintaining 

homeothermy. However, there was an increase in 24-h amplitude of body temperature rhythm 

as lactation progressed, primarily as a result of increased maximum 24-h body temperature. 

The increase in maximum 24-h body temperatures was particularly evident in the dry year 

when no drinking water was available when the river was dry. Increased water intake is 
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necessary for evaporative cooling when environmental temperature exceeds body 

temperature of an endotherm (Hetem et al., 2016). Insufficient water intake as a result of 

drought conditions, or excessive water loss as a result of evaporative cooling, results in an 

increase in maximum 24-h body temperature of mammals during heat exposure (Jessen et al., 

1998; Mitchell et al., 2009; Hetem et al., 2012). With already high water demands of 

evaporative cooling during dry-hot periods, water demands are exacerbated during the 

lactation period as water is the main component of milk (Kunz et al., 1994; Wilde et al., 1995). 

Water demand of lactation is likely to increase as the infant grows (Altmann & Samuels, 

1992). In most years the vervet monkeys appeared to have compensated for the water 

demands of lactation by drinking more water, but in the dry year, when there was little to no 

access to surface water, female water balance may have been compromised as lactation 

progressed.  

 

As far as I am aware, my study is the first to show long-term (seven years) body temperature 

patterns for any mammal, and the first to document body temperature during reproductive 

events such as pregnancy, birth and lactation in free-living primates. Despite the insights my 

study provided into body temperature patterns during reproduction, I appreciate that my study 

is not without some shortfalls. My conclusions regarding drought and lactation must remain 

tentative because there was only one drought year, with only five vervet monkeys lactating 

during that period. Not all the individuals who were implanted in one year were recaptured 

the following year, resulting in incomplete data sets where pregnancies and births could have 

occurred and added to my sample size and duration of data for reproductive females. Despite 

this limitation, the data set presented is extensive in terms of time scale and number of 

individuals analysed for any mammal and it has provided new valuable insights into body 

temperature patterns in reproducing female mammals. Those insights may have been 
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enhanced if we could have had a measure of hormonal profiles and body condition of both 

mothers and their infants. Such measurements may have allowed us to better assess the 

nutritional status of the animals, to document events such as ovulation and miscarriage, and 

to investigate the mechanisms of gestational hypothermia. 

 

Body mass measurements of mothers and infants also may have helped to identify a possible 

relationship between the mother’s body condition during the nutritionally expensive lactation 

period where a rapidly growing infant would require more milk as lactation progressed and 

the energetic costs of carrying a growing infant, increases. An advantage of my study, 

however, was that the vervet monkeys were not handled or followed closely for sampling, 

allowing us to assess patterns of body temperature in naturally living animals. 

 

The vervet monkeys, however, were habituated to the presence of human observers as part of 

a long-term study of their behavioural ecology. Unfortunately, the overall study aims required 

that behavioural observations for the seven-year study period not be focused specifically on 

reproductive females, but rather that scan sampling of all individuals within the troop be 

conducted. During the first year of my study, a greater focus was placed on reproductive 

females (Sashaw, 2012), but these detailed time budgets were unsustainable over the seven-

year period. Continuous behavioural observations of all females to obtain detailed records 

from conception to lactation would have been too labour-intensive but might have added 

valuable information to the reproductive timeline of the individuals, accurate time budgets 

and changes in activity for pregnant and lactating females. Although scan sampling of all the 

females within the three troops over the seven-year study period, in combination with the 

reproductive histories of each female, can be used to determine activity budgets and changes 

in activity of reproductive females, focal sampling would have given a more accurate 
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measure of activity budgets (Gilby et al., 2010). Without these observations we do not know 

whether pregnant females prioritized certain activities above others to cope with the 

nutritional demands of a developing foetus, or whether lactating females increased their 

foraging time to compensate for increased energy demands of feeding a growing infant. 

Despite these limitations, my study was the first to show long-term body temperature patterns 

during reproductive events such as pregnancy, birth and lactation. The extensive data set 

gives us an insight into how vervet monkeys, inhabiting a semi-arid environment 

characterized by droughts and fluctuating environmental temperatures, cope with competing 

demands of different homeostatic processes while also having to deal with harsh 

environmental conditions. My study is also the first to show gestational hypothermia in free-

living non-human primates.   

 

4.1 Gestational hypothermia 

As shown for other species (see Table 4.1), including humans (Lindqvist et al., 2003), vervet 

monkeys displayed a continuous decline in mean body temperature as pregnancy progressed. 

This continuous decline in mean body temperature during gestation has been termed 

‘gestational hypothermia’ (Kozak, 1997). The magnitude of the reduced maternal body 

temperature during gestation in my pregnant females (0.4 °C) was similar to that observed in 

small mammals such as Arctic ground squirrels (Williams et al., 2011) and rats (Cairns et al., 

2005), which had an average decrease in mean body temperature of 0.5 °C over the course of 

gestation. Similar decreases in core body temperature of 0.5 °C have been recorded in 

pregnant women from 29 to 36 weeks of gestation (Lindqvist et al., 2003). Bigger decreases 

of 0.8 to 1.4 °C in mean body temperature were evident during gestation in larger mammals 

such as African lions (Trethowan et al., 2016) and sheep (Laburn et al., 1992). Larger 

mammals have a decreased thermal conductance as a result of their reduced surface area-to-
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volume ratio. Therefore, larger mammals have a larger thermal inertia as a result of their 

relatively small surface area through which they can either lose or gain heat from the 

environment (Hayssen and Lacey, 1985). Indeed, in 17 species of large mammalian 

herbivores, minimum and maximum body core temperature decreased with body mass 

(Hetem et al., 2016).  

 

Foetal body temperature has been reported to be 0.3 – 0.5 °C higher than maternal body 

temperature in all species studied to date, including humans, during the later stages of 

pregnancy (Assali and Westin, 1962; Wood and Beard, 1964; Hart and Faber, 1965; Gilbert 

et al., 1985; Laburn et al., 1992; Laburn et al., 2002, Faurie et al., 2004). The increased foetal 

body temperature is a result of increased metabolic activity and foetal cell division which 

generates heat and elevates foetal body temperature (Laburn et al., 1992). Cell division is 

temperature dependent and has been found to be impaired and inhibited at temperatures 

higher than 40 °C (López-Sáez et al., 1966; Rieder and Maiato, 2004). Developing foetuses 

are vulnerable to damage caused by intrauterine hyperthermia (Laburn, 1996), particularly 

damage to the central nervous system during early pregnancy as a result of delayed cell 

proliferation (Edwards, 1986) and growth retardation during later stages of pregnancy as a 

result of cell death (Dreiling et al., 1991). The foetus’s vulnerability to the teratogenic effects 

of thermal stress suggests gestational hypothermia may possibly be a protective mechanism 

as it allows a bigger safety margin before damaging hyperthermia occurs (Benson and 

Morris, 1971). The feto-maternal temperature gradient ensures that the foetus is thermally 

protected, however, if the mother becomes heat stressed as a result of environmental heat 

load or febrile infection the foetus may be at risk of teratogenic effects of thermal stress 

(Edwards, 2006). While the feto-maternal temperature gradient can be maintained with a
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Table 4.1: Average decrease in mean body temperature (Tb) (gestational hypothermia) and average decrease in the 24-h amplitude of the Tb 

rhythm (improved homeothermy) during pregnancy, as well as living conditions of the animals, and the method through which body temperature 

was measured. 

Species 

24-h body temperature (Tb) 

Living conditions 
Method of Tb 

measurement 
Reference 

Average 

decrease in 

mean Tb (°C)  

Average decrease 

in amplitude of Tb 

(°C) 

Rats 

   Rattus 

0.8  - Laboratory Rectal thermocouple Cairns et al.,  

2005 

 1.0  - Laboratory Abdominal logger Eliason and Fewell, 

1997 

 0.3  0.2 Laboratory Abdominal logger Kittrell and Satinoff, 

1988 

 

 

1.0  - Laboratory Subcutaneous logger Bu and Lephart,  

2005 

Mice 

   Mus musculus 

1.0 1.1 Laboratory Abdominal logger Gamo et al.,  

2013 

 0.5 0.1 Laboratory Abdominal logger Wharfe et al.,  

2016 

Hamster 

   Phodopus campbelli 

 

- 0.5 Laboratory Abdominal logger Scribner and Wynne-

Edwards, 1994 

Echidna 

   Tachyglossidae 

 

- 0.6 Free-living Implanted logger 

(location unknown) 

Nicol and Andersen, 

2006 

Arctic ground squirrel 

   Urocitellus parryii 

 

0.5 – 1.0 - Free-living Abdominal loggers Williams et al.,  

2011 

Rabbits 

   Oryctolagus cuniculus 

0.7 - Laboratory Rectal thermocouple Naccarato and Hunter, 

1983 
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Table 4.1: Continued 
     

Species 

24-h body temperature 

Living conditions Method of Tb measured Reference 
Average 

decrease in 24-h 

Tb (°C)  

Average decrease 

in amplitude of Tb 

(°C) 

Dogs 

   Canis lupus familiaris  

1.4 - Laboratory Rectal thermocouple Concannon and Hansel, 

1977 

Sheep 

   Ovis aries 

 

0.8 - Laboratory Abdominal logger Laburn et al.,  

1992 

Lion 

   Panthera leo 

 

1.3 0.6 Free-living Abdominal logger Trethowan et al.,  

2016 

Brown bear 

   Ursus arctos arctos 

0.4 0.1 Free-living Abdominal logger Friebe et al.,  

2014 

 0.4 - Laboratory Abdominal logger Hissa,  

1997 

Black bear 

   Ursus thibetanus japonicus 

 

0.7 - Captivity Rectal thermocouple Shimozuru et al.,  

2013 

Killer whale 

   Orcinus orca 

 

0.8 - Captivity Rectal thermocouple Katsumata et al.,  

2006 

Human 

   Homo sapiens 

0.4 - Free-living Tympanic thermometer Hartgill et al.,  

2011 

 0.5 - Free-living Tympanic thermometer Lindqvist et al.,  

2003 

- = not investigated 
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steady and slow rise in maternal body temperature (Schröder and Power, 1994), a sudden and 

rapid rise or fall in maternal body temperature will result in a smaller gradient during heat 

stress and a larger gradient during cold stress (Laburn et al., 1992). With a smaller feto-

maternal temperature gradient during heat stress, the rate of heat transfer from the foetus to 

the mother might be reduced, placing the foetus at risk of damage from hyperthermia. 

 

There may be other benefits of a lower maternal body temperature during gestation than only 

the reduced risk of hyperthermia for the foetus. Towards the end of pregnancy, foetal growth 

and the rate of foetal metabolic processes are at their highest, which requires high levels of 

oxygen. The reduced maternal body temperature during gestation has been proposed to be an 

oxygen-conserving mechanism by reducing heat-producing metabolic processes of both the 

mother and the foetus, which protects the foetus from hypoxia (Busto et al., 1987; Fewell, 

1995; Kozak, 1997). A reduced maternal body temperature has also been found to cause a 

leftward shift in the oxyhaemoglobin dissociation curve, which result in increased oxygen 

saturation (Kozak, 1997). Neuronal injury in hypoxic conditions has been found to be 

reduced under mild hypothermia, which further contributes to the proposed idea that 

gestational hypothermia may be a neuroprotective mechanism in situations where foetal 

oxygen is limited (Nishio et al., 2000).  

 

Given the benefits of a lower maternal body temperature during gestation, it is not surprising 

to find that it is a well-regulated response. In near-term pregnant rats raised in a thermocline, 

pregnant and non-pregnant females preferred similar environmental temperatures, indicating 

reduced maternal body temperature to be a regulated response rather than the female’s 

inability to increase and maintain a higher body temperature (Eliason and Fewell, 1997). 

Similarly, pregnant rats showed a lowering of the threshold temperature at which cooling 
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mechanisms such as salivary evaporative cooling and skin vasodilation are activated, 

indicating that pregnant rats actively defended a lower body temperature (Wilson and 

Stricker, 1979). This actively controlled gestational hypothermia must therefore have an 

advantage, as described previously. Pregnant vervet monkeys may have actively reduced 

body temperature during pregnancy by seeking cooler microclimates or enhancing 

evaporative cooling during periods when they had access to surface drinking water.  Pregnant 

vervet monkeys could also have used other mechanisms that are less costly than evaporative 

cooling, for example increasing peripheral vasodilation at low environmental temperatures. 

Unfortunately, we don’t know whether pregnant vervet monkeys used autonomic or 

behavioural means to lower body temperature. Autonomic mechanisms were likely employed 

to reduce maternal body temperature as mothers would need to be active and heat-exposed 

when feeding, travelling with the troop and engaging in social behaviours. 

 

In addition to a progressive decline in maternal body temperature during gestation, a 

narrowing of the amplitude of the 24-h body temperature rhythm (i.e., improved 

homeothermy) has also been found in pregnant females (Table 4.1). Small mammals, such as 

rats (Kittrell and Satinoff, 1988), hamsters (Scribner and Wynne-Edwards, 1994) and 

echidnas (Tachyglossus aculeatus: Nicol and Andersen, 2006), as well as large mammals, 

such as the African lion (Trethowan et al., 2016) and brown bears (Friebe et al., 2014) have 

been reported to display narrowing of the amplitude of the 24-h body temperature rhythm 

towards the end of gestation. It is proposed that the decreased amplitude of the maternal body 

temperature rhythm during gestation is a result of the increased body mass as gestation 

progresses (Refinetti, 1999). The proficiency with which an animal can store and dissipate 

heat has been found to be associated with body mass in non-pregnant animals, where an 

increase in body mass resulted in a decrease in amplitude of body temperature (Aschoff, 
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1982; Mortola and Lanthier, 2004). Based on Aschoff (1982) and Mortola and Lanthier’s 

(2004) findings, one could infer that the same principle applies to pregnant females who gain 

body mass during gestation as the result of foetal growth.  

 

However, more recent studies, where the metrics of these comparative analyses were more 

refined, found no interspecies relationship between body mass and the amplitude of body 

temperature rhythm in small (Refinetti, 1999) and large mammals (Hetem et al., 2016). 

Refinetti (1999) found that interspecies differences in amplitude of body temperature rhythm 

in small mammals were not a function of surface area (i.e., body size) but rather related to 

diurnality, where diurnal species had a greater amplitude in body temperature rhythm than 

did nocturnal species, and habitat, where species in tropical and desert habitats had a greater 

amplitude of the body temperature rhythm than did species in temperate habitats. Similarly, 

no relationship was found between body mass and amplitude of the body core temperature 

rhythm in large mammals; the amplitude in the 24-h body core temperature rhythm was 

similar for a 21-kg springbok, a 44-kg goat, a 56-kg blesbok, a 160-kg lion and a 3000-kg 

savanna elephant (Fuller et al., 2016; Hetem et al., 2016). Similarly, a meta-analysis of body 

temperature measurements under laboratory conditions showed no change in amplitude of 

body temperature rhythm of 57 mammals ranging from 15 kg to 5000 kg in mass (Mortola 

and Lanthier, 2004). The meta-analyses may be confounded by timing of activity and habitat, 

yet within a species there may be a relationship between small and large individuals. 

 

The relationship between body mass and thermal conductance is inversely proportional, and 

an increase in body mass will result in a decrease in the thermal conductance of an animal 

(Hayssen and Lacy, 1985; Snyder and Nestler, 1990). Therefore, a larger body should be able 

to better regulate body temperature with less variability (i.e., narrower amplitude of body 
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temperature rhythm). It is therefore possible that if larger individuals maintain a tighter 

amplitude of the body temperature rhythm compared to smaller individuals, similar responses 

(i.e., tighter amplitude of the body temperature rhythm) could be observed during pregnancy. 

 

Contrary to the literature and the findings of previous studies, my pregnant females tightly 

regulated body temperature compared to lactating and non-lactating females but did not 

display a narrowing of 24-h amplitude of body temperature rhythm as gestation progressed 

and body mass increased as a result of foetal growth. Minimum 24-h body temperature of 

pregnant females decreased by ~ 0.5 °C and maximum body temperature decreased in 

parallel, by ~ 0.4 °C as pregnancy progressed, which resulted in the amplitude of body 

temperature rhythm remaining unchanged as pregnancy progressed. The absence of improved 

homeothermy in my pregnant females, as gestation progressed, might have been the result of 

various environmental factors and possibly social behaviours having an effect on body 

temperature. My females were free-ranging and faced high heat loads during the day as a 

result of solar radiation, and high heat loss at night to clear skies. It may not have been 

possible for them to reduce the amplitude of body temperature any further as pregnancy 

progressed. Improved homeothermy in other small mammals such as rats and hamsters has 

been found only under laboratory conditions. Although improved homeothermy has been 

recorded in large free-ranging mammals such as lions (Trethowan et al., 2016), body size 

(i.e., small or large) might be an important factor determining the absence or presence of 

reduced amplitude of body temperature in free-living mammals.  

 

4.2 Lactation 

Although gestational hypothermia has been documented in several species, very few studies 

have investigated body temperature patterns during lactation (e.g., Eliason and Fewell, 1997; 
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Williams et al., 2013). In general, the lactating females in my study population were able to 

maintain body temperature remarkably well despite the reported high energetic costs of 

lactation. Vervet monkeys likely compensated for high energetic demands of lactation by 

increasing food intake. Lactating females in our population were found to spend more time 

foraging than were non-lactating females, presumably increasing their food intake (Sashaw, 

2012). Increases in food intake during lactation have been observed in several species (Wade 

and Schneider, 1992; Speakman & McQueenie, 1996; Bartness, 1997; Scantlebury et al., 

2000; Johnson et al., 2001), including primates such as yellow baboons (Papio cynocephalus: 

Altman, 1980), gelada baboons (Theropithecus gelada: Dunbar and Dunbar, 1988) and 

Hanuman langurs (Presbytis entellus: Koenig et al., 1997). Food intake of lactating female 

striped hamsters (Phodopus sungorus) were further enhanced in  cold conditions compared to 

those lactating in warmer environments (Zhao, 2010). As lactation in my study population 

coincided with the warm-rainy season and an increase in vegetation greenness, the lactating 

females likely had access to sufficient high-quality food sources such as sweet thorn 

constituents (i.e., leaves, flowers, seeds and gum of the tree) that are abundant in the vervet 

monkey’s home ranges (Pasternak et al., 2013). Lactating vervet monkeys in our population 

were not only found to increase foraging time but also prioritized selection of forage with 

high nutrient content (Sashaw, 2012). Similarly, lactating female chimpanzees had a higher 

percentage of fruit intake in their diet than did cycling females (Murray et al., 2009), which 

increased their nutrient intake above that of cycling females.  

 

In conditions where food resources are insufficient to meet increased energy requirements 

with lactation, females may resort to using their own energy stores, resulting in a decrease in 

body mass, as reported in several rodent studies (Rogowitz, 1996; Speakman and 

McQueenie, 1996; Zhang and Wang, 2006; Zhao, 2010). Female olive baboons (Papio 
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anubis) also lost body mass during lactation and weighed 7% less than cycling females 

(Bercovitch, 1987). Although we did not measure body mass changes throughout lactation, 

the high minimum 24-h body temperature during lactation suggests that lactating vervet 

monkeys in my study were not energy deficient, even in dry years. If females were energy-

deficient, we would expect the minimum 24-h body temperature to be lower than normal (i.e., 

lower than minimum 24-h body temperature of non-lactating females), as seen in other 

mammals experiencing energy-deficiency (Hetem et al., 2016). 

 

The high energetic costs for lactation are likely to be exacerbated for those species that carry 

their young. In Callitrichidae primates, infant-carrying imposes high energetic costs, which 

increase as the body mass of the growing infant increases (Altmann, 1980; Tardif, 1997). 

Poor physical condition has been observed in female cotton-top tamarins that were carrying 

their infants (Sánchez et al., 1999). Again, the high minimum 24-h body temperature 

displayed by the lactating vervet monkeys in my study population suggest that they may have 

met the additional cost of carrying an infant while also meeting the energetic cost of milk 

production. 

 

In addition to the energetic costs associated with lactation, lactating females must maintain 

homeothermy. Despite lactation coinciding with the warm summer months, lactating vervet 

monkeys in my study population still face cold stress at night during the summer, as the 

gradient for heat loss to the usually clear night sky is high, and air temperatures at night are 

still, on average, 27 °C below body temperature. Low night-time temperatures correspond 

with a low in the nychthemeral rhythm of body temperature, which reaches a low during the 

early morning hours (Lubbe, 2013). Mothers are in constant contact with their infant during 

the first two months of infant life, similar to the contact obtained through huddling behaviour, 
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which might also have contributed to lactating females maintaining minimum 24-h body 

temperature during cold exposure at night or early in the morning.  

 

Primates exposed to cold environments have been found to adopt behavioural mechanisms, 

such as sunbathing and huddling, which play an important role in thermoregulation (Hanya, 

2004). Sunbathing and huddling have been found to significantly increase skin temperature in 

Japanese macaques (Macaca fuscata) which indicate that these thermoregulatory behaviours 

can help conserve energy in cold environments (Hanya et al., 2007). Similarly, ruffed lemurs 

(Varecia variegata variegata) and vervet monkeys, employ sunbathing as a behavioural 

strategy to cope with cold (Morland, 1993; Cramer et al., 2012). Huddling, as a 

thermoregulatory behaviour, mediates thermal conductance by increasing the surface area of 

the body in contact with a warm body and decreasing the surface area of the body exposed to 

low environment temperatures (Gordon, 1985; Stelzner, 1988). Behavioural adjustments have 

been shown to aid thermoregulation during thermal stress in several observational studies of 

free-ranging primates. Chimpanzees (Pan troglodytes) and chacma baboons (Papio ursinus) 

used caves to shelter them from the wind (Barrett et al., 2004; Pruetz, 2007). Postural 

adjustments (e.g., sunbathing and hunching) and social behaviours (e.g., huddling) are 

associated with colder environmental conditions and are suggested to aid in thermoregulation 

in non-human primates such as colobine monkeys (Colobus polykomos: Da Silva, 1993), 

yellow baboons (Papio cynocephalus: Pochron, 2000), hamadryas baboons (Papio 

hamadryas: Brent et al., 2003), Japanese macaques (Macaca fuscata: Hanya et al., 2007) and 

collared lemurs (Eulemur collaris: Donati et al., 2011). Social behaviours such as huddling 

may have helped lactating female vervet monkeys to reduce heat loss to the environment and 

therefore, reduce the fall in body temperature during the cold summer nights. 

In addition to heat loss at night, lactating vervet monkeys need to cope with high daytime 
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environmental heat loads in summer. High energetic costs of lactation and carrying an infant, 

combined with close body contact (i.e., huddling) with an infant during the hot summer 

months may limit a lactating female’s ability to dissipate heat. Indeed, it has been argued that 

lactating mammals struggle to dissipate heat (Speakman and Król, 2010). The ‘heat 

dissipation limitation (HDL)’ theory suggest lactating mammals are limited in their capacity 

to dissipate heat under increased metabolic demands (Speakman and Król, 2010). Speakman 

and Król (2010) found evidence for the HDL theory by showing that mice that raised their 

offspring in thermoneutral conditions (30 °C) were apparently limited in their capacity to 

dissipate heat, as was evident from their reduced food intake, low reproductive output and 

reduced milk energy output compared to mice raising offspring at 21 °C and 8 °C (Król and 

Speakman, 2003a; Król and Speakman, 2003b). Reduced resting metabolic rate in mice that 

raised their offspring at 8 °C and 21 °C compared to mice that raised their offspring at 

thermoneutrality, further supports the HDL theory (Król et al., 2003). Despite what the HDL 

theory suggests with regards to lactating females being limited in their capacity to dissipate 

heat (Speakman and Król, 2010), lactating vervet monkeys in my study population appeared 

to be able to cope with the water and energy costs associated with lactation and infant 

carrying.  Despite the added thermal stress from lactating during the hot summer months, 

lactating vervet monkeys in my study population  efficiently dissipated heat, as shown by 

their maximum 24-h body temperatures being no different to non-lactating females.  

 

Lactating females may achieve that heat balance through several mechanisms. One proposal 

is that they impose physiological energy-sparing mechanisms such as suppressing 

thermogenesis in brown adipose tissue (BAT). After ingesting food, BAT generates heat by 

increasing metabolic rate that converts food energy to heat (Cannon and Nedergaard, 2004). 

During lactation, thermogenic activity of BAT is reduced (Trayhurn and Richard, 1985; 
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Andrews et al., 1986; Wade et al., 1986; Nizielski et al., 1993; Speakman, 2008). Reduced 

BAT thermogenesis may allow available energy to be directed towards milk production 

rather than thermoregulation (Trayhurn et al., 1982). Reducing BAT thermogenesis can 

prevent hyperthermia from heat generated through milk production and food breakdown 

(Król and Speakman, 2003a). BAT thermogenic activity might have been suppressed in 

lactating vervet monkeys to allow for excess heat generated from milk production and food 

breakdown to be dissipated and therefore, being able to maintain maximum 24-h body 

temperature. 

 

Although maximum 24-h body temperature was not different between lactating and non-

lactating females, there was a slight but significant increase in maximum 24-h body 

temperature as lactation progressed. During the first month of infant life, infants spend 88% 

of their time in ventral contact with the mother and are still solely dependent on their mother 

for nutrition, which results in mothers not only being placed under nutritional stress but also 

energetic stress by having to carry around a highly precocial infant (Sashaw, 2012). Species 

with highly precocial young, such as the vervet monkey, have diluted milk with a lower fat 

content compared to species that give birth to altricial young (Shad, 1963) and therefore 

needs to replace water lost through milk production (Kunz et al., 1994; Wilde et al., 1995). 

Lactating females also need to replace water lost through evaporative cooling during hot 

environmental conditions. Primates make use of several autonomic and behavioural 

mechanisms to help them cope with heat stress, including sweating (Stitt and Hardy, 1971; 

Nakayama et al., 1971; Elizondo, 1977), panting (Hiley, 1976) and sticking out their tongues 

to aid evaporative cooling (Campos and Fedigan, 2009). However, if access to water is 

limited in a hot environment, lactating females may be unable to dissipate the heat generated 

through milk production and sucking and could potentially contribute to maternal 
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hyperthermia (Speakman and Król, 2005).  

 

Hyperthermia was observed in water-deprived baboons exposed to similarly high 

environmental temperatures as my vervet monkeys (Mitchell et al., 2009). The absence of 

hyperthermia in these baboons when they had ad libitium access to drinking water in the heat 

suggests that access to surface water is crucial for thermoregulation (i.e., evaporative cooling) 

during heat stress. When environmental temperatures are higher than an animal’s body 

temperature, evaporative cooling is the only mechanism available to the animal to dissipate 

heat (Hetem et al., 2016). If an animal has inadequate water intake or excessive body water 

loss, maintaining homeostasis of bodily fluids competes with maintaining thermal 

homeostasis through evaporative cooling (Cain et al., 2006). The rate of evaporative water 

loss has been found to be reduced when large mammals become dehydrated (Nijland and 

Baker, 1992; Jessen et al., 1998). Reduced rate of evaporative water loss in combination with 

heat exposure has been found to result in an increase in maximum body temperature under 

laboratory conditions (Jessen et al., 1998; Mitchell et al., 2009). Increases in maximum 24-h 

body core temperature have also been recorded in free-living mammals when they were 

water-stressed and exposed to heat (Hetem et al., 2010; Hetem et al., 2012).  

 

The lactating females in my study population had access to drinking water for the majority of 

the study period, except for the drought year in June 2016 – June 2017 when Picnic Troop 

(PT) and Riverbend Mob (RBM) did not have access to drinking water for approximately 61 

non-consecutive days and Riverside Troop (RST) for approximately 23 non-consecutive days 

out of the year. During these drought conditions, which were associated with scarce food and 

water, the increase in maximum 24-h body temperature of lactating females as lactation 

progressed, was exacerbated. As body water reserves diminish, mammals prioritize body 
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water conservation over thermoregulation (Hetem et al., 2016). The progressive increase in 

maximum 24-h body temperature of lactating females may reflect body water reserves being 

allocated to lactation rather than thermoregulation.  

 

Body temperature of lactating vervet monkeys rarely exceeded 41 °C and never reached 42 

°C. Despite the slight progressive increase in maximum 24-h body temperature as lactation 

progressed, the absence of hyperthermia in the lactating vervet monkeys in my study 

population suggest that, in addition to evaporative cooling, lactating females used other 

means to thermoregulate during possible heat and water stress. In hot environments where 

water scarcity might compromise the body water balance of lactating females, there are also 

behavioural mechanisms that primates employ to help them cope with the combination of 

heat stress and water scarcity, such as adjusting body posture (Stelzner and Hausfater, 1986; 

Bicca-Marques and Calegaro-Marques, 1998; Pochron, 2000), choosing cooler microclimates 

(Stelzner, 1988; Barrett et al. 2004; Hill, 2006), sand bathing (Brain and Mitchell, 1999; 

Field, 2008) and changing activity and time budgets (Stelzner, 1988; Sashaw, 2012). 

 

To reduce the risk of maternal hyperthermia during lactation in dry and hot environmental 

conditions, lactating females may employ energy-sparing mechanisms, such as adjusting 

activity levels by spending more time on less energetically costly activities. Lactating female 

primates have been found to adjust their activity budgets. For example, vervet monkey 

mothers move and feed less during the first month of the infant’s life while increasing their 

time spent resting and socializing (Sashaw, 2012), suggesting that mothers are either 

recovering from giving birth or they are employing an energy-sparing strategy. At the age of 

two months, vervet infants become more mobile and supplement milk consumption with their 

own food intake, but still rely heavily on their mother’s milk for nutrition (Sashaw, 2012). 
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Growing offspring require increasingly more energy to sustain their increased metabolic 

requirements, which results in increased nutritional costs for lactating females (Lee, 1996; 

Cameron, 1998). The increased energetic costs placed on the mother having to take care of a 

more mobile infant as well as the increased nutritional costs of having to feed a growing 

infant result in lactating females spending more time foraging compared to non-lactating 

females during months two to five of infant life (Sashaw, 2012). At month six, vervet 

monkey infants are 95% nutritionally independent of their mother, which allows the mother 

to reduce milk production with less frequent nursing bouts (Fairbanks, 1990; Sashaw, 2012). 

Between months five to six, vervet monkey mothers select higher-quality dietary items 

without further increasing their time spent foraging, compared to the time lactating females 

spent foraging at infant age two to five months (Sashaw, 2012), which can be interpreted as 

an energy-sparing strategy. 

 

4.3 Consequences of climate change for reproduction 

Although reproductive female vervet monkeys in my study appear to have employed 

autonomic and behavioural mechanisms to cope with high environmental heat loads, water 

scarcity, cold exposure and poor food availability, climate change may compromise a 

female’s ability to cope with the energetically costly reproductive period during the 

exacerbated seasonal environmental conditions predicted under future climate change 

scenarios. 

 

Over the next few decades, climate change scenarios predict a mean environmental 

temperature increase of 1-3 °C in the Karoo, extended summer environmental conditions, a 

decrease of 5-10 % in mean annual rainfall, an increase in aridity and an increase in the 

frequency of extreme climate events such as droughts (Rutherford et al., 1999; van Jaarsveld 
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and Chown, 2001; Midgley et al., 2001; Hoffman et al., 2009; Engelbrecht et al., 2015). Such 

changes are likely to have a significant impact on the survival and distribution of species 

(Erasmus et al., 2002; Hoffman et al., 2009; Korstjens et al., 2010). The primary 

environmental stressors for the Karoo and other semi-arid regions in South Africa are likely 

to be increased heat stress and water scarcity. Rainfall and climate have been shown to be 

important determinants of vegetation patterns in southern Africa (Tucker et al., 1985; 

Nicholson et al., 1990; Desmet and Cowling, 1999a). Food availability and quality also are 

significantly correlated with rainfall in various sub-Saharan sites (Barton et al., 1992). With 

future climate change scenarios predicting decreased rainfall and increased environmental 

temperatures, vegetation availability and quality will therefore be negatively impacted. 

Increasing environmental temperature combined with reduced water (Boyles et al., 2012; 

Hetem et al., 2016) and food availability (Humphries et al., 2003; Hetem et al., 2016) have 

been shown to significantly influence body temperature patterns in mammals. Reduced food 

and water availability in the face of climate change with the added environmental stress of 

higher environmental temperatures will presumably make homeothermy more difficult to 

maintain, especially during the costly reproductive period. 

 

As the most energetically costly reproductive period, the timing of lactation in relation to 

favourable environmental conditions is important. Sashaw (2012) showed that the infant 

vervet monkeys in my study population started feeding independently at the age of two 

months but were still heavily dependent on their mother’s milk for nutrition until their fifth 

month. In my study population, births occurred in mid- to late spring (October - December) 

which meant that early lactation when the infants are solely dependent on their mother’s milk 

coincided with the warmer summer months (December - February) when rainfall was high. 

Plant biomass has been found to be positively correlated with rainfall in the previous two 
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months (Dunbar et al., 2002). Similarly, rainfall was positively correlated with vegetation 

greenness, as indexed by normalized difference vegetation index (NDVI), during the study 

period at my study site. During previous studies conducted at Samara Private Game Reserve, 

nutrient quality was found to be significantly correlated with rainfall (Sashaw, 2012). With 

rainfall peaking in the summer months when infants are solely dependent on their mother’s 

milk, mothers had access to food to help balance the energetic costs of lactation.  

 

Although reproductive events such as conception, gestation, birth and lactation in primates 

has been found to coincide with the availability of nutrient-rich foods (Lancaster, 1965; 

Altmann, 1980; Lee, 1987), climate change may disrupt that relationship. Species are already 

experiencing climate-induced phenological mismatches, a term defined as “any differential 

impact of climatic variability on two species, such as predator and prey (or two areas, such as 

winter or summer ground), may affect the dynamics through a switch from matching to 

mismatching the environmental conditions” (Stenseth and Mysterud, 2002). Changes in 

species phenology as a result of climate change may disrupt or alter time-sensitive events 

such as migration and breeding, which may alter reproduction rates and species survival 

(Miller-Rushing et al., 2010). Climate-induced phenological mismatches have been recorded 

in European great tits (Parus major) where the peak in their main food source, caterpillars, 

occurred much earlier than the great tits’ egg-laying dates, which resulted in chicks hatching 

after the caterpillar peak, leaving them with little to no available food and a poor chance of 

survival (Reed et al., 2013).  

 

In most mammals, regulation of reproductive physiology is under photoperiod regulation, 

such that day length regulates and times ovulation and reproductive behaviour (Goldman, 

1999). If environmental conditions in the Karoo were to change according to the climate 
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change predictions (i.e., an increase in air temperature and decrease in rainfall), the birth 

season of vervet monkeys will still be in spring without any change in photoperiod, but future 

spring conditions will be far harsher with hot and dry environmental conditions. This 

seasonal-reproductive mismatch may result in lactating mothers not being able to obtain the 

necessary nutrients from their environment or sufficient water intake required to sustain milk 

production or thermoregulation, which will jeopardize both the mother and the infant’s 

survival. 
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CHAPTER FIVE – CONCLUSION 

 

 

My study has shown that reproductive female vervet monkeys in the semi-arid Nama Karoo 

coped well with an array of environmental stressors, from extreme cold during gestation to 

high heat loads during lactation, and varying food and water availability. During pregnancy, 

female vervet monkeys displayed gestational hypothermia characterised by a well-regulated 

reduction in body temperature. Contrary to my initial hypotheses, throughout the demanding 

reproductive periods of pregnancy and lactation, female vervet monkeys maintained their 

body temperature within narrow limits, similar to those when females were not pregnant or 

lactating. The 24-h amplitude of body temperature rhythm of vervet monkeys was highest, as 

a result of both an increased 24-h maximum and decreased 24-h minimum body temperature, 

during the drought year when vegetation greenness, as indexed by NDVI, was lowest. 

However, average 24-h amplitude of body temperature rhythm was generally less than 3 C, 

irrespective of reproductive state or environmental conditions. It is plausible that pregnant 

and lactating vervet monkey females in my study coped well with the energetic costs of 

reproduction and an array of environmental stressors because they had access to the sweet 

thorn (Vachellia karoo) trees that provided food and water (i.e., water content in food) 

throughout the dry season (Pasternak et al., 2013). Indeed, the high density of sweet thorn 

trees within the riparian woodland may have allowed vervet monkey to colonize semi-arid 

Karoo habitats (Pasternak et al., 2013).  

 

Resource availability is predicted to be the primary environmental stressor experienced in the 

Karoo and other semi-arid regions in South Africa as a result of climate change. Future 

climate change scenarios predict that the seasonal characteristics of the Karoo will be 

exacerbated with higher ambient temperatures, decreased rainfall and more frequent droughts 
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(Rutherford et al., 1999; van Jaarsveld and Chown, 2001; Midgley et al., 2001; Hoffman et 

al., 2009; Engelbrecht et al., 2015), which may make homeothermy more difficult to 

maintain during the costly reproductive period.  

 

Climate change is likely to affect vegetative food sources through changes in plant structure, 

physiology, distribution and competition as a result of increased ambient temperatures and 

increased levels of CO2 (Pritchard et al., 1999). Indeed, changes in plant life as a result of 

increasing ambient temperatures result in changes in vegetation composition and structure 

with the most evident changes found in the northern hemisphere as well as in southern 

America, the Indo-Pacific region, New Zealand, Australia and southern Africa (Nolan et al., 

2018). While the climate-induced changes to vegetation specific to the vervet monkey’s diet 

in the semi-arid Nama Karoo is not yet clear, the sweet thorn tree (Vachellia karroo) and its 

constituents that make up a high percentage of the vervet monkey’s diet, may thrive under 

high levels of CO2 (Esler et al., 2006) and is remarkably resistant to drought (Barnes et al., 

1996). However, food with high energy content, such as the saltbush (Antriplex semibaccata) 

and Lycium oxycarpum berries, and Lycium cinereum and Grewia robusta flowers, that 

makes up ~ 28.93 % of the vervet monkeys’ diet at the study site (Pasternak, 2011), on which 

lactating females likely depend, may decline.Other sources of food of the vervet monkey, 

such as termites may also benefit from warming temperatures. Crop damage as a result of 

termites have been reported to be higher during dry periods compared to periods of regular 

rainfall (Logan et al., 1990), with increased termite damage to crops reported in African 

countries such as Uganda and Zambia (Sekamatte and Okwakol 2007; Sileshi et al., 2009), 

suggesting that certain termite species are flourishing under warmer environmental 

temperatures. However, reduced termite accessibility in the Kalahari have been reported 

because of decreased soil moisture as a result of reduced rainfall, which may have resulted in 
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termites moving deeper underground and thus negatively affecting the survival of the ant and 

termite dependent species, the aardvark (Orycteropus afer: Rey et al., 2017). The 

inconsistencies in literature on termite distribution in warmer and dryer environments may be 

as a result of different species of termites responding differently to changing environments. 

To better understand how vervet monkeys will be impacted by climate change, we need a 

better understanding of all the components within an ecological cascade. If, for example, 

climate change is to negatively impact both vegetative and insect food sources of vervet 

monkeys, then we might expect pregnant and lactating vervet monkeys to be subjected to 

periods of limited forage more frequently as climate change progresses. 

 

Successful reproduction and survival depend on the availability of resources, thus 

reproductive events generally coincide with periods of resource availability (Lancaster, 1965; 

Altmann, 1980; Lee, 1987; Butynski, 1988; Di Bitetti and Janson, 2000). Since climate 

change is likely to affect the timing of resource availability (Durant et al., 2007), 

reproductive events may increasingly coincide with periods of limited food and water 

availability, which poses an imperative question, can animals shift the timing of their 

reproductive cycles to match the shift in timing of resource availability? A survey conducted 

of 677 plant and animal species has shown that 62% of these species have shifted their 

phenology in response to a warming climate (Parmesan and Yohe, 2003), but these 

phenological shifts may not always be in synchrony with shifts in resources. For example, 

whereas great tits (Parus major) in Oxford shifted their breeding time to be in complete 

synchrony with the peak in caterpillar abundance (Cresswell and McCleery, 2003), great tits 

in the Netherlands were able to shift their breeding time earlier but not enough to synchronize 

with the peak availability of the main food source, caterpillars (Visser et al., 1998). Climate-

induced phenological mismatches may have severe consequences, including loss of 
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biodiversity (Stenseth and Mysterud, 2002; Visser et al., 2004). While some species might be 

able to shift their reproduction, other species may be limited in their phenological flexibility. 

For example, African wild dogs (Lycaon pictus) that reared their pups during periods of 

cooler environmental temperatures had higher reproductive success compared to when pups 

were reared during periods of high ambient temperatures (Rabaiotti and Woodroffe, 2019). 

Since these wild dogs are already breeding at the coolest time of year, they may have little 

scope to change their phenology to maintain reproductive success as climates warm.  

Therefore, it is important to know the extent to which an animal can adapt to environmental 

changes if we wish to predict future species distribution and survival. 

 

Animals have the capacity to adapt to changing environments either by micro-evolution 

through a heritable change in the allele frequencies within a population, or by phenotypic 

plasticity through which a single genotype gives rise to multiple phenotypes under different 

environmental conditions (Garland and Kelly, 2006; Fuller et al., 2010). The mechanism by 

which a species will adapt to changing environments (i.e., either by micro-evolution or 

phenotypic plasticity) depends on the rate and the extent of the environmental changes and 

the life-history traits of a species (Gienapp et al., 2007). The rapid rate of climate change will 

surpass the rate of evolution of adaptive heritable traits in long-lived species with slow 

reproduction and long generation times, such as the vervet monkey. Therefore, phenotypic 

plasticity is the only response available to long-lived species to adapt to climate change 

(Fuller et al., 2010). Phenotypic plasticity includes acclimation, acclimatization and learning 

(Garland and Kelly, 2006), which are rapid adaptive responses to rapid environmental 

changes.  

 

Current bioclimatic envelope models assume that the current environmental conditions under 
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which a species persist, reflects that species’ niche (Chown and Gaston, 2008) and use that 

assumption to predict future species distribution. These models are limited in that they do not 

account for the potential for species to adapt to changing environments (Chown and Gaston, 

2008). If we are to determine the physiological mechanisms available to animals to help them 

cope with environmental stressors and to predict future species distribution and survival, 

long-term studies of free-living animals in their natural habitat are crucial. Long-term studies 

identifying mechanisms of physiological plasticity by monitoring physiological parameters 

(e.g., body temperature, heart rate and activity) and direct fitness (e.g., growth, reproduction 

and survival), are necessary to determine the energetic implications of those mechanisms in 

response to changing environmental conditions. Such studies identifying mechanisms of 

physiological plasticity in response to changing environments to maintain physical wellbeing, 

fall within the field of “conservation physiology” (Wikelski and Cooke, 2006). The 

information obtained on the physiological plasticity of a species to cope with environmental 

stress has been widely used to implement conservation strategies and policies (Wikelski and 

Cooke, 2006; Cook and O’Connor, 2010). 

 

Non-invasive methods can be used to provide insights on the physiological functioning and 

behaviour of free-living mammals in changing environments. For example, measures of body 

condition, achievable through photogrammetry (De Bruyn et al., 2009; Fearnbach et al., 

2018) or body condition scoring using camera traps (Pérez-Flores et al., 2016; Prosser et al., 

2016), may detect a loss of body condition as a result of disease or energy-deficiency when 

resource availability is limited. Completing hormonal profiles for female mammals, which is 

achievable through faecal sampling (Ishikawa et al., 2002), would allow for monitoring and 

identifying timing of ovulation, miscarriages and the nutritional status of female mammals 

(Nunez-Hernandez et al., 1992) without the need for immobilization. The nutritional status of 
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an animals provides valuable information into the nutrient intake of an animal and therefore 

provides a measure of whether or not an animal is coping energetically with an array of 

stressors whether it be environmental (e.g., thermal stress and poor resource availability) or 

physiological (e.g., reproduction). Scan and focal sampling of behaviour is another non-

invasive method that can be used to investigate thermoregulatory behaviour (e.g., sunbathing, 

huddling and sand bathing) and to determine activity budgets, which can provide insight into 

time budgets in relation to environmental conditions (e.g., increased feeding time as a result 

of poor resource availability or increased resting time during periods of high environmental 

temperatures). 

 

However, the information obtained through biologging pertaining to a species’ ability to cope 

with changing environments is invaluable and provides insights that are unachievable through 

non-invasive monitoring. Physiological data (e.g., body temperature, heart rate and activity) 

of free-living animals is now relatively easy to obtain with the use of biologging technology 

(Rutz and Hays, 2009). Measures of energetic expenditure, such as monitoring heart rate, can 

be used as a proxy for metabolic rate (Signer et al., 2011), which can help us to better 

understand the energetic implications of reproduction during harsh environmental conditions. 

Measuring physiological parameters in free-living animals thus provides information on the 

level of flexibility (i.e., physiological plasticity) of that animal within their habitat, 

information not obtainable under captive or laboratory conditions.  

 

Remotely measured body temperature through biologging not only provides information on 

the wellbeing of mammals in their natural habitat, it can also provide information on an 

animal’s reproductive fitness. Maintaining a relatively narrow amplitude of 24-h body 

temperature rhythm (i.e., homeothermy) is associated with increased performance which 
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results in a net-fitness gain (Boyles et al., 2011). Therefore, imprecise thermoregulation may 

be a valuable indicator of various stressors an animal might be experiencing (e.g., 

environmental, physiological or social) and provide some insight into how well the animal is 

coping with these stressors. Imprecise thermoregulation as an indicator can be used as a tool 

to implement successful conservation strategies by identifying species in specific priority 

areas whose survival may be at risk in the face of changing environments. Indeed, the 

amplitude of the 24-h body temperature rhythm in wild rabbits (Oryctolagus cuniculus) prior 

to the breeding season have been reported to be inversely correlated with the number of 

pregnancies in the following months, while the minimum 24-h body temperature was 

positively correlated with the number of pregnancies (Maloney et al., 2017). The prediction 

of reproductive output prior to the breeding season from measures of core body temperature 

rhythm, suggest that body temperature patterns could provide a preemptive index of 

individual fitness in any given environment.  

 

Physiological mechanisms are likely to be similar within groups of taxa (Blomberg et al., 

2003), therefore the physiological, environmental and fitness interaction of an animal only 

has to be estimated for select individual representatives of many taxa, and not for all species 

(Chown and Gaston, 2008). Such studies fall within the field of “macrophysiology”, which 

has recently been defined as “the investigation of variation in physiological traits over large 

geographical and temporal scales and the ecological implications of this variation” (Chown et 

al. 2004). By understanding the mechanistic basis of an animal’s physiologic plasticity in 

response to changing environmental conditions as a result of climate change, and the 

ecological implications thereof, successful conservation strategies can be implemented to 

reduce the high rates of biodiversity loss predicted under climate change. 
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