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ABSTRACT 

The African wild silk moths, Gonometa postica and G. rufobrunnea are a valuable natural 

resource in southern and East Africa because of the high quality silk fibre derived from their 

cocoons. However, using these species for commercial silk production has proven 

problematic because of the sporadic and unpredictable nature of Gonometa outbreaks. 

Moreover, little is known about the ecology and distribution of the Gonometa species. 

The first part of this study focussed on the importance of moth-host plant interactions, in 

addition to climatic variables, in determining the species’ current regional distributions, using 

species distribution modelling (SDM). Based on recent studies which have documented the 

importance of biotic interactions in shaping broad-scale species distributions, I expected 

moth-host plant interactions to be an important predictor of Gonometa species distributions 

because of the species’ dependencies on host plants for survival. Contrary to expectation, my 

results showed that models’ predictive power did not improve following the inclusion of 

moth-host plant interactions. Biotic and abiotic models predicting G. postica distribution 

performed fairly well, but all models predicting G. rufobrunnea distribution performed 

poorly. Nonetheless, host plant distributions contributed significantly to SDMs of large-scale 

Gonometa distributions, along with annual mean temperature, annual precipitation and 

precipitation seasonality. Host plant distribution also appeared to limit Gonometa species 

distributions, suggesting that the effect of host tree occurrence patterns on Gonometa species 

distributions should not be ignored. The idea that climate drives large-scale species 

distributions was supported, but host plant occurrence also had an effect on Gonometa 

species distributions. 

The second focus of this study was the potential ecosystem engineering effect created by 

G. postica (via its cocoons) for other invertebrates. Arboreal ants are known to use a wide 
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variety of plant structures as potential nesting sites, including structures created by arboreal 

ecosystem engineers. However, ant nest site selection in arboreal systems is poorly 

understood. I observed, for the first time, ants using empty G. postica cocoons as shelter and 

nesting sites on the myrmecophilic tree Vachellia erioloba. I examined cocoon selection by 

these ants and tested whether selection was based on cocoon characteristics. Cocoons were 

predominantly occupied by one dominant ant species, but in some cases simultaneously by 

two ant species. Ant abundance and occurrence were positively related to cocoon size, the 

presence of scale insects on branches of the trees and cocoon entrance hole type (i.e. cocoons 

containing only small parasite holes), and negatively influenced by cocoon occupancy by 

other invertebrates. This suggested that ants select G. postica cocoons based on specific 

cocoon characteristics, and revealed a novel ecological role of the moth-host plant interaction 

at a local-scale, where the product of this interaction (i.e. cocoon production) appeared to 

benefit arboreal invertebrates. Empty G. postica cocoons probably create a new, favourable 

habitat for ants. Thus, G. postica acts as autogenic ecosystem engineer in arboreal habitats. 

This study highlighted the importance of Gonometa-host plant interactions in shaping 

large-scale Gonometa species distributions, but also showed that these interactions may play 

a role in the abundance and distribution of arboreal species at local scales. 
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3.1 INTRODUCTION 

African wild silk moths (Gonometa postica Walker 1885 and Gonometa rufobrunnea 

Aurivillius 1922: Lasiocampidae) are of great economic interest in their native southern and 

East African regions (Akai et al., 1997; Veldtman et al., 2002; Delport, 2006).  The elaborate 

process of metamorphosis from caterpillar to moth results in the production of cocoons which 

are exploited for their high-quality silk fibre, rivalling that of the domesticated silkworm, 

Bombyx mori (Lepidoptera: Bombycidae) and other indigenous silk moth species (Veldtman 

et al., 2007). In southern Africa, G. postica and G. rufobrunnea are the only two indigenous 

moth species currently utilized for commercial silk production (Veldtman et al., 2004). They 

are therefore a valuable natural resource (Veldtman et al., 2002) and serve as a promising 

source of income in southern and East Africa (Freddi et al., 1993; Veldtman, 2005). 

Gonometa postica larvae are known to forage on a variety of host trees which include their 

main host trees Vachellia erioloba, Vachellia tortilis, Vachellia nilotica and Senegalia 

mellifera, minor host trees Senegalia ataxacantha, Burkea africana and Brachystegia spp., 

and even alien host trees, Acacia mearnsii, Acacia elatior and Prosopis glandulosa 

(Hartland-Rowe, 1992; Veldtman et al., 2007; Fening et al., 2008; Ngoka et al., 2008; Fening 

et al., 2010). Gonometa rufobrunnea has mainly been reported to feed on Colophospermum 

mopane, as well as Brachystegia species and Parinari curatellifolia in southern Africa 

(Hartland-Rowe, 1992; Kroon, 1999). Current silk harvesting practices are completely reliant 

on the survival of Gonometa pupae and larvae from natural populations that are dependent on 

the host plants (Veldtman et al., 2007). Therefore, due to the trophic connection between G. 

postica and its host plant species (Fening et al., 2008; Fening et al., 2010) and the potential 

for this consumer-resource interaction to affect Gonometa performance, distributions and 

responses to climate change (Fening et al., 2010; Wisz et al., 2013), the significance of the 

Gonometa-host plant interaction for commercial silk production needs to be assessed.  

Gonometa rufobrunnea was first identified as a source of wild silk in 1985, which led to 

the establishment of Shashe Silk Pty (Ltd) in northwest Botswana in 1987 (Hartland-Rowe, 

1992). The cocoons of this species were extensively harvested between 1986 and 1987 in 

Francistown (Botswana) and sold to Shashe Silk (Hartland-Rowe, 1992; Veldtman et al., 

2002), but this enterprise ended due to a reduction in cocoon abundance as well as a drop in 

the international silk price. The exact cause of the population crash (i.e. whether it was due to 

overexploitation of the species or due to natural fluctuations in the species’ populations) 

remains unknown (McGeoch, 2000). Additionally, attempts to rear G. rufobrunnea in 

southern Africa in the past have been unsuccessful (Hartland-Rowe, 1992). Gonometa 
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postica (Fig. 1.1) serves as an alternate source of high-quality silk, but sustainably harvesting 

G. postica has also proven difficult due to its sporadic and unpredictable population 

outbreaks and a reduction in populations in countries where it is harvested, (e.g. Kenya; 

Fening et al., 2008). These problems associated with the harvesting of Gonometa populations 

have caused industries such as Shashe Silk to fail (Delport, 2006). Small-scale silk industries 

have been initiated, but consistent problems faced by these industries include the limited 

supply of cocoons and unpredictability in the Gonometa populations (which fluctuate 

between high and low densities).  

In Kenya the problems encountered by silk industries have been largely avoided through 

the use of a semi-captive rearing technique, which has been developed and successfully 

employed here as a small scale industry (Ngoka et al., 2008; Fening et al., 2008; Fening et 

al., 2010). This approach entails rearing larvae in net sleeves attached to host plant branches 

containing fresh leaves. However, a major constraint with potential larger scale artificial 

rearing of these moths is that the moths do not always emergence from cocoons 

simultaneously (Veldtman, 2005), and as a result, rearing populations that are large enough to 

meet silk demands is problematic. In contrast, in Ganyesa and Morokweng (North West 

Province of South Africa), empty (wild) G. postica and G. rufobrunnea cocoons are currently 

collected, cleaned and degummed (Veldtman et al., 2002; Veldtman et al., 2007). However, 

though this practice of collecting empty cocoons is more sustainable than live harvesting, 

empty cocoons yield a lower silk quality and value than that of occupied cocoons. This is 

because empty cocoons are older than occupied cocoons and contain emergence holes. The 

natural populations of Gonometa are therefore faced with extensive potential pressure from 

illegal harvesting of occupied cocoons, making it possible for this natural resource to be over-

exploited (Hartland-Rowe, 1992). Obstacles faced by the silk harvesting industry in the past 

and at present can be attributed to the lack of understanding of Gonometa species’ biology 

(including their behaviour, abundance and ecology), poor management (McGeoch, 2002) and 

the limited information regarding their distributions in southern Africa (Chikwenhere, 1992; 

Hartland-Rowe, 1992; Veldtman et al., 2007).  

This study will therefore examine the role of the abiotic and biotic factors in shaping the 

distributions of two Gonometa species to contribute to the current limited understanding of 

the geographic ranges of these species. This study is the first to model the distributions of G. 

postica and G. rufobrunnea, and will thus also form a part of a foundation towards a broader, 

long-term goal, which is to implement a sustainable silk harvesting industry in South Africa. 

Lastly, this study will touch on a previously unstudied aspect of the ecology of G. postica by 
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examining the significance of G. postica as habitat creators or potential ecosystem engineers 

(via cocoon production) for ants and other invertebrates associated with its main host tree, V. 

erioloba. Therefore, a better understanding of the consequences of harvesting vacant G. 

postica cocoons will be obtained. 

 

 

 

 

 

 

 

 

3.2 LITERATURE REVIEW 

3.2.1  Gonometa species biology and utilisation for commercial silk production 

3.2.1.1 Life cycles of G. postica and G. rufobrunnea 

Gonometa species have been extensively harvested despite the fact that little is known about 

their biology (Veldtman et al., 2002). An aspect of Gonometa biology that is known is the 

identity of their host plants, because host plants are a central component of the life cycles of 

these moths (Hartland-Rowe, 1992; Fening et al., 2008; Fening et al., 2010). Virtually all 

known host plants for G. postica in southern Africa are woody trees belonging to the legume 

family. Major host trees, which include Vachellia erioloba, Vachellia nilotica, Vachellia 

tortilis and Senegalia mellifera, and minor host trees including Vachellia karroo, Senegalia 

ataxacantha and Burkea africana, are the main food sources for the moth in the Kalahari 

region (Hartland-Rowe, 1992; Veldtman et al., 2007; Fening et al., 2008; Ngoka et al., 2008; 

Fening et al., 2010). Some of these tree species also our in East Africa, where G. postica has 

also been reported. Gonometa rufobrunnea forages mainly on Colophospermum mopane, 

which occurs in western, southern Africa, whereas in East Africa, G. rufobrunnea forages on 

Brahystegia spicifomis and Parinari curatellifolia (Hartland-Rowe, 1992; Kroon, 1999). 

Only the Gonometa larval stages feed − primarily on the leaves of host plants (Hartland-

Rowe, 1992). Because the larvae are relatively sedentary while feeding, and only move away 

Figure 1.1. Gonometa postica (Walker, 1855). Female (left), Male (right). Photograph taken at the 

Ditsong Museum. 
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from the feeding site to pupate during their final instar stage, they are completely reliant on 

the host tree on which the parent oviposits to develop, grow and survive (i.e. to successfully 

transition through life stages and complete their life cycles). However, studies focussed on 

the Gonometa-host plant interactions (e.g. Fening et al., 2008; Fening et al., 2010), i.e. 

Gonometa performance on host plants and their preferences for certain host plants over 

others, are limited. Gonometa species appear to display preferences for certain host trees over 

others, even when multiple host tree species are present in an area (personal observation; 

Fening et al., 2008); however, the reason for this is unknown. Moth development time and 

cocoon size and weight (i.e. moth performance) also vary between host tree species (Ngoka et 

al., 2008; Fening et al., 2010).  

Moreover G. postica and G. rufobrunnea have been found to co-exist on host trees, and 

although hybrids of the moths have been identified in the past, all were identified to be male 

and inactive, weighing half of that of the parent individuals (Hartlan-Rowe, 1992). These 

hybrids also produced thin, papery cocoons. Some experts believe that G. rufobunnea is a 

subspecies of G. postica; however, these species can be distinguished from one another at 

almost every stage of their life cycles (Hartland-Rowe, 1992). Further work is required on 

Gonometa species genetics to delimit their taxonomies. 

To my knowledge, only one study (i.e. Delport, 2006) has addressed G. postica population 

genetics, by examining genetic connectivity between eruptions both within and between years 

and by assessing the relationship between population size fluctuations and genetic structure in 

southern Africa. They observed a high degree of spatial and temporal variability in G. postica 

populations, with extensive dispersal of the species across South Africa. Moreover, 

microsatellite loci developed for G. postica revealed gene flow levels to be high. When 

dispersal is high, population size fluctuations (which are characteristic of Gonometa species) 

could have a homogenising effect on spatial genetic pattern because of the population 

connectivity and genetic drift (Delport, 2006). Other aspects of Gonometa species biology 

that have been documented are the development of these moths and their morphology 

(Hartland-Rowe, 1992; Ngoka et al., 2008).  

The life cycle of G. postica and G. rufobrunnea is complex, characterised by two 

generations per year in southern and East Africa (Delport, 2006; Veldtman et al., 2007; 

Fening, 2008; Ngoka et al., 2008; Fening et al., 2009; Fening et al., 2010), one with and the 

other without diapause (Hartland-Rowe, 1992; Ngoka et al., 2008). The first generation is 

initiated in early spring (September), when adults emerge from cocoons (Veldtman et al., 

2007; Ngoka et al., 2008). Adults do not feed because they lack feeding mouthparts 
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(Hartland-Rowe, 1992), and adult females are short-lived (surviving for approximately a 

week post-emergence) with limited flight ability (Veldtman et al., 2007). Mating therefore 

occurs within 24 hours of emergence (pers. comm. Ruan Veldtman), and the pro-ovigenic 

females lay their eggs in clumps (of 2-25 eggs) over a period of four to five days or longer. 

Females lay between 150 and 200 eggs (pers. comm. Ruan Veldtman; Hartland-Rowe, 1992), 

and after approximately two weeks, the eggs hatch and the first generation larvae feed and 

develop on host plants for two months. The larvae are gregarious up until the third instar 

(Ngoka et al., 2008) and feed only at night (Hartland-Rowe, 1992). The sixth and final instar 

larvae of G. postica have contrasting white, black and brown colouration which makes them 

highly visible on their host plants (Veldtman et al., 2007). Pupation occurs again in 

November-December and varying proportions of these larvae undergo rapid development. 

New adults (second generation) emerge in mid-summer (December-January). Males start 

spinning their cocoons earlier than females, but all moths emerge simultaneously (Ngoka et 

al., 2008). These individuals and the remaining un-emerged first generation pupae enter 

diapause. They overwinter and emerge the following spring.  

Despite this available knowledge on Gonometa species biology, their use for commercial 

silk production remains a challenge. 

3.2.1.2 Use of Gonometa species for silk harvesting 

There are three means by which G. postica and G. rufobrunnea are currently used for silk 

production in southern and East Africa (Veldtman, 2005), and the success of these techniques 

mediates the efficiency with which G. postica and G. rufobrunnea can be collected and 

therefore their potential to be exploited sustainably for economic benefit (Veldtman, 2005; 

Ferguson & Wilson, 2011). These techniques are: harvesting natural populations, artificial 

rearing of eggs to the pupal stages, and seeding or mass release of individuals into natural 

areas. Usually, cocoons are collected from the wild, mainly during seasons when rainfall is 

reliable and when cocoons are available (Fening, 2008). They are then used to breed 

Gonometa larvae semi-captively. Alternatively, because of the unpredictable nature of 

Gonometa population outbreaks, empty cocoons are used for silk harvesting (Veldtman, 

2005; Veldtman et al., 2007). Although this practice does not appear to detrimentally affect 

Gonometa populations, cocoon availability may be limited.  

Seeding, which is a hybrid method between artificial rearing and natural harvesting, has 

been tested at every stage of G. rufobrunnea’s life cycle (Hartland-Rowe, 1992). It is a 

moderately successful technique for establishing Gonometa populations in areas where they 
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are absent or where their densities are low. The least successful technique is seeding of adult 

moths, possibly due to the emerged moths being exposed to unnatural conditions (Hartland-

Rowe, 1992). In contrast, cocoon seeding, which is currently the most studied method, has 

proven effective in producing new populations. Egg seeding, which proved to be ineffective 

initially, can result in the production of a small number of cocoons (Hartland-Rowe, 1992). A 

much greater success rate has been observed when eggs have been seeded on trees within net-

sleeve cages (similar to the semi-captive rearing technique applied in Kenya (see Ngoka et 

al., 2008)). These net sleeves are advantageous because they protect Gonometa species from 

predators, parasites and other natural enemies, thus increasing Gonometa survival and 

productivity (Ngoka et al., 2008).  

Each of these methods has their own set of disadvantages. For example, harvesting of 

natural populations is only viable when Gonometa populations reach high densities. Due to 

the high spatial and temporal variability of Gonometa species populations (Veldtman et al., 

2007), natural harvesting is therefore unlikely provide a continuous, predictable cocoon 

supply. A major constraint of artificial rearing of Gonometa species is that there is limited 

knowledge relating to how larvae grow in response to host plant quality (Veldtman, 2005). 

Moreover, these species are difficult to rear in captivity, and synchronisation of moth 

emergence is needed to ensure mating success and the generation of a large enough 

population for sustainable silk production. Seeding of Gonometa species is disadvantageous 

in that late instar mortality is a problem due to parasitoids and predators (Hartland-Rowe, 

1992).  

Until more knowledge is available on the population dynamics and ecology of Gonometa, 

i.e. how their populations are affected by both biotic and abiotic factors and the scales at 

which these factors operate, the only alternatives for silk industries are to continue harvesting 

and degumming empty cocoons or to look into improving seeding and artificial rearing 

techniques. Identifying the main drivers of Gonometa distributions may provide silk 

industries with a starting point towards locating potential outbreak areas and, more generally, 

an improved understanding of the species’ ecology. For this reason, this study first examines 

the role of abiotic and biotic factors in shaping Gonometa species distributions, by 

specifically looking at the importance of the Gonometa-host plant interaction in shaping their 

distributions at a large scale (relative to abiotic factors).  



 

 

23 

 

3.2.2  Gonometa species distributions: the importance of the moth-host plant interaction  

3.2.2.1 Gonometa population dynamics and outbreaks 

Data on insect population dynamics in southern Africa are limited with the two extremes of 

these dynamics being “latent” and “eruptive” (McGeoch, 2002; Veldtman et al., 2007). The 

population dynamics of G. postica and G. rufobrunnea have not been extensively studied 

(Veldtman et al., 2004); however, their populations are reported to occupy an intermediate 

position on the gradient from latent to eruptive, and display large inter-annual fluctuations in 

population size over different spatial and temporal scales (Veldtman, 2005; Delport, 2006; 

Veldtman et al., 2007). Such fluctuations are characteristic of many moth species (e.g. 

Alalouini et al., 2013; Tamburini et al., 2013) and can be attributed to both density-dependent 

factors (i.e. presence of host trees, predators, parasitoids, bacteria and viruses), or density 

independent factors (i.e. climate).   

One aspect of insect population dynamics which remains a challenge is understanding the 

factors that cause insect outbreaks (Maron et al., 2001; Turchin et al., 2003; Veldtman, 2005; 

Abbott & Dwyer, 2007; Nelson et al., 2013). Such is the case for Gonometa species, for 

which it is unclear whether population eruptions occur after populations are exposed to ideal 

conditions or if eruptions are initiated through the dispersal of individuals that belonged to 

previously eruptive populations (Delport, 2006). Eruptions have been observed following 

periods of drought; it is suggested that this is because drought conditions are unfavourable for 

larval parasites (Hartland-Rowe, 1992). In contrast, periods of heavy rainfall have been 

observed to result in large population crashes through early instar mortality.  

Numerous factors have been proposed as explanations for variation in the timing and 

duration of outbreaks in other insect species, all of which can be linked to population 

fluctuations (Maron et al., 2001). These factors, which may interact to cause population 

eruptions (Turchin et al., 2003; Ferguson & Wilson, 2011) include favourable climatic 

conditions, food limitation and quality, disease and trophic interactions such as competition, 

parasitism and predation between insects and plants (Liebhold et al., 2000; Maron et al., 

2001; Williams & Liebhold, 2002; Turchin et al., 2003; Abbott & Dwyer, 2007; Klemola et 

al., 2010; Alalouini et al., 2013; Nelson et al., 2013).  

Gonometa populations can reach very high densities over large areas during outbreak 

periods, which can result in massive host tree defoliation, tree growth reduction or tree 

mortality (Lovett et al., 2002). For this reason, the impact of climate and biotic factors on 
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Gonometa populations are important aspects to address, as they provide us with a stepping 

stone towards understanding eruptive populations. 

3.2.2.2 Possible factors driving Gonometa species distributions  

The biotic and abiotic factors affecting species population dynamics, which include climate, 

host plant density, habitat structure, dispersal characteristics of the species, escape from 

natural enemies and species interactions (Veldtman et al. 2007), have the ability to influence 

species behaviour and microhabitat preference, and could also scale up to drive species 

distributions (Roland, 1993; Guido & Gianelle, 2001; Martin, 2001; Arab & Costa-Leonardo, 

2005; Ritchie et al., 2009; Van der Putten et al., 2010; Boulangeat et al., 2012). The effects 

of these biotic and abiotic factors on species and their distributions vary between herbivore 

species with different life histories (Bale et al., 2002; Veldtman et al. 2007). To understand 

species population dynamics and species habitat requirements, identification of these 

environmental factors and determining how they relate to species’ life histories, is important. 

Gonometa postica and G. rufobrunnea are examples of species that differ in their life history 

traits and defence traits (such as aggregation behaviour and colouration), and host specificity 

(Veldtman, 2005; Veldtman et al., 2007). It is therefore expected that their distribution 

patterns could differ. 

Furthermore, individuals within a species that are at different life stages are faced with 

different factors that influence survival and selection. Various mortality factors are at work 

throughout the life cycle of Gonometa species, which vary in space, time and intensity, and 

may therefore contribute to the patchy distribution patterns observed in the species (Hartland-

Rowe, 1992). Studies have shown the spatially and temporally patchy distribution of 

Gonometa populations to be correlated with climatic variables (Veldtman, 2005; Delport, 

2006), with temperature and relative humidity influencing Gonometa developmental period 

(Fening et al., 2010). Not only are climatic factors important for timing of moth emergence 

(or outbreak initiation), but they also play a role in regulating the timing of food availability 

(Hartland-Rowe, 1992). Therefore, climate may indirectly affect herbivore abundances and 

distributions via its effect on host plants, which results in bottom-up trophic cascades 

(Wright, 1983).  

A major biotic factor that could mediate herbivore distributions is the distribution of their 

host plants, the effects of which are likely to vary between specialist and generalist 

herbivores (Kelley & Farrell, 1998; Ӧstergård & Ehrlén, 2005; Ali & Agrawal, 2012). This 

poses a question on the importance of biotic interactions versus climate in shaping Gonometa 
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species distributions. Moreover, in East Africa and South Africa, there are several wasps and 

flies that parasitize G. postica larvae (Fening et al., 2009; Veldtman et al., 2004). Therefore, 

parasitoids may have a greater effect on Gonometa populations than climate, and could 

restrict Gonometa distributions. Parasites have also been found to regulate the population 

dynamics of other Lepidoptera (Gould et al., 1990; Berryman, 1996; Zhou et al., 2001; 

Klemola et al., 2010; Klemola et al., 2014). Separating the effects of biotic and abiotic 

factors on species distributions is a challenge in ecology (Hawkins et al., 2003). However, 

developments in the field of species distribution modelling (Guisan & Thuiller, 2005; Elith & 

Leathwick, 2009) – from the early 1920s, where correlations were made between species 

distributions and climate, to the mid-1970s which marked the development of computer-

based modelling techniques; and advances in statistical and computer sciences in the 1980’s 

that led to the development of the informative tools that we have today (Guisan & Thuiller, 

2005) – have enabled us to untangle their relative contributions to Gonometa distributions. 

3.2.2.3  Species distribution modelling 

Species distribution models (SDMs) are tools which make use of georeferenced species 

locality data (in the form of presence, presence-absence or abundance data) and an array of 

environmental predictor variables (which are assumed to affect species eco-physiology and 

resource assimilation abilities) to estimate the potential distributions of species using various 

statistical methods (Guisan & Thuiller, 2005; Elith & Leathwick, 2009). They are 

fundamental tools in applied research in biogeography (Guisan & Thuiller, 2005; Araújo & 

Guisan, 2006; Kearney & Porter, 2009) and have applications in ecology, conservation 

science and evolution (Guisan & Zimmermann, 2000; Guisan & Thuiller, 2005; Elith et al., 

2006). However several challenges are associated with their use (Guisan & Thuiller, 2005; 

Araújo & Guisan, 2006; Jiménez-Valverde et al., 2008), including data sampling design and 

model building, parameterization strategies and model selection and evaluation strategies. 

Some of these challenges have been addressed through developments within this field; but, 

theoretical limitations remain due to the lack of integration of ecological theory associated 

with SDMs (Austin, 2002; Guisan & Thuiller, 2005; Soberón, 2007). 

Numerous tools (Elith et al., 2006; Hernandez et al., 2006; Phillips et al., 2006;  Phillips 

& Dudík, 2008, Elith et al., 2011) and methods (Kissling et al., 2012) are available for 

modelling species distributions. Maxent, which is amongst one of the best performing SDM 

methods, was used here. It models species distributions using presence-only data and can 

utilise categorical and continuous data (Phillips et al., 2006; Elith et al., 2011). The ability to 
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model distributions using presence-only data is beneficial because databases frequently 

contain only presence data. Furthermore, Maxent is not sensitive to sample size (Elith et al., 

2006; Hernandez et al., 2006), which is advantageous because often occurrence data are 

limited for modelling species distributions.  

One of the major criticisms of SDMs, regardless of the tools or methods used, relates to 

the niche concept (Guisan & Thuiller, 2005; Araújo & Guisan, 2006; Kearney, 2006; 

Soberón, 2007; Jiménez-Valverde et al., 2008), on which they are reliant (Guisan & 

Zimmermann, 2000; Wiens et al., 2009). Niche differences could result in the observed 

geographic patterns through space because species range limits are mediated by a set of biotic 

and abiotic conditions that delimits its niche. In the early 1900s, the Grinellian and 

Huchinsonian niche concepts were developed (Guisan & Zimmermann, 2000; Pulliam, 2000; 

Wiens et al., 2009). The former defines a species’ niche as fundamental, where species are 

thought to occupy all potential suitable areas (i.e. abiotic conditions limit a species); whereas, 

the latter considers species occupancy to be as we observe it in nature (i.e. realized), where 

biotic interactions exclude species from part of their fundamental niche (Pulliam, 2000; 

Kearney, 2006; Jiménez-Valverde et al., 2008). The realized and fundamental niches of 

species thus differ fundamentally. Such ambiguities in what defines the niche of a species 

have led to conflicting views about what SDMs actually represent (Araújo & Guisan, 2006; 

Kearney, 2006). Early approaches for modelling species distributions have mainly involved 

bioclimatic envelope modelling, which only considers the effects of climatic variables on 

species distributions (Pearson & Dawson, 2003; Boulangeat et al., 2012) and ignores the 

effects of processes such as dispersal and biotic interactions. These models may explain 

climate-based variance in species occurrence patterns, but predictors such as resource 

distribution and other biotic interactions which may be key in determining the distribution of 

the species are ignored (Guisan & Thuiller, 2005). Therefore, recent reconsiderations of the 

niche concept, the development of niche theory and how it relates to species distributions has 

inspired the inclusion of important parameters such as dispersal, physiology and biotic 

interactions (which include competition, predation, host-parasite interactions, facilitation, 

mutualisms and consumer-resource interactions) into the modelling process (Carey, 1996; 

Bascompte, 2009; Elith & Leathwick, 2009; Kearney & Porter, 2009; Bateman et al., 2012; 

Wisz et al., 2013). 

Another main challenge with SDMs relates to scale, and which variables are important at 

what scales for shaping species distributions (Pearson & Dawson, 2003; Elith & Leathwick, 

2009; Wisz et al., 2013). Pearson and Dawson (2003) provide a conceptual, hierarchical 
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framework relating to the influence of predictors of species distributions at different scales. 

They suggest that climate is the main factor diving species distributions at broad (e.g. 

continental) scales, while topography and land cover play a role at local scales. Biotic 

interactions and microclimate are considered to be important further down this hierarchy (at 

finer scales). However, more recently, several studies have documented the importance of 

biotic interactions in shaping species distributions at broad scales (Araújo & Luoto, 2007; 

Brooker et al., 2007; Heikkinen et al., 2007; Gilman et al., 2010; Meier et al., 2010; 

Schweiger et al., 2012; Wisz et al., 2013), indicating that their impacts on species 

distributions extend beyond local extents. This warrants the inclusion of biotic interactions 

and testing if biotic interactions improve SDMs, which have previously been largely ignored 

in SDMs. 

Furthermore, developments in fine scale climate change data in the past few years have 

allowed for SDM studies to investigate the effect of climate change on species distributions 

(Guisan & Thuiller, 2005; Thuiller et al., 2005; Beaumont et al., 2002). Species can either 

shift their distributions through adaptation to new environments, remain isolated in refugia, or 

become extinct in response to climate change (Warren et al., 2001; Bale et al., 2002; Thuiller 

et al., 2005; Araújo et al., 2004; Parmesan, 2006; Keppel et al., 2012). These three changes, 

which have been observed for some herbivorous species (Bale et al., 2002; Schweiger et al., 

2008), are expected for G. postica and G. rufobrunnea. Moreover, climate can alter species 

interactions (including Gonometa-host plant interactions) and therefore also indirectly 

influence species’ geographic ranges into the future via changes in nature and/or the outcome 

of biotic interactions (Hughes, 2000; Blois et al., 2013). Overlaps between interacting species 

can be reduced or eliminated through shifts in species’ phenologies or via changes in species 

traits in response to climate change (Stefanescu et al., 2003; Menéndez, 2007; Jamieson et 

al., 2012; Schweiger et al., 2012). Including biotic interactions into the modelling process 

may therefore yield more accurate results and more realistic estimations of predicted suitable 

areas for species into the future, than if these are excluded (Austin, 2002).  

Thus, the first component of this thesis uses an SDM approach to model the southern and 

East African distribution of two Gonometa species using 1) only abiotic predictor variables, 

and 2) modelled host plant distributions along with abiotic variables as predictors, thus 

incorporating the moth-host plant interaction into the models. Host plant distributions are 

expected to play a role in shaping Gonometa species distributions at a broad scale. 
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3.2.3 Cocoons as engineered structures: a valuable product of the Gonometa-host plant 

interaction for arboreal invertebrates 

Gonometa postica’s interactions with its host plants may also play an important role at a local 

scale, particularly for other invertebrates. After moth (or parasitoid) emergence, cocoons may 

remain on tree branches for quite some time (personal observation). Vacant G. postica 

cocoons may therefore promote a multitude of species interactions within arboreal systems 

depending on the potential benefits that they provide to these species.  

In southern Africa, V. erioloba is one of G. postica’s main host plants (Hartland-Rowe, 

1992; Veldtman et al., 2007). These plants can host an array of species, which interact 

(positively or negatively) with one another and with the plant (Davison & McKey, 1993; 

Bronstein, 1998; Heil & McKey, 2003; Palmer, 2003; Raine et al., 2004; Styrsky & Eubanks, 

2007; Blatrix et al., 2009; Heil et al., 2009; Rosumek et al., 2009; Palmer et al., 2010; 

Kaminski et al., 2010; Kaminski & Roderigues, 2011; Stanton & Palmer, 2011; Bӓchtold et 

al., 2014; Mayer et al., 2014; Styrsky, 2014). The organisms involved may even exploit other 

species interactions; for example, orb-web spiders are known to exploit acacia-ant 

mutualisms for protection against natural enemies (Heil et al., 2009; Kaminski et al., 2010; 

Styrsky, 2014). Interactions within these systems can therefore involve three or more trophic 

levels and consequently lead to top-down and bottom-up trophic cascades (Pace et al., 1999; 

Schmitz et al., 2000; Kagata & Ohgushi, 2006).  

In ecology, a primary goal is to understand interactions among species, their strength 

within food webs and the role that they play in shaping ecological communities (Bruno et al., 

2003; Tirado & Pugnaire, 2005; Agosta, 2006). These interactions along with abiotic 

environmental constraints, affect species’ habitat choices and niche dimensions (Jeffries & 

Lawton 1984; Palmer, 2003), and can therefore mediate species co-existence (Soliveres et al., 

2015). Sometimes species’ habitat choices are mediated by the presence of specialised 

structures within an environment, such as the thorn and leaf domatia of plants in plant-ant 

mutualisms (Vasconcelos, 1991; Stapley, 1998; Campbell et al., 2013b; Mayer et al., 2014), 

which are usually selected by organisms based on the functions that they provide. For 

example, species may search out microsites providing shelter, favourable conditions for the 

individuals and their brood and refuge from hash environmental conditions and natural 

enemies (Banschbach et al., 1997; Fukui, 2001; Stachowicz, 2001). These nesting sites may 

also be selected based on their characteristics (Thomas, 2002; Campbell et al., 2013b), or 

based on their proximity to food sources (such as honey-dew producing scale insects) 

(Blüthgen et al., 2004). Furthermore, organisms may create nesting sites for themselves 
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(Edwards et al., 2009) or utilise structures created by other organisms within the trees 

(Tanaka et al., 2010) through what is termed ecosystem engineering (Jones et al., 1994; Jones 

et al., 1997; Breitburg et al., 2010).  

Ecosystem engineers make an environment more favourable for themselves or other 

organisms with which they interact (Jones et al., 1994; Jones et al., 1997; Breitburg et al., 

2010), either directly, by reducing abiotic stress, or indirectly, by providing an escape from 

predators or competitors (Fukui, 2001; Stachowicz, 2001). They can be allogenic where 

structural changes are caused by the engineers in an environment; or autogenic (accidental), 

where an environment is modified via the organism’s own physical structure (Jones et al., 

1997; Dangerfield et al., 1998; Gutiérrez et al., 2003; Jones et al., 2006). In both cases, the 

engineer causes a change in the abiotic environment.  

Of the multiple species interactions occurring between species living on V. erioloba (Fig. 

1.2), the second component of this study will focus on the interaction between G. postica and 

the organisms inhabiting its old cocoons (i.e. acacia ants and other invertebrates). The effect 

of scale insect presence will also be examined because of their function as a key resource to 

arboreal ants (Blüthgen et al., 2004). Interestingly, despite ants potentially benefitting from 

the presence of cocoons, ants have exhibited aggression towards G. postica on V. erioloba, 

where the ants have been observed to remove G. postica larvae from the trees (see Campbell 

et al., 2013a). However, these ants also appear to secondarily utilise empty G. postica 

cocoons as possible nesting sites or protected microhabitats (Fig. 1.3) − similar to the 

function of the thorn domatia within the trees. Gonometa postica is therefore potentially 

acting as an accidental or autogenic ecosystem engineer (Jouquet et al., 2006) for the ants 

that remove their larvae from trees, and for invertebrates on V. erioloba, which is comparable 

to other arboreal ecosystem engineers (Martinsen et al., 2000; Fukui, 2001; Lill & Marquis, 

2004; Lima et al., 2013).  

Empty G. postica cocoons persist for extended periods within the trees. Therefore, the 

engineering effect created by G. postica could contribute towards mediating species 

occurrence on V. erioloba (Hastings et al., 2007), because the habitats that cocoons provide 

increase tree structural complexity (Lill & Marquis, 2003). Interactions between ants and 

other Lepidoptera, which range from obligate-mutualistic and facultative-mutualistic to 

parasitic, have been widely documented particularly for the butterfly families Lycaenidae and 

Roidiniae (Fiedler & Maschwitz, 1989; Pierce, 1995; Fiedler, 2006; Kaminski et al., 2010; 

Witek et al., 2010; Martins et al., 2013); however, no studies have reported the secondary use 

of Lepidopteran cocoons by ants as nesting sites. Moreover, ant nest site selection and co-
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existence within myrmecophytes (i.e. ant plants) based domatia or nest morphology is not 

well established, with most studies examining domatia or nest characteristics (e.g. Leroy et 

al., 2010), and fewer studies linking these characteristics to ant utilization (Stanton et al., 

1999).  

Therefore, in the second part of this thesis, I will investigate whether ants and other 

invertebrates are using G. postica cocoons as nesting sites, and test whether ant abundance 

and presence in G. postica cocoons is influenced by cocoon characteristics. From this, I will 

be able to determine if ants are selecting G. postica cocoons as nesting sites based on cocoon 

morphology. Species co-occupancy within trees and cocoons will also be examined to test if 

G. postica is acting as an ecosystem engineer for the ants and other invertebrates at local 

scale. This component will also consider the potential implications of the created ecosystem 

engineering effect by G. postica (via its cocoons) for silk harvesting practices which are 

reliant on the collection of empty cocoons.   

 

 

 

Figure 1.2. Interactions of a number of insects including Gonometa postica on Vachellia erioloba. The 

interactions represented in red will be the focus of this study component. 
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Figure 1.3. An emerged Gonometa postica cocoon and associated ants on Vachellia erioloba. Scale insects are 

also visible on the stem beneath the cocoons. Photograph: Isabelle Buyens. 
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4 CHAPTER 2 

 

 

Incorporating biotic interactions into species distribution models: 

including host plant distributions in distribution models of two 

African Gonometa species 
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4.1   INTRODUCTION 

Species distribution models (SDMs) are the most widely used tools for modelling species 

distributions (Guisan & Thuiller, 2005; Elith & Graham, 2009; Elith & Leathwick, 2009). 

SDMs utilise georeferenced species occurrence data in conjunction with multiple 

environmental variables to predict potentially suitable areas for individual species (Barry & 

Elith, 2006; Graham et al., 2008; Elith & Leathwick, 2009; Elith & Franklin, 2013). 

However, SDMs typically model species distributions based only on abiotic factors (usually 

climatic variables alone), and often overlook the role of biotic interactions and dispersal in 

shaping distributions, particularly at broad scales (Guisan et al., 2006; Wisz et al., 2013). The 

few studies that have examined the influence of biotic interactions on species distributions 

and richness patterns at broad scales have consistently shown the importance of explicitly 

considering inter-specific interactions such as consumer-resource interactions, facilitation and 

competition (Araújo & Luoto, 2007; Brooker et al., 2007; Heikkinen et al., 2007; Gilman et 

al., 2010; Meier et al., 2010; Bateman et al., 2012; Boulangeat et al., 2012;; Schweiger et al., 

2012; Wisz et al., 2013).  

Biotic interactions structure the realised niche of species (Araújo & Guisan, 2006; Godsoe 

& Harmon, 2012), and may therefore strongly influence species distributions (Leathwick & 

Austin, 2001; Araujo & Luoto, 2007; Schweiger et al., 2008; Meier et al., 2010), either 

limiting or expanding the conditions under which a species occurs. Moreover, the impact of a 

biotic interaction on species distributions can vary considerably across space and time, and 

may often be species specific (Meier et al., 2010; Schweiger et al., 2012; le Roux et al., 

2012; Eskildsen et al., 2013) and contingent on environmental conditions (Meier et al., 

2011). Furthermore, the cascading effects of climate on plant distributions, and plant species 

distributions on their associated fauna (Wright, 1983), are difficult to untangle. It is the 

variability in the impacts of biotic interactions, both within and across trophic levels, which 

has made incorporating these interactions into species distribution modelling difficult (Wisz 

et al., 2013). Nevertheless, biotic interactions may have important implications for predicting 

species distributions because they can influence species-climate relationships and also shape 

species distributions beyond local extents (Schweiger et al., 2012; Wisz et al., 2013). 

Including interactions into the modelling process is expected to lead to more accurate SDM 

predictions (Austin, 2002) because potentially important aspects of species distributions, 

which are not as easily represented by large-scale abiotic predictors (Meier et al., 2010), are 

incorporated into models by the explicit incorporation of biotic interactions. 
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Incorporating biotic interactions into SDMs might be especially valuable for 

understanding range shifts under climate change scenarios, because in standard SDMs it is 

assumed that biotic interactions remain constant and are not important for predicting future 

species distributions (Guisan & Thuiller, 2005). However, robust predictions of the effects of 

future climate change on species distributions likely require the consideration of biotic 

interactions and how their nature and impacts will change (Gilman et al., 2010). For example, 

if interacting species respond to climate change individually, current species interactions 

could change in the future (Pearson & Dawson, 2003). This could prove detrimental to 

species that are limited by species that they interact with, such as their host plants, because 

climate change could increase the number of mismatches between them depending on the 

species’ characteristics and their degree of specialization (Stefanscu et al., 2011; Schweiger 

et al., 2012). Species may also migrate at different speeds and in different directions with 

climate change (Chen et al., 2011); therefore, biotic interactions can complicate species 

responses to climate change and can also interact with the rate of climate change (Brooker et 

al., 2007; Gilman et al., 2010). By excluding biotic interactions from the modelling process, 

SDMs would be unable to predict these shifts in species distributional ranges accurately. 

Thus, biotic interactions have important implications for assessments on the impacts of 

climate change on species distributions (Araújo & Luoto, 2007; Gilman et al., 2010). 

  Several approaches have been used to model biotic interactions, mainly at local scales 

(Kissling et al., 2012), and the most widely used approach involves adding the occurrence of 

purportedly interacting species as a proxy for actual interactions (or by adding the cover or 

abundance of a species as a proxy for the intensity or frequency of an interaction). Therefore, 

the known distribution of one species can be used as a predictor of another species’ 

distribution (see Araujo & Luoto, 2007; Heikkinen et al., 2007). A related approach is to use 

abiotic variables to model the distributions of interacting species individually, and then to 

restrict the distribution of the one species to the modelled distribution of the other species 

(Schweiger et al., 2008). Biotic interactions have also been incorporated into SDMs by 

combining classic SDM approaches with process-based models (for example, modelling 

physiological representations of resource competition and bioclimatic limits). With all of 

these approaches, the effects of biotic interactions on species distributions have frequently 

been limited to investigating the effect of a single species or the influence of one type of 

interaction (Van der Putten et al., 2010). The more novel approaches for SDM involve 

incorporating biotic interactions into models within multispecies systems (Kissling et al., 



 

 

35 

 

2012); however, this kind of modelling requires detailed knowledge of all interactions, which 

may not always be available.  

Previous studies have demonstrated that SDM predictions improve when biotic 

interactions are incorporated into models (Araújo & Luoto, 2007; Meier et al., 2010; 

Bateman et al., 2012), and they may improve the confidence for predicting the impacts of 

future climate change on species distributions (Brooker et al., 2007). Studies that 

incorporated biotic interactions to model species responses to climate change scenarios have 

included competition and facilitation into models (Van der Putten et al., 2010), but studies 

involving species interacting with their food sources are limited (Bateman et al., 2012). For 

Lepidoptera, the importance of consumer-resource interactions in shaping species 

distributions has been documented, in which host plant distributions have been recognised as 

key predictor variables (i.e. Araújo & Luoto, 2007; Preston et al., 2008).  

This chapter examines current and future predicted distributions of two African silk moth 

species, predicted using only climatic variables (abiotic predictors), and using both climate 

variables and the occurrence of host tree species as a proxy for the moth-host plant 

interactions (i.e. abiotic and biotic predictors). Gonometa postica Walker 1855 and Gonometa 

rufobrunnea Aurivillius 1922 are of great economic interest due to the high-quality silk 

derived from their cocoons (Akai et al., 1997; Veldtman et al., 2002; Veldtman et al., 2004; 

Delport, 2006). Gonometa postica is known feed on several host tree species, mainly 

Vachellia erioloba, Vachellia tortilis, Vachellia nilotica and Senagalia mellifera in southern 

and East Africa. However, G. postica has also been reported on Senegalia ataxacantha, 

Senegalia brevispica, Capparis tomentosa, Burkea africana and Brachystegia spp., and on 

the alien tree species Acacia mearnsii, Acacia elatior, Acacia nubica, Acacia hockii and 

Prosopis glandulosa (Hartland-Rowe, 1992; Veldtman et al., 2007; Fening et al., 2008; 

Fening et al., 2010). Gonometa rufobrunnea, which has been less well-studied, forages 

mainly on Colophospermum mopane (Hartland-Rowe, 1992), although other host tree species 

such as Parinari curatellifolia and Brachystegia spp. have also been reported (Kroon, 1999). 

The southern African distributions of many of these host trees fairly well-known; however, 

elsewhere, Gonometa distributions remain poorly understood. 

 In southern Africa, G. postica and G. rufobunnea have two generations per year 

coinciding with rainfall seasonality (Hartland-Rowe, 1992). It is therefore expected that 

temperature and precipitation will have an effect on Gonometa distribution, which is in line 

with other SDM studies on Lepidoptera (see Beaumont & Hughes, 2002; Tóth et al., 2013). It 
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is also expected that host tree distributions (i.e. biotic predictors) will play a role in shaping 

Gonometa distributions, as observed for other Lepidoptera (Araújo & Luoto, 2007; Preston et 

al., 2008), because Gonometa species are largely dependent on their host plants for the 

completion of their life cycles (Hartland-Rowe, 1992; Fening et al., 2008; Fening et al., 

2010).  

Gonometa species exhibit large inter-annual population fluctuations, and outbreaks or 

eruptions of these moths are patchily distributed (Veldtman et al., 2007), and vary across 

space (both locally and regionally) and time in southern Africa. As a result of the 

unpredictable nature of these populations and the limited information regarding Gonometa 

biology, ecology and distribution, the consistent limited cocoon supply has caused silk 

industries to fail. These problems associated with the use of African wild silk moths by silk 

industries in southern Africa may be further exacerbated through climate change because 

changes in temperature and rainfall regimes may affect Gonometa species eruptions and their 

overall distribution (Hartland-Rowe, 1992; Veldtman, 2005). There is thus a need to 

understand the effects of the exogenous and endogenous factors on Gonometa populations to 

determine whether or not the use of their cocoons for silk industries in southern Africa will be 

sustainable (Delport, 2006).  

4.2    CHAPTER AIMS 

The aim of this chapter is to evaluate the role of the moth-host plant interaction in shaping 

Gonometa distributions. This study, being the first to model the southern and East African 

distributions of G. postica and G. rufobrunnea, will incorporate biotic (moth-host plant) 

interactions into the models along with a suite of environmental predictors, thereby 

potentially increasing the predictive power of the models (Boulangeat et al., 2012; Wisz et 

al., 2013). My objectives are:  

1. to determine which regions of southern Africa have high and low probabilities of suitable 

conditions for the Gonometa species, thus allowing us to estimate their potential ranges. 

2. to determine which environmental variables are the best predictors of host plant and 

Gonometa species distributions.  

3. to determine the importance of biotic interactions in shaping Gonometa species 

distributions – i.e. is model performance and predictive power improved when biotic 

interactions are incorporated into the SDMs?    

4. to evaluate the impact of climate change on the distribution of both Gonometa species. 
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4.3 DATA AND METHODS 

4.3.1 Study species 

The distributions of Gonometa postica and G. rufobrunnea are poorly known (Chikwenhere, 

1992; Hartland-Rowe, 1992; Veldtman et al., 2007). The main G. postica host plant in South 

Africa is V. erioloba. Other host plants include V. tortilis, S. mellifera and B. africana. These 

acacias occupy dry savannas, whereas B. africana is more common within moist savannas 

(Huntley & Walker, 1982).  

Gonometa rufobrunnea forages predominantly on C. mopane which occupies the dry 

savannas in southern Africa (Huntley & Walker, 1982). Other plants such as Brachystegia 

species have also been reported as hosts for G. rufobrunnea (Kroon, 1999). In this study, only 

B. spiciformis was used additionally to C. mopane because it may be an important host for G. 

rufobrunnea in East Africa (Kroon, 1999) where C. mopane, the most commonly reported 

host plant of G. rufobrunnea, does not occur.  

4.3.2 Locality records 

The majority of the locality records of G. postica (n = 302) and G. rufobrunnea (n = 89) 

individuals were obtained from museums, private collections and the literature (Table 2.1). 

Additional records were obtained from personal observations made by amateur lepidopterists 

and through the use of specimen collection labels. These sample sizes are good based on 

previous studies conducted in MaxEnt (Hernanez et al., 2006; Wisz et al., 2008). The locality 

records show G. postica to be distributed over large areas of southern Africa extending across 

South Africa northwards into Botswana, Namibia, Zimbabwe, Tanzania and Kenya (Fig. 2.1). 

Gonometa rufobrunnea is distributed in the northern parts of the Limpopo Province (South 

Africa), extending into Botswana and Zimbabwe (Fig. 2.1). The species also occurs in 

Malawi, parts of Zambia and the Democratic Republic of the Congo, Tanzania, Kenya, 

Rwanda and Burundi. 

The locality records for the host trees of G. rufobrunnea, C. mopane (n = 830) and B. 

spiciformis (n = 410); and for the host trees of G. postica, V. erioloba (n = 1277), B. africana 

(n = 1052), S. mellifera (n = 1396), and V. tortilis (n = 1372) were obtained from databases 

and herbaria (Table 2.1; Fig. 2.2). Where co-ordinates were not supplied, locality records for 

both moths and host trees were geo-referenced using the gazetteer ACME Mapper 2.1.  
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Table 2.1. Main sources of locality records for Gonometa postica, Gonometa rufobrunnea and their host plants. The number of records per source are indicated in brackets 

Gonometa species records 

Museums Private collections Literature Personal observations 

Afromoths (n = 6) Mey, W. (n = 28) Aurivillius (1927) (n = 6) Barker, C. (n = 1) 

Denver Museum of Nature and Science (n = 2) Prozorov, A. (n = 8) Campbell et al. (2013a) (n = 1) Bhekisisa (n = 1) 

Ditsong Museum (n = 122) Staude, H. (n = 93) Fenning et al. (2008, 2009, 2010, 2011) (n = 2) Boomker, J. (n = 1) 

Mississippi Entomological Museum (n = 3) Ströhle, M. (n = 7) Kioko et al. (2000) (n =3) Curle, A. (n = 4) 

National Museum of Natural History(n = 2)  Ngoka et al. (2008) (n = 4) Dreyer, A. (n = 1) 

Natural History Museum of Zimbabwe (n = 55)  Raine et al. (2011) (n = 1) Groenewald, J. (n = 1) 

Natural History Museum (London) (n = 4)  Taylor (1969) (n = 4) Heath, A. (n = 2) 

Oxford University Museum (n = 2)  Veldtman et al. (2002, 2004, 2005, 2007) (n = 12) Louis, J. (n = 1) 

   Maclean, M. (n = 1) 

   Raath, M. (n = 9) 

   Rebelo, T (n =1) 

Host tree records 

Databases    Herbaria   

GBIF (www.gbif.org) (n = 751) 

Flora of Zimbabwe (www.zimbabweflora.co.zw) (n = 490) 

PRECIS (SANBI) (n =364)  

Flora of Namibia (www.nbri.org.na) (n = 442) 

Greve et al. (2012)  (n = 4258) 

H.G.W.J. Schweickerdt Herbarium (n = 27)  

Buffelskloof Nature Reserve Herbarium (n = 6)  

    

  

  

http://www.gbif.org/
http://www.zimbabweflora.co.zw/
http://www.nbri.org.na/
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Figure 2.1. Locality records for Gonometa postica (purple) and Gonometa rufobrunnea (green) in southern and 

East Africa. 

 

Figure 2.2. A) Locality records for Gonometa postica host plants. Green: Burkea africana, red: Vachellia 

tortilis, blue: Vachellia erioloba, purple: Senegalia mellifera B) Locality records for Gonometa rufobrunnea 

host plants. Purple: Colophospermum mopane, green: Brachystegia spiciformis. 
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4.3.3  Environmental predictor variables 

Climate data were downloaded from the Worldclim database (Hijmans et al., 2005) at 2.5-

min spatial resolution for annual mean temperature (BIO1), maximum temperature of the 

warmest month (BIO5), mean temperature of the driest quarter (BIO9), annual precipitation 

(BIO12), precipitation seasonality (BIO15), precipitation of the driest quarter (BIO17) and 

precipitation of the coldest quarter (BIO19). BIO9 and BIO19 were subsequently removed 

because of their high correlation (R2 > 0.8) with BIO1 and BIO17 respectively. Additional 

soil data, including soil organic carbon content, pH, cation exchange capacity, percentage 

sand content and bulk density were obtained from the SoilGrids database, downloaded at 1 

km spatial resolution (Hengl et al., 2014). These soil variables did not display high 

collinearity.   

To model the effect of climate change on the distributions of the Gonometa species and 

their host plants, the Woldclim 2070 projections for the five bioclimatic variables were also 

downloaded (Hijmans et al., 2005). A key component for assessing the impact of climate 

change on species distributions using SDMs involves the use of future climate change 

scenarios or representative concentration pathways (RCPs). These RCPs, presented in the 

IPPCs fifth assessment (IPCC, 2014), have been developed to describe different greenhouse 

gas concentration scenarios and are used to simulate future climate change using 

Atmosphere-Ocean Global Circulation Models (AOGCMs) and Earth System Models 

(ESMs) (Baek et al., 2013). They represent some of the major driving forces of climate 

change, including the processes involved, the impacts (ecological, physical and socio-

economic) and the potential responses which may be important when informing climate 

change policy. For the present study, two greenhouse gas emission scenarios (RCP 4.5 and 

RCP 6) were selected to assess potential future distribution of the moth species. Both RCP 

4.5 and RCP 6 project an eventual stabilization of anthropogenic radiative forcing levels after 

2100. RCP 4.5 predicts stabilization to 4.5W/m2 (approximately 650 ppm CO2) after 2100, 

and RCP 6 predicts stabilization to 6 W/m2 (approximately 850 ppm CO2) after 2100 (Van 

Vuuren et al., 2011).  

The projections from two general circulation models (GCMs), HadGEM2-ES and IPSL-

CM5A-LR, were used. Variations of the Hadley model have been used widely in the 

literature for modelling species distributions in southern Africa (Erasmus et al., 2002; 

Midgley et al., 2003; Tadross et al., 2005; Lumsden et al., 2009; Midgley & Thuiller, 2011; 

James et al., 2014). HadGEM2-ES is a coupled atmosphere-ocean GCM representing 

interactive land and ocean carbon cycles and vegetation dynamics (Jones et al., 2011). Also 
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included in this model is an interactive tropospheric chemistry scheme which simulates 

interactions with atmospheric aerosols and the evolution of atmospheric composition. The 

IPSL-CM5 model incorporates five component models representing the earth system and its 

carbon cycle (atmosphere, ocean and sea ice, vegetation and continental surfaces and 

atmospheric chemistry) (Dufresne et al., 2013). It was selected due to its good performance 

in projecting temperature and precipitation in southern Africa (see Ringler et al. 2010), 

although rainfall projections have higher uncertainty than projections for temperature. 

All of the environmental layers were in the WGS 1984 projection. The soil layers were 

resampled to 2.5 min spatial resolution. All layers were clipped to the same extent. Layers 

were all converted into Ascii files for use in Maxent. These analyses were conducted in 

ArcMap 10.1. 

4.3.4  Modelling and model evaluation 

Species distribution modelling was conducted across southern and East Africa (south of the 

equator) using a maximum entropy approach in Maxent (Phillips et al., 2006). Initially, the 

current and future (2070) potential distributions of G. postica and G. rufobrunnea were 

modelled using only the climatic variables (hereafter referred to as “Abiotic models”; Fig. 

2.3). These variables were selected based on the seasonal nature of Gonometa species’ 

outbreaks and their sensitivity to rainfall and drought periods (Hartland-Rowe, 1992; Delport, 

2006).  

A second set of models was run to predict Gonometa distributions that incorporated moth-

host plant interactions into the models. To do this, the distributions of the host plants V. 

erioloba, S. mellifera, V. tortilis and B. africana (for G. postica) and C. mopane and B. 

spiciformis (for G. rufobrunnea) were initially modelled in Maxent for the current and future 

predicted climate. Host tree SDMs were performed using the five bioclimatic and five soil 

variables as predictors. Soil predictors were included in the models because they play an 

important role in the distribution of savanna trees. Arid and moist savannas differ 

substantially in terms of their soil conditions (Huntley & Walker, 1982), which vary in 

texture and elemental composition, and soil fertility (nutrient content) could play a role in 

shaping savanna tree distributions. Furthermore, temperature and water availability are 

considered important drivers of savanna tree distributions (Huntley & Walker, 1982; Smith & 

Goodman, 1986). Four different maps of host plant distributions were generated from these 

models which were each used along with the climatic variables (listed above) as predictors of 

Gonometa species distributions, thus incorporating the moth-host plant interactions in the 
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models. Therefore, four different models incorporating host plant maps (hereafter referred to 

as Biotic 1, Biotic 2, Biotic 3 and Biotic 4) were run to predict each of the Gonometa species’ 

distributions (Fig. 2.3).  

In Biotic 1, probability distribution maps of each host plant (attained as an output in 

Maxent) were used along with the climatic variables as predictors of Gonometa species 

distributions. For Biotic 2, presence-absence maps of individual host plant distributions were 

used along with climatic data as predictors of Gonometa distribution. Presence-absence maps 

were generated by specifying a threshold “equate entropy of thresholded and original 

distributions threshold” to the probability maps of host plant distributions. This threshold, 

which may over-predict potential species ranges (Worth et al., 2014), but is less restrictive 

compared to other thresholds (Morán-Ordόñez et al., 2012) and in this study, showed the best 

performance compared to other thresholds. For Biotic 3, the generated presence-absence 

maps of all host plants of Gonometa species were combined into a single map of host plant 

distribution per Gonometa species. This map was used along with climatic variables to model 

the Gonometa species distributions. A similar approach was used for Biotic 4; except, the 

probability maps of the respective host plant distributions of each Gonometa species were 

combined across the study region.  

For all models (host tree, Gonometa biotic and abiotic), presence localities were divided 

into random test (20%) and training (80%) datasets to evaluate model accuracy using the area 

under the receiver operating curve (AUC). These AUC value represent the ability of a model 

to discriminate between areas where a species is predicted to be present and those where it is 

predicted to be absent (Hanley & McNeil, 1982). The maximum number of background 

points was specified to be 5000. To account for the effects of sampling bias for the models 

predicting Gonometa species distributions, pseudo-absences were chosen from the locality 

records for all Lepidoptera in southern and East Africa, downloaded from GBIF (Elith & 

Leathwick, 2007; Barbet-Massin et al., 2012). These pseudo-absence data were selected 

because biases for southern and East Africa Lepidoptera might be a good proxy for sampling 

biases in Gonometa. These data serve as a comparative dataset under which species 

occurrences in areas can be contrasted to areas where the species are absent (VanDerWal et 

al., 2009). The locality records for acacias in southern Africa (taken from the database of 

Greve et al. (2012)) were used to account for sampling bias in the host tree distribution 

models. Presence-absence maps for the modelled predicted distributions were generated 

using the “equate entropy of thresholded and original distributions threshold” (Phillips et al., 

2006). 
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Figure 2.3. Diagram illustrating the different types of models run to predict Gonometa species distributions. 

4.4   RESULTS 

4.4.1 Model performance and current predicted distribution of Gonometa species  

Out of the different models run to predict Gonometa species distributions, the abiotic models 

and only the two best performing biotic models (Biotic 1 and 4 for G. postica, and Biotic 1 

and 2 for G. rufobrunnea) are presented. The abiotic model predicting G. postica distribution 

performed fairly well, with an AUC score of 0.819 (Table 2.2). The models predicting G. 

postica host tree distributions had a fair to high predictive power (Appendix A), with test 

AUC values ranging from 0.72 to 0.87 (Table A1). However, when biotic interactions, in the 

form of these modelled host tree distributions (Fig. B1−B4, Appendix B) were included in 

the SDMs of G. postica, model predictive power and performance did not improve (Table 

2.2).  

The known occurrence records of the G. postica match well with the current predicted 

distribution of the species by the abiotic model (Fig. 2.4A), particularly for parts of South 

Africa, Namibia, Botswana and East Africa where the species has been recorded. Areas that 

the model predicts to be suitable for the G. postica but where the species has not been 
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recorded (i.e. parts of Angola, Zambia, Zimbabwe, Mozambique and Malawi), could 

represent either model overprediction (i.e. false presences) or undersampled areas where G. 

postica has not yet been recorded. Most of central southern Africa is predicted to be 

unsuitable for G. postica.  

When host plant distributions were incorporated into the model as predictors of G. postica 

distribution (Fig. 2.4B & C), the predicted range of the species appears to be more restricted 

than when they were excluded (Fig. 2.4A). The areas predicted to be suitable for G. postica 

by the biotic models are similar to the predictions made by the abiotic model. However, the 

biotic models increase the number of false absences (i.e. areas that are predicted to be 

unsuitable for the species, but where the species and some of its host plants have been 

recorded) and therefore under-predicts G. postica distribution on the west coast of southern 

Africa.     

The models of the distributions of G. rufobrunnea host plants performed well (Appendix 

A), with test AUC values ranging from 0.76 to 0.87 (Table A1). However, both the biotic and 

abiotic models of G. rufobrunnea distribution performed poorly (Table 2.2) and the 

distribution maps for this species may be unreliable. The poor model performance is also 

evident from the presence-absence maps generated for these models, which show that the 

current predicted distribution of G. rufobrunnea matches poorly with the known occurrence 

records of the species (Fig. 2.5). Moreover, the test gain (which is a measure of the goodness 

of fit) for these models was negative (Table 2.2). There was also a large difference between 

the test and training AUC scores for these models, which is an indication of the degree of 

overfitting (Stockwell & Peterson, 2002).  

The abiotic model predicted a broader range of suitable conditions for G. rufobrunnea 

than the biotic models (Fig. 2.5), but it performed no better than what a random model would 

have (test AUC = 0.49). Incorporating the biotic interaction into the model of G. rufobrunnea 

distribution similarly improved all models’ predictive powers based on the AUC score, 

although, this score remained low (Table 2.2).  

4.4.2 Gonometa species future (2070) projected distributions 

The future distributions of the Gonometa species were predicted under both RCP scenarios 

and using all abiotic and biotic models (see Figs. B1−B6 in Appendix B for maps of future 

host tree distributions used in biotic models). All of the models predicted the distribution of 

G. postica to contract by 2070 (Figs. 2.62.8). This is especially evident in the northern areas 

of the species’ southern African range. The models predict that South Africa will remain 
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suitable for G. postica by 2070 and that new areas may become suitable for the species, but 

only if both the moth and its host plants manage to track climate change. Furthermore, the 

models predict G. postica’s distributional range in Kenya to almost disappear. This is more 

pronounced for biotic (Figs. 2.7 & 2.8) models than for the abiotic model (Fig. 2.6), and is 

more severe for the IPSL-CM5-LR model simulations (Figs. 2.62.8C−D) than the 

HadGEM2-ES simulations (Figs. 2.62.8A−B). Incorporating the biotic interaction into the 

model of G. postica distribution restricts the species’ range slightly more than when it is 

excluded.  

All models predicted G. rufobrunnea distribution in 2070 (Figs. 2.92.11AD) to be quite 

similar to the current predicted distribution of the species (Figs. 2.5). Although slight regional 

changes are evident from the maps, e.g. minimal expansion of the species into South Africa 

and a slight contraction of the species’ East African range, I considered these projections to 

be unreliable due to the poor performance of the models. 

Table 2.2. Model performance for the models of Gonometa spp. distributions: Abiotic – models run using 

climatic predictor variables only; Biotic – models run using climatic variables and host tree distribution as 

predictors of Gonometa spp. distributions. In Biotic 1 probability maps of each host plant distributions were 

incorporated into the models, whereas in Biotic 2 individual host plant presence-absence maps were used as 

predictors of moth distribution. For Biotic 3, the presence-absence maps of host plant distributions were 

combined and incorporated into the models. In Biotic 4, host plant probability maps were summed and used as 

predictors of moth distribution. The AUC is the area under the curve and is used as a measure of model 

performance. SD = standard deviation and gain = a likelihood statistic (maximising the probability of Gonometa 

presence in relation to background data) for the test data (i.e. data used to evaluate how well Maxent predicts 

independent data) 

 

 

 

 

 

 

 

 

 

Model Test AUC Training AUC SD AUC Test gain 

G. postica (Abiotic) 0.8187 0.8337 0.0480 0.7398 

G. postica (Biotic 1) 0.738 0.8531 0.0659 0.4713 

G. postica (Biotic 2) 0.7178 0.8456 0.0741 0.3739 

G. postica (Biotic 3) 0.7114 0.8439 0.0725 0.3956 

G. postica (Biotic 4) 0.7241 0.8471 0.0678 0.4556 

G. rufobrunnea (Abiotic) 0.4934 0.9000 0.1370 -2.0078 

G. rufobrunnea (Biotic 1) 0.6455 0.9371  0.1414 -0.6506 

G. rufobrunnea (Biotic 2) 0.6374 0.9106  0.1453 -0.8263 

G. rufobrunnea (Biotic 3) 0.62 0.9085  0.1449 -1.1679 

G. rufobrunnea (Biotic 4) 0.6226 0.9336  0.1441 -1.9269 
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Figure 2.4. Presence-absence maps generated for the current predicted distribution of Gonometa postica, where A) 

only climatic data were use as predictors (Abiotic model), B) the individual probability maps of host plant distributions 

were used in addition to climate data as predictor variables (Biotic 1), and C) the combined probability maps of host 

plant distributions were used in conjunction with climate data as predictor variables (Biotic 4). Known occurrence 

records are illustrated in pink. Dark areas predict G. postica presence (suitable areas), and light areas absence 

(unsuitable areas). Presence-absence maps were generated using the “equate entropy of thresholded and original 

distributions threshold”. 
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Figure 2.5. Presence-absence maps generated for the current predicted distribution of Gonometa rufobrunnea 

where A) only climatic predictor variables were used (Abiotic model), B) the individual probability maps of 

host plant distributions were used in conjunction with climate data as predictor variables (Biotic 1), and C) the 

individual presence-absence maps of host plant distributions were used in addition to climatic data as predictor 

variables (Biotic 2). Known occurrence records are illustrated in green. Dark areas represent G. rufobrunnea 

presence (suitable areas), and light areas absence (unsuitable areas). Presence-absence maps were generated 

using the “equate entropy of thresholded and original distributions threshold”. 
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Figure 2.6. Presence-absence map generated for the future (2070) potential distributions of Gonometa postica, 

predicted using only climate data as predictor variables (Abiotic model). Dark areas represent G. posrica 

presence (suitable areas), and light absence (unsuitable areas). The future models were run under two different 

climate change (RCP) scenarios that were simulated using Earth System and Global Circulation Models: A) RCP 

4.5, HadGEM2-ES; B) RCP 6, HadGEM2-ES; C) RCP 4.5, IPSL- CM5A-LR; D) RCP 6, IPSL-CM5A-LR. 

Known occurrence records are represented in pink for the current predicted G. postica distribution. Presence-

absence maps were generated using the “equate entropy of thresholded and original distributions threshold”. 
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Figure 2.7. Presence-absence maps generated for the future (2070) potential distributions of Gonometa postica, 

predicted using the individual probability maps of host tree distributions in addition to climatic data as predictor 

variables (Biotic 1). Dark areas represent G. postica presence (suitable areas), and light areas absence (unsuitable 

areas). Future models were run under two different climate change (RCP) scenarios that were simulated using 

Earth System and Global Circulation Models: A) RCP 4.5, HadGEM2-ES; B) RCP 6, HadGEM2-ES; C) RCP 4.5, 

IPSL-CM5A-LR; D) RCP 6, IPSL-CM5A-LR. Known occurrence records are illustrated in pink for the current 

predicted G. postica distribution. Presence-absence maps were generated using the “equate entropy of thresholded 

and original distributions threshold”. 
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Figure 2.8. Presence-absence map generated for the future (2070) potential distributions of Gonometa postica, 

predicted using climate data in conjunction with the combined host plant probability map as predictor variables 

(Biotic 4). Dark areas represent G. postica presence (suitable areas), and light areas absence (unsuitable areas). 

Future models were run under two different climate change (RCP) scenarios that were simulated using Earth System 

and Global Circulation Models: A) RCP 4.5, HadGEM2-ES; B) RCP 6, HadGEM2-ES; C) RCP 4.5, IPSL- CM5A-

LR; D) RCP 6, IPSL-CM5A-LR. Known occurrence records are illustrated in pink for the current predicted G. 

postica distribution. Presence-absence maps were generated using the “equate entropy of thresholded and original 

distributions threshold”. 
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Figure 2.9. Presence-absence maps generated for the future (2070) potential distributions of Gonometa 

rufobrunnea, after using only the climatic data as predictor variables (Abiotic model). Dark areas represent G. 

rufobrunnea presence (suitable areas), and light areas absence (unsuitable areas). Future models were run under 

two different climate change (RCP) scenarios that were simulated using Earth System and Global Circulation 

Models: A) RCP 4.5, HadGEM2-ES; B) RCP 6, HadGEM2-ES; C) RCP 4.5, IPSL-CM5A-LR; D) RCP 6, IPSL- 

CM5A-LR. Known occurrence records are illustrated in green for the current predicted distribution of the species. 

The maps were generated using the “equate entropy of thresholded and original distributions threshold”. 
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Figure 2.10. Presence-absence map generated for the future (2070) potential distributions of Gonometa 

rufobrunnea, where the probability maps of host tree distributions and the climatic data where used as predictor 

variables (Biotic 1). Dark areas represent G. rufobrunnea presence (suitable areas), and light areas absence 

(unsuitable areas). Future models were run under two different climate change (RCP) scenarios that were simulated 

using Earth System and Global Circulation Models: A) RCP 4.5, HadGEM2-ES; B) RCP 6, HadGEM2-ES; C) RCP 

4.5, IPSL- CM5A-LR; D) RCP 6, IPSL-CM5A-LR. Known occurrence records are illustrated in green for the 

current predicted distribution of G. rufobrunnea. The presence-absence maps were generated using the “equate 

entropy of thresholded and original distributions threshold”. 
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Figure 2.11. Presence-absence map generated for the future (2070) potential distributions of Gonometa 

rufobrunnea, where the presence-absence maps of host tree distributions and the climatic data where used as 

predictor variables (Biotic 2). Dark represent G. rufobrunnea presence (suitable areas), and light areas absence 

(unsuitable areas). Future models were run under two different climate change (RCP) scenarios that were 

simulated using Earth System and Global Circulation Models: A) RCP 4.5, HadGEM2-ES; B) RCP 6, HadGEM2-

ES; C) RCP 4.5, IPSL-CM5A-LR; D) RCP 6, IPSL- CM5A-LR. Known occurrence records are illustrated in green 

for the current predicted distribution of the species. The maps were generated using the “equate entropy of 

thresholded and original distributions threshold”. 
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4.4.3 Variable contribution and importance 

The variable which contributed most to the Abiotic model of G. postica distribution was 

annual precipitation, with a percentage contribution of 56.4% (Table 2.3). In addition, the 

jackknife test of variable importance using the training gain revealed that, when considered in 

isolation, annual precipitation yielded the highest training gain (0.41) compared to the other 

variables, and therefore contained the most useful information by itself for explaining the 

model of G. postica distribution. This variable also contained the most information that was 

not included by the other variables, yielding the lowest training gain (0.41) when excluded 

from the model. 

When the probability maps of host plant distributions were incorporated into the model as 

additional predictors of G. postica distribution (Biotic model 1), the percentage contribution 

of annual precipitation decreased (Table 2.3). Vachellia erioloba and B. africana became the 

main contributors to the model. Training gain was lowest when B. africana and annual 

precipitation were excluded from the model (gain = 0.65 and 0.69 respectively), and highest 

(0.41) when annual precipitation was considered in isolation from the other predictor 

variables. These variables therefore contained the most unique, useful information not 

contained by the other variables. Model predictive power was at its lowest (AUC = 0.74) 

when B. africana, V. erioloba and annual precipitation were excluded from the model, and 

for the single predictor models, and at its highest when V. erioloba was considered 

independently from the other predictor variables (AUC = 0.84).  

Similarly, for the model which incorporated the combined host plant probability maps as 

predictor variables (Biotic model 4), the percentage contribution of annual precipitation 

decreased and host plant distribution became the main contributor of 40.1% (Table 2.3). 

Annual precipitation contained the most useful information by itself (gain = 0.41) for 

describing G. postica distribution, but host plant distribution contained the most information 

not included by the other predictor variables in the model (gain = 0.59) and also contributed 

towards the predictive power of the model. Although annual mean temperature was not the 

main contributor to this model, the predictive power of the model was lowest when this 

variable was excluded from the model.  

The probability of occurrence of G. postica was predicted to increase with annual mean 

temperature, up until a certain temperature value and thereafter decrease (Figs. C1–C3, 

Appendix C). Furthermore, the abiotic and biotic models predicted the probability of 

occurrence of G. postica to be highest in areas will low annual precipitation. Gonometa 
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postica occurrence was predicted to increase with the probability of occurrence of its host 

tree species (Fig. C2 and Fig. C3).  

Precipitation seasonality and host plant distribution contributed highly to the models 

predicting G. rufobrunnea distribution (Table 2.3, Figs. C4−C6, Appendix C). They were 

also important for defining G. rufobrunnea distribution and contributed towards the 

predictive power of the model (Table 2.3). Colophospermum mopane became a main 

contributor to the model when host tree distributions were incorporated; however, 

precipitation seasonality remained an important predictor variable. However, because of the 

poor performance of these models, it is difficult to draw reliable conclusions about the drivers 

of the species’ distribution. This is particularly true for the abiotic model, which performed 

no better than what a random model would have. 

4.5   DISCUSSION 

4.5.1 Gonometa species model performance – biotic versus abiotic variables 

This study compared SDMs with abiotic predictor variables to those with both abiotic and 

biotic predictor variables. Because the association between Gonometa species and their host 

plants is necessary for the completion of the moths’ life cycles (Hartland-Rowe, 1992; Fening 

et al., 2008; Fening et al., 2010), I expected that host plants play an important role in shaping 

Gonometa distributions, and that incorporating the moth-host plant interaction into the 

modelling process would improve model predictive power. 

Contrary to what was expected, this study found that incorporating the moth-host plant 

biotic interaction into the model lowered G. postica model performance. The opposite was 

found for the model of G. rufobrunnea distribution – incorporating the interaction improved 

model performance (albeit that the best model’s performance was still fairly weak). Biotic 

interactions have improved model explanatory power at both local (Leathwick & Austin, 

2001; Leathwick, 2002; Pellissier et al., 2010) and large (Araújo & Luoto, 2007; Giannini et 

al., 2013) spatial scales. Indeed, incorporating information on host plant species has been 

shown to affect the distributions and population dynamics of other Lepidoptera (Araújo & 

Luoto, 2007; Menéndez et al., 2007; Schweiger et al., 2012; Alalouni et al., 2013). However, 

inclusion of biotic interactions or other aspects of species’ ecologies into the modelling 

process does not always improve model performance and predictive power (McPherson & 

Jetz, 2007; Bateman et al., 2012). Observed patterns on one scale may not always be 

reflected at other scales (Guisan & Thuiller, 2005), so perhaps different results would be 

obtained if these Gonometa species distributions were modelled at a local scale. For example, 
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Gonometa distributions may be influenced more by local host tree abundance or quality, 

which may be mediated by local environmental conditions. 

The degree of dietary specialization (or more generally ecological specialization) of a 

species has been shown to influence model performances (Hernandez et al., 2006; Araújo & 

Luoto, 2007; Preston et al., 2008; Giannini et al., 2013). Some literature has reported G. 

rufobrunnea to feed only on C. mopane (Scholtz & Holm 1985; Hartland-Rowe, 1992); 

however, it has been reported on other host plants (Kroon, 1999; pers. comm. Richard 

Peigler). Its northern range stretches considerably further north than C. mopane’s northern-

most distribution. Gonometa postica is considered to be less host specific than G. 

rufobrunnea (pers. comm. Ruan Veldtman). The more dependent one species is on another or 

on other species, the more likely its distribution is to be shaped by interactions with the 

species. This may serve as a possible explanation for the slight improvement observed in G. 

rufobrunnea model performance following the inclusion of host plant distributions. 

Furthermore, modelling species distributions using biotic interactions often requires a greater 

amount of knowledge on species biology than what is available. (Baselga & Araújo, 2009) 

For Gonometa species, although their life cycles host tree identities have been established, 

knowledge on their interactions with host trees (i.e. performance on and preferences for 

certain host plants over others), is limited (e.g. Fening et al., 2008; Fening et al., 2010). 

Addressing this research gap could improve predictions of Gonometa distributions. 

Species’ life histories and traits have also been shown to affect model performance (Luoto 

et al., 2005; Pöyry et al., 2008; Zurell et al., 2009, Hanspach et al., 2010; Syphard & 

Franklin, 2010). As an example, Pöyry et al. (2008) found the distributions of butterfly 

species with greater vagility and longer flight periods to be less accurately predicted by 

SDMs than butterflies with reduced mobility and flight periods. Gonometa species, which are 

characterised by eruptive, unpredictable population cycles (Veldtman et al., 2007), may be 

influenced by stochasticity within their environments, which could influence model 

performance (Pöyry et al., 2008). For example, personal observations revealed that G. postica 

could be absent from an area following a period of drought in one year, in which it had 

otherwise been very abundant. Moreover, parasitoids are additional mortality factors acting 

on Gonometa species populations (Hartland-Rowe, 1992; Veldtman et al., 2004; Fening et 

al., 2009) and may also play an important role in shaping their distributions, through the 

effect that they have on Gonometa population dynamics and outbreaks. Therefore, biotic 

models might have improved with the inclusion of parasitoid (and predator) occurrence. 

Environmental stochasticity in these forms is not well represented by the predictor variables 
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in the models. Moreover, predictor variables do not account for the influence of trait variation 

within and between host tree species (which could mediate moth oviposition preferences) on 

Gonometa distributions. In some plant-insect systems, plant resources are the dominant 

factors mediating insect distributions and abundances, whereas in others, presences of natural 

enemies are more important (Schultz, 1992; McMillin & Wagner, 1998). However, the role 

of top-down factors (relating to natural enemies) versus bottom-up effects (relating to host 

plants) in determining species dynamics and distributions remain topic of considerable debate 

(Hunter & Lechowicz, 1992; McMillin & Wagner, 1998; Jamieson et al., 2012). The moth-

host plant interactions in my study were not as representative of Gonometa distributions as I 

thought they would be.  

Other studies which have used similar methods to model species distributions (i.e. Araújo 

& Luoto, 2007; Preston et al., 2008; Bateman et al., 2012) showed that when host plant 

occurrence was considered in conjunction with climatic variables as predictors of broad-scale 

species distributions, model performances improved significantly compared to the climate-

only models. However, Bateman et al. (2012) only found improved model performance when 

incorporating positive (consumer-resource) interactions into models and not negative 

(competitive) interactions (which lowered model predictive power slightly). Therefore, biotic 

model predictive power may be influenced by the interaction types that are incorporated in 

models, and may be species distributions species-dependent (Schweiger et al., 2012; le Roux 

et al., 2012; Eskildsen et al., 2013). 

4.5.2 Consequences of climate change for Gonometa spp. distributions 

Climate projections show that southern and East Africa and its ecosystems will be 

significantly affected by climate change (Collier et al., 2008; Lovett, 2015). Some areas are 

predicted to become drier and others wetter (Collier et al., 2008). Climate change is likely to 

affect G. postica and G. rufobrunnea distributions because their periodic outbreaks coincide 

with seasonal rainfall events (Hartland-Rowe, 1992). 

All models predicted a contraction in the range G. postica. Additionally, G. postica’s 

range was predicted to shift towards higher latitudes with climate change, which has already 

been observed in a number of butterfly species (Parmesan et al., 1999; Hughes, 2000; 

Eskildsen et al., 2013). Furthermore, G. postica’s East African range was predicted to almost 

disappear by 2070, which could be attributed to the predicted increase in average rainfall in 

eastern Africa and parts of central Africa (Collier et al., 2008). Due to the poor performance  
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Table 2.3. Variables that were found to be the important (i.e. variables contributing most to the models and which yielded the highest training gain and AUC scores based on the jackknife tests 

of variable importance) for describing the Gonometa spp. distributions. Variables marked with asterisks did not contribute highly to the models based the analysis of variable contribution, but 

were important predictors of moth distribution based on the jackknife tests of variable importance (training gain and AUC columns). Permutation importance is determined by randomly 

permuting values of the variable in question among the training points. The gain given in the table starts at 0 during a model run, increasing towards an asymptote and gives the maximum 

likelihood ratios of average presences to average background points (see Merow et al., 2013). Maximizing the gain gives the best models. The training gain without the variable represents the 

model gain once the variable in question has been removed from the model, whereas the training gain with the variable only, represents the gain of the model when the variable in question is 

considered in isolation from all the other variables. The AUC (without variable) represents predictive power of the models when the variables in question are excluded from the models, and the 

AUC (variable only) represents AUC from a model containing only the predictor variable 

Species model Variable 
% Contribution to 

model 

Permutation 

importance 

Training gain  

(without variable) 

Training gain  

(Variable only) 

AUC  

(without variable) 

AUC  

(variable only) 

G. postica – (Abiotic) Annual Mean Temperature 36.79 23.25 0.4771 0.3121 0.7960 0.7800 

 

Annual Precipitation 56.37 75.75 0.4079 0.4059 0.8013 0.7809 

G. postica  (Biotic 1) Vachellia erioloba 36.65 0.42 0.7262 0.2161 0.7395 0.8350 

 

Burkea africana 16.32 28.46 0.6454 0.2251 0.7386 0.6760 

 

Senegalia mellifera* 2.96 8.64 0.7018 0.2993 0.7676 0.7071 

 

Vachellia tortilis* 1.95 1.87 0.7179 0.2551 0.7433 0.7364 

 

Annual Mean Temperature* 15.52 9.65 0.7116 0.3430 0.7408 0.7244 

 

Annual Precipitation* 8.98 30.67 0.6925 0.4081 0.7351 0.7494 

G. postica (Biotic 4) Host plant distribution 40.05 25.95 0.5927 0.3509 0.7416 0.7275 

 Annual Mean Temperature 32.88 12.91 0.633 0.343 0.7249 0.7244 

 
Annual Precipitation* 15.42 48.17 0.6152 0.4081 0.7504 0.7494 

G. rufobrunnea (Abiotic) Annual Precipitation 14.09 20.53 0.7836 0.2860 0.5460 0.3848 

 
Precipitation Seasonality 79.47 76.87 0.6714 0.7247 0.4989 0.5683 

 
Precipitation of the  Driest Quarter* 6.40 2.57 0.8892 0.4863 0.5036 0.5677 

G. rufobrunnea (Biotic 1) Colophospermum mopane 79.77 48.22 1.0133 1.0284 0.6393 0.5950 

 

Precipitation Seasonality 15.98 44.63 1.1587 0.8763 0.6255 0.6239 

G. rufobrunnea (Biotic 2) Precipitation Seasonality 57.8 84.08 0.838 0.8763 0.6413 0.6239 

 Colophospermum mopane 29.9 4.26 0.9747 0.5047 0.6336 0.6502 

 Precipitation of Driest Quarter* 11.5 11.00 1.0484 0.5768 0.6433 0.5999 

 Annual Precipitation* 0.6 0 1.0813 0.1672 0.6341 0.6414 
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of the G. rufobrunnea models, I consider the SDM predictions of the effect of climate change 

on the species unreliable.  

Climate change could also affect Gonometa species distributions indirectly because 

variations in temperature have been shown to alter insect herbivore population density, 

development, life cycle duration, host plant exploitation extent, distributions (via novel 

colonisations or extinctions), voltinism and genetic composition (Hughes, 2000; Bale et al., 

2002; Braschler & Hill, 2007; Jamieson et al., 2012). Temperature changes may also affect 

insect metabolism and flight activity (Jamieson et al., 2012). Rises in temperature, which are 

expected for northern and southern Africa (Collier et al., 2008) could advance lepidopteran 

flight period and adult emergence (Menéndez, 2007; Jamieson et al., 2012) and affect larval 

development (Fening et al., 2010). Furthermore, plants and insects will be affected by climate 

change either directly, through the modification of insect or plant traits, or indirectly, through 

changes in organisms with which they interact in other trophic levels (Hunter & Elkinton, 

2000; Jamieson et al., 2012; Schweiger et al., 2012). Therefore, another consequence of 

climate change is the alteration of species interactions (i.e. Gonometa-host plant interactions), 

which can feed back to species geographical ranges and abundances (Hughes, 2000; Blois et 

al., 2013). Consequently, climate change can narrow and possibly eliminate some of the 

overlaps, and increase the number of mismatches between Gonometa species and their host 

plants.  

Further mismatches between the distributions of the Gonometa species and their host 

plants could occur if climate change shifts the phenologies of these species as demonstrated 

for species in other studies (Hughes, 2000; Hunter & Elkinton, 2000; Roy & Sparks, 2000; 

Bale et al., 2002; Stefanescu et al., 2003; Menéndez, 2007; Forister et al., 2010; Jamieson et 

al., 2012). In 1990, late rainfall events resulted in a population crash for G. rufobrunnea 

because moth emergence was triggered by temperature changes, but there was no foliage 

available on their host trees at this time (Hartland-Rowe, 1992). For many host-specific insect 

herbivores to successfully complete their life cycles, close synchrony is required with host 

plant phenology and this becomes more critical as the climatic suitability for insects declines 

(Bale et al., 2002). An additional factor that may have a profound effect on Gonometa species 

distributions into the future is the presence and response of predators, bacteria, viruses and 

parasites to climate change (Hartland-Rowe, 1992; Jamieson et al., 2012). Interactions 

between these natural enemies and climatic conditions have been shown to affect other 

lepidopteron population dynamics and distributions into the future (Alalouni et al., 2013). 

They may also lead die-offs in a number of woody plant species as well as changes in the 
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severity and frequency of outbreak species (Logan et al., 2003). Such mortality factors are 

active throughout the life cycle of Gonometa and vary through space, time and in intensity 

depending on Gonometa population densities (Hartland-Rowe, 1992; Veldtman et al., 2004). 

Changes in species responses have implications for Gonometa species and the silk 

harvesting industry which depends on them, because the current distributions of the moths are 

dependent on the current distribution of their host trees. Mismatches between the two could 

lead to population crashes (Menéndez, 2007). Species may also shift to novel host plants. 

However, G. postica do show preferences for certain host tree species over others (see Fening 

et al., 2008). Moreover, although G. postica has been observed on different host tree species, 

my observations in the field showed that V. erioloba was the only tree where the moth was 

found, even though different host tree species were present. Such regional preferences would 

make shifts to novel host tree species difficult.  

4.5.3 Drivers of current Gonometa species distributions 

Gonometa postica occurs in more temperate regions than G. rufobrunnea, and appears to be 

limited by annual precipitation. In contrast, precipitation seasonality was the most important 

predictor for the distribution of G. rufobrunnea. These abiotic variables were important 

predictors of Gonometa distribution irrespective of inclusion of exclusion of host plant data. 

These results are in broad agreement with studies showing that Gonometa species are 

dependent on both temperature and precipitation cues for outbreak initiation and emergence 

from cocoons (Hartland-Rowe, 1992, Delport, 2006). This suggests that climate could exert a 

role (Pearson & Dawson, 2003) in shaping Gonometa species distributions broad scales; 

although, the effect of host tree distributions cannot be ignored (Araújo & Luoto, 2007; 

Schweiger et al., 2012).  

The abiotic models for both G. postica and G. rufobrunnea predicted a broader set of 

suitable conditions for these moths than the biotic models, which contrast with Bateman et al. 

(2012) who found that incorporating consumer-resource interactions into models increased 

the area of suitable habitat for species. This suggests that host plant distributions limit the 

current predicted and future potential distributions of Gonometa, likely due to the association 

between Gonometa species and their host plants for development and survival (Veldtman et 

al., 2007; Fening et al., 2008; Fening et al., 2010); i.e. models may predict climatic suitability 

for the moths in certain regions, but if their host plants are absent from those regions, they 

would be unable persist there. Gonometa species range limits may also be attributed to 

multiple species interactions (Case et al., 2005; Schweiger et al., 2012) occurring within 
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these systems. For example, competition, predation or facilitation among species and 

individuals, can inflate or restrict species ranges (Pulliam, 2000). Furthermore, host plants 

may mediate insect oviposition preference and therefore drive insect distributions via 

differences in host plant traits or qualities (McMillin & Wagner, 1998). For example, G. 

postica has demonstrated a preference for certain host tree species over others in East Africa 

(see Fening et al., 2008). 

4.6   CONCLUSION 

Results obtained in this study contrast with previous studies which have found improved 

SDM performance by incorporating consumer-resource interactions into models predicting 

large-scale species distributions. However, predictions made by the biotic models contrasted 

to predictions from the abiotic models for the current and especially future predicted range of 

the species concerned. My results supported the idea that climate governs the large scale 

distributions of species; however, the importance of the moth-host plant interactions in 

shaping Gonometa species distributions should not be ignored. Literature suggests that the 

effects of biotic and abiotic factors in shaping species distributions are dependent on the 

species involved, and vary with species’ biology, ecology and traits (Luoto et al., 2005; 

Hernandez et al., 2006; Pöyry et al., 2008; Zurell et al., 2009; Syphard & Franklin, 2010; 

Schweiger et al., 2012); however, for Gonometa species distributions, further studies are 

required to investigate the contribution and importance of these factors.  

Furthermore, to predict the effects of climate change on species distributions, there is a 

need to better understand species interactions (Gilman et al., 2010; Bateman et al., 2012) and 

how each partner in the interaction will respond to climate change (Jamieson et al., 2012). 

Both partners in an interaction have the potential to respond individually to climate change. 

Therefore, by including biotic interactions into the modelling process, I assume my 

predictions of the impact of climate change on species distributions are more realistic as 

opposed to climate-only models (Araújo & Luoto, 2007; Gilman et al., 2010). This is 

especially true for Gonometa species, which are dependent on their host trees for survival. 

Future work is needed to strengthen the ecological theory behind Gonometa-host plant 

interactions (such as possible regional specialization on dominant host plant species), which 

may improve my predictions of Gonometa distributions. The importance of host-plant 

interactions shaping Gonometa species distributions relative other factors such as Gonometa-

parasioid interactions and natural enemy responses to climate change also needs to be 

assessed. 
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5 CHAPTER 3 

 

 

Empty G. postica cocoons act as ecosystem engineered structures 

for arboreal ants on Vachellia erioloba 

 

 

 

 

 

 

 

Licences and permits 

Licence to use Vachellia erioloba: NCU 4640714 

To authorise cut, remove and damage or destroy: a) indigenous trees in natural forests, and/or b) protected trees, or the 

acquisition or disposal in any manner of such trees or their products. 

Valid: 1 July 2014 - 31 December 2016 

Permits for the collection and transport of biological material: a) FAUNA 424/2/2014, b) FAUNA 1736/2014, c) FAUNA 

1737/2014 

Fauna research 

Valid: a) 5 May 2014 - 5 May 2017 

Valid: b) 9 December 2014 - 9 December 2017 

Valid: c) 9 December 2014 – 9 June 2015 
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5.1   INTRODUCTION 

The numerous biotic interactions and abiotic conditions that a species experiences may 

determine its niche, and as a result, its habitat choice (Jeffries & Lawton 1984; Palmer, 

2003). Biotic interactions that strongly affect species habitat choice may include competition 

for limiting resources (food and space), predation and parasitism. In some cases, species 

habitat choice may also be mediated by positive (i.e. mutualistic) interactions with other 

species (Kaminski et al., 2010) or by organisms that alter resource flow by changing the 

physical states of biotic or abiotic materials through ecosystem engineering (Jones et al., 

1994; Jones et al., 1997; Dangerfield et al., 1998). 

Ecosystem engineers alter their environments in such a way that it benefits themselves or, 

either directly or indirectly, other organisms (Jones et al., 1994; Jones et al., 1997; Breitburg 

et al., 2010). They create, modify or maintain habitats, increasing local patchiness and, 

usually, alter population dynamics and support different species than to environments from 

which ecosystem engineers are absent (Dangerfield et al., 1998; Jones et al., 1997; Gutiérrez 

et al., 2003). Consequently, ecosystem engineers promote habitat heterogeneity and can 

affect patterns and processes at the individual, population or community level (Badano & 

Marquet, 2008).  

Autogenic ecosystem engineers are those which alter the environment via their own 

physical structures (e.g. plants, mussels or biofilm-producing microbes) (Jones et al., 1997; 

Dangerfield et al., 1998; Jones et al., 2006). In contrast, allogenic ecosystem engineers 

transform materials from one physical state into another (Dangerfield et al., 1998; Jones et 

al., 2006; Kawai & Tokeshi, 2006). These include, for example, soil cast-creating 

earthworms, tree-felling elephants and dam-building beavers (Jones et al., 1997; Gutiérrez et 

al., 2003; Jones et al., 2006; Breitburg et al., 2010). Ecosystem engineers have long been 

recognised for the positive impact that they have on species assemblages, although their 

impacts on species can also be negative (Lill & Marquis, 2003). The effects of ecosystem 

engineers on other organisms may either be strong or weak and are dependent on the engineer 

involved (Jones et al., 1997).  

In arboreal systems, there are many examples of herbivorous invertebrate ecosystem 

engineers, which include leaf-tying, leaf-rolling and leaf-folding caterpillars, leaf miners and 

wood-boring beetles (Martinsen et al., 2000; Fukui, 2001; Fournier et al., 2003; Lill & 

Marquis, 2003; Kagata & Ohgushi, 2004; Lill & Marquis, 2004; Lima et al., 2013). They 

create shelters within the trees that are frequently utilized by other taxa (including Diptera, 

Coleoptera, Lepidoptera, Hymenoptera, Hemiptera and Orthoptera) as refuges against 
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negative bottom-up or top-down effects (Fukui, 2001). These shelters influence the 

abundance, survival and distribution of other species, and can therefore shape local patterns 

of species diversity.  

Arboreal ants are known to utilise a wide variety of plant structures as potential nesting 

sites (Beattie & Hughes 2002). For example, some species use specialized thorn domatia 

(Campbell et al., 2013b), and other domatia in the form of hollow stems, leaf pouches and 

petioles (Heil & McKey, 2003) and cavities that occur naturally (Dejean et al., 2012). Studies 

on the ant utilization of thorn domatia have found that individual trees can be occupied by 

either single or multiple ant species (Davidson & McKey, 1993; Young et al., 1997; Palmer, 

et al., 2000; Raine et al., 2004; Palmer et al., 2010; Stanton & Palmer, 2011; Palmer & 

Brody, 2013). There is also evidence for ants using structures created by other organisms, 

such as leaf shelters, as nesting sites (Nakamura & Ohgushi, 2003). 

In this study, ants and other invertebrates were observed using the cocoons of the 

economically important silk moth species, Gonometa postica Walker 1855, on the 

myrmecophilic tree Vachellia erioloba (one of G. postica’s main hosts in South Africa) 

(Hartland-Rowe, 1992; Campbell et al., 2013a). The larvae of these moths forage on the 

foliage of the trees for approximately two months before spinning cocoons (Hartland-Rowe, 

1992), which allows for direct interactions between G. postica and the arboreal ants. The 

association between G. postica caterpillars and ant species on V. erioloba is antagonistic 

(Campbell et al., 2013a). The ant species, which inhabit thorn domatia on V. erioloba, display 

aggressive behaviour towards foraging G. postica larvae, where they remove the larvae from 

trees. However, empty G. postica cocoons may serve as ant sheltering and nesting sites 

(similar to thorn domatia), potentially providing a buffer for ants and other invertebrates 

against environmental extremes and natural enemies, creating a unique and protected 

environment. The cocoons, like other engineered structures, likely create a new abiotic state 

which is different from the unmodified abiotic conditions (Jones et al., 2006) and may impact 

the overall complexity associated with the tree (Lill & Marquis, 2003). Gonometa postica 

may therefore be considered an autogenic (Jouquet et al., 2006) ecosystem engineer because 

it constructs structures that are utilised by ants and other invertebrates within the trees 

(Martinsen et al., 2000; Lill & Marquis, 2003; Jones et al., 2006; Lima et al., 2013).  

This chapter examines the ecological significance of G. postica as an ecosystem engineer 

for acacia ants and other invertebrates. No previous research has examined the secondary 

utilization of invertebrate-created biogenic structures by ants, making this a novel study. I 

hypothesise that ants are selecting cocoons as nesting sites based on aspects of cocoon 
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morphology (i.e. size), similar to what has been observed for ant nest or domatia selection 

(Thomas, 2002; Campbell et al., 2013b). Gonometa postica is sexually dimorphic, with 

cocoons varying in shape, length and width (Veldtman et al., 2002), and therefore providing 

varying amounts of space for ants. Furthermore, different hole types (i.e. small parasite holes; 

and/or large moth emergence holes) are present in vacant G. postica cocoons. The selection 

of cocoons by ants may be based on these hole types, because acacia ants (Campbell et al., 

2013b) and other invertebrates (Fincke, 1999; Kagata & Ohgushi, 2004) have been observed 

selecting nesting sites based on differences in entrance hole sizes. I also hypothesise that ants 

may be selecting cocoons based on the number of holes present within the cocoons and on the 

positions of the cocoons in the trees which may influence the microclimate within the 

cocoons.  

Lastly, V. erioloba trees host aggregations of honeydew-producing scale insects, which 

produce liquid food rewards for ants in return for protection against natural enemies (Heil & 

McKey, 2003; Gibbs & Cunningham, 2009; Pringle et al., 2011). While scale insects may be 

widespread, they do not occur on every tree. This further complicates the G. postica-ant 

interaction because these food sources are one of the main mediators of ant distributions and 

behaviour towards herbivores within trees (McKey, 1984; Gibbs & Cunningham, 2009). 

Moreover, the ant species may be co-existing with one another and with other invertebrates 

within G. postica cocoons, which parallels ant species co-existence observed within domatia 

on V. erioloba (Campbell et al., 2013a; Campbell et al., 2013b). To my knowledge, no other 

studies have reported ant species co-occupancy within individual myrmecophyte domatia or 

other arboreal nests. Therefore, I hypothesise that the ants’ associations with scale insects and 

the presence of other invertebrates within the cocoons could influence ant nest site or cocoon 

selection.  

5.2  AIMS 

This chapter aims to examine the potential ecosystem engineering effect created by G. 

postica cocoons for ants associated with the G. postica host plant, V. erioloba. More 

specifically, I will: 

 examine whether ant presence and abundance within cocoons is mediated by cocoon 

characteristics 

 examine if ant presence and abundance within cocoons is affected by the presence of 

scale insects on V. erioloba and the incidence of ants tending the scale insects. 

 examine whether all, or only some of the V. erioloba-associated ant species using the 
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cocoons are using cocoons as potential nesting sites. 

 examine patterns of ant species occurrence and co-occurrence in the cocoons and trees  

5.3 METHODS 

5.3.1 Study site and study species 

Fieldwork was conducted on Oppiknoppi Guest Farm, near Hotazel in the Northern Cape 

Province, South Africa (26°39’48”S, 22°43’04”E). The farm lies in the Kalahari, which is an 

arid component of the savanna biome (Knobel & Bredenkamp, 1999). The area receives 

about 400 mm rainfall p.a. and is characterised by deep, sandy soils. Dominant trees at the 

site include V. erioloba, Senegalia mellifera and Boscia albitrunca, which are sparsely 

scattered between a variety of grass and shrub species.  

Vachellia erioloba is of economic value for commercial firewood and is threatened by 

illegal, uncontrolled harvesting (Seymour & Milton, 2003). It is also of ecological importance 

because it promotes habitat heterogeneity, thereby increasing species richness though 

provisioning of habitats for a variety of flora and fauna (Dean et al. 1999).  In the Kalahari, 

V. erioloba is the main the host tree of G. postica. Several ant species are known to inhabit 

the domatia of V. erioloba trees (Campbell et al, 2013b). Furthermore, ants have been 

observed inhabiting G. postica cocoons on V. erioloba in this area (personal observation) and 

in areas of Namibia (personal observation: H. Campbell).  

5.3.2 Field work: sampling 

Gonometa postica cocoons were sampled on V. erioloba trees as this was the only plant 

species on which cocoons were found in any abundance. None of the cocoons were occupied 

by G. postica and may have originated from the last outbreak of the species in this area (i.e. 

in the year 2012 or 2013). Sampling was conducted in December 2014 and January 2015 over 

a period of 16 days in the mornings between 5:30 and 12:00, or in the late afternoons. One 

hundred and ninty seven trees were sampled within six transects that were set up at distances 

greater than 20 m from farm roads to eliminate edge effects. For each transect, a starting 

point (focal tree) was randomly selected. The two nearest neighbouring trees of the focal tree 

were then selected. Thereafter, the next focal tree (located within a 90° angle at least 10 m 

away from the previous focal tree) was randomly selected and its two nearest neighbours 

identified again. This selection procedure was repeated by walking along the length of the 

transect (Catana, 1963). Only trees ranging in height from 1.5 m to 5 m were sampled 

because no cocoons were found on trees less than 1.5 m in height and it would have been 
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difficult to count and sample all cocoons on trees with heights exceeding 5 m.  

Tree trunks and branches were examined for the presence of ants, which were identified to 

morphospecies (Table 3.1). The percentage cover (0%, <1%, 0-10%, 10-15%, 15-20%, 20-

25%, 25-30%, 30-40% and > 40% of branches) of scale insects per tree was visually 

estimated. If scale insects were present, whether ant-tending of scale insects was happening 

was recorded, and in the cases where tending was present, the morphospecies of the tending 

ant species was recorded. Finally, the presence or absence of swollen thorn domatia (see 

Campbell et al., 2013b) was recorded for each tree.  

Table 3.1. Ant morphospecies identified on Vachellia erioloba trees and within Gonometa postica cocoons 

Genus/Morphospecies used 

Crematogaster sp. 1 (Myrmicinae) 

Crematogaster sp. 2 (Myrmicinae) 

Cataulacus sp. (Myrmicinae) 

Camponotus sp. (Formidinae) 

Nesomyrmex sp. (Formidinae) 

 

Every G. postica cocoon that could be reached by hand or by the use of a 1 m pole was 

collected from the tree and placed into its own, labelled plastic container. For each collected 

cocoon, the host tree identity, aspect (i.e. whether the cocoon was collected from the north or 

south sides of the host tree) and the time of collection were recorded. Cocoons which 

contained one or more small holes (mean diameter = 2.68 mm) were categorized as 

parasitized; cocoons containing a larger hole (mean diameter = 6.72 mm) towards the apex of 

the cocoon (with a characteristic three-fold split) were considered to be emerged (i.e. cocoons 

from which fully-developed moths had emerged) and those which contained both large holes 

towards the apex and small holes were considered as emerged with secondary holes. Two 

additional cocoon metrics, namely cocoon distance to tree trunk and the number of holes 

(irrespective of hole type) present within collected cocoons were also recorded for the 

cocoons from approximately one third of the trees (hereafter referred to as the reduced 

dataset). 

Sampled cocoons were frozen to kill invertebrate occupants. The length and width of each 

collected cocoon was measured and recorded using a digital calliper, and the cocoons were 

cut open and the number, morphospecies and life stage of ants (adults, juveniles and eggs) 

within each cocoon recorded. Presence and identity of other invertebrates within the cocoons 

were also recorded. Ants sampled from the cocoons were stored in 75 % ethanol and their 

identities were confirmed by an expert (Dr. H. Campbell) at the University of Pretoria.  
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5.3.3 Statistical analyses 

Ant abundance data were both zero-inflated and overdispersed. Data were therefore analysed 

using hurdle models, which involve two separate analyses (Rose et al., 2006). One analysis 

assesses the positive (count) data with a linear model, whereas the other compares zeros to 

non-zeros with a binary model. Furthermore, because several cocoons were collected from 

each tree, cocoons from the same tree could not be considered independent. Therefore, hurdle 

models were run as generalized linear mixed effects models (hurdle GLMMs), with tree 

identity as a random effect (see Bolker et al., 2008). A truncated negative binomial 

distribution with a log-link function was fit to all analyses on count data to correct for 

overdispersion (Rose et al., 2006), and the binary models were fitted using a binomial 

distribution and the logit-link function. 

To ascertain if ants were selecting G. postica cocoons based on cocoon characteristics, a 

mixed effects hurdle was run to test whether overall ant abundances and ant presence-absence 

within cocoons were influenced by cocoon aspect, cocoon length and width, and cocoon hole 

type. Also included as predictors were presence-absence of other invertebrates within the 

cocoons, and time of day that the cocoons were sampled (as a quadratic) as these may have 

affected ant abundance or occurrence of ant species.  

In a second analysis, the reduced dataset (which included only the subset of cocoons for 

which number of holes and the distance of the cocoon from the tree trunks were recorded) 

was used. In this analysis, the cocoon characteristics listed in the previous paragraph and the 

two additional cocoon descriptors were used as predictors of ant abundance and ant presence-

absence.  

A third mixed effects hurdle model was analysed to understand whether ant abundance 

and occurrence within cocoons could be predicted as a function of the presence of scale 

insects on the trees, the presence of ants tending scale insects and the time of day that the 

observations were made. No cocoon characteristics were included as predictors for this 

analysis. 

Lastly, GLMMs were used to examine whether presence-absence of each ant 

morphospecies was influenced by cocoon characteristics (i.e. using cocoon length, cocoon 

width, cocoon aspect and hole type present in the cocoon as predictors of morphospecies 

presence-absence). I also wanted to see if morphospecies occurrence within cocoons was 

influenced by the presence of other invertebrates within the cocoons, while controlling for the 

time of day that the cocoons were sampled.  
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For each component of the hurdle models (count data and binary analyses), and for the 

GLMM, model selection was done by forward stepwise regressions, which selected the best 

models based on model AIC scores. All models were tested against null models. Data were 

analysed in R v.3.0.2 (R Core Team, 2013) using the glmmADMB, Rcmdr and CAR 

packages. 

5.4  RESULTS 

5.4.1  Do cocoon characteristics influence ant abundance and presence-absence?  

5.4.1.1 The effect of cocoon characteristics on ant abundance and occurrence  

A total of 702 emerged or parasitized G. postica cocoons were sampled from 124 V. erioloba 

trees. Cocoon width, hole type and the presence of other invertebrates within the cocoons 

were significantly related to ant abundance (Table 3.2). Ant abundance was greatest in 

cocoons that only had one small exit hole (Fig. 3.1A), and in cocoons from which other 

invertebrates were absent (Fig. 3.1B). Moreover, larger cocoons contained significantly more 

ants (Fig. 3.1C). The occurrence of ants in cocoons was also influenced by hole type and the 

presence of other invertebrates (Table 3.2). Ants were also more likely to be present in 

cocoons with a single small hole than in cocoons with emergence and/or secondary holes 

(Fig. 3.1D) and in cocoons from which other invertebrates were absent (Fig. 3.1E). Although 

cocoon aspect, time of day sampled and cocoon length were included in the minimal 

adequate model, they were not significant predictors of ant presence-absence. 

The final model for the reduced dataset yielded similar results to the large dataset (Table 

D1, Appendix D). However, none of the additional cocoon descriptors from the reduced 

dataset were included in the minimal adequate model. Therefore, this model is not considered 

further. 

5.4.1.2  Is ant abundance and presence related to the presence of scale insects and tending 

incidence of scale insects? 

The presence of scale insects on V. erioloba trees, the presence of ants tending scale insects 

and the time of day that the cocoons were sampled were either not included in the minimal 

adequate model or had no significant effect on ant abundance in G. postica cocoons (Table 

3.3). However, scale insect presence did have an effect on ant presence in the cocoons; ants 

were most likely to be present in G. postica cocoons on trees that hosted scale insects (Table 

3.3, Fig. 3.2).   
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Table 3.2. Results from the minimum adequate mixed effect hurdle models testing the effects of cocoon 

characteristics on (A) ant abundance (n = 339 cocoons, n = 95 trees, p < 0.05) and (B) presence-absence (n = 

702 cocoons, n = 124 trees, p < 0.05) in Gonometa postica cocoons on Vachellia erioloba. Abbreviations: P = 

cocoons containing one or more small parasite holes; E = emerged cocoons and ES = emerged cocoons with 

secondary holes; Pr = other invertebrates present and Ab = other invertebrates absent; N = north aspect and S = 

south aspect 

A. Fixed effects Level Estimate SE z value p-value 

(Intercept) - 2.562 0.335 7.650 < 0.001 

Width - 0.090 0.017 5.330 < 0.001 

Hole type P > ES > E - - -    0.018 

Time of day - -0.016 0.009 -1.680    0.094 

Other invertebrates Pr > Ab - - - < 0.001 

Random effect SD Variance 

   (1|Tree) 0.451 0.203    

      

B. Fixed effects Level Estimate SE z value p-value 

(Intercept) - -1.189 0.691 -1.720    0.085 

Hole type P > E = ES - - - < 0.001 

Time of day - -0.026 0.016 -1.590    0.111 

Other invertebrates P > A - - - < 0.001 

Length - 0.033 0.018 1.880    0.061 

Aspect N = S - - -    0.086 

Random effect SD Variance 

   (1|Tree) 0.830 0.688 

    

5.4.2 Do cocoon characteristics influence ant morphospecies occurrence or co-

occurrence in G. postica cocoons? 

5.4.2.1 Morphospecies occurrence within trees and G. postica cocoons 

The same ant genera that were recorded on the branches of the trees were present in G. 

postica cocoons. However, the two Crematogaster species, were found to co-occupy some 

cocoons. Cataulacus sp. and Crematogaster sp. 1 were the most abundant ant species per 

cocoon on average (Fig. 3.3A); however, the highest overall abundance was observed when 

the Crematogaster species co-occupied cocoons. Crematogaster sp. 1 had the highest number 

of juveniles within cocoons (Fig. 3.3B), while only one juvenile was present for 

Crematogaster sp. 2 and none for Nesomyrmex angulatus.  

Trees were most commonly occupied by a single ant species, with few trees co-occupied 

by two species (Table 3.4). Only 4 trees were co-occupied by three different ant species.  

Crematogaster sp. 1 was dominant, occupying cocoons on 87 trees in total and 66 of these 
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trees exclusively (i.e. without any other ant species) (Table 3.4). Nesomyrmex angulatus and 

Camponotus sp. were rarely recorded in cocoons on the trees and may not be specifically 

associated with V. erioloba. About half of the cocoons sampled (i.e. 52%) on the trees were 

unoccupied by ants (Table 3.4); however, 24% of these unoccupied ant cocoons were 

occupied by other invertebrates (i.e. spiders, caterpillars and/or beetles). Crematogaster sp. 1 

was the most commonly encountered ant species within G. postica cocoons, occurring in 270 

of the sampled cocoons. The remaining morphospecies groups all occurred in less than 25 of 

the sampled cocoons (Table 3.4). Cocoons were most commonly occupied by single ant 

species. Shared occupancy was rare, with co-occurrence being observed for the two 

Crematogaster morphospecies within 25 of the sampled cocoons. Crematogaster sp. 1 was 

the only ant species found to co-occur in cocoons with other invertebrates regularly.  

5.4.2.2 Do cocoon characteristics affect morphospecies abundance and occurrence within 

cocoons? 

Due to most morphospecies being only infrequently recorded, analyses testing the effect of 

cocoon characteristics on morphospecies presence-absence were only conducted for 

Crematogaster sp. 1 and Crematogaster sp. 2. I was also able to test the effect of cocoon 

characteristics on the abundance of Crematogaster sp. 1 because of its dominance within the 

cocoons (Table D2, Appendix D). The analyses yielded similar results to the analysis on all 

ant species, which was expected, because the Crematogaster species were dominant in the 

cocoons. Cocoons containing small holes only housed significantly more Crematogaster sp. 1 

individuals than cocoons containing only emergence holes (Table D2). Furthermore, this 

species was significantly more abundant in cocoons from which other organisms were absent. 

The abundance of Crematogaster sp. 1 was also affected significantly by cocoon width, 

where abundance was greater within wider cocoons as opposed to narrower cocoons.  

Cocoon size, i.e. cocoon length, and cocoon length and width, were also significant in 

predicting the occurrence of Crematogaster sp. 1 and Crematogaster sp. 2 respectively 

(Table 3.5). A decrease in cocoon length marked a significant increase in the probability of 

occurrence of Crematogaster sp. 1 in cocoons. However, the opposite was true for 

Crematogaster sp. 2. Furthermore, the probability of occurrence of Crematogaster sp. 2 

decreased as cocoon widths increased. No significant differences were observed between 

morphospecies presence-absence and the other cocoon characteristics for the dataset, possibly 

due to the small sample size.  
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Figure 3.1. A) Mean (SE) ant abundance in relation to 

hole type (i.e. whether the cocoons were parasitized 

only, emerged only or emerged with a secondary hole) 

in Gonometa postica cocoons (n = 339); B) Mean (SE) 

ant abundance in relation to the presence or absence of 

other invertebrates in cocoons (n = 339);  C) Ant 

abundance in relation to cocoon width (using the raw 

data); D) Relative number (proportion) of ants present 

(grey) or absent (blue) in cocoons (n = 702) with 

different hole types and E) Relative number (proportion) 

of ant present or absent within cocoons (n = 702) in 

relation to the proportions of presences (purple) or 

absences (grey) of other invertebrates within the cocoons 

on Vachellia erioloba trees. Letters and asterisks 

indicate significant differences. 
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Table 3.3. Results from the minimum adequate hurdle models, testing the effects of presence or absence of 

scale insects, the incidence of ants tending scale insects on the trees and time of day that sampling took place on 

(A) total ant abundance (n = 99 trees, p = 0.033) and (B) ant presence-absence (n = 195 trees, p < 0.05) within 

all Gonometa postica cocoons per tree. Abbreviations: Pr = present and Ab = absent  

A. Variable Level Estimate SE z value p-value 

(Intercept) - 5.391 0.163 33.010 < 0.001 

Ants tending scales Pr = Ab - - -    0.052 

Time of day - -0.013 0.009 -1.420    0.154 

      

B. Variable Level Estimate SE z value p-value 

(Intercept) - -1.334 0.362 -3.680 < 0.001 

Scale insects Pr > Ab - - - < 0.001 

Time of day - 0.038 0.020 1.940    0.052 

 

 

 

 

 

 

 

 

 

 

 

 

5.5  DISCUSSION 

5.5.1 Do cocoon characteristics influence ant abundance and presence-absence? 

My results demonstrated a novel ecological role of G. postica, with ants and other 

invertebrates using G. postica cocoons as nesting sites and for shelter. Arboreal ants are 

territorially dominant and often occur on myrmecophytes such as V. erioloba (Campbell et 
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Figure 3.2. Relative number (proportion) of ants present (green) or absent (grey) in Gonometa postica 

cocoons in relation to the proportion of scale insect present or absent on branches of Vachellia erioloba trees 

(n = 195). Asterisks indicate significant differences.  
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al., 2013a), which they protect from herbivores in exchange for food rewards or nesting sites 

in the form of thorn domatia (Vasconcelos, 1991; Young et al., 1997; Heil & McKey, 2003; 

Dejean et al., 2008; Palmer et al., 2008; Stanton & Palmer, 2011; Campbell et al., 2013a). No 

thorn domatia were recorded for the V. erioloba individuals sampled in my study; however, 

ants appeared to secondarily occupy and house their brood within vacant G. postica cocoons. 

This was surprising because arboreal ants have been observed to behave aggressively towards 

G. postica on V. erioloba by removing larvae from the trees (Campbell et al., 2013a). In this 

study area, it is unknown if the associated ant species display a similar aggressive behaviour 

towards G. postica larvae; however, some of these ant species are most likely the same ant 

species that have been reported to behave aggressively towards G. postica larvae on V. 

erioloba in Namibia. Harvesting larvae and cocoons from these trees could negatively impact 

ant species that utilise G. postica cocoons as nesting sites because cocoon presence is 

dependent on larvae survival. Arboreal ants were abundant in G. postica cocoons and the 

manner in which the cocoons were used is comparable to that involving myrmecophyte thorn 

domatia (Fonseca, 1999; Campbell et al., 2013b). 

Ant species are known to nest exclusively in individual myrmecophytes, while in some 

cases they share myrmecophytes (Young et al., 1997; Palmer, 2004; Palmer et al., 2008; 

Campbell et al., 2013a; Campbell et al., 2013b). Space may be a limiting factor in such 

systems because an increase in colony size likely brings about stronger competition within 

and between ant species (Fonseca, 1999). However, in this study nest site availability is 

unlikely to have been a limiting factor because some cocoons were unoccupied by ants or 

other invertebrates. Low ant occupancy of available nesting sites has been reported from 

other studies (Sagata et al., 2010), possibly due to ants migrating between nests as a form of 

temperature control (Jones & Oldroyd, 2007). Ants may also need to migrate into larger nests 

or thorn domatia following an increase in colony sizes (Partridge et al., 1997; Palmer, 2003). 

Therefore, although some cocoons were unoccupied by ants, they may have been previously 

occupied by them. 

All of the trees sampled in this study contained empty G. postica cocoons; however, some 

trees contained very few cocoons. In these cases, and in trees from which cocoons are absent, 

ants are probably more vulnerable to the elements because of their sensitivity to temperature 

and humidity (Porter, 1988; Roces & Núñez, 1989 Hood & Tschinkel, 1990), particularly in 

stressful environments. Nest sites provide more favourable microclimates for ants and their 

brood (Blüthgen & Feldhaar, 2010). Therefore, when the usual nesting structures are absent 

or limited within trees, it would be more beneficial for ants to occupy alternative plant 
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structures rather than to nest in the open. Examples of these alternative structures include 

naturally occurring tree cavities within tree bark, twigs or rotting wood and aerial soil that has 

accumulated in branch forks (Tanaka et al., 2010; Dejean et al., 2012). Ants may also 

construct their own nests in the absence of suitable nesting sites (Dejean et al., 2010). In this 

study no alternative nesting sites were observed, so it is unclear where the ants shelter in the 

absence of G. postica cocoons. 

When selecting nesting sites, ant colonies can make choices based on the quality and value 

of each nesting site relative to others (Mallon et al., 2001; Pratt et al., 2002; Thomas, 2002). 

Of the occupied G. postica cocoons, ant abundance and occurrence were highest and more 

probable in cocoons that contained parasite holes only (which are the smallest hole types 

within the cocoons). Similarly, Pratt and Pierce (1991) found that the cavity-dwelling ant 

species, Leptothorax curvispinosus, displayed a preference for cavities that had small 

entrance hole sizes. A preference for cocoons with smaller holes could be because these 

cocoons show greater thermal buffering and higher humidity levels (Jones & Oldroyd, 2007).
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Desiccation (Hood & Tschinkel, 1990) and heat (Porter, 1988; Roces & Núñez, 1989) are 

important stresses for ant species. Ant preference for cocoons with smaller hole types may 

also be explained in terms of the possible refuges that they provide to the ant workers and 

their brood from competitors and predators (Blüthgen & Feldhaar, 2010), because nest 

entrance hole size influences the ability of ants to defend their nests (Palmer, 2003; Powell, 

2009). The lower ant abundance from cocoons with emergence holes and/or secondary holes 

compared to parasitized-only cocoons also suggests possible niche differentiation related to 

variation in nest site cavity sizes (see Powell et al., 2011). Optimal entrance hole sizes differ 

between cavity-dwelling species (Powell et al., 2011) and this can promote species co-

existence between arboreal invertebrates in trees. It is possible that by selecting G. postica 

cocoons based on cocoon characteristics, ant species and other invertebrates could co-exist on 

individual V. erioloba trees, comparable to nest site selection observed for other ant 

communities (Fonseca, 1999; Sagata et al., 2010; Campbell et al., 2013b).  

Ants (Federle et al., 2001; Palmer et al., 2002) and other invertebrates (Shenoy & Borges, 

2008) have also been shown to create and modify holes within domatia to exclude dominant 

ant species from taking over; however, I was unable to determine if ants displayed a similar 

behaviour when selecting and occupying G. postica cocoons. It seems unlikely that the holes 

present in the parasitized-only cocoons in this study were created by the ants because these 

holes match the description and sizes of holes created by Gonometa parasitoids (Veldtman et 

al., 2004; Veldtman, 2005). However, the secondary holes in the emerged cocoons are most 

likely created by ants because if G. postica larvae in the cocoons were parasitized, then they 

would not be able to emerge (i.e. having emergence holes together with parasite holes is not 

possible).  

Higher ant abundance was found in larger cocoons, in agreement with studies of domatia 

where domatia size constrains colony size (Thomas, 2002; Shenoy & Borges, 2010; 

Campbell et al., 2013b). Thus, it appears that larger nests allow ants to support more 

individuals and brood. Moreover, utilization of the biggest domatia or nesting sites could 

allow for greater investment of ant species into their brood because large domatia can 

accommodate more brood than smaller domatia (Campbell et al., 2013b). My results showed 

that the Crematogaster species appeared select G. postica cocoons based on larger cocoon 

width and length respectively. This is comparable to studies in which different ant species 

selected nests basted on nest sizes (Fonseca, 1999; Campbell et al., 2013b). Cataulacus sp. 

and the Crematogaster spp. were the largest bodied ants in my study. Large ants tend to avoid 

the smallest domatia because increases in their in their colony sizes can result in space 

Crem1 
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becoming limited very quickly, and polydomy would have to occur. Polydomy requires more 

energy expenditure (e.g. travelling between nests, communication, resource sharing and 

defence) and also increases colony exposure to natural enemies (Fonseca, 1999). Therefore, it 

would be more beneficial for larger ant species to occupy larger cocoons. 

5.5.2 Scale insect presence 

Ant presence in cocoons on trees was significantly positively affected by the presence of 

scale insects. Honey-dew-producing homopterans play an important role in structuring 

arboreal ant communities (Blüthgen et al., 2004). They represent a key resource for the ants 

(Davidson et al. 2003) and therefore have the ability to influence ant habitat choice. 

Crematogaster species were the most commonly encountered species tending the scale 

insects on the trees in this study, which mirrors observations from other studies (Campbell et 

al., 2013a). This is further supported by other studies which have found that one or two 

dominant ant species usually monopolize honeydew sources, making their co-occurrence 

with other scale insect-tending ant species rare (Blüthgen & Fiedler 2002; Blüthgen et al., 

2004). Scale insects were absent from some of the sampled trees in this study; however, scale 

insect presence was related to ant presence in G. postica cocoons. Moreover, when scale 

insects were present on the trees, ants were observed tending them. These results suggest that 

scale insect presence on trees may be an important factor for nest site selection of arboreal 

ants. 

5.5.3 Ant morphospecies occurrence and co-occurrence in trees and cocoons 

Trees and cocoons were predominantly occupied by one ant species, but in some cases 

simultaneously by different ant species. Crematogaster sp. 1 was the most commonly 

encountered species in the sampled cocoons. This is not unusual because Crematogaster 

species frequently dominate the trees in which they nest and are very territorial in colony 

defence (Dejean et al., 2010; Stanton & Palmer 2011).  Moreover, Crematogaster species 

often have large colonies which are polydomous (Dejean et al., 2008; Palmer et al., 2010) 

and competitively exclude or displace other ant species in arboreal systems (Fonseca, 1999; 

Palmer et al., 2000).  

Shared occupancy of cocoons was observed for Crematogaster sp. 1 and Crematogaster 

sp. 2, and in this combination contained the highest brood abundance in the cocoons 

compared to the other morphospecies groups; although, I do not know if the brood belonged 

to both species. Finding more than one founding queen in individual domatia is very rare
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Table 3.4. Number of trees (n = 124) on which each ant morphospecies occurred in total, and number of trees that were exclusively occupied by the ant species (i.e. other ant 

species were not recorded on the tree). Cocoons occupied: total number of cocoons (n = 702) occupied by each ant morphospecies. Shared occupancy of trees: the number of 

trees in which cocoons occupied by the ant species and cocoons occupied exclusively by invertebrates were recorded; and 2) cocoons: the number of cocoons that were co-

occupied by the ant morphospecies and other invertebrates. Ants occupied a total of 336 cocoons, co-occupied 25 cocoons with other ant species and co-occupied 41 cocoons 

with other invertebrates. A total of n = 194 cocoons contained neither ants nor other invertebrates  

Morphospecies  Trees occupied Cocoons occupied Shared occupancy 

  Total Exclusively Total Trees Cocoons 

Crematogaster sp. 1 (Myrmicinae) 87 66 270 26 37 

Crematogaster sp. 2 (Myrmicinae) 11 4 21 3 0 

Crematogaster sp. 1 & Crematogaster sp. 2 co-occupants  14 1 25 5 3 

Cataulacus sp. (Myrmicinae) 9 1 15 5 1 

Camponotus sp. (Formidinae) 1 1 1 0 0 

Nesomyrmex sp. (Formidinae) 1 0 4 0 0 
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Table 3.5. Results from the minimum adequate mixed effect models testing the effects of cocoon characteristics on the presence-absence of A) Crematogaster sp. 1 and B) 

Crematogaster sp. 2 (in n = 336 cocoons). Abbreviations: P = cocoons containing one or more small parasite holes; E = emerged cocoons and ES = emerged cocoons with 

secondary holes  

A.      Presence-Absence Crematogaster sp. 1 (p < 0.05) ~ Fixed effects Level Estimate SE z-value p-value 

 
(Intercept) - 6.64 1.893 3.51 < 0.001 

 
Length - -0.085 0.04 -2.13    0.033 

 

Random effect SD Variance 

   

 

(1|Tree) 3.124 9.757 

          

B.      Presence-Absence Crematogaster sp. 2 (p < 0.05) ~ Fixed effects Level Estimate SE z-value p-value 

 
(Intercept) - 13.452 4.324 3.11 0.002 

 
Width - -0.712 0.346 -2.06 0.040 

 
Hole type P = ES = E - - - 0.281 

 
Length - 0.263 0.188 1.4 0.163 

 

Random effect SD Variance 

   

 

(1|Tree) 13.97 195.1 
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(Feldhaar et al., 2000), and shared occupancy of individual arboreal domatia or nest sites by 

ant species has not been reported. One disadvantage to sharing shelters is a decrease in the 

fitness of a species through reduced pupal mass (Lill et al., 2007). However, co-habituation 

of nests by ant species could also be beneficial in that defence against mutual enemies is 

enhanced (Sagata et al., 2010). The Crematogaster and Cataulacus species were the only 

species with brood in the cocoons. The absence of brood in cocoons for the other 

morphospecies groups suggests that they are probably only using the cocoons 

opportunistically. 

5.5.4 Consequences for harvesting G. postica 

My results suggest that G. postica cocoons increase tree structural complexity and possibly 

species richness within trees as observed with other engineered structures (Martinsen et al., 

2000; Lill & Marquis, 2003; Wang et al., 2012; Lima et al., 2013). The impact that an 

ecosystem engineer has depends on several factors, including the engineer’s population 

density, the local and regional distribution of the engineer’s population, the number of 

species that are dependent on the engineer, the resilience of the engineered structures and the 

length of time that the engineer’s population is present in an area (Jones et al., 2004). Due to 

the sporadic nature of Gonometa populations through space and time (Veldtman et al., 2007), 

the exact spatial and temporal scale at which G. postica’s engineering effect operates is 

unknown. However, my results showed that several species occupied G. postica cocoons, 

with some using the cocoons to house brood. Furthermore, observations in the field suggest 

G. postica cocoons appear to persist for a long time within the trees in this environment. 

Therefore, at a local scale, G. postica appears to be acting as a potential autogenic ecosystem 

engineer (Jones et al., 1997) for the ants and other invertebrates on V. erioloba, despite the 

fact that certain ant species have displayed aggression towards foraging G. postica larvae on 

these trees (Campbell et al., 2013a).  

Gonometa postica’s role as an ecosystem engineer has implications for harvesting cocoons 

from the wild, though these implications may depend on the strength of the engineering 

effect. Currently, silk industries are reliant on harvesting empty G. postica cocoons, which, 

due to the unpredictable nature of Gonometa populations, are erratically available (Veldtman 

et al., 2002; Veldtman et al., 2007). My study showed that these same cocoons are also used 

secondarily by ants and other invertebrates as nesting or refuge sites. Whether or not this 

engineering effect extends across G. postica’s distributional range on all of its host trees, is 
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unknown, though it has been observed in Namibia (pers. comm. Heather Campbell). 

Furthermore, I do not know the cocoon age at which ant occupancy first occurs. 

Silk industries that rely on harvesting all empty cocoons from the trees could impact 

negatively on the ecosystem engineering effect created by G. postica for ants and other 

invertebrates. Removal of cocoons could result in a loss of ant colonies, which has been 

shown to result in severe myrmecophyte defoliation or mortality in other systems (Heil et al., 

2001; Moraes & Vasconcelos, 2009) through the breakdown of mutualisms (Palmer et al., 

2008). Moreover, depending on the strength of the ecosystem engineering effect, removal of 

all cocoons could have knock-on effects on ant-scale insect associations (Feldhaar et al., 

2000).  

I would suggest that silk industries, which utilize empty G. postica cocoons, harvest a 

proportion of these cocoons per tree, leaving some cocoons behind. This may allow the 

ecosystem engineering effect created by G. postica to be sufficiently maintained. My study 

showed that many of the G. postica cocoons were unoccupied by ants, suggesting that 

cocoons are not a limiting resource for the ants and that ants use these cocoons 

opportunistically. Alternatively, silk industries could look at harvesting emerged cocoons 

only because the ants in my study displayed a preference for cocoons containing parasite 

holes, though other invertebrates (which appear to frequently occupy emerged-only and/or 

cocoons with emergence and secondary holes) would also need to be considered. If cocoon 

collection cannot be regulated in this way to maintain the G. postica ecosystem engineering 

effect, the best option for silk industries would be to look at improving semi-captive and 

artificial rearing techniques. This will also allow silk industries to avoid the problems 

associated with using natural Gonometa populations. Lastly, further studies are needed to 

investigate the possible effects of cocoon presence on thorn domatia production by the host 

plants. There were no thorn domatia present on the trees sampled in this study; however, 

perhaps in the absence of G. postica cocoons, trees would produce domatia as a backup for 

anti-herbivore defence.  

5.6   CONCLUSION 

This study showed the importance of G. postica cocoons for providing shelter to ants and 

other invertebrates on V. erioloba trees. By increasing tree structural complexity and through 

variations in their characteristics, G. postica cocoons may promote co-existence between ants 

and other invertebrates (spiders, caterpillars and beetles) within individual V. erioloba trees. 

However, it is likely that these other invertebrates are also able to co-exist outside the 
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cocoons. Gonometa postica cocoons appear to create new, favourable habitats for ants and 

other invertebrates on V. erioloba, making them autogenic ecosystem engineers in these 

systems. Cocoons can remain on these trees for multiple years; and, G. postica population 

outbreaks will create subsequent periods of greater cocoon availability. These factors could 

influence the duration and scale of the ecosystem engineering effect created by G. postica. 

Further studies would be required to determine the strength of the engineering effect created 

and the scales at which it operates. 
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The broad aim of this project was to contribute to current knowledge of two economically 

important silk moth species  Gonometa postica and G. rufobrunnea – to guide the potential 

future implementation of a sustainable silk harvesting industry in South Africa. Central to this 

research was the moth-host plant interaction, which was first examined at a large spatial 

scale, by investigating its importance (relative to climatic variables) in shaping Gonometa 

species distributions for southern and East Africa. Thereafter, we investigated a product of 

the moth-host plant interaction, i.e. G. postica cocoons, and the potential ecosystem 

engineering effect of G. postica cocoons on ants and other invertebrates in arboreal systems.  

Species distribution modelling (SDM) was used to investigate the importance of the moth-

host plant interaction in predicting Gonometa distributions at a large spatial scale. The 

general consensus from a majority of studies involving SDM is that climate is the main factor 

shaping species distributions; whereas, biotic interactions are considered as important mainly 

at local extents (Pearson & Dawson, 2003). However, more recently, studies have 

demonstrated the importance of biotic interactions in shaping species distributions at large 

spatial scales (e.g. Araújo & Luoto, 2007; Gilman et al., 2010). We therefore expected SDM 

performance to improve following the inclusion of moth-host plant interactions (i.e. by 

incorporating maps of host plant distributions as a proxy for the interactions into the models). 

On the contrary, we observed no improvement in SDM performance following the inclusion 

of moth-host plant interactions. Despite this, we found that the effect of host plant presence in 

shaping Gonometa species distributions could not be ignored because of its contribution to 

and importance in the models. The biotic (moth-host plant) models also differed from the 

abiotic models in their predictions of Gonometa species distributions, particularly into the 

future, and host plants could therefore potentially limit Gonometa species distributions. A 

review of SDM literature provided possible explanations for our unexpected results, revealing 

that the scales at which biotic interactions operate and their importance in shaping species 

distributions depend on the type of interactions involved (Araújo & Luoto, 2007; Preston et 

al., 2008; Van der Putten et al., 2010; Bateman et al., 2012) (e.g. positive consumer-resource 

interactions or negative competitive interactions) and the characteristics of species being 

modelled (Pöyry et al., 2008; Zurell et al., 2009; Schweiger et al., 2012). Furthermore, there 

is a possibility that different results would have been obtained if other factors (such as 

Gonometa species interactions with predators and parasitoids) were included into the models. 

Gonometa species, through interactions with their host plants, also interact with other 

species. At a local spatial scale, the result of the moth-host plant interaction (i.e. cocoon 
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production) appeared to benefit arboreal ants and other invertebrates associated with 

Vachellia erioloba. Thus, G. postica, via the cocoons that it spins acts as an autogenic 

ecosystem engineer, comparable to other arboreal ecosystem engineers such as leaf tying and 

leaf rolling caterpillars, leaf miners and stem boring beetles (Fukui, 2001; Lill & Marquis, 

2003; Kagata & Ohgushi, 2004; Lima et al., 2013). Certain cocoon characters (i.e. cocoon 

size, entrance hole type and the presence of other invertebrate occupants within the cocoons) 

were related to ant presence and abundance within the cocoons and, although G. postica 

cocoons did not appear to be an essential resource to the ants, they probably created a more 

favourable environment for arboreal ants and other invertebrates based on their 

characteristics. Scale insect presence on the trees also significantly affected ant presence and 

abundance, which was expected because scale insects are a key resource for arboreal ants 

(Davidson et al. 2003).  Furthermore, trees and cocoons were predominantly occupied by one 

ant species, but in some cases simultaneously by different ant species. Therefore, the moth-

host plant interaction may be important for ant abundance, composition and coexistence in 

arboreal systems; although, further studies would be required to test this. 

This study highlighted several key points that could be considered by silk industries. 

Firstly, climate and host plant distributions may both be important factors for defining 

Gonometa species distributions. To locate potential outbreak areas for cocoon collection, 

both factors need to be considered because Gonometa appear to be sensitive to climate, but 

are also dependent on their host plants (i.e. a food source) for survival. Personal observations 

revealed that G. postica showed a preference for one host tree species despite the presence of 

other hosts in the area. Therefore, future studies could investigate how the effect of variation 

(trait-based and chemical) within and between host plant species and individuals influences 

Gonometa preference and performance. More specifically, is there an “optimal tree” on 

which G. postica can be reared to maximize silk gains? Moreover, to improve semi-captive 

rearing techniques, future studies can test what the optimal herbivore loads are per tree, i.e. 

how will variation in the densities of Gonometa that are seeded onto trees impact on silk 

gains and the performance of the host trees involved. 

Secondly, besides climate and host tree presence, other factors, such as predator and 

parasitoid abundances and distributions may be important factors shaping Gonometa species 

distributions. At my study site, 68% of the cocoons were parasitized (I Buyens et al., 

unpublished data). Based on this, and the unpredictable nature of Gonometa outbreaks, I 

think it would be more beneficial for silk industries to improve semi-captive rearing 

techniques (to optimize Gonometa survival and performance) than to rely on natural 
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harvesting. To fully understand the role of a specific biotic interaction in shaping species 

distributions, an understanding of the species’ ecology is required. For Gonometa species, 

studies addressing their ecology, particularly their interactions with their host plants and other 

species, are limited. Furthermore, of the studies involving Gonometa species, the majority 

have focussed on G. postica. Less work has been conducted on G. rufobrummea and its host 

plants, though G. rufobrunnea has also been used for commercial silk production. This 

provides an opportunity for future research. 

Lastly, the potential of G. postica to influence ant and invertebrate species abundance, 

presence and coexistence indirectly through the production of cocoons (i.e. cocoons of 

different sizes, entrance hole types and sizes, hole numbers or even cocoon positions on the 

trees), yields potential implications for silk harvesting practices that are currently reliant on 

the collection of empty cocoons (which are able to persist on host trees for a long period of 

time following moth emergence, removal or death). However, to better understand the 

potential implications of cocoon removal on the ecosystem engineering effect created by G. 

postica, more research is required on the arboreal systems involved. Future studies could 

examine the microclimate created within the cocoons and compare this to the microclimate 

within thorn domatia and other arboreal structures that are used by ants and invertebrates.  

Based on my results, it appears unlikely that cocoon harvesting will have a detrimental 

effect on the ants and other invertebrates because ants appear to use the cocoons 

opportunistically; however, the exact scales at which the engineering effect of G. postica 

operates and the magnitude of the effect is unknown. Therefore, studies are required to 

determine if G. postica acts as an autogenic ecosystem engineer across different spatial and 

temporal scales. Whether or not the created engineering effect is important enough to be 

affected by harvesting cocoons of natural populations (particularly for silk harvesting 

practices that use empty G. postica cocoons), and the effects of Gonometa species outbreaks 

hereon, needs to be assessed. If the magnitude of the ecosystem engineering effect is great, 

silk industries (that rely on the collection of empty cocoons) would need to take this into 

consideration and perhaps only harvest a proportion of the empty cocoons per tree. The 

knock-on effects of cocoon removal on other arboreal interactions in Gonometa host trees 

and on domatia production also needs to be assessed. To conclude, Gonometa-host plant 

interactions do not only play a role in shaping large-scale Gonometa species distributions, but 

may also play a role in the distribution and abundance of arboreal species at local scales. 
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8 APPENDIX A. Supplementary results from the models of Gonometa species host plant 

distributions. 

The models predicting the current and future (2070) potential distributions of G. postica host 

plant species had a high predictive power, with test AUC values ranging from 0.72 to 0.87 

(Table A1). A similar result was obtained for the models predicting the potential distributions 

of G. rufobrunnea host plants. These test AUC values ranged from 0.76 to 0.87. The good 

performance of the models is also reflected in the presence-absence maps generated for some 

of these species (Figs. B1−B6, Appendix B)  where it is apparent that the known occurrence 

localities of the species match their predicted distributions well. Variables that were 

important predictors of Gonometa host tree distributions are given in Table A2.  

Table A1. Model performance for the predictions of the Gonometa host tree distributions which were predicted 

using climatic and soil data: Burkea africana, Senegalia mellifera, Vachellia erioloba and V. tortilis (G. postica 

hosts) and Colophospermum mopane and Brachystegia spicifomis (G. rufobrunnea hosts). The AUC is the area 

under the curve and is used as a measure of model performance. SD = standard deviation and gain = a likelihood 

statistic (maximising the probability of host plant presence in relation to background data) for the test data (i.e. 

data used to evaluate how well Maxent predicts independent data) 

Model Test AUC Training AUC SD AUC Test gain 

B. africana 0.8312 0.8844 0.018 0.7564 

S. mellifera 0.772 0.8231 0.0233 0.5567 

V. erioloba 0.8731 0.9012 0.0122 1.081 

V. tortilis 0.727 0.7887 0.0213 0.3381 

C. mopane 0.8713 0.9097 0.0125 1.0202 

B. spiciformis 0.7606 0.9268 0.0469 0.0841 
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Table A2. Variables that were found to be the important (i.e. variables contributing most to the models and which yielded the highest training gain and AUC scores based on the jackknife tests of variable importance) 

for describing the Gonometa spp. host tree distributions. Variables marked with asterisks did not contribute highly to the models based the analysis of variable contribution, but were important predictors of moth 

distribution based on the jackknife tests of variable importance. Permutation importance is determined by randomly permuting values of the variable in question among the training points. The gain given in the table 

starts at 0 during a model run, increasing towards an asymptote and gives the maximum likelihood ratios of average presences to average background points (see Merow et al., 2013). Maximizing the gain gives the best 

models. The training gain without the variable represents the model gain once the variable in question has been removed from the model, whereas the training gain with the variable only, represents the gain of the 

model when the variable in question is considered in isolation from all the other variables. The AUC (without variable) represents predictive power of the models when the variables in question are excluded from the 

models, and the AUC (variable only) represents AUC from a model containing only the predictor variable 

Model Variable % Contribution 

Permutation 

importance 

Training gain 

(without variable) 

Training gain 

(variable only) AUC (without variable) AUC (variable only) 

B. africana Mean Temperature of the Driest Quarter 25.5681 35.1369 0.8899 0.3211 0.8291 0.7139 

 
Annual Precipitation 23.2019 15.3021 0.8668 0.3337 0.8243 0.7105 

  Precipitation Seasonality 27.7642 34.9022 0.8863 0.4072 0.8195 0.7355 

S. mellifera Annual Precipitation 38.6518 18.2594 0.5475 0.2945 0.7642 0.7115 

 
Precipitation Seasonality 17.787 21.5 0.5127 0.1973 0.7627 0.6626 

  soil pH* 4.8394 0.6776 0.5657 0.2111 0.7683 0.7045 

V. erioloba Mean Temperature of the Driest Quarter 23.9543 9.7546 1.1439 0.5921 0.8727 0.7977 

 
Annual Precipitation 36.5267 7.5442 1.1234 0.6527 0.8716 0.7786 

 
Precipitation of the Driest Quarter 17.1367 30.7425 1.126 0.3811 0.8713 0.7032 

  % Sand* 7.3755 13.8438 1.13 0.4332 0.8701 0.7791 

V. tortilis Annual Precipitation 48.1459 35.0566 0.3948 0.2631 0.7114 0.6521 

 
Precipitation of the Coldest Quarter 15.0712 11.6579 0.4541 0.1676 0.7213 0.6069 

  soil pH* 3.0124 3.6015 0.4571 0.15 0.7263 0.6518 

C. mopane Mean Temperature of the Driest Quarter 23.2135 31.4052 1.1167 0.5686 0.8609 0.7662 

 
Annual Precipitation 20.0928 12.8124 1.1633 0.3556 0.8601 0.7094 

 Precipitation Seasonality 31.6771 36.5521 1.1479 0.5891 0.8616 0.7708 

  Precipitation Coldest Quarter 10.1203 2.226 1.2024 0.5365 0.8736 0.7458 

B. spiciformis          Annual Mean Temperature 0.8147 3.73 1.274 0.1506 0.7582 0.7144 

 
Annual Precipitation 41.3221 16.2732 1.2051 0.514 0.7501 0.7695 

  Soil pH* 2.3323 3.7594 1.2613 0.4675 0.7622 0.7532 
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9 APPENDIX B. Presence-absence maps generated for Gonometa postica and Gonometa 

rufobrunnea host plants for the current climate and under future climate change. 

Figure B1. Predicted presence-absence maps of (A) 

current distribution of Burkea africana, and its 

projected distribution for 2070 under two different 

climate change (RCP) scenarios simulated using 

Earth System and Global Circulation Models: B) 

RCP 4.5, HadGEM2-ES; C) RCP 6, HadGEM2-ES; 

D) RCP 4.5, IPSL-CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is 

predicted to be present (suitable areas), whereas 

they are predicted to be absent in the light areas 

(unsuitable areas). Maps were generated using the 

“equate entropy of thresholded and original 

distributions threshold”. 
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Figure B2. Predicted presence-absence maps of (A) 

current distribution of Senegalia mellifera, and its 

projected distribution for 2070 under two different 

climate change (RCP) scenarios simulated using 

Earth System and Global Circulation Models: B) 

RCP 4.5, HadGEM2-ES; C) RCP 6, HadGEM2-ES; 

D) RCP 4.5, IPSL-CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is predicted 

to be present (suitable areas), whereas they are 

predicted to be absent in the light areas (unsuitable 

areas). Maps were generated using the “equate 

entropy of thresholded and original distributions 

threshold”. 
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Figure B3. Predicted presence-absence maps of (A) 

current distribution of Vachellia erioloba, and its 

projected distribution for 2070 under two different 

climate change (RCP) scenarios simulated using 

Earth System and Global Circulation Models: B) 

RCP 4.5, HadGEM2-ES; C) RCP 6, HadGEM2-ES; 

D) RCP 4.5, IPSL-CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is 

predicted to be present (suitable areas), whereas 

they are predicted to be absent in the light areas 

(unsuitable areas). Maps were generated using the 

“equate entropy of thresholded and original 

distributions threshold”. 
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Figure B4. Predicted presence-absence maps of (A) 

current distribution of Vachellia tortilis, and its 

projected distribution for 2070 under two different 

climate change (RCP) scenarios simulated using 

Earth System and Global Circulation Models: B) 

RCP 4.5, HadGEM2-ES; C) RCP 6, HadGEM2-ES; 

D) RCP 4.5, IPSL-CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is 

predicted to be present (suitable areas), whereas 

they are predicted to be absent in the light areas 

(unsuitable areas). Maps were generated using the 

“equate entropy of thresholded and original 

distributions threshold”. 

 

A 

 

A 

B 

 

B 

D 

 

D 

E 

 

E 

C 

 

D 



 

 

115 

 

 

Figure B5. Predicted presence-absence maps of 

(A) current distribution of Colophospermum 

mopane, and its projected distribution for 2070 

under two different climate change (RCP) 

scenarios simulated using Earth System and 

Global Circulation Models: B) RCP 4.5, 

HadGEM2-ES; C) RCP 6, HadGEM2-ES; D) 

RCP 4.5, IPSL-CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is 

predicted to be present (suitable areas), whereas 

they are predicted to be absent in the light areas 

(unsuitable areas). Maps were generated using the 

“equate entropy of thresholded and original 

distributions threshold”. 

 

A 

 

A 

B 

 

B 

D 

 

D 

E 

 

E 

C 

 

D 



 

 

116 

 

C 

E 

Figure B6. Predicted presence-absence maps of (A) 

current distribution of Brachystegia spiciformis, and 

its projected distribution for 2070 under two 

different climate change (RCP) scenarios simulated 

using Earth System and Global Circulation Models: 

B) RCP 4.5, HadGEM2-ES; C) RCP 6, HadGEM2-

ES; D) RCP 4.5, IPSL- CM5A-LR; E) RCP 6, IPSL- 

CM5A-LR. Dark areas where the species is 

predicted to be present (suitable areas), whereas they 

are predicted to be absent in the light areas 

(unsuitable areas). Maps were generated using the 

“equate entropy of thresholded and original 

distributions threshold”. 
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10 APPENDIX C. Response curves for abiotic and biotic Gonometa postica and Gonometa 

rufobrunnea SDMs. Figures illustrate how the probability of occurrence of the Gonometa 

species varied with the environmental predictor variables that were used for modelling.  
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Figure C1. Response curves of important predictor variables for the abiotic model of Gonometa postica distribution. 

The lines show how the probability of occurrence of G. postica changes with each predictor variable: A) Annual 

Mean Temperature and B) Annual Precipitation. Blue lines represent species occurrence when the variable in question 

is considered independently from the other predictor variables. The red lines consider each variable’s effect on the 

species occurrence whilst accounting for the effects of all other predictor variables.  
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Figure C2. Response curves for important predictor variables of Gonometa postica distribution for Biotic model 

1. The lines show how the probability of occurrence of G. postica changes with each predictor variable: A) 

Annual Mean Temperature, B) Annual Precipitation, C) V. tortilis, D) S. mellifera occurrence, E) B. africana 

occurrence and F) V. erioloba. Blue lines represent species occurrence when the variable in question is 

considered independently from the other predictor variables. The red lines consider each variable’s effect on the 

species occurrence whilst accounting for the effects of all other predictor variables.  
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Figure C3. Response curves for important predictor variables of Gonometa postica distribution for Biotic model 4. 

The lines show how the probability of occurrence of G. postica changes with each predictor variable: A) Annual 

Mean Temperature, B) Annual Precipitation and C) Host plant distribution. Blue lines represent species occurrence 

when the variable in question is considered independently from the other predictor variables. The red lines consider 

each variable’s effect on the species occurrence whilst accounting for the effects of all other predictor variables.  
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Figure C4. Response curves for important predictor variables of Gonometa rufobrunnea distribution for the Abiotic 

model. The lines show how the probability of occurrence of G. rufobrunnea changes with each predictor variable: A) 

Precipitation Seasonality, B) Precipitation of the Driest Quarter and C) Annual Precipitation. Blue lines represent 

species occurrence when the variable in question is considered independently from the other predictor variables. The 

red lines consider each variable’s effect on the species occurrence whilst accounting for the effects of all other 

predictor variables.  
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Figure C5. Response curves for important predictor variables of Gonometa rufobrunnea distribution for Biotic 1. The 

lines show how the probability of occurrence of G. rufobrunnea changes with each predictor variable: A) Precipitation 

Seasonality, B) Occurrence probability of B. spiciformis and C) Occurrence probability of C. mopane varies when 

considered independently from the other predictor variables. Blue lines represent species occurrence when the 

variable in question is considered independently from the other predictor variables. The red lines consider each 

variable’s effect on the species occurrence whilst accounting for the effects of all other predictor variables.  
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Figure C6. Response curves for important predictor variables of Gonometa rufobrunnea distribution for Biotic 2. The 

lines show how the probability of occurrence of G. rufobrunnea changes with each predictor variable: A) Precipitation 

Seasonality, B) Precipitation of the Driest Quarter, C) Annual Precipitation, and D) Occurrence probability of C. 

mopane varies when considered independently from the other predictor variables. Blue lines represent species 

occurrence when the variable in question is considered independently from the other predictor variables. The red lines 

consider each variable’s effect on the species occurrence whilst accounting for the effects of all other predictor 

variables.  
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11 APPENDIX D. The ecological significance of Gonometa postica: a habitat creator for 

ants and other invertebrates on Vachellia erioloba 

Table D1. Results from the minimum adequate mixed effect hurdle model testing the effects of cocoon 

characteristics on (A) ant abundance (n = 102 cocoons, n = 35 trees, p < 0.05) and (B) ant presence-absence (n 

= 287 cocoons, n = 50 trees, p < 0.05). Two additional predictor variables (i.e. distances of cocoons from the 

tree trunk and the number of holes present in the cocoons) were considered in this analysis; however, these 

predictors were not included in the minimum adequate models. Abbreviations: P = cocoons containing one or 

more small parasite holes; E = emerged cocoons and ES = emerged cocoons with secondary holes; Pr = other 

invertebrates present and Ab = other invertebrates absent 

A. Fixed effects Level Estimate SE z value p-value 

(Intercept) - 2.357 0.610 3.860 < 0.001 

Width - 0.069 0.033 2.090    0.037 

Hole type P > ES = E - - -    0.012 

Other invertebrates Pr > Ab - - -    0.016 

      
B. Fixed effects Level Estimate SE z value p-value 

(Intercept) - -1.967 1.068 -1.840    0.066 

Hole type P > ES > E - - - < 0.001 

Other invertebrates Pr > Ab - - - < 0.001 

Length - 0.073 0.030 2.430    0.015 

Random effect SD Variance 
   

(1|Tree) 0.917 0.841 
   

 

Table D2. Results from a minimum adequate mixed effect model testing the effects of cocoon characteristics 

on Crematogaster sp. 1 abundance (n = 270 cocoons, p < 0.05). Abbreviations: P = cocoons containing one or 

more small parasite holes; E = emerged cocoons and ES = emerged cocoons with secondary holes; Pr = other 

invertebrates present and Ab = other invertebrates absent 

Variable Level Estimate SE z-value p-value 

(Intercept) - 2.434 0.376 6.47 < 0.001 

Width - 0.097 0.019 5.09 < 0.001 

Hole type P = ES = E, P > E - - -   0.005 

Time of day - -0.016 0.01 -1.62   0.105 

Other invertebrates Pr > Ab - - - < 0.001 

Random effect SD Variance 

   (1|Tree) 0.222 0.471 
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a = 1.88, b = 0.098 

p = 0.09 C 

A 
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