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i. Abstract 

Soil erosion and wildfires are serious problems throughout the terrestrial ecosystems of the 

world. The Golden Gate Highlands National Park (GGHNP) of South Africa experiences high 

incidences of erosion and wildfires due to its orographic nature and expansive grassland habitats. 

Various conservation strategies are employed by Park Management to lessen the effects of these 

environmental factors, including instating regular prescribed burn regimes for grasslands and 

construction of rehabilitation structures in eroded localities. While the effects of fire and erosion are 

investigated across a variety of habitats and fauna, little attention is given to their effects on soil-

dwelling arthropods. The overall objective was to determine the state of soil-dwelling arthropods across 

eroded and currently rehabilitated localities, as well as their responses to fire regimes, in the GGHNP. 

Chapter 2 aimed at determining the impact of prescribed burning on soil-dwelling arthropods 

in an Afromontane grassland habitat, by comparing assemblage patterns and responses of species 

richness and diversity between a single burnt and non-burnt locality. Soil arthropod assemblages were 

more species rich and abundant in the burnt site, with a higher number of species only observed in the 

burnt site overall. The study hints at fires creating a preferable niche for soil arthropods adapted to 

frequent fires in the fire-prone landscape.  

Chapter 3 attempted to identify possible indicators of erosion in the GGHNP, and to determine 

differences in soil-dwelling arthropod assemblages found in non-rehabilitated and rehabilitated eroded 

sites. IndVal results indicated a single strong indicator species, the mite Speleorchestes meyerae Theron 

and Ryke, 1969, relevant to non-rehabilitated sites, suggesting that soil arthropods show potential use 

in grading changes in soils of the GGHNP. Statistical modelling identified phosphorus as having a 

significant negative correlation on species richness in both rehabilitated and non-rehabilitated eroded 

sites. These results form a basis for future investigations of erosion in the GGHNP, while also indicating 

that soil mineralogy in conjunction with soil arthropod richness may provide sufficient usability in 

monitoring strategies of erosion. 
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In Chapter 4, the changes in soil arthropod assemblages in areas with implemented erosion 

rehabilitation, namely rock-wall gabions near dirt roads in the GGHNP, was examined. Results showed 

that arthropod species richness significantly interacted with increased sediment build-up in the 

rehabilitated sites as well as with sub-site position around the gabions. The findings of this study 

suggests that, if compared to an older rehabilitated site, rock-wall gabions could have an indirect effect 

on soil-dwelling arthropods, possibly through the resulting sediment build-up over the long-term. 

In Chapter 5, the renewal of deteriorated erosion rehabilitation structures provided a unique 

opportunity to study the effect of major restructuring of a site and subsequent implementation of 

alternative rehabilitation structures on soil-dwelling arthropods. Both soil arthropod species richness 

and diversity was higher after the restructuring of the site, possibly due to reallocation of species from 

the soil surrounding the flattened area. The results suggest that restructuring caused no significant 

changes on soil arthropod assemblages in this single site over a nine-month period, but is not conclusive 

as to the effects that a major disturbance, such as land reformation and renewed rehabilitation 

implementation, may have over the long-term. 

Fire-treated and non-rehabilitated eroded sites show a surprising attribute in that these habitats 

support a greater soil arthropod species richness and abundance than natural sites. These sites show 

potential as important environments that act as unique niches in the GGHNP, vital to supporting soil 

arthropod diversity in the soil environments of the park. Interestingly, themes discussed highlight the 

importance of fire and erosion in the GGHNP as natural ecosystem phenomena, and the association of 

soil arthropods to these areas. 

 

Keywords: Conservation; Erosion; Erosion Rehabilitation; Fire; Golden Gate Highlands National Park; 

Grassland; Indicators; Mineralogy; Soil Arthropods; Soil Biota 
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1. General Introduction 

The Golden Gate Highlands National Park (GGHNP) in the eastern Free State Province 

is affected by many factors of disturbance, exacerbated by increased tourism numbers and 

vehicular traffic through the park (SANParks, 2013). The park is more well known by tourists 

for its beautiful sandstone cliffs and historically for its rock paintings. However, in recent years, 

scientists have started investigating terrains in the GGHNP from an ecological perspective, 

finding mechanisms to increase conservation success, and ultimately promote sustainability in 

the area. This has given rise to multi-disciplinary research projects in the area, with scientists 

from both an ecological and economical field applying knowledge to promote protective 

practices while engaging the local community and attempting to alleviate the pressures that the 

people endure (SANParks personnel, personal communication, 20191). A key topic that is not 

well known in this area is the benefits of promoting soil health through establishment of pioneer 

plants and through the conservation of beneficial fauna. As many types of disturbances affect 

the GGHNP, it is imperative that investigations into beneficial fauna, in this case soil fauna, be 

carried out to identify the effect and possible indicators of said disturbances. 

Controlled- and wildfires are known to affect a number of soil faunal assemblages 

(Rice, 1932; Lawrence, 1966; Vogl, 1973; Sutherland and Dickman, 1999; Engstrom, 2010; 

Pringle et al., 2015). However, little is known in regards to the effect of prescribed fires on soil 

faunal assemblages. As a whole, studies into erosion in the park are also limited to the causes, 

nature, and effects of erosion on the landscape (Moon and Munro-Perry, 1988; Brady, 1993; 

Grab et al., 2011). This leaves an information gap on the soil arthropods which may be 

associated with erosion areas. In addition, monitoring of soils in erosion sites, and their 

                                                           
1 D. Nariandas, verbal communication, Senior Section Range/Conservation Manager - Golden Gate Highlands 

National Park, 22 August 2019. 
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associated soil biota assemblages after erosion mitigation or rehabilitation, is often not 

considered and studied. 

 

1.1 History of the GGHNP 

The formation of the park was first discussed in 1962, incorporating the farms 

Gladstone, Wilgerhof, Golden Gate, Glen Reenen and Wodehouse (van Rensburg, 1968) on the 

western sectors of the present park’s borders, and was offered to the National Parks Board for 

the development of the first national park in the Free State Province, South Africa. This initial 

core area of 1792 ha formerly became the Golden Gate Highlands National Park in 1963 

(SANParks, 2013). Over the years, the park increased to 11 630 ha and was recognised as a 

significant biodiversity and tourism spot (Rademeyer and van Zyl, 2014). 

In 2004, it was announced that the Qwaqwa National Park, situated adjacent to the 

eastern border of the park, was to be incorporated into the GGHNP, in an effort to transform 

the park into a more impactful environmental management unit. The incorporation was 

finalised in 2008, increasing the park to 32 758 ha and enhancing the biodiversity value of the 

park (SANParks, 2009). The Qwaqwa National Park was formed in 1991, consisting of former 

farmlands on which the agricultural labourers and farmers remained after the park was 

proclaimed (Rademeyer and van Zyl, 2014). Conflict in the park arose, stemming from the 

inhabitants who regularly grazed their livestock on rented land, which now formed part of the 

park, with residents showing displeasure over not being involved in discussions about the 

establishment of the park (Slater, 2002). Tension continued long after the amalgamation of the 

two parks, with farmers still allowing agricultural livestock to graze in the protected area 

(Rademeyer and van Zyl, 2014). Today, several livestock flocks are seen throughout the 

GGHNP, with many animals aggregating in areas already under heavy grazing stresses. In 
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addition, daily movement of these flocks are believed to increase levels of erosion in affected 

areas, especially near water sources and overgrazed patches (SANParks, 2013). 

In an attempt to engage the community and reinforce the park as a valuable commodity 

and natural resource, South African National Parks (SANParks) Management made it an active 

objective to inform, engage, and employ the community in conservation directives (SANParks, 

2013). The park has had a level of success in past endeavours to re-engage the surrounding 

community in an initiative to educate and inform on conservation management practices. The 

Expanded Public Works Programme (EPWP), together with the Working for Water (WfW) 

initiative, created funded projects to both educate the community and provide income relief 

through temporary work for the unemployed (SANParks, 2019). As part of the SANParks 

management plan, the programme plays an integral role in terms of social investment into the 

neighbouring community by the national park, while at the same time directly addressing 

biodiversity management and strategic infrastructure development initiatives (SANParks, 

2019). Projects include mitigation of many ecosystem threats, including divisions for fire 

prevention and control, erosion control and rehabilitation, and removal of alien invasive plants 

(SANParks, 2019). From these projects, erosion areas today have implemented erosion 

rehabilitation structures, specifically near the perennial river areas running through the park. 

Studies on biodiversity, ecology and the effectiveness of conservation practices in 

national parks are vital to the monitoring and maintenance of their natural ecosystems 

(McGeoch et al., 2011; Gerlach et al., 2013; Muhumuza and Balkwill, 2013). Some national 

parks in Southern Africa have had several groups of faunal and floral assemblages check-listed 

and studied (e.g. Kruger National Park: Obermeijer, 1937; Brynard, 1961; Pienaar, 1963a,b; 

Lawrence, 1964; Pienaar, 1964; Lawrence, 1967a,b; Pienaar, 1967; Pienaar, 1968; Pienaar, 

1969a,b; Pienaar, 1970; Pienaar, 1972; Rautenbach et al., 1979; Jacobsen and Pienaar, 1983; 

MacDonald and Gertenbach, 1988; Trollope, 1990; Oosthuizen, 1991; Boomker, 1994; Clark 



 
 

5 
 

and Samways, 1996; Foxcroft and Hoffmann, 2000; Smith et al., 2000; Dippenaar-Schoeman 

and Leroy, 2003; Foxcroft et al., 2003; Redfern et al., 2003; Foxcroft et al., 2008). The GGHNP 

is an exception to this rule, with few faunal groups being documented and studied in the park 

and seemingly restricted to herpetofauna (Bates, 1991; Bates, 1997), oribatid mites (Hugo-

Coetzee, 2014), tetranychid mites (Meyer, 1970), opilionids (Lotz, 2002), beetles (Louw, 

1988), and various mammals, birds and aquatic life (De Graaff and Penzhorn, 1976; 

Rautenbach, 1976; van Hoven and Boomker, 1981; van der Walt and van Zyl, 1982; Earlé and 

Lawson, 1988; Reilly et al., 1990; Hutsebaut et al., 1992; Novellie and Knight, 1994; De 

Swardt and van Niekerk, 1996; Avenant, 1997; Russell and Skelton, 2005). This excludes 

studies into soil arthropod ecology, as some studies are available for the geomorphology and 

soils of the GGHNP (Groenewald, 1986; Grab et al., 2011; Telfer et al., 2012), but no studies 

are available looking into large groups of soil arthropod species associated with ecosystems in 

the park. 

 

1.2 Soil-dwelling arthropods and the environment 

Soils have played a significant role in the development of Earth ecosystems, with a 

strong link between the soils and the evolution of life (Wall et al., 2012). The role that soils 

and their biodiversity play in supporting terrestrial environments has been justified by 

identifying the ecosystem services that these faunal groups carry out (Ritz and van der Putten, 

2012). Soil harbours a wide variety of organisms, with many of them remaining understudied 

or unidentified. However, soil meso- and macrofauna play strong roles in nutrient cycling, food 

web dynamics and disease oppression (Wardle et al., 2004; Wurst et al., 2012; Bardgett and 

van der Putten, 2014), as well as can be linked to monitoring factors ultimately contributing to 

human health (Wall et al., 2015). Soil arthropods, falling under meso- and macrofaunal 
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classification, are integral to the functioning of ecosystems, with a variable abundance and 

diversity of soil faunal populations recorded in different landscapes (Madson, 2003; e.g. 

Lavelle, 1996; Huhta et al., 1998; Vanbergen et al., 2007; Wall et al., 2012). In addition, many 

of these groups may display a level of sensitivity to environmental change. For example, soil 

mites (Acari) have been focused on as biomonitoring indicators due to their displayed 

sensitivity to various types of soil disturbances (Gulvik, 2007).  

The use of soil-dwelling arthropod groups as bioindicators of soil status has been 

debated and studied through recent years (e.g. Cortet et al., 1999; Dunger and Voigtländer, 

2009; Neto et al., 2012; Yan et al., 2012), with many findings identifying these groups as strong 

indicators of environmental stress. Despite this, soil arthropod groups in South Africa still 

remain poorly studied, with few investigations addressing this gap in knowledge (Janion-

Scheepers et al., 2016). This especially proves to be the case in national parks, with studies in 

the GGHNP limited only to certain taxa.  

 

1.3 Controlled fires in national parks 

Fires were initially thought to be devastating occurrences, drastically altering 

environments with undesirable effects, and greatly affecting fauna and flora (Kozlowski and 

Ahlgren, 1974). This was particularly true for environments that were suddenly experiencing 

increased irregular burnings across the world. However, it was not long until research in other 

types of ecosystems started uncovering the mechanisms in which fire plays a role with regards 

to ecosystem restoration and turnover (van Wilgen et al., 1994; Holmes and Richardson, 1999; 

Hirsch et al., 2001; Allen et al., 2002; Govender et al., 2006). For example, the fynbos 

ecosystem, unique among Mediterranean-type ecosystems in its nature, both in terms of 

biodiversity and management techniques needed, relies on variable degrees of fire to maintain 
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its diversity and control encroachment by alien plant species (van Wilgen et al., 1994; van 

Wilgen, 2013). Controlled application of fire may promote restoration of ecosystems. 

Rangelands and prairies in North America are prime examples of this, where a combination of 

applied burning and limiting grazing control promotes the restoration and productivity of their 

ecosystems (Fuhlendorf and Engle, 2004). 

Prescribed burnings are intentionally set fires under the control of a monitoring team 

for purposes of grassland and forest management, farming, landscape restoration and/or 

greenhouse gas abatement (Brose and van Lear, 1998; Hirsch et al., 2001; Hutchinson et al., 

2005; Piñol et al., 2005). It is widely accepted that prescribed burnings may mitigate larger 

burn risk and may reduce the intensity and magnitude of larger runaway wildfires by greatly 

reducing the accumulation of burnable biomass (Gill and McCarthy, 1998; Neary et al., 2005; 

Arkle and Pilliod, 2010). SANParks management, together with SANParks Scientific Services 

researchers, monitor the burnable biomass over time and initiate planned prescribed burns 

based on the highest recorded biomass (SANParks personnel, personal communication, 20192). 

These burnings greatly affect the intensity of future wildfires, limiting the degree of fire 

damage. In certain cases, park landscapes would have to be burned on a yearly basis, 

specifically during the drier months of June and July. Nonetheless, fires are a natural 

occurrence in the GGHNP, and form a vital part of regulating its ecosystems (SANParks, 

2013).  

Fire and its effects on fauna and fire application have been strongly debated over the 

years (Kozlowski and Ahlgren, 1974; Neary et al., 2005; Piñol et al., 2005), but with few 

studies done on the effects that fire may have on soil-dwelling arthropods in South African 

grasslands. This brings up a rather surprising gap in knowledge, as fires affect soils in various 

                                                           
2 D. Nariandas, verbal communication, Senior Section Range/Conservation Manager - Golden Gate Highlands 

National Park, 22 August 2019. 
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ways depending on its intensity and the nature of burnable biomass in an area (Neary et al., 

2005). These can include soil properties such as soil temperature and moisture, organic matter 

content, and mineralogy (Kozlowski and Ahlgren, 1974; Debano and Conrad, 1978; González-

Pérez et al., 2004). It is assumed that, as the nature of soils may be altered during and after the 

application of fire, so may the nature of soil biota assemblages be affected by such change. As 

prescribed fires are initiated regularly in the park, it is vital that we study the effect of fire on 

soil-dwelling assemblages. 

 

1.4 Soil erosion in South Africa, rehabilitation and mitigation of erosion losses 

There are a number of environmental issues that play a significant role as causative 

factors of environmental problems in South African landscapes, ranging from different levels 

of land degradation to water resource threats (e.g. Scott et al., 1998; Smith et al., 2010; Seutloali 

and Beckedahl, 2015). Soil erosion, for example, is regarded as one of the most significant 

environmental problems causing the degradation of many types of ecosystems (Pimentel and 

Kounang, 1998; Meadows, 2003; Pimentel et al., 2004; Durán Zuazo and Rodríguez 

Pleguezuelo, 2008). It is strongly suggested that over 70% of South African landscapes are 

threatened by the effects of soil erosion to varying degrees (Le Roux et al., 2007), with many 

arguing the level of detrimental effects (i.e. loss of soil nutrients, desertification, and deteriation 

of soil quality) that erosion has on soils (e.g. van Dissel and de Graaff, 1998; Meadows and 

Hoffman, 2002; Le Roux et al., 2007; Le Roux, 2008; Compton et al., 2010). Although soil 

erosion is a topic of importance in South Africa, many erosion rehabilitation methods, 

specifically in natural areas, concentrate more on prevention of siltation and sedimentation of 

nearby water bodies (SANParks, 2013), rather than the actual effects on soils. Furthermore, 

monitoring of factors that may actively contribute to soil degradation overall is mainly focussed 
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on agricultural or mining settings (e.g. Carrick and Krüger, 2007; Hoffman et al., 2014; Lal, 

2015), and not necessarily on landscapes in protected areas.  

Soil erosion is a natural occurrence which drives the creation of new landscape types 

and the formation of mountainous areas (Mhangara et al., 2012). In steep landscapes with heavy 

rainfall, erosion is an expected phenomenon with higher rates of erosion recorded in areas with 

more erodible soils. However, the rate at which erosion takes place in these areas is a growing 

concern, especially with the ever-present threat of global climate change shifting rainfall 

frequency, intensity, and patterns, thereby affecting the intensity of resulting soil erosion 

(Monlar and England, 1990; Nearing et al., 2004). The GGHNP is a national park known for 

its high altitude mountain formations, with deeply eroded sandstone outcroppings and cliffs 

alongside large expanses of natural grassland hills and valleys (SANParks, 2019). Sandstone 

in the GGHNP is known to produce large areas of shallow sandy soils with very low fertility 

that is highly susceptible to erosion losses (Roberts, 1969). This makes the GGHNP a site of 

interest when investigating erosion, as many aspects of erosion can be investigated in a number 

of site types. Despite this, little to no known studies have been conducted on erosion and the 

effects of erosion rehabilitation on soil communities in the GGHNP. 

For many years, South African studies and reviews into land degradation and soil 

erosion have been centralised around agroecosystem studies and the direct effect of erosion on 

soil properties and soil loss, as well as plant growth (e.g. Lal, 1995; Le Roux et al., 2007; 

Mhangara et al., 2012). However, other studies have brought emphasis to the the actual role of 

soil biota in soil health (Orgiazzi and Panagos, 2018). In order to understand the communities 

of soil biota and their responses in varying terrains, community structure and change under 

different conditions need to be investigated.  
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1.5 General overview of thesis 

This thesis is presented in the form of four research chapters, dealing with interlinked 

topics regarding soil-dwelling arthropods in various disturbed sites. Each chapter deals with 

soil faunal assemblages in regards to their presence, abundance and species richness in burnt, 

eroded and rehabilitated sites over variable lengths of time dependent on the nature of the sites. 

From this data, certain chapters deal with the overall effect of erosion disturbances on 

individual soil species, alongside species groups, to identify possible bioindicators for eroded 

sites in the GGHNP. This thesis broadly aims to investigate soil-dwelling arthropods in the 

GGHNP as indicators of soil status, while looking into their possible use in conservation 

management strategies.  

 

Chapter 2: Effect of prescribed fire on soil arthropod assemblages in an Afromontane grassland 

landscape 

While grassland wildfires and prescribed burning regimes are a constant occurrence in 

the mountainous landscape of the GGHNP, its impact on soil-dwelling arthropods is unclear. 

Thus, Chapter 2 aimed to determine the effect of an annual prescribed burning regime on soil-

dwelling arthropod assemblages in a montane grassland landscape in comparison to an unburnt 

locality (B/NB, Fig. 1.1). To determine such effects, assemblage compositions, species 

richness, diversity and abundance were evaluated over a 12-month period, post-burning. This 

chapter also attempted to correlate assemblage diversity response to recorded soil mineralogy 

and environmental factors, to determine how soil arthropod assemblages are impacted by soil 

moisture and mineralogy. This chapter contributes to a large gap in knowledge in literature on 

the consequences of fire on soil arthropod abundance and diversity, relevant to the GGHNP. 
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Fig. 1.1: Map of the Golden Gate Highlands National Park (GGHNP), showing sites investigated during this 

thesis, as well as described soil types, in accordance to FAO90 major groups and soil type codes and descriptors, 

within the park. NRE - Non-rehabilitated eroded site; RE - rehabilitated eroded site; NAT - Non-eroded 

undisturbed site. Soil types, codes and soil mapping zones obtained, with full permission, from SANParks 

Scientific Services in South Africa. GGHNP map processed with QGIS, version 2.18.15. 

 

Chapter 3: Soil-dwelling arthropods as indicators of erosion in a South African grassland 

habitat 

This chapter addressed the relatively unexplored topic of soil arthropods in eroded sites, 

in an attempt to identify possible soil-dwelling arthropod indicators of soil erosion. 

Additionally, the difference between non-rehabilitated and rehabilitated eroded site soil 

arthropod assemblages in the GGHNP was investigated (Site 1–6, Fig 1.1). Using species data 

from the study sites over a 24-month period, diversity indices values, abundances and 

significance test results were compared to identify significant differences between assemblages 

of each defined site type. In addition, the study attempted to test for significant interaction 
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between soil arthropod species richness and major soil minerals, with best fit tests done for 

each generated model. This chapter serves as a starting point for bioindication studies in the 

GGHNP, as results suggest that soil arthropods, together with soil mineralogy, can be used as 

a method for defining erosion sites in the area. 

 

Chapter 4: Effect of gabions on soil biota in eroded sites of a South African grassland habitat 

Chapter 4 continues on the topic of soil arthropods in eroded sites. However, the study 

puts more emphasis on assemblages in sites with constructed gabion placement (Sites A1/A2 

and B1/B2, Fig. 1.1). The specific aim of this investigation was to identify changes in soil 

arthropod assemblages in areas with implemented erosion rehabilitation, namely gabions near 

dirt roads, in the GGHNP. Species richness, diversity and interaction between soil arthropod 

groups and the site types were analysed for significant differences between rehabilitated and 

non-rehabilitated eroded sites. More importantly, this chapter briefly discusses the effects of 

sedimentation on arthropod species richness, highlighting the need for monitoring of soil 

deposition and associated biota after the implementation of rehabilitation structures, in order 

to monitor and maintain soil functions.  

 

Chapter 5: The effect of renewal of previously implemented erosion rehabilitation methods on 

soil biota in a South African grassland habitat 

The incidental restructuring of a previously rehabilitated eroded site in the GGHNP 

(Site 3, Fig. 1.1) provided a unique opportunity to assess the direct impact of renewed 

rehabilitation structures on soil-dwelling arthropod communities. Chapter 5 briefly investigates 

the effect of major landscape reformation and construction of alternative erosion mitigation 

structures, before and after implementation. As the site was treated as a stand-alone occurrence, 
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responses of soil arthropod abundance and species richness were analysed over the time series. 

The chapter places emphasis on the need for monitoring of erosion mitigation methods and 

their subsequent effects on soil biota.  

 

Chapter 6: General Discussion 

In the final chapter, the results obtained from the four investigative studies are 

discussed, with emphasis on the implications of the most significant findings. Some insight 

into the overarching themes of the results are given based on conservation strategies already in 

place in the park, and recommendations regarding conservation management of eroded sites 

and fire regimes in the GGHNP are provided. 
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Abstract 

Prescribed burnings in protected areas are performed on the basis of maintaining the natural, 

cultural, and biodiversity components of ecosystems. Many studies investigating the effects of 

fire on arthropods and their surroundings tend to focus on the surface-active ground-dwelling 

fauna, while the impacts it has on biota occurring below-ground are often rarely studied. This 

study focussed on the effect of a prescribed fire on the soil-dwelling arthropods in a montane 

grassland habitat in the Golden Gate Highlands National Park, South Africa. Soil samples were 

obtained monthly from June 2017 to June 2018 from a scheduled burnt and non-burnt site. 

Overall, 595 soil arthropod individuals were sampled over a 12-month post-fire period, 

representing 38 families and 67 morphospecies. Soil arthropod abundance and species richness 

decreased considerably directly post-fire in the burnt site. Overall, species diversity was higher 

in the non-burnt site (H = 3.04) compared to the burnt site (H = 2.34), but species richness and 

abundance were consistently higher in the burnt site post-fire. Differences in trophic structure 

for each site was observed, with increased predator abundance in the burnt site. Assemblages 

between the two treatment areas were significantly different (ANOSIM global R = 0.164, p = 

0.011), with ordination showing less variation among burnt assemblages. There was significant 

correlation between changes in soil mineralogy and soil arthropod diversity in response to fire. 

However, the data does not imply that these changes affected soil arthropod assemblages in 

this area detrimentally.  

Keywords: Abundance, Burning, Management, Mineralogy, Post-fire, Richness  
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2.1 Introduction 

Regular fires are a natural part of ecological function in many parts of the world, and 

have the potential to affect a variety of faunal components in an environment (Hermann et al., 

1998; Roberts, 2000; Koponen, 2005; Collins et al., 2007; Kral et al., 2017). Fires typically 

lead to shifts and changes in environmental conditions, species dispersal and diversity, 

biomass, and overall ecosystem function (Moretti et al., 2006). However, the full effect of these 

fires is heavily dependent on factors such as the burn severity, the duration of fire events, and 

the intensity of fires (Coutinho, 1990; Certini, 2005; Keeley, 2009; Pivello et al., 2010). 

Similarly, the effects of fire on the microbial, meso- and macrofaunal soil life are also 

dependent on the fire severity and environmental conditions experienced post-fire (Ritz and 

Young, 2004; Matiax-Solera et al., 2009; Pivello et al., 2010; Dooley and Treseder, 2012; Dove 

and Hart, 2017).  

The idea of replicating natural disturbances for conservation management stems from 

past observations of faunal and floral responses to disturbance, indicating that they are adapted 

to cope with large-scale disturbances such as wildfires (Buddle et al., 2005). Prescribed fires 

have been used over the years as an important conservation management tool (Harper et al., 

2000; Apigian et al., 2006; Pryke and Samways, 2012), and are used as a conservation 

management tactic. This is done mainly to promote vegetation regrowth and prevent more 

intense fires from sweeping through fire-prone areas, which would normally cause unintended 

damage and faunal casualties (Trollope, 1993; Ramos-Neto and Pivello, 2000).  

The Golden Gate Highlands National Park (GGHNP) in the eastern Free State Province, 

South Africa, is an example of this, as the grassland terrain is prone to annual sweeping 

wildfires, and thus regulatory prescribed fires are applied to areas with notable amounts of 

burnable biomass. Park Management regularly uses the informed advice of South African 
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National Parks (SANParks) Scientific Services to determine the area, time and control for each 

prescribed burning. However, even well-controlled prescribed fires can have a highly complex 

effect, dependent on the nature of a site (New et al., 2010). Areas that are disturbed without 

allowing for sufficient recovery before the next disturbance may prove detrimental to the 

continued persistence of certain arthropod groups (Buddle et al., 2005; Moretti et al., 2006), 

particularly in fire-intolerant assemblages (Moretti et al., 2004). However, studies on the effect 

of less frequent prescribed fires suggest that controlled burnings could promote species 

turnover (Siemann et al., 1997; Buddle et al., 2000; Buddle et al., 2005; Ferrenberg et al., 2006). 

Other investigations have reported a varied effect on arthropod biodiversity on affected areas 

after 12-months post-fire, suggesting that the effect of fire is dependent on the tolerance of 

species found in investigated areas (Swengel, 2001; Camann et al., 2008; Pryke and Samways, 

2012; Haddad et al., 2015). The impact of fire on soil faunal groups in South Africa have been 

investigated to some extent, showing varying responses in different faunal groups (e.g. Parr & 

Chown, 2001; Hugo-Coetzee & Avanant, 2011; Janion-Scheepers et al., 2016), but few have 

been done on the larger soil faunal populations in the GGHNP. 

Soil invertebrates provide vital ecosystem services at both plot and landscape scales, 

but are largely overlooked when considering their functions in an ecosystem (Brussaard et al., 

1997; Lavelle et al., 2006). In practice, the effect of fires on soil macrofaunal groups should 

focus on the impacts on the soil and surrounding vegetation cover, rather than on the direct 

death of the fauna (Sgardelis et al., 1995; Gongalsky and Persson, 2013). The growing 

recognition that classifying species based on their functional feeding groups rather than only 

their higher taxonomic identity (Kaiser et al., 2009; Buschke and Seaman, 2011) is a welcome 

approach to studying ecosystem recovery and stability on the scale of ecosystem, landscape 

and biome (Moretti et al., 2006). It is thus vital to not only investigate the pattern of assemblage 

recovery over time after fires, but also consider how trophic structure changes. Despite the 
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significant role that soil-dwelling arthropods play in ecosystem function, conservation methods 

in the GGHNP do not necessarily prioritise or monitor the effects of conservation practices on 

these soil animals. Soil arthropod species assemblages, specifically in the GGHNP, remain 

poorly investigated in respect to their responses to ecological change such as applied fires, and 

thus the effect of fire on these arthropod groups are not clear. 

This study aimed to address the effect of a prescribed fire on soil-dwelling arthropods 

in a grassland site of the GGHNP in the Free State Province, South Africa, for advising Park 

Management in conservation strategies and future analysis. Considering that this was a small-

scale investigation focussing on one South African National Park, the hypotheses aligned to 

answer preliminary questions relevant to the information needed to make informed 

conservation monitoring decisions in the park. Furthermore, the implications of the findings 

are briefly discussed. It was hypothesised that (1) soil arthropod species abundance and species 

richness would initially decrease due to mortality caused by burning (Ahlgren, 1974); (2) 

changes in soil properties and attributes would impact soil arthropod diversity due to heat 

effects, as well as increased pyrogenic organic matter deposition post-burning (Kozlowski and 

Ahlgren, 1974; Knicker, 2007; Bird et al., 2015), and (3) soil arthropod taxa and functional 

feeding groups would show differential responses to fire, with some taxa showing more 

resilience to prescribed fire (Malmström et al., 2008; Gongalsky and Persson, 2013; Pressler et 

al., 2019). 

 

2.2 Materials and methods 

2.2.1 Study area and period 

The study was conducted in the GGHNP, located in the Eastern parts of the Free State 

Province, South Africa, which borders with Lesotho. It covers an area of approximately 340 
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km2 and comprises many deeply eroded sandstone outcrops and cliffs, alongside large expanses 

of undisturbed grassland hills and valleys. The Park is situated in the Rooiberge of the Free 

State Province, in the foothills of the Maluti mountain range, with the park’s highest peak being 

the Ribbokkop at 2 829 m a.s.l.. The GGHNP comprises a rich highveld and montane grassland 

flora, with more than 60 grass species identified within the park area (Roberts, 1969). These 

grasses belong to the vegetative units of Eastern Free State Sandy, Northern Drakensberg 

Highland and Lesotho Highland Basalt grasslands (Mucina et al., 2006). Soils are highly 

variable in the GGHNP, with several different groups of soil types described in the park 

(SANParks personnel, personal communication, 20191; Supplementary material, Chapter 2, 

Fig. S2.1). It is currently characterised as the only grassland national park in South Africa. The 

GGHNP falls in the summer rainfall region of central South Africa, with rainfall averaging 760 

mm annually. Summers are generally hot, with daily peak temperatures reaching between 30–

38°C, while winters are cold, with minimum temperatures frequently between -10–0°C.  

The study focussed on the upper layers of the soil in two grassland areas located near 

the main road which passes through the park. For the purpose of this study, soil samples were 

taken once every four weeks from two different areas: 1) an open grassland unaffected by 

scheduled fires carried out by the South African National Parks (SANParks) Authorities (S 

28°28.833’, E 28°43.280’); and 2) an open grassland affected by a scheduled and prescribed 

burning carried out by the SANParks Authorities as per conservation regulations (S 

28°31.213’, E 28°38.362’). Sampling commenced one month before the scheduled burning of 

July 2017, to gather baseline conditions for both sites, and continued until June 2018. Two sites 

per site type were selected based primarily on similarities in the composition of grass species, 

to ensure comparability of the results. 

                                                           
1 C. Simms, electronic communication, GIS/RS Analyst - South African National Parks, 18 September 2019. 
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2.2.2 Soil biota sampling 

In order to determine the relevant soil macro- and mesofaunal groups to monitor the 

health of the investigative sites, a soil arthropod survey was conducted to identify the species 

in each area and observe occurrence patterns over time. Soil samples were taken from the field 

and extracted through a Berlese-Tullgren funnel (Triplehorn and Johnson, 2005; Badenhorst, 

2016) to isolate arthropod specimens over a course of twelve months, to avoid overlaps with 

the next year’s prescribed burnings. An individual soil sample was defined as a soil mass of 

between 400 and 500 g each from the top 10 cm of soil and within a 10 cm radius of a chosen 

sampling spot. Ten soil samples were taken in a random pattern, at least 5 m apart, in each site 

every month to determine changes over time. Each sample was then transported to the 

University of the Free State, Bloemfontein, South Africa, and placed into individual Berlese-

Tullgren funnels with connected storage bottles containing 70% ethyl alcohol (Tullgren, 1918; 

Triplehorn and Johnson, 2005; Badenhorst, 2016). Extractions proceeded for a period of seven 

days to allow for sufficient soil arthropod extraction.  

Arthropods were sorted according to order, family and morphospecies, with special 

consideration given to groups of Collembola (springtails), soil mites (Mesostigmata, 

Prostigmata, and Oribatida) and other Insecta. Major soil arthropod groups used as indicators 

in previous studies (Burbidge et al., 1992; Ruf, 1998; Kimberling et al., 2001; Blakely et al., 

2002; Gulvik, 2007; Philpott et al., 2010), were separated and analysed to establish possible 

groups of interest for the area (Formicidae, Collembola, oribatid, mesostigmatid and 

prostigmatid mites). In addition, all species were allocated to functional feeding groups 

(mycophages, phytophages, saprophages, omnivores, bacteriophages and predators) to monitor 

changes in trophic structure at each site (Bardgett and Cook, 1998; Brussaard, 1998; Triplehorn 

and Johnson, 2005; Badenhorst, 2016). All Collembola type material was stored at the Iziko 

South African Museum, Cape Town. 
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2.2.3 Soil analysis 

Additional soil samples were taken from each study site for mineralogical analysis in 

order to track changes in mineralogy over time. Three soil samples of between 100 and 200 g 

were taken at a 10 cm depth and at a 10 cm radius of a chosen sampling spot in each site every 

four months during the study period. Samples were processed and analysed using X-ray 

Fluorescence (XRF) major element analysis (SiO₂, Al₂O₃, CaO, K₂O, TiO₂, Fe₂O₃, MgO, 

MnO, P₂O₅, Na₂O, % Organic Matter based on Loss on Ignition (LOI)), carried out by the 

Department of Geology, University of the Free State. In addition, soil temperature and moisture 

were recorded from the topsoil layer (0–10 cm) using a handheld SMT-100 moisture and 

temperature probe. Rainfall, per month, was also recorded over the post-burning period of the 

study. 

 

2.2.4 Statistical analysis 

To determine whether controlled burning has a significant effect on soil biota 

assemblages, alpha diversities using Shannon-Wiener diversity indices and Chao1 estimators 

were calculated per treatment site, for overall data, using EstimateS version 9.1.0 (Colwell, 

2013). Non-metric Multidimensional Scaling (3D) ordination using the Bray-Curtis similarity 

index was used to determine the patterns of similarity in soil arthropod assemblages between 

the burnt and non-burnt sites over the 12-month post-burning period using the Vegan package 

in R, version 3.5.3 (Oksanen et al., 2019). 

Analysis of similarity (ANOSIM) with Bray-Curtis similarity index was also used to 

determine differences between soil biota assemblages of each treatment site using 

Paleontological Statistics (PAST), version 3.25 (Hammer et al., 2001). This analysis was 

performed using log-transformed abundance data (log10(n+1)) with 9999 permutations.  
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Additionally, a diversity t-test was conducted using the species abundances of one-

month before prescribed burning was scheduled, and of the final month post-burn (twelfth 

month) to determine whether the burnt site assemblages had recovered to a similar level as seen 

in the pre-burn month. A similar test was conducted on the same criteria for the non-burnt site. 

This diversity t-test compared the Shannon-Wiener diversities of the two months, utilising the 

species abundances present in each, by using a t-test described by Poole (1974). The Shannon 

indices from this test include a bias correction term.  

In order to quantify the possible effects of changes in soil mineralogy post-fire on soil 

biota assemblages, Linear Mixed Effects modelling was conducted on rank Shannon-Wiener 

diversity indices from the sampled months in which soil samples were taken, with time as a 

random factor and treatment and subsequent soil mineralogy (11 major minerals) as fixed 

effects. Similar modelling was performed using soil temperature and soil moisture. Each 

analysis was conducted using the LmerTest package in R, version 3.5.3 (Kuznetsova et al., 

2017).  

 

2.3 Results 

2.3.1. Faunistic composition 

Overall, 595 soil arthropod individuals were sampled over the 12-month post-fire 

period, representing 67 morphospecies and 38 families. Of the two treatments, the burnt site 

displayed the highest species richness and abundance over time (Table 2.1). Despite this, the 

non-burnt site retained a higher diversity than the burnt site. More than half of the species 

collected from each treatment were unique to that specific treatment (Table 2.1). 

Representative soil biota groups, sampled one month before the commencement of the 

scheduled fire in July 2017, decreased sharply after the burning, with both abundance and 
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richness declining after the fire incident (Fig. 2.1). Of interest, an influx of species individuals 

of a single taxon caused a spike in abundance, observed in November, specifically an increase 

in a predatory mite of the family Dermanyssidae.  

 

Table 2.1: Total number of individuals, observed species richness (Sobs) and calculated species 

diversity (Shannon H and SChao1), from pooled overall totals of all species sampled over the 12-

month post-fire period for the burnt and non-burnt sites. Number of unique species for each site 

is indicated from overall data. 

 Individuals Sobs Shannon H SChao1 Unique species 

Burnt 440 48 2.34 71.75 27 

Non-burnt 155 39 3.04 50 19 

Total 595 67 - - - 

 

 

 

Fig. 2.1: Observed (a) species richness with monthly rainfall, and (b) abundance of 

burnt and non-burnt soil arthropod assemblages over the one-month pre-fire and 12-

month post-fire period (burning occurred during the month of July). 
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Approximately 77.31% of all soil biota sampled was represented by Acari groups. 

Among these, predatory mites were the most abundant within the burnt area, making up 62.73% 

of all soil biota overall. Trophic groups in the non-burnt site were more evenly distributed, with 

the most dominant feeding groups being mycophages (21.29%), predators (16.77%), and 

bacteriophages (15.48%) (Table 2.2).  

 

Table 2.2: Total trophic abundance and species richness, from pooled overall totals of each site 

over a 12-month post-fire treatment, for the burnt and non-burnt sites. 

Trophic abundance Burnt % Non-burnt % Total % 

Bacteriophagous 4 0.90 24 15.48 28 4.71 

Mycophagous 63 14.32 33 21.29 96 16.13 

Omnivorous 45 10.23 52 33.55 97 16.30 
Phytophagous 9 2.05 9 5.81 18 3.03 

Predaceous 276 62.73 26 16.77 302 50.76 

Saprophagous 30 6.82 9 5.81 39 6.55 
Varied 13 2.95 2 1.29 15 2.52 

Total 440 100 155 100 595 100 

Trophic species richness       

Bacteriophagous 1 2.08 2 5.41 2 2.99 

Mycophagous 5 10.42 9 24.32 10 14.93 

Omnivorous 11 22.92 5 13.51 11 16.42 
Phytophagous 7 14.58 5 13.51 13 19.40 

Predaceous 11 22.92 12 32.43 17 25.37 

Saprophagous 8 16.66 4 5.41 9 13.43 
Varied 5 10.42 2 5.41 5 7.46 

Total 48 100 39 100 67 100 

 

Although numbers of ants (Formicidae) sampled in the burnt and non-burnt sites were 

similar, their proportional abundance was nearly three times higher in the non-burnt site, 

making up 33.55% of the arthropod abundance; their species richness was also noticeably 

higher in the burnt site (Table 2.3). Collembola proportional abundance was similarly low in 

both treatments (<4%), but both their actual abundance and species richness were more than 

double in the burnt than non-burnt site. Oribatid and mesostigmatid mites were more abundant, 

proportionally abundant, and species rich in the burnt site, while prostigmatid mites were 

clearly negatively affected by the fire, being the most species rich and the second most 

abundant group in the non-burnt site (Table 2.3). 
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Table 2.3: Total number of major soil arthropod group abundance and observed species richness (Sobs), from 

pooled overall totals sampled during the 12-month post-fire period. 

  Burnt Non-burnt 

  Abundance  % Sobs % Abundance  % Sobs % 

Collembola 15 3.41 8 16.67 6 3.87 3 7.69 

Hymenoptera - Formicidae 45 10.23 11 22.92 52 33.55 7 17.95 
Acari - mites         

Prostigmatid mites 31 7.04 8 16.67 46 29.68 14 35.90 

Mesostigmatid mites 227 51.59 9 18.75 10 6.45 4 10.26 
Oribatid mites 117 26.59 7 14.58 29 18.71 5 12.82 

Psocoptera 0 0.00 0 0.00 2 1.29 1 2.56 

Thysanoptera 1 0.23 1 2.08 3 1.94 2 5.13 
Coleoptera 2 0.45 2 4.17 4 2.58 2 5.13 

Diptera 1 0.23 1 2.08 0 0.00 0 0.00 
Hymenoptera - other 1 0.23 1 2.08 0 0.00 0 0.00 

Hemiptera 0 0.00 0 0.00 3 1.94 1 2.56 

 

2.3.2. Impact on arthropod assemblages 

Soil biota assemblages between the two treatment sites were found to be significantly 

different (ANOSIM global R = 0.164, p = 0.011). Ordination of the two treatments showed a 

large overlap in species assemblages over the post-fire period, but the monthly assemblages in 

the burnt site showed less variation, indicating a possible shift towards more resilient species 

groups within the burnt site (Fig. 2.2). 

 

Fig. 2.2: Non-metric Multidimensional Scaling (3D) ordination of soil arthropod 

assemblages sampled from the burnt and non-burnt sites over the 12-month post-fire 

period. 
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Comparisons of the effects of recorded soil mineralogy on arthropod diversity showed 

that mineralogical changes in the burnt site had a significant impact, while variables in the non-

burnt site were entirely non-significant (Table 2.4; Supplementary material, Chapter 2, Table 

S2.1). In the non-burnt site, soil moisture (t = 1.455, p = 0.152) and temperature (t = -1.364, p 

= 0.179) did not affect soil arthropod diversity (Supplementary material, Chapter 2, Fig. S2.2). 

The burnt site, while showing no significance against soil moisture (t = -0.324, p = 0.747), did, 

however, indicate a significant effect of soil temperature on soil arthropod diversity (t = -2.138, 

p = 0.037). The diversity t-test showed a significant difference between the Shannon-Wiener 

diversities of the one-month pre-fire and twelfth-month post-fire (t = 3.556, p = 0.001), with 

the twelfth month possessing a lower diversity. However, results of the non-burnt site also 

showed significance between the two months (t = -3.100, p = 0.016) with the twelfth month 

also possessing a lower diversity. This suggests that the assemblage changes observed could 

have been attributed more to annual differences in assemblage structure rather than to the effect 

of the burning. 

 

Table 2.4: Resulting p-values of general linear mixed effect models testing 

links between soil arthropod diversity and changes in soil mineralogy of the 

burnt and non-burnt sites. 

  p-values 

Soil mineralogy Burnt Non-burnt 

SiO₂ 0.025* 0.567 

Al₂O₃ 0.359 0.839 

CaO 0.009** 0.346 

K₂O 0.973 0.341 

TiO₂ 0.959 0.835 

Fe₂O₃ 0.006** 0.595 

MgO 0.016* 0.977 

MnO 0.031* 0.089 

P₂O₅ 0.046* 0.813 

Na₂O 0.127 0.857 

% Organic Matter (LOI) 0.048* 0.837 

p-value significance : 0.001 ‘***’  0.01 ‘**’  0.05 ‘*’    
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2.4 Discussion 

2.4.1 Effect of fire on soil arthropod abundance and species richness 

Many studies investigating the effect of fires on arthropods and their surroundings tend 

to focus on the surface-active ground-dwelling fauna (Richardson and Holliday, 1982; Wikars 

and Schimmel, 2001; Hanula and Wade, 2003; Saint-Germain et al., 2005; Frizzo et al., 2012; 

Haddad et al., 2015), while the impacts it has on biota occurring below-ground are often 

overlooked (Malmström et al., 2008). This is most likely due to surface-active arthropods 

affected at the time of burning, whereas soil arthropods are widely affected by the resulting 

soil changes post-fire (McCullough et al., 1998). Nonetheless, soil-dwelling biota have often 

been considered an important indicator of habitat disturbance and recovery, as they have been 

found to show responses to changing environmental conditions (Paoletti et al., 1991; Behan-

Pelletier, 1999; Nakamura et al., 2007; Santorufo et al., 2012). During our study, soil arthropod 

species richness and abundance of the burnt site were noted to decrease dramatically 

immediately post-fire, consistent with results from other fire treatment studies (Swengel, 2001; 

Coleman and Rieske, 2006; Malmström et al., 2008). However, this observation may have been 

more attributed to seasonal change as these assemblages move and adapt to the drier 

environment. 

Fires are a natural occurrence during dry winter months in the mountainous grasslands 

of the GGHNP, with prescribed fire regimes implemented on an annual basis (Rademeyer and 

van Zyl, 2014). In certain instances, grassland areas of the park are not burnt, to act as 

protection areas for wildlife (SANParks personnel, personal communication, 20192). These 

unburned refugia often contain a greater diversity and abundance of soil biota (Gongalsky and 

Zaitsev, 2016), acting as colonising populations of soil arthropod communities within an area 

                                                           
2 D. Nariandas, verbal communication, Senior Section Range/Conservation Manager - Golden Gate Highlands 

National Park, 22 August 2019. 



 
 

41 
 

(Zaitsev et al., 2014). However, while a greater diversity in the non-burnt site was seen during 

this study, a higher abundance was not. The opposite was seen in the burnt site. This was an 

interesting occurrence as usual observed patterns of fire disturbance see a lower abundance of 

soil biota in burned localities (e.g. Kim and Jung, 2008; Malmström et al., 2008; Lisa et al., 

2015). Callaham et al. (2003) noted the response of native earthworms in frequently burned 

prairie, suggesting an adaptation to the warmer soil conditions, and a response to improved 

grass growth, post-fire. Therefore, soil arthropod assemblages in the GGHNP may be adapted 

to survive frequent fires in the area, displaying a relatively fast population recovery rate, 

increasing abundance in the burnt site. It can also be assumed that soil arthropod assemblages 

in regularly burnt sites benefit from the effects of fires due to the timing of prescribed burnings 

and the effect of these low intensity fires on soil structure (Pressler et al., 2019). 

Recorded species richness and abundance of the burnt site was observed to differ 

between the one-month pre-burning and twelfth-month post-burning, with observed richness 

and abundance of the twelfth-month being lower. It could be considered that an adequate 

recovery point was not necessarily reached at the time of the next scheduled burning, 

suggesting that sufficient recovery time was not provided in regards to soil arthropod 

assemblages during this study. This is in contrast to Haddad et al. (2015), which found spiders 

recovered to suggested pre-fire levels a year after burning. This suggests that there is a taxon-

determined effect dependent on tolerance and dispersal ability of soil-dwelling arthropods. 

Disturbance is a primary factor contributing to spatial and temporal heterogeneity of 

communities (Walker, 2012). In certain cases, small changes to the initial state can lead to 

changes in population densities, affecting initial conditions (e.g. abundance of certain species) 

causing a continual reset (Maaß et al., 2014). This, in turn, contributes to a rendering of the 

assembly process, which remains variable in regards to specific species and their formation of 

assemblages. However, with comparisons between the burnt and non-burnt sites regarding the 
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diversity t-test showing similar trends, it could be argued that lower abundances and species 

richness were more attributed to annual assemblage changes rather than the effect of fire. While 

sufficient data for determining the driving factors of soil arthropod community structure in the 

park was not obtained during this study, it could be hypothesised that changes in soil-dwelling 

arthropod species richness and abundance in the GGHNP was not solely dependent on 

environmental fluctuation. Factors such as habitat gradients, dispersal ability of the species 

groups and competition trade-offs could explain the variable changes, as studies have found 

certain soil arthropods to show responses corresponding more to their stochastic and 

deterministic community determinants (Ellwood et al., 2009; Caruso et al., 2012; 

Ingimarsdóttir et al., 2012; Ferrenberg et al., 2016).  

 

2.4.2 Soil attribute changes on soil arthropod diversity 

Significance results showed a possible relationship between soil arthropod diversity 

and soil temperature over the post-fire period within the burnt, but not non-burnt, site. While 

previous studies have found that soil moisture correlates strongly with changes in soil arthropod 

assemblages (O’Lear and Blair, 1999; Chikoski et al., 2006), the same was not true in our study. 

A possible reason for this could be that soil arthropod assemblages present in these moist alpine 

grasslands are adapted to the seasonal fluctuations of soil moisture experienced throughout the 

year, and that prescribed fires did not drastically affect soil moisture levels after burning within 

the site (Supplementary material, Chapter 2, Fig. S2.2). 

Annual prescribed burning regimes have a varied impact on soil conditions compared 

to biennial burning intervals and their long-term counterparts (Pivello et al., 2010; Alcañiz et 

al., 2018). During our study the percentage of soil organic matter had an effect on soil arthropod 

diversity over time, suggesting that fires may alter assemblages as pyrogenic carbon deposition 
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increases with each fire. The addition of pyrogenic organic matter may alter the quality of 

organic matter already in the soil, resulting in an indirect effect to euedaphic soil communities 

(Knicker, 2007; Bird et al., 2015). Changes in soil mineralogy, because of burning, can be long-

term, and changes brought about by the fires can alter an ecosystem (Klopatek, 1987; Knicker 

et al., 2006; Knicker, 2007). Significant effects of soil mineralogy on arthropod diversity in the 

burnt site may support the theory that soils within the prescribed burnt site may have been 

altered by yearly treatments, subsequently affecting the nature of assemblages that are able to 

survive under the altered conditions.  

Although certain soil minerals were indicated to be of significance when correlating the 

effects of soil conditions on soil arthropod diversity in the burnt site, it is important to note that 

the observations of this study was taken from a single treated site and an untreated site with no 

comparably similar replicates to the study sites. The need for replicated studies on prescribed 

fires in contrasting vegetation units in the GGHNP is necessary to better understand the role of 

soil arthropods in the park, as it is unclear how assemblages may change under contrasting fire 

regimes. This study can, however, be used as a starting point for soil arthropod studies in the 

GGHNP. 

 

2.4.3 Response of functional feeding groups and soil arthropod taxa 

Fire impacts faunal groups to varying degrees based on their lifestyle and behaviour 

(Harper et al., 2000). Results from our study showed differences between burnt and non-burnt 

soil assemblages, with large variations occurring within trophic groups. The effect of fire often 

alters vegetation coverage and subsequent food availability within an area, leading to shifts in 

feeding guilds (Moretti et al., 2006; Caut et al., 2013). The results of the current study supported 

this, as burnt assemblages showed a distinct shift, with an uneven spread of trophic groups 
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occurring post-fire compared to the non-burnt site. The adaptive feeding behaviour of most soil 

arthropods may account for the resilience of some soil arthropod species after a fire (Pressler 

et al., 2019). However, as no studies are available on soil arthropods in the GGHNP in respect 

to their interactions in a food web context, the pressures that play a role in the patterns of these 

soil feeding groups remains unclear. 

While previous studies have shown fire to cause a decrease in abundances and diversity 

of predatory, bacteriophagous and mycophagous soil biota (Ajee, 1993; Hanula and Wade, 

2003), a sharp increase in predatory abundance occurred five-months post-fire during our 

study. McSorley (1993) observed similar occurrences, in which omnivorous nematodes and 

predators increased in a single site post-fire, while mycophagous nematodes declined, 

suggesting responses of functional feeding groups to fire are site-specific. Additionally, other 

groups may have fluctuated during the month before sampling due to regenerating vegetative 

growth, leading to the subsequent increase in predators (Kim and Jung, 2008; Evans, 2017). 

Alternatively, the presence of these individuals are arguably attributed more to phenology 

rather than the fluctuations of other groups, as mite population numbers are often dependent 

on the season of rainfall and temperature fluctuations (Yaninek et al., 1989; Badejo, 1990; 

Hugo-Coetzee and Avenant, 2011). The predatory influx may have also been attributed to the 

asynchronous recovery time of both predator and prey populations after the fire treatment 

(Malmström et al., 2009). 

As previous studies have concentrated on specific arthropod groups when looking at 

disturbance effects, it is important to analyse the observational data in light of past findings, to 

highlight certain patterns found for particular soil arthropod groups: 
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2.4.3.1 Acari (mites) 

Oribatid mites are regarded as slow to adjust to environmental change, due to their low 

metabolic rates, slow development and low fecundity, thus making them sensitive to change 

(Behan-Pelletier, 1999). Previous studies have shown oribatid mites to respond negatively to 

prescribed fires (Barratt et al., 2006; Camann et al., 2008). This was contrary in our study, with 

markedly higher oribatid abundance, suggesting that alpine grassland species may be able to 

survive and thrive in the altered conditions brought about by fires. Similar results were 

observed by Hugo-Coetzee and Avenant (2011), with little effect of fire on most species of 

mites recorded four months after the treatment. Oribatid mites are typically more armoured 

than other soil-dwelling taxa, resulting in increased protection against factors, such as 

heightened temperatures, during fires (Malmström et al., 2008). 

Prostigmatid mites have been found to show a stronger tolerance to unfavourable 

conditions (Gergóc and Hufnagel, 2009), which would explain their prominence during this 

study overall. However, the lower number of prostigmatid mites found within the burnt site 

could suggest that the altered soil conditions negatively affected this group, but made it more 

favourable to oribatid and mesostigmatid mites. This corresponds with previous research 

showing a positive relationship between increased grassland productivity, brought about by 

prescribed burning, and the abundance and diversity of soil arthropods (Clapperton et al., 

2002). Similarly, it can be hypothesised that prescribed fires not only benefit grassland 

management by serving as firebreaks, but also support soil arthropod groups that would not 

normally thrive under undisturbed conditions in the GGHNP. 

2.4.3.2 Collembola (springtails) 

Collembola are readily characterised as being sensitive to harsher conditions, with 

varying responses to disturbances between family groups (Barbercheck et al., 2009). The soil 
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conditions of the study sites within the GGHNP may not have favoured collembolan groups 

within the area generally, explaining their low abundance, specifically within the sampled 

areas. However, these conditions could explain the presence of the hardier Collembola groups 

present within the burnt site based on their character states (Huebner et al., 2012). This was 

especially true for members of the families Tullbergidae and Isotomidae, with notably 

streamline bodies, and in the case of Tullbergidae, little pigmentation and harder bodies 

(Dunger and Shlitt, 2011). Alternatively, these groups may be more prominent in areas with 

higher soil moisture levels (Convey et al., 2003) and could be used in assessing other sites 

within the park. 

2.4.3.3 Hymenoptera - Formicidae (ants) 

Ants are effective indicators in ecological studies due to their varied behaviour and 

wide range of habitats (Parr and Chown, 2001; Ribas et al., 2012). Opportunistic groups tend 

to respond at a fast rate to frequently disturbed sites, and abundances are usually dependent on 

the nature of the disturbance (Anderson, 1991; King et al., 1998; Matsuda et al., 2011; Ribas 

et al., 2012; Arnan et al., 2013). Omnivory is common among soil arthropod communities, 

allowing for a variety of prey options being available, increasing survival despite limitations 

to specific food resources post-fire (Pressler et al., 2019). A large abundance and species 

richness of formicid groups found over the 12-month post-fire period in the burnt site could 

suggest that these arthropods acted upon plant regrowth over time with subsequent change in 

conditions and larger availability of food sources. This hints at the possible use of ants in the 

GGHNP for long-term monitoring of the effects of fire disturbance extent and frequency. 

The absence of other insect groups was not unmerited, as soil niches are not usually 

inhabited by other groups for the entirety of their life cycle. The rare occurrence of beetles and 

thrips in the soil was incidental, as these individuals are present in small numbers and only for 
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a short part of their development (Stork and Eggleton, 1992; Pfiffner and Luka, 2000). In light 

of this, it can be suggested that only Collembola, Formicidae and Acari groups should be 

investigated when monitoring soil arthropod activity for the use of bioindication in GGHNP 

grasslands. Nevertheless, soil arthropod groups seem to vary in their responses in the GGHNP 

soil. However, as this study was conducted on a single site in grasslands of the GGHNP, and 

little is known about the behavioural and physiological responses of these animals, the 

causative factors of their observed changes are still unclear. The study results are highly 

specific to the investigated areas in the GGHNP, and further investigation on the impact of fire, 

specifically on functional feeding groups and soil arthropod taxon responses, is necessary to 

draw any conclusive findings. 

 

2.4.4 Implications of findings 

Fire is an important factor in shaping environments and ecological processes (Certini, 

2005; Vermeire et al., 2005; Burton et al., 2008; Williams and Bradstock, 2008). The 

consideration of fire regimes with regard to grassland arthropod assemblages is often nonfocal 

(Fuhlendorf et al., 2009; Joern and Laws, 2012), as the use of prescribed burning regimes has 

been recommended mainly for the purpose of increasing vegetative growth and reducing the 

impact of runaway fires in protected and agricultural areas (Trollope, 1993; Lechmere-Oertel, 

2014).  

Prescribed fires in the GGHNP are performed on the recommendation of SANParks-

associated ecologists, based on each area’s vegetative composition, available burnable biomass 

and burning season. Burning frequencies are dependent on risk assessments and, in the case of 

the burnt study site, the need for fire breaks near infrastructure, and are therefore different for 
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each burning site within the park (SANParks personnel, personal communication, 20193). In 

this study, the percentage of soil organic matter had an effect on soil arthropod diversity over 

time, suggesting that fires may alter assemblages as pyrogenic carbon deposition increases with 

each fire. However, the differences in soil mineralogy between sites could be the result of 

different factors (e.g. site location, soil type differences, etc.), and may not necessarily be 

attributed fully to the effect of fire. It is possible that, given that assemblages showed increased 

abundance and diversity in the burnt site, fire could promote soil populations, possibly over 

time. 

Although prescribed burnings within this area are performed upon the basis of 

maintaining natural, cultural and biodiversity components of the ecosystem (SANParks, 2013), 

monitoring of fire regimes in differing habitats of protected areas should be considered, as the 

full effect of repeated burnings upon soil arthropods and their functions within GGHNP 

grasslands is still unclear. Long-term monitoring of the effect of prescribed burning on soil 

arthropod assemblages becomes necessary in this regard. 

 

2.5 Conclusion 

The results of this study supported the hypotheses put forward in that soil arthropod 

abundance and species richness initially decreased immediately post-fire within the burnt site. 

Certain soil minerals, as well as soil temperature, showed significant interaction with soil 

arthropod diversity post-fire within the burnt site, however, soil moisture showed no significant 

effect. Despite this, it is highly likely that soil type and locality were more influential in 

affecting soil arthropod diversity than soil mineral change. Although species groups between 

                                                           
3 D. Nariandas, verbal communication, Senior Section Range/Conservation Manager - Golden Gate Highlands 

National Park, 22 August 2019. 
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the burnt and non-burnt sites overlapped, with similarities in assemblages being evident, taxon 

groups did not display equal tolerance to fire effects. The maintained decreased diversity and 

less variation in assemblage structure of the burnt site indicates this area as being possibly 

comprised of more individuals from resilient arthropod groups such as mites. The direct 

disturbance of fire may favour opportunistic feeders such as formicid groups, and groups of 

soil-dwelling arthropods could give insight into patterns of recovery, as a medium to trace 

changes in burnt environments if monitored over a long-term period within the GGHNP. The 

results are highly specific to the GGHNP and could differ for other areas in South Africa. 

Nevertheless, we can recommend that a longer survey be required in order to gauge the full 

effects of yearly prescribed burning on changes in soil-dwelling assemblages within montane 

grasslands of the GGHNP over a number of years. 
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Abstract 

Soil erosion is a natural process that drives the formation of lowland terrains in mountainous 

regions. Its role in ecosystem degradation has been strongly debated, due to the significant 

effect it has on a range of land types. Soil arthropods are effective indicators of several 

disturbance types. However, little is known about arthropods in eroded sites in South Africa. 

The aim of this study was to identify possible indicators of erosion in the Golden Gate 

Highlands National Park, South Africa, and to determine differences in soil-dwelling arthropod 

assemblages found in non-rehabilitated and rehabilitated sites over a 24-month period. A total 

of 5661 soil arthropods were sampled during the study, with the highest species richness 

recorded in non-rehabilitated eroded sites. A higher number of unique arthropod species were 

observed from the non-rehabilitated sites compared to other site types. Overlaps in assemblage 

structure between site types differed, depending on site locality. IndVal results indicated a 

single strong indicator, the mite Speleorchestes meyerae Theron and Ryke, 1969, for the non-

rehabilitated eroded sites. Linear model analyses of site richness with mineralogy identified the 

significance of phosphorus (in the form of P2O5) in eroded sites. Given these results, soil 

mineralogy in conjunction with soil arthropod richness of eroded sites could be used to 

investigate the effect of erosion and form a basis for future study in soil biodiversity and 

function. 

Keywords: Biodiversity, IndVal, Mineralogy, Rehabilitation, Species Richness, Soil Biota 

 

3.1. Introduction 

Soil erosion is a natural occurrence that drives the creation of new landscape types and 

the formation of mountainous areas (Mhangara et al., 2012). However, soil erosion is a serious 

problem throughout the world’s terrestrial ecosystems, due to the increased rate of erosion 
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during recent years (Pimentel and Kounang, 1998; Pimentel et al., 2004; Durán Zuazo and 

Rodríguez Pleguezuelo, 2008). Soil erosion reduces the quality of soils, in turn, decreasing the 

productivity of agricultural, natural, and forest ecosystems (Pimentel, 2006). 

In South Africa, soil erosion is one of the most significant environmental problems 

causing ecosystem degradation (Meadows, 2003; Le Roux et al., 2007, Dlamini et al., 2011). 

The levels and severity of erosion in South African landscapes are dependent on soil 

composition, as well as the sources of erosion, such as intensity and frequency of rainfall, 

anthropogenic influences such as overgrazing and agricultural practices, and wind speeds 

(Meadows, 2003; Le Roux et al., 2007). Research strongly suggests that over 70% of South 

African landscapes are affected by soil erosion to varying degrees (Garland et al., 2000; Le 

Roux et al., 2008). Soil erosion by water flow is a major environmental issue that threatens the 

ecological function of terrestrial and aquatic systems (Mhangara et al., 2012). The Golden Gate 

Highlands National Park (GGHNP) in South Africa is well-known for its sandstone cliffs and 

formations across the western side of the park. This type of sandstone produces a shallow sandy 

soil with very low fertility (Roberts, 1966) that is notoriously susceptible to erosion losses 

(Roberts, 1969; SANParks, 2013). The park comprises many smaller rivulets running through 

the landscape, which form part of the water bodies found within the area. Although rivers 

around the GGHNP are situated in the upper catchment area, South African National Parks 

(SANParks) Authorities are concerned that finer soils could be carried into the aquatic sectors 

of the park during the heavier rainfall season, and measures are taken to prevent excessive 

deposition into these aquatic areas (SANParks, 2013).  

Edaphic biota play a vital role in soil functions, which include nutrient element cycling, 

organic matter breakdown, and humus formation (Menta et al., 2011). In addition, soil 

arthropods also affect the aeration, porosity, infiltration and distribution of organic matter in 

soils, subsequently modifying soil structure and improving its fertility. As a result, below-
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ground diversity is essential for the function of above-ground ecosystems (van Straalen, 2004). 

However, soil arthropods are not readily considered when looking at erosion, despite their 

below-ground endemism and role in major ecosystem functions (Orgiazzi and Panagos, 2018). 

Grasslands have been indicated as important habitats in the protection of soil 

biodiversity (Menta et al., 2011), highlighting the importance of monitoring grassland health 

in conjunction with soil biota assemblages. Soil arthropods are useful indicators of a number 

of disturbance types in varying terrains, due to their rapid responses to changes in an 

environment (Paoletti et al., 1991; Stork and Eggleton, 1992; Kremen et al., 1993; Convey et 

al., 2003; Gulvik, 2007; Nakamura et al., 2007). It is vital that scientists identify bioindicators 

in grasslands in order to monitor areas that may be at risk of deterioration or, at least, changes 

that may alter the nature of ecosystems. The GGHNP is currently the only national park in the 

Free State Province (SANParks, 2013), and may play a significant role in the conservation of 

soil biota groups in the area. However, soil biota assemblages in this area are poorly understood 

and very few studies have been done on soil-dwelling arthropods as indicators within protected 

areas in South Africa.  

The main aim of this study was to identify possible soil-dwelling arthropod indicators 

for soil erosion and the differences between non-eroded, non-rehabilitated and rehabilitated 

sites in the GGHNP. Differences in soil arthropod assemblages of the eastern and western parts 

of the park are also briefly discussed. 

  



 
 

66 
 

3.2. Materials and Methods 

3.2.1. Study area and period 

The study was carried out in the GGHNP, located in the eastern parts of the Free State 

Province, South Africa, bordering with Lesotho to the south (Fig. 3.1). It covers an area of 340 

km2 and features several deeply eroded sandstone outcroppings and cliffs, alongside large 

expanses of undisturbed grassland hills and valleys. The park comprises small streams that 

flow through sections of the landscape, with temporary water bodies forming during peak 

rainfall seasons. Erosion rehabilitation methods, such as rock walling and silt netting, are often 

evident near roadsides and water bodies in the park. Terrain largely differs between the eastern 

and western parts of the park, with flatter grasslands in the east and more highland montane 

grasslands in the west.  

 

Sites were selected to incorporate a variety of site types (non-rehabilitated eroded, 

rehabilitated eroded, and non-eroded undisturbed) from each of the sections of the park 

(Supplementary material, Chapter 3, Fig. S3.1). Each rehabilitated eroded site was chosen 

Fig. 3.1: Location of study areas: (a) country of South Africa, (b) proximity of the Golden Gate Highlands National 

Park in the Free State Province, and (c) locality of site 1–6, with major perennial rivers and roads shown. (Altitudinal 

map obtained from Web GIS (http://www.webgis.com/srtm3.html), river map obtained, with permission, from 

SANParks Scientific Services in South Africa, and sites, roads and river lines processed with QGIS, version 2.18.15. 
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according to similar erosion rehabilitation methods, namely silt netting and rock-wall gabions. 

All erosion sites selected during this study were sites affected by sheet and gully erosion 

through natural processes such as rainfall. Areas were specifically characterised as follows: 

3.2.1.1 Non-rehabilitated eroded sites (NRE) 

Site 1 (28°25.834’S, 28°41.832’E, elevation: 1614 m) was located in the north-eastern 

part of the park (Fig. 3.1c), with large levels of furrow erosion near an east-facing slope of a 

hill (Supplementary material, Chapter 3, Fig S3.1 - 1). Soils were characterised as fine sandy-

clay soils, with high compaction zones around furrow areas. Daily disturbances brought about 

by large groups of livestock were frequent in and around the area. Site 2 (28°31.291’S, 

28°37.138’E, elevation: 2061 m) was a high altitude site located within the western peaks of 

the park, with shallow sandy soils interspersed with shale and rocky deposits (Supplementary 

material, Chapter 3, Fig S3.1 - 2). Shallow erosion occurred downslope, with a small area of 

soil erosion. Although wildlife occurred around the site on some occasions, levels of 

disturbance were limited. Main grasses surrounding the sites included Eragrostis chloromelas 

and E. viscosa. 

3.2.1.2 Rehabilitated eroded sites (RE) 

Site 3 (28°25.284’S, 28°45.477’E, elevation: 1731 m; Supplementary material, Chapter 

3, Fig S3.1 - 3) was a lower altitude site in the eastern sector near the border of the park. This 

site included rehabilitation structures over five years old at the time of commencement of the 

study (SANParks personnel, personal communication, 20161). Soils were initially heavy clay 

soil with highly compacted sandy soils around the site. However, soils within furrows and 

gullies were relatively low compacted. The site was levelled in an attempt to implement new 

                                                           
1 T. Nsibande, verbal communication, Working for Ecosystems Park Ranger - Golden Gate Highlands National 

Park, 21 September 2016. 
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rehabilitation structures during July 2018, incorporating sandy soils from around the eroded 

furrow into the area, and renewed rehabilitation methods were implemented in August 2018 

(Supplementary material, Chapter 3, Fig. S3.2). Site 4 (28°30.730’S, 28°34.414’E, elevation: 

1875 m; Supplementary material, Chapter 3, Fig S3.1 - 4) was a progressed eroded site on the 

far western part of the park, with fine sandy soils deposited over a vast area. This site included 

rehabilitation structures implemented over seven years before the commencement of this study, 

with interval implementation due to the large area of the site (SANParks personnel, personal 

communication, 20162). The site was mainly rehabilitated using rock walling and strategic 

placement of silt netting, with various levels of implementation across furrows down a slope. 

E. chloromelas and E. viscosa grasses generally surrounded both sites. 

3.2.1.3 Non-eroded undisturbed sites (NAT) 

Site 5 (28°28.833’S, 28°43.280’E, elevation: 1721 m; Supplementary material, Chapter 

3, Fig S3.1 - 5) was characterised as a relatively flat grassland on the eastern side of the park. 

Frequent grazing and movement of wildlife, i.e. ungulates such as zebra, black wildebeest, 

springbuck, eland (SANParks, 2012), were observed in and around the area, mostly during 

early morning and late afternoon. The area had highly compacted sandy soils with low moisture 

levels. Site 6 (28°31.321’S, 28°37.118’E, elevation: 2064 m; Supplementary material, Chapter 

3, Fig S3.1 - 6) was a high altitude natural sandy grassland on a slope in the western sector of 

the park, within the Blesbok loop drive trail. Main grasses in both sites include E. chloromelas 

and E. viscosa, interspersed by tufts of Themeda triandra. Criteria for these sites were mainly 

based on similar ratios of these grasses present at both sites.  

 

                                                           
2 T. Nsibande, verbal communication, Working for Ecosystems Park Ranger - Golden Gate Highlands National 

Park, 21 September 2016. 



 
 

69 
 

3.2.2 Arthropod survey and sampling 

A soil arthropod survey was conducted to observe occurrence and abundance overall to 

establish the relevant soil faunal groups, identify possible indicators of erosion, and determine 

the effect of erosion rehabilitation on these assemblages. Soil samples were taken from the six 

sites characterised under the three treatment types once every month over the course of 24 

months to incorporate eight seasons of sampling. A total of ten samples per site were taken 

each month and set through arthropod extraction. A single soil sample was characterised as a 

soil quantity of between 400 and 500 g taken within the top 10 cm of soil and within a 10 cm 

radius of a chosen sampling spot. A total of five incorporated samples were taken in a linear 

design along each eroded site type on each date, with two sub-samples taken within the 

sampling point pooled together to form an incorporated sample. Each sampling sequence was 

conducted from the highest point in the eroded furrows to the lowest level of soil deposition. 

Non-eroded undisturbed sites were sampled in a similar technique along their terrains. 

All samples were transported to the Department of Zoology and Entomology, 

University of the Free State, South Africa, and placed into individual Berlese-Tullgren funnels 

with connected storage bottles containing 70% ethyl alcohol (Tullgren, 1918; Triplehorn and 

Johnson, 2005; Badenhorst, 2016) for a period of seven days, to allow for sufficient soil 

arthropod extraction. Samples were sorted to arthropod order, family and morphospecies level, 

with special consideration given to groups of mites (Oribatida, Mesostigmata and Prostigmata), 

Collembola and other insects. Species that were identified as indicators of each site type by 

Indicator Analysis were identified to genus level and species, if possible, with the assistance 

of specialists and literature (Theron and Ryke, 1969; Olivier and Theron, 1989; Triplehorn and 

Johnson, 2005; Dunger and Schlitt, 2011; Hugo-Coetzee, 2013; Badenhorst, 2016; Slingsby, 

2017). All Collembola specimens were stored at the Iziko South African Museum, Cape Town. 
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3.2.3 Soil analysis 

Soil samples were taken from each study site in the eastern section of the park for 

mineralogy analysis, in order to correlate soil minerals (SiO₂, Al₂O₃, CaO, K₂O, TiO₂, Fe₂O₃, 

MgO, MnO, P₂O₅, Na₂O, % Organic Matter based on Loss on Ignition (LOI)) with soil-

dwelling arthropod richness. Three soil samples were taken within a 10 cm depth and 10 cm 

radius of a chosen sampling spot every three months for a full seasonal cycle (July 2017 – June 

2018) in one non-rehabilitated eroded site (Site 1), one rehabilitated eroded site (Site 3) and a 

non-eroded undisturbed site (Site 5). Sites on the eastern sections of the park were concentrated 

on due to the higher richness and diversity sampled from these areas. Samples were transported 

to the University of the Free State and analysed by the Department of Geology, using X-ray 

Fluorescence (XRF) major element analysis. In addition, soil temperature and soil moisture per 

month was recorded over the study period using a handheld SMT-100 moisture and 

temperature probe meter. 

 

3.2.4 Statistical analysis 

In order to establish possible indicator groups for each site type, three analyses of 

association were run on species data obtained over the 24-month period. These included 

Dufrêne-Legendre Indicator Species analysis (IndVal), multi-level pattern analysis, and 

Pearson’s phi coefficient of association.  

IndVal was first proposed by Dufrêne and Legendre (1997) as an applicable stopping 

rule for clustering and determines indicator values through the fidelity and specificity of species 

in a given habitat. The multi-level pattern analysis is an extension of the original IndVal to 

investigate indicator species of individual sites, as well as their combinations (De Cáceres et 

al., 2010). In addition, several other indices are used to analyse the ecological preferences of 
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species (De Cáceres and Legendre, 2009). Pearson’s phi coefficient of association has been 

used in this regard to determine association in the form of fidelity, which differs from the 

fidelity used in the IndVal, between habitat type and species (Chytrý et al., 2002; De Cáceres, 

2013). This measure is performed between two binary vectors, with species in the form of 

presence-absence data, to derive an ecological correlation (De Cáceres, 2013).  

Each site was clustered into site groups (non-rehabilitated eroded, rehabilitated eroded, 

non-eroded undisturbed), and species abundance was tested across sites to establish possible 

groups of interest. Only genera falling under an indicator value of 30.0 were fully omitted from 

results, in addition to morphospecies that could not be identified to genus level. Strong 

indicators were considered as species scoring above 70% as a subjective benchmark value 

suggested by McGeogh et al. (2002). All association analyses were performed using the 

‘multipatt’ function of the Indicspecies package in R, version 3.5.3 (De Cáceres and Legendre, 

2009).  

It has been advised that caution should be taken when reporting results on indicator 

species analyses (De Cáceres et al., 2010). Due to multiple testing issues associated with the 

use of several species for indicator analyses, corrections for multiple testing are strongly 

advised. As a result, all p-values obtained during association analyses by ‘Bonferroni’ 

correction were adjusted with the ‘p.adjust’ function in R, version 3.5.3 (R Core Team, 2019). 

Only species indicated to be significant after p-values were adjusted were reported. 

Non-metric Multidimensional Scaling (3D) (NMDS) ordinations were conducted 

between site assemblages on the eastern and western sides of the park to identify how similar 

sites are within the terrains, with special consideration for overlaps between each site type. 

Rare species (species with an abundance of less than 0.2% over the 24-month period) were 

omitted from the analysis to reduce noise and effect of outliers in isolated sites. Unique and 
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shared species were mapped to further express how assemblages may differ between site types 

overall. Analysis of Similarity (ANOSIM) using Bray-Curtis similarity index was conducted 

on soil arthropod assemblages for each site across the park. Species diversity was quantified 

by means of the Shannon-Wiener diversity index and mapped according to sites, site type and 

site location (east or west) to observe overall differences between soil arthropod diversity of 

each site. Shannon-Wiener diversity values, ANOSIM and NMDS were calculated using 

Paleontological Statistics (PAST), version 3.25 (Hammer et al., 2001), and diversity ranges 

were mapped using the GGPLOT2 package in R, version 3.5.3 (Wickham, 2016). 

In order to identify a possible best fit correlation between soil arthropods and soil 

attribute data obtained from the areas investigated, Linear Modelling was performed between 

each tested soil mineral (11 minerals), together with soil temperature and soil moisture, and the 

obtained species richness of the eastern sectors of the park. A log transformation on species 

richness was applied to normalise the data. An Akaike Information Criterion (AIC) estimator 

was calculated for each model to identify the best correlation from the linear models and 

subsequently investigate possible compounds that could be used to indicate erosion, in 

conjunction with soil arthropods. Linear models were performed using the LME4 package in 

R, version 3.5.3 (Bates et al., 2015). 

 

3.3 Results 

A total of 5661 individuals were sampled during the 24-month study period, 

representing 13 orders and 62 families. The non-rehabilitated eroded sites had the highest 

species richness over the study period, with the lowest species richness sampled from the non-

eroded undisturbed sites and the rehabilitated site located on the western side of the park (Fig. 

3.2).  
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Fig. 3.2: Box plot analysis on soil arthropods sampled, showing (a) Shannon-Wiener diversity indices 

values, and (b) Species richness values per site and site type. P-values indicated were obtained by ANOSIM 

per site type, with associated R values. NRE - Non-rehabilitated eroded site; RE - rehabilitated eroded site; 

NAT - Non-eroded undisturbed site. 

 

Of interest was the higher species diversity sampled from site 3. However, this could 

be explained by the flattening of the site halfway through the study, changing the site structure 

and displacing soil arthropods from the areas surrounding the site (Supplementary material, 

Chapter 3, Fig. S3.2).  

Generally, diversity was lower for each treatment type in the west compared to the 

eastern sectors of the park. ANOSIM results for overall comparisons showed sampled soil biota 

assemblages were significantly different, but with a lower R-value (ANOSIM, Global: R = 

0.323, p < 0.001) (Table 3.1). R-values of ANOSIM results between each site showed the 

highest similarity in assemblages between the non-eroded undisturbed sites, with variable 

similarity between sites from rehabilitated and non-rehabilitated eroded sites (Table 3.1).  
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Table 3.1: Post-hoc R- and p-values calculated from ANOSIM analysis of soil 

arthropod assemblages associated with sampled sites. R-values are given in the 

lower triangle of the matrix, and p-values are given in the upper triangle. Sites 1 

and 2 - Non-rehabilitated eroded sites; Sites 3 and 4 - Rehabilitated eroded sites; 

Sites 5 and 6 - Non-eroded undisturbed sites 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

Site 1  <0.001 <0.001 <0.001 <0.001 <0.001 

Site 2 0.508  <0.001 <0.001 <0.001 <0.001 

Site 3 0.387 0.637  <0.001 <0.001 <0.001 

Site 4 0.188 0.424 0.266  0.012 <0.001 

Site 5 0.266 0.501 0.429 0.074  0.014 

Site 6 0.373 0.501 0.405 0.158 0.074  

 

The ordination results showed an overlap between sites of each part of the park, with 

differing patterns observed between eastern and western sector sites (Fig. 3.3a–c). Site type 

comparisons indicated a higher number of unique species in non-rehabilitated sites, with a 

higher number of shared species between rehabilitated and non-rehabilitated sites (Fig. 3.3d). 

 

Fig. 3.3: Non-metric Multidimensional Scaling (3D) ordination, representing (a) soil-dwelling arthropod 

assemblages from all sites, with indication of sites on eastern and western parts of the park, (b) soil dwelling 

arthropods of sites on the eastern sector of the GGHNP, and (c) soil-dwelling arthropods of sites on the western 

sectors of the GGHNP. (d) indicates overlap in species from each site group, with unique species shown. NRE - 

Non-rehabilitated eroded site; RE - rehabilitated eroded site; NAT - Non-eroded undisturbed site. 
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Ordination over all sites showed overlaps between assemblages of each area, with the 

most similar species assemblages occurring in site 6. Site 1 shared the greatest similarity with 

most other assemblages, with the largest area of overlap (Fig. 3.3a). Non-rehabilitated erosion 

assemblages of sites in the eastern sectors of the park showed more similarity to natural 

assemblages in comparison to rehabilitated (Fig. 3.3b). Clear separation between the eroded 

site type assemblages of the western part of the park was observed (Fig. 3.3c), suggesting a 

difference in ecosystem types, despite the large number of shared species between rehabilitated 

and non-rehabilitated eroded sites. Overall, a larger number of unique species was observed in 

the non-rehabilitated eroded sites in comparison to the others. R-values of the ANOSIM 

between sites of each sector of the park indicated a stronger similarity between non-

rehabilitated and non-eroded undisturbed sites within eastern parts of the park (R = 0.266, p < 

0.001) (Table 3.2). Western assemblages showed a different pattern, with undisturbed and 

rehabilitated assemblages showing highest similarity (R = 0.158, p < 0.001). 

 

Table 3.2: Post-hoc R- and p-values calculated from ANOSIM analysis of soil arthropod 

assemblages associated with sampled sites in the eastern and western sections of the Park. R-

values are given in the lower triangle of the matrices, and p-values are given in the upper 

triangle. 

Eastern Section Western Section 

 Site 1 Site 3 Site 5  Site 2 Site 4 Site 6 

Site 1  <0.001 <0.001 Site 2  <0.001 <0.001 

Site 3 0.387  <0.001 Site 4 0.424  <0.001 

Site 5 0.266 0.429  Site 6 0.501 0.158  

 

The IndVal analysis identified a strong indicator for non-rehabilitated eroded sites 

(Table 3.3), with a single mite species, Speleorchestes meyerae Theron and Ryke, 1969, 

identified as a strong indicator in the site type. Collembolan groups were identified as possible 

indicators in rehabilitated eroded sites, with both species possessing physical characters that 

suggest individuals with a more resilient lifestyle (i.e. slim, harder bodies). A single ant species, 
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Solenopsis geminata (Fabricius, 1804), was identified as a possible indicator of non-eroded 

undisturbed sites within the GGHNP. Only one strong indicator, S. meyerae, was identified for 

the investigated sites (over 70.0% IndVal value). 

Table 3.3: Results of original IndVal, multi-level pattern analysis and Pearson’s phi coefficient analysis for each 

site type or site combination. Only major soil arthropod groups are shown, with the omission of species not 

identified at least up to genus level. IndVal1 - Dufrêne and Legendre IndVal analysis; IndVal2 - Multi-level 

pattern analysis; IndVal3 - Pearson’s phi coefficient. 

 

Multi-level pattern analysis shows a slightly different result, displaying higher indicator 

values for listed species (Table 3.3). A new strong indicator was shown in this analysis, with 

high indicator values shown for both S. meyerae and Pronematus sp. Canestrini, 1886, with 

indicator values above 70%. Non-rehabilitated and rehabilitated sites indicated an additional 

species each as being significant for the site types in this analysis. However, the loss of S. 

geminata as an indicator of undisturbed sites was noted. The combination of rehabilitated and 

non-rehabilitated site types possessed two species as potential indicators, both members of the 

order Collembola. 

Results of Pearson’s phi correlation provided comparable results to the previous 

analyses. However, indicator values and the strength of indicators varied for each site type, 

with different species weighted as stronger indicators per type (Table 3.3). In comparison to 

the previous two analyses, Pronematus sp. had the highest ecological preference for non-

Order Family Genera/species 
Site 

type 
IndVal1 (%) 

Site 

type 

IndVal2 

(%) 

Site 

type 
IndVal3 (%) 

Trombidiformes Nanorchestidae Speleorchestes meyerae 1 79.4 1 89.1 1 47.5 

Trombidiformes Tydeidae Pronematus sp. 1 59.3 1 77.0 1 53.6 

Oribatida Nanhermanniidae Nanhermannia sp. 1 48.2 1 69.4 1 47.2 

Trombidiformes Bdellidae Bdellodes sp. 1 39.7 1 63.0 1 49.3 

Oribatida Aleurodamaeidae Aleurodamaeus salvadordali — — 1 50.3 1 38.6 

Collembola Tullbergiidae Mesaphorura sp. 2 42.4 2 65.1 1+2 38.1 

Trombidiformes Cunaxidae Cunaxa sp. — — 2 43.9 — — 

Collembola Entomobryidae Seira sp. — — 1+2 51.7 — — 

Collembola Isotomidae Proisotoma davidi 2 37.9 1+2 78.8 1+2 44.2 

Hymenoptera Formicidae Solenopsis geminata 3 36.2 — — 3 43.1 

Site type 1 - Non-rehabilitated eroded; Site type 2 - Rehabilitated eroded; Site type 3 - Non-eroded undisturbed  
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rehabilitated eroded sites. However, all indicator values were lower than 70%. Additionally, S. 

geminata indicated high ecological preference for undisturbed sites, while two collembolan 

species were indicated as having preference for both rehabilitated and non-rehabilitated site 

types. 

Linear Models showed a best fit correlation with phosphorus and species richness, with 

the lowest AIC indicated for this model (Supplementary material, Chapter 3, Table S3.1 and 

S3.2). It is important to note the significant negative correlation values obtained for both non-

rehabilitated and rehabilitated eroded sites, suggesting that increased phosphorus levels could 

be used in conjunction with soil arthropod richness as a possible indicator for levels of soil 

erosion. 

 

3.4 Discussion 

3.4.1 Comparison of erosion site types versus non-eroded sites 

Soil erosion within protected areas is a major concern in regards to conservation 

strategy and land degradation prevention, as it vastly threatens natural environments (Rahman 

et al., 2009). Although soil erosion is a particular concern around the various streams running 

through the park, the results suggest that erosion sites provide a differing niche for species not 

typically found in the natural undisturbed grasslands. We can suggest that eroded sites promote 

the overall population heterogeneity of the GGHNP, ultimately preserving the diverse 

ecological processes that these organisms carry out in their respective habitats. The high 

number of unique species, as well as shared species found in the non-rehabilitated erosion site 

type, strongly suggests that erosion sites in the GGHNP support a greater diversity of soil 

arthropod species. This may differ for areas experiencing accelerated erosion due to 



 
 

78 
 

anthropogenic influences, and thus future studies should examine eroded sites affected by 

different erosion sources. 

The findings suggest that rehabilitation somewhat breaks the pattern of increased 

species richness and diversity in eroded sites, possibly over a long period of time, subsequently 

affecting soil arthropod species richness and diversity. This could possibly be due to sediment 

build-up around rehabilitation structures, such as rock-wall gabions and silt nets, over a long 

time series (van der Merwe et al., unpublished data). This is especially evident in Site 4, with 

low species richness recorded several years after rehabilitation structures were implemented. 

Surprisingly, soil arthropod assemblages in the non-eroded sites displayed very low species 

richness throughout the study. The reason for the low species richness observed in non-eroded 

undisturbed sites in this study is not clear, but could possibly be attributed to differences in soil 

quality, such as nutrient compounds, and simply ecosystem preference of individual species 

(Coleman et al., 2004). Additionally, rarefaction curves suggest that more sampling is 

necessary to ensure complete coverage of species present in these localities (Supplementary 

material, Chapter 3, Fig. 3.3) 

 

3.4.2 Soil arthropods as indicators of erosion in the park 

When assessing the indicators identified by the association analyses, a varied pattern of 

species was seen. The initial IndVal analysis shows a general difference in feeding groups 

within each site type. S. meyerae is a prostigmatid mite species with an algae/bacteriophagous 

feeding behaviour (Badenhorst, 2016), found in large numbers in the non-rehabilitated eroded 

sites of the park. This differs greatly from Mesaphorura sp. Börner, 1901 and Proisotoma 

davidi Barra, 2001, which are broadly regarded as general saprophages (Ponge, 2000; Castaño-

Meneses et al., 2004; Badenhorst, 2016), and were identified as possible, but relatively weak 
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indicators of the rehabilitated eroded sites. The identification of S. geminata as a possible 

indicator of the sampled non-eroded undisturbed sites in the park suggests that ant assemblages 

could be used in the area as an indicator of ecosystem health of these montane grasslands. 

Solenopsis Westwood, 1840 have often been used as indicators of disturbance in a variety of 

landscapes (Tschinkel, 1988; Peck et al., 1998; Vasconcelos, 1999; Graham et al., 2008). 

However, as our study only dealt with soil-dwelling arthropods, more extensive research is 

needed to establish a complete list of indicators, which incorporates both soil-dwelling and 

surface-active arthropod assemblages for a more well-rounded view. 

Multi-level pattern analysis displayed a slightly different pattern of association, with 

similar species to the IndVal indicated with stronger statistical values, and the addition of 

certain species that were not initially indicated. This suggests that differences in tested 

indicators depend on the testing method, making it vital to consider multiple analyses with 

different variables to adequately identify species associated with erosion (Siddig et al., 2016). 

This is particularly seen with the Pearson’s phi coefficient as different species are identified as 

stronger indicators in terms of ecological preference. Although these groups closely resemble 

the species groups identified by the IndVal, the differences in indicator values of each group 

are considered with caution when attempting to determine indicator species, as species 

responses may be measured differently (Zettler et al., 2013). 

Although species identified as significant in rehabilitated eroded and non-eroded sites 

had an indicator value of less than 70.0, it is important to consider these groups in light of their 

functions and their relative abundance in the soils of the GGHNP. It is possible that these 

species groups could still be considered and analysed under a combined grouped analysis, 

which would take additional parameters into consideration, such as functional feeding and 

more specific ecosystem limiters (De Cáceres et al., 2010). It is important to consider that little 

is still known about the specific feeding habits of a large group of soil arthropods, and how 
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these arthropods may change their feeding preferences in different conditions (Rusek, 1998; 

Briones et al., 1999; Castaño-Meneses et al., 2004). This concretes the need for further study 

regarding soil biota in the GGHNP and their specific lifestyles, in order to determine whether 

a combined species approach would be suitable for the area. Nonetheless, the possible 

indicators identified in this study could be used as a suitable starting point for monitoring 

responses of soil arthropods in grassland national parks in South Africa. 

Soil-dwelling biota are shown to respond to changes in phosphorus levels in soil (Kevan 

et al., 1995; Scheu and Schaefer, 1998; Coleman et al., 2004; Sayer et al., 2010; Ashford et al., 

2013). A significant correlation between eroded sites and increased levels of phosphorus in our 

study was found, suggesting that phosphorus could be used in conjunction with soil arthropod 

species richness in grading the effects of erosion. Although a correlation was found between 

phosphorus levels and non-rehabilitated and rehabilitated eroded arthropod assemblages, it 

could be argued that other factors need to be taken into consideration depending on the nature 

of each study site.  

 

3.4.3 Differences in western and eastern soil assemblages of the GGHNP 

It is important to explain why each sector was analysed separately between the eastern 

and western parts of the park. The GGHNP was formerly comprised of only the western part 

of the park, with a focus on conservation. The eastern section, formally known as the Qwaqwa 

National Park, focused on the preservation of cultural traditions and practices and was mainly 

used as grazing lands for livestock (Rademeyer and van Zyl, 2014). The parks announced a 

merger in 2004 and the amalgamation was finalised in 2008, incorporating the various 

ecosystem types into a single national park (Ministry of Environmental Affairs and Tourism, 

2004). Terrains between the two sectors are notably different (western sectors are situated in a 
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high elevation, mountainous terrain, whereas eastern sectors are situated at a lower elevation 

and along a relatively flatter landscape), which could explain the differences between soil 

arthropod assemblages of the eastern and western parts of the park. In addition, soil type 

differences between each section could also explain the higher species richness and species 

diversity found within the eastern section. Elevation may also play a role, as studies have found 

that lower altitude sites could yield higher levels of certain soil arthropod groups than higher 

altitudes (Jing et al., 2005; Illig et al., 2010). The results of our study suggest that the areas of 

higher altitude in the western sections of the park yielded lower arthropod assemblage numbers, 

specifically in the higher altitude non-eroded undisturbed site (Site 6) and the rehabilitated 

eroded site (Site 4). It could be argued that the high altitude sloping nature of site 6, and the 

degradation of site 4, may have contributed to the lower abundance and species richness 

sampled from these two sites. In light of this, the nature of each site, coupled with the 

differences between the eastern and western parts of the park, justified the analysis of sites 

within each sector as separate groups. 

 

3.5 Conclusion 

Overall, the results show that there are definite differences between arthropods in 

undisturbed and eroded sites, with variable similarities between rehabilitated eroded, non-

rehabilitated eroded and non-eroded undisturbed sites between the eastern and western parts of 

the park. A single strong indicator was identified, with the strongest indication for non-

rehabilitated eroded sites. Although other species were shown as weaker indicators, a combined 

species approach could be suggested to better represent possible indicators for the GGHNP. 

Differences in species richness and diversity show that sites corresponded with site proximity 
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in the park, and suggest that data from each site should be analysed according to area in 

conjunction with site type.  

Although this investigation was performed specifically for application in the GGHNP, 

the study shows great potential for extensive study into soil-dwelling arthropods as indicators 

of disturbance in other types of landscapes, as well as their role as ecosystem drivers in South 

African landscapes. Studying these arthropod groups on a taxon-specific basis could give 

insight into the individual roles these groups play in eroded sites, for use in conservation 

strategy planning. 
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Abstract 

Soil erosion and subsequent soil degradation is an ever-increasing concern worldwide. 

Rehabilitation methods implemented to combat soil erosion are focussed on the prevention of 

siltation of surrounding water resources. However, few studies have looked into the effects of 

implemented rehabilitation structures on soil biota assemblages. The aim of this study was to 

identify changes in soil arthropod assemblages in areas with implemented erosion rehabilitation 

in the Golden Gate Highlands National Park. In addition, this study also investigated the effect 

of sediment build-up around gabion walls on soil arthropod richness. Abundance and species 

richness data showed no significant differences between rehabilitated and non-rehabilitated site 

types. Ordination results showed no specific patterns between assemblages and sub-site type, 

with sub-sites indicating a relatively high similarity on average. Additionally, association 

analyses indicated no ecological correlation of species for any of the site types. Sediment build-

up was noted to have a significant effect on soil arthropod richness. The results of this study 

suggest that gabions do not significantly affect or change soil assemblages in the rehabilitated 

areas. However, it remains a question whether the use of rock-wall gabions causes any long-

term detriment or benefit to soil arthropod assemblages in eroded sites. As such, regular 

monitoring of both soil biota and the surrounding terrain may be necessary to gauge the 

progression and effects of eroded areas and their rehabilitation methods in terrestrial terrains. 

Keywords: Arthropods; Erosion Rehabilitation; Sediment; Species Richness 

 

4.1 Introduction 

Soils are a vital component in monitoring the quality of landscapes and can effectively 

be used in assessing the health of an ecosystem (Gulvik, 2007; Rousseau et al., 2013). Soil 

erosion of landmasses is widespread and is proven to affect all the natural and human-
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controlled ecosystems, including forestry and agricultural land areas. The effect of soil erosion 

is ranked as one of the most severe environmental problems facing the world’s landscapes, as 

it leads to degradation of soils (Pimental et al., 1995; Pimental and Kounang, 1998; Pimental, 

2006; Durán Zuazo and Rodgríguez Pleguezuelo, 2008; Pimental and Burgess, 2013). The 

ripple effect of degradation of soils is thought to result in long-term changes to ecosystems, 

extending to above-ground processes, permanently altering the nature of landscapes and 

ultimately restructuring natural ecosystems as a whole (De Deyn et al., 2003; Hooper et al., 

2012; Mhangara et al., 2012; Lal, 2015). 

Soil erosion in natural areas shapes landscapes and gradually forms new niches, 

especially in steeply sloped areas such as high altitude mountains (Harden, 2001). The rate of 

erosion is often directly linked to rainfall in these areas, being more severe in sites with more 

erodible soils (Le Roux et al., 2007; Mhangara et al., 2012). The Golden Gate Highlands 

National Park (GGHNP) is an Afromontane grassland park known for its sandstone cliffs and 

formations. However, the type of sandstone produces shallow sandy soil with exceptionally 

low fertility (Roberts, 1966). South African National Parks (SANParks) officials are concerned 

about the rate at which erosion may occur in the GGHNP, due to the steep nature of sloping in 

the park and the levels of dispersive soils, which are susceptible to erosion during peak rainfall 

seasons in each area (SANParks, 2013). In light of this, Park Management engages in erosion 

rehabilitation methods to reduce the level of silt deposition into water bodies and near 

infrastructure and pathing. However, soil arthropod assemblages are not necessarily considered 

when planning management interventions against erosion. According to Orgiazzi and Panagos 

(2018), there is a need to consider soil arthropod assemblages when studying the effects of 

erosion, as these assemblages often prove to be essential to an area’s natural ecosystem 

processes. The loss of soil arthropods can prove highly detrimental to ecosystem health (Hunt 
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and Wall, 2002; Culliney, 2013), possibly causing a higher failure rate in implemented 

conservation strategies.  

Erosion control or rehabilitation is a fundamental approach to protect water quality and 

prevent excessive siltation around infrastructure (SANParks, 2013). Soil stabilisation practices, 

such as rock-wall gabions and silt netting, is implemented to allow for plant growth and 

subsequent restoration of natural grasses to reduce future siltation. Rock- or stone-wall gabions 

are primarily used to control sheet erosion on flatter flow areas around roads (Rivas, 2006; 

SANParks, 2009). However, the direct effect of these walls on soil arthropods is poorly 

understood. Soil erosion sediment has generally been investigated in relation to its effects on 

aquatic fauna and plants (Trombulak and Frissell, 2000; Gleason et al., 2003; Ekholm and 

Lehtoranta, 2012). Very few studies have specifically investigated soil biodiversity in erosion 

sediment in terrestrial terrains (Groffman and Bohlen, 1999), with no records for soil 

arthropods in erosion areas available for South African terrains. The importance of soil 

arthropods as role-players in ecosystem functions has been studied in various terrains (Paoletti 

et al., 1991; Kremen et al., 1993; Menta et al., 2011). However, little is known about the effect 

of erosion rehabilitation methods on soil arthropods. The investigation into the effect of gabion 

implementation and subsequent sediment build-up around these walls on soil arthropods in the 

GGHNP could give insight into the long-term effects of gabion rehabilitation on overall soil 

assemblages, and may be used in conservation strategies to plan for possible changes in vital 

soil faunal groups. 

The aim of this study was to identify changes in soil arthropod assemblages in areas 

with implemented erosion rehabilitation, namely gabions near dirt roads, in the GGHNP. In 

addition, the study also monitored sediment build-up behind and in front of gabion walls over 

two rainfall seasons to investigate the effect of sediment build-up on soil arthropod 

assemblages. 
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4.2 Materials and Methods 

4.2.1 Study area and sites 

The study was conducted in the northern parts of the GGHNP, located in the south-

eastern Free State Province of South Africa. The national park is located between the towns of 

Clarens and Phuthaditjhaba, at the foothills of the Maluti Mountains in the Rooiberg Range. 

The park comprises both flatter grasslands of the former Qwaqwa National Park (incorporated 

into the GGHNP in 2008) in the east, and the steeper grasslands of the old GGHNP in the west, 

extending approximately 32 690 ha (SANParks, 2013).  

Each site was selected according to similar rock-wall gabion implementations near dirt 

roads to assess their impact on soil arthropod assemblages (Supplementary material, Chapter 

4, Fig. S4.1). Overall, two sites were selected and divided into two subsets: one subset to 

represent soil arthropods in direct proximity of a rock-walled (gabion) eroded area (A1 and 

B1), with areas for sampling chosen behind and in front of the gabion.  The other subset was 

located at most 15 m away from the rock-walled site as a comparable point (A2 and B2) to 

assess assemblages in a non-rehabilitated eroded area. Gabions were implemented mainly to 

prevent sediment displacement around the roads running between the central and northern 

sections of the park, mainly used by farmland residents and park rangers. Both gabions were 

built using unweathered, solid gabion rock pieces placed into a woven mesh basket (aperture 

of 50 mm), and laid in a dug trench of 0.2 m lined with a fibre netting blanket. Each wall had 

a height of 0.7 m and a width of 0.5 m. Length of the gabions differed between each sub-site, 

with A1 constructed 10 m and B1 15 m in length. 

Site A (28°27.313’S, 28°40.851’E, elevation: 1704 m) was characterised as a flatter 

eroded site about 6 m away from a dirt road in the northern sectors of the park. The site was 

situated next to a stream running through a deep crevice between the hills that flowed through 
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the area during most parts of the year. Livestock were often noted in and around the site, 

grazing on the steeper sections around the eroded area. A single gabion was constructed facing 

the roadside, and the slope running down to the stream, in July 2015 (SANParks personnel, 

personal communication, 20161). Site B (28°29.444’S, 28°41.760’E, elevation: 1851 m) was 

characterised as a sloped eroded site adjacent to a dirt road running around the mountain terrain. 

Unlike site A, site B was situated far from any water bodies and domestic grazing influences. 

However, indigenous antelope and other wildlife were observed in and around the area during 

the study. Construction of a gabion facing the sloping road was done during September 2015 

(SANParks personnel, personal communication, 20161). 

The vegetative units in the park were identified as Eastern Free State Sandy, Northern 

Drakensberg Highland and Lesotho Highland Basalt grasslands (Mucina et al., 2006). Both 

areas were classified under the Eastern Free State Sandy grassland vegetative unit. These areas 

were surrounded by grass species comprising Eragrostis chloromelas and E. viscosa grasses, 

interspersed by several tufts of Themeda triandra (van Oudtshoorn, 2014). Further erosion 

around the rehabilitated sites was assumed to form during the years after the implementation 

of gabions, based on map imaging over the years after implementation (Supplementary 

material, Chapter 4, Fig. S4.2 and S4.3). 

 

4.2.2 Soil arthropod sampling 

At each sample point, five soil samples of 300–400 g each were taken from the 0–10 

cm soil layer, and pooled into a single sample each month. Sampling in rock-walled sub-sites 

was done behind and in front of the gabion, whereas non-rehabilitated sub-sites were sampled 

                                                           
1 T. Nsibande, verbal communication, Working for Ecosystems Park Ranger - Golden Gate Highlands National 

Park, 21 September 2016. 
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at the highest point closest to the source of erosion (source) and the lowest part down the eroded 

area (base), both within the eroded area. Sampling position was selected by measuring gabion 

sites from the rock-walls to the source and base of the erosion sites, and similar distances were 

used for sampling their paired non-rehabilitated sub-sites. Each sub-site was sampled monthly 

from December 2017 to March 2019. Soil samples were placed in Berlese-Tullgren funnels 

and extracted for seven days into 70% ethyl alcohol (Tullgren, 1918; Triplehorn and Johnson, 

2005; Badenhorst, 2016). Samples were sorted under a light microscope and arthropods 

identified to morphospecies level using specialist assistance and associated literature (Theron 

and Ryke, 1969; Triplehorn and Johnson, 2005; Dunger and Schlitt, 2011; Badenhorst, 2016; 

Slingsby, 2017). 

 

4.2.3 Sediment build-up 

In order to monitor sediment build-up in gabion sub-sites, each rock-wall was equipped 

with eight measuring rulers (in mm), with four behind and four in front of the gabion. Rulers 

were positioned at four fixed points in a straight line, parallel to the gabion, at 0.5 m intervals 

along a 2 m section to prevent error caused by soil displacement during the initial installation. 

Each ruler extended from the base of the rock-wall to its top. Measurements were recorded 

monthly during soil sampling. All measurements of sediment build-up behind and in front of 

the gabion for each sub-site were averaged. 

 

4.2.4 Statistical analysis 

Each sample was quantified per site, with observed species richness, Shannon-Wiener 

diversity indices and Chao1 estimators calculated for species data to analyse differences. Box 

plot analyses were done using soil arthropod abundances and species richness to identify 
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patterns in mean differences between each sub-site. Diversity indices and Chao1 estimators 

were calculated using EstimateS, version 9.1.0 (Colwell, 2013), and plots were constructed 

using ggplot2 in R, version 3.5.3 (Wickham, 2016). 

In order to further investigate the difference between species assemblages of 

rehabilitated and non-rehabilitated eroded sites, and establish possible ecological preferences, 

association of species assemblages and the site types was investigated using a multilevel pattern 

analysis (‘multipatt’) function. A Dufrêne-Legendre Indicator Species analysis (IndVal) on 

species data obtained over the 16-month period was also conducted to assign an indicator value 

to each species. Each site was clustered into the two sub-site types (rehabilitated and non-

rehabilitated), and species abundance was tested across sites to establish differences in species. 

The original IndVal method is used by the ‘multipatt’ function, with an extension of the original 

concept of Dufrêne and Legendre (1997), to investigate indicator species of individual sites 

and their combinations, as described by De Cáceres et al. (2010). Pearson’s phi coefficient of 

association was used to determine the association between species and the sub-site types 

(Chytrý et al., 2002), measured between two binary vectors in the form of presence and absence 

data to produce a correlation (De Cáceres, 2013). In order to correct for testing errors that may 

be associated with indicator values (De Cáceres et al., 2010), a ‘Bonferroni’ correction was 

applied to p-values using the ‘p.adjust’ function in R, version 3.5.3 (R Core Team, 2019). Only 

species indicated as significant after applying p-value corrections were considered as 

significant for association. All IndVal tests with multilevel pattern analyses were done using 

the Indicspecies package in R, version 3.5.3 (De Cáceres and Legendre, 2009). 

Non-metric Two-dimensional Scaling ordination, using a Bray-Curtis similarity index, 

was done to identify any close similarities between soil arthropod assemblages of each sub-site 

and each site. In addition, cluster analysis using the Bray-Curtis similarity matrix, with paired 

group algorithms, was performed to identify sub-sites and sites with highest similarities in soil 
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arthropod assemblages. Ordinations and cluster dendrogram analyses were done using 

Paleontological Statistics (PAST), version 3.16 (Hammer et al., 2001). 

In order to test for significance between soil arthropod assemblage richness and 

abundance and factors of each sub-site, Generalised Linear Models (GLM) were done on 

assemblage data, with sub-site sampling position and rehabilitation method as factors, using 

Poisson error structures. In addition, a Permutational Multivariate Analysis of Variance 

(PERMANOVA) was processed to determine differences between sub-site assemblage 

compositions. Pairwise tests between each sub-site combination were done to test for 

significant differences in assemblage clusters overall, with a False Discovery Rate (‘fdr’) 

correction applied to obtained p-values to reduce false-positive readings.  

Significance between soil arthropod richness and sediment build-up in rock-walled sites 

was tested using GLM, with sediment height and sub-site sampling position as factors, using 

Poisson error structures. All linear models were processed using the LME4 package (Bates et 

al., 2015), and PERMANOVA analyses were done using the Vegan package in R, version 3.5.3 

(Oksanen et al., 2019). 

 

4.3 Results 

A total of 2490 individual arthropods were sampled over the 16-month period, 

representing 82 morphospecies, 48 families and 13 orders. Sites A1 and A2 possessed the 

highest observed species richness, diversity and abundance overall (Table 4.1, Fig. 4.1a–b). 

Species richness was generally lower in both B sites, with a lower species richness recorded in 

the sub-sites behind the gabion and at the base of the non-rehabilitated erosion site (Fig. 4.1a–

b).  
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Table 4.1: Total observed species richness and diversity indices for each site. Sobs - observed 

species richness; H - Shannon-Wiener Diversity index; SChao1 ± SD - species richness 

estimate with 1 standard deviation 

Site Individuals Sobs H SChao1 ± SD 

A1 667 53 2.47 66.60 ± 8.74 

A2 774 54 2.84 76.67 ± 14.9 

B1 421 43 2.17 52.55 ± 6.55 

B2 628 38 1.92 47.75 ± 7.19 

Total 2490 80 - - 

 

 

Fig. 4.1: Boxplots of (a) soil arthropod abundance, and (b) species richness per sub-site, with dots representing 

outlier species groups. 

 

Association analysis using the multi-level pattern analysis function showed that only a 

single species, namely the mite Pronematus sp. Canestrini 1886, tested significant for one sub-

site type once p-value correction was applied (Table 4.2). Tests for association showed no 

ecological correlation of species for any of the site types, with no species being identified as 

significant. 
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Table 4.2: Significance results of association analysis, showing indicator value (Stat) as derived by 

‘multipatt’ function, and adjusted p-values (‘p-adjust’) using ‘Bonferroni’ correction 

Species Site type Stat p-value p-adjusted 

Pronematus sp. Non-rehabilitated 0.635 0.016 0.047 

Bdellodes sp. Non-rehabilitated 0.530 0.048 0.143 

Nanhermannia sp. Non-rehabilitated 0.499 0.039 0.116 

 

Scaling ordination showed no specific patterns between assemblages and sub-site type, 

with cluster analysis showing that most sites had similar assemblages (above 0.600) (Figure 

4.2a–b). When comparing overall assemblages of the rehabilitated and non-rehabilitated sites, 

no visible pairing was seen, with most site assemblages being similar (above 0.500) (Figure 

4.2c–d).  

GLM results for species richness of assemblages showed no significant difference 

between the rehabilitated and non-rehabilitated eroded sites (F1,124 = 2.305; p = 0.132), with no 

interaction between sub-site position and presence of gabions (F1,124 = 0.067; p = 0.796). In 

addition, abundance showed no significant difference between soil assemblages and sampling 

position (F1,124 = 0.049; p = 0.824), as well as presence of gabions (F1,124 = 3.052; p = 0.083) 

and interaction between (F1,124 = 3.331; p = 0.070). PERMANOVA results showed no 

significant difference between assemblages of the different sub-sites (global F3,124 = 0.748; p 

= 0.619), with only two pairings showing significant differences in the post-hoc analysis 

(Supplementary material, Chapter 4, Table S4.1). 

GLM results for sediment build-up showed a significant interaction between soil 

arthropod species richness and increasing sediment depth (F1,61 = 4.631; p = 0.035), as well as 

with sub-site position in front of the gabion (F1,61 = 10.041; p = 0.002) (Supplementary 

material, Chapter 4, Fig. S4.4).  
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Fig. 4.2: Non-metric Two-dimensional Scaling ordination with Bray-Curtis similarity clustering using paired 

group algorithms, showing (a and b) pairing between sub-sites, and (c and d) pairing between overall sites 

 

4.4 Discussion 

4.4.1 Changes in soil arthropod assemblages in rehabilitated and non-rehabilitated eroded 

sites 

The results of this study suggest that gabions do not significantly affect or change soil 

assemblages in the rehabilitated areas compared to the non-rehabilitated eroded sites. The lack 

of ecological correlation of species also hints at the striking similarity of soil arthropod 

assemblages between the investigated sites. It remains a question whether these implemented 
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rehabilitation methods affect assemblages over a longer period. However, it is of interest to see 

that over the 16-month investigative period, assemblages showed no difference between the 

two site types, approximately 28 and 26 months after the establishment of the gabions at sites 

A and B, respectively. Results from a seven-year old rehabilitated site sampled during the same 

time suggest that assemblages could change drastically over longer periods of time, with 

decreased soil arthropod abundance and species richness found in highly sedimented 

rehabilitated sites (van der Merwe et al., in press). This emphasises the need for continuous 

monitoring of soil arthropod assemblages after implementing erosion rehabilitation methods, 

in order to assess changes in assemblage structure and function over time. 

 

4.4.2 Effect of sediment build-up on soil arthropods 

The effects of sediment caused by soil erosion are usually examined in respect to rivers 

and water bodies, due to the detrimental effect of siltation on these environments (de Vente 

and Poesen, 2005; Jain and Kothyari, 2009). The results of our study take a different approach 

to examining the effects of sediment build-up around erosion sites, mainly around the 

implemented gabions. A significant interaction was identified between soil arthropod richness 

and sediment depth, suggesting that there may be a possible link between sediment 

accumulation around gabions and species richness in these sites. This coincides with similar 

data found in the GGHNP in older rehabilitated sites sampled during the same time (van der 

Merwe et al., in press). Although the other area had a combination of rock-wall gabions and 

silt netting implemented, it is important to note the possible long-term effects of silt build-up 

on soil arthropods in rehabilitated areas, which may have an effect on their ecosystem 

functions. It is of ever-increasing importance to consider soil arthropod assemblages when 

studying the effects of erosion, as losses of the functions brought about by these biota groups 
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could have a far-reaching detrimental effect on landscapes (Orgiazzi and Panagos, 2018). It is 

recommended that, even after rehabilitation method implementation, regular monitoring of 

both soil biota and the surrounding terrain should be done to gauge the progression and effects 

of sediment build-up in terrestrial terrains. 

 

4.4.3 Conservation implications 

Zoning in the GGHNP is done by means of analysing and mapping areas of sensitivity 

by their value as biophysical, heritage, and scenic resources (SANParks, 2013). These zones 

include protected and sensitive ecological areas, such as areas vulnerable to erosion losses and 

sites near water catchment areas. Implementation of soil erosion rehabilitation in the GGHNP 

is concentrated around the larger effects of sedimentation, mainly near water catchment areas, 

and therefore management strategies generally are focused on the prevention of siltation in 

aquatic areas and not on the direct effects on soil and its biota. 

Constructed rock-filled gabions have been recommended for use to combat erosion 

losses in terrains worldwide (Nsor et al., 2013; Krishnan and Chowdary, 2016; Okorafor et al., 

2017; Lee et al., 2019; Liu et al., 2019). The practices put in place to prevent erosion losses are 

mainly a response to concerns that erosion could largely affect the transport capacity of river 

systems, promoting land and water pollution, and subsequently jeopardising larger socio-

economic objectives (Mihai et al., 2015). In South Africa, the use of gabions, along with other 

conservation strategies, has been found to promote restoration and sustainability of certain 

terrain types (e.g. Brent and Mulder, 2005; Blignaut et al., 2011; Nsor and Gambiza, 2013). In 

addition, many efforts to combat erosion are coupled with economic incentives and poverty 

alleviation strategies in SANParks-based terrains such as the GGHNP (SANParks, 2013). In 

light of this, the construction of gabions in the GGHNP to combat erosion and subsequent water 
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system contamination have been counted as both an ecological and economic benefit in 

management strategies for the park. Our findings suggest that gabions did not cause significant 

differences in soil arthropod assemblages between the investigated rehabilitated and non-

rehabilitated eroded sites during the 16-month study. However, further study is necessary to 

gauge whether gabions may have an effect over a longer term as sediment build-up increases. 

Most research regarding erosion losses and sedimentation has been concentrated on 

water conservation and agricultural lands (Poesen et al., 1994; Kosmas et al., 1997; Pimental 

and Kounang, 1998; van Oost et al., 2000; Borselli et al., 2001; Benda et al., 2004; van Maren, 

2007), with little emphasis on the soil assemblages associated with rehabilitated sites. Our 

study starts to address the aspect of the effects of gabion implementation on soil arthropods, 

which conservation science does not necessarily consider in conservation management 

strategies. The similarities between rehabilitated and non-rehabilitated soil arthropod 

assemblages, coupled with the significant interaction between species richness and sediment 

depth around gabions, suggests that further monitoring of these sites is needed to establish the 

changes in soil biota groups over time as the environment changes with increased silt build-up 

and establishment of vegetation.  

It is of interest to note that our results indicated that further sampling is still necessary 

to accurately identify the state of soil arthropod populations in these areas, based on Chao1 

values. It is possible that further intervention will be necessary after longer periods since gabion 

implementation in order to combat the effects of excessive sediment build-up, which could 

involve implementing newer rehabilitation strategies to further promote vegetation growth in 

deteriorated sites. Seed and fertilizer amendments performed alongside other erosion 

rehabilitation methods may strengthen the desired effects of rehabilitation by promoting 

pioneer plant growth, encouraging water retention to promote long-term plant establishment, 

and ultimately promote the conservation and establishment of beneficial organisms in the 
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affected areas (Rivas, 2006). The benefits of implementing grass growth on rock-wall gabions 

have been noted to maintain vegetative growth, as root systems can remain firmly attached to 

the gabion mesh and underlying rock fill (Freeman and Fischenich, 2000; Matić, 2009). This 

not only increases silt retention ability and reduces hydrological flow in these eroded sites, but 

also can increase soil arthropod diversity and species richness over time due to the association 

of certain arthropod groups with plant root systems (Coleman et al., 2004; Wall et al., 2012). 

The use of endemic vegetation species in rehabilitation strategies may also ensure a higher 

success rate in erosion control, as these plants establish faster and more effectively (Xu et al., 

2006). It is recommendeded that conservation strategies involving rock-wall gabions in the 

GGHNP be combined with other erosion control methods which may further promote plant 

growth. 

 

4.5 Conclusion 

The results show that no differences were found between soil arthropod abundance and 

species richness of the rehabilitated and non-rehabilitated sites. This was also true for the 

investigated sub-sites, showing similarities between assemblages on both sides of the gabion 

walls. However, findings did show that sediment build-up around constructed rehabilitation 

structures affected soil arthropod species richness significantly. The study provides a basis for 

studying the effects of erosion rehabilitation methods in light of soil biota in the GGHNP, and 

hints at the importance of surveying these assemblages in eroded areas as a part of a restoration 

regime. 
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Abstract 

The use of rehabilitation methods is a useful tool against erosion in protected landscapes. These 

methods require monitoring and maintenance over time, being repaired and replaced as 

necessary. In certain cases, complete renewal of currently employed methods is needed, where 

entire sites may be reformed. This study looked at the effect of major restructuring of a single 

incidental site in the Golden Gate Highlands National Park, whereby previous rehabilitation 

structures were removed and the area flattened in preparation for renewed rehabilitation. Soil 

sampling was conducted for nine months before and nine months after renewal to observe 

changes in soil arthropod abundance and species richness in the affected site. Both species 

richness and diversity were notably higher after the renewal, but showed no significant 

difference in assemblage composition. Monte Carlo simulations showed no significant 

difference between species richness and diversity before and after the renewal. The results 

suggest that restructuring and renewal did not significantly affect soil arthropod assemblages 

in the affected site over the study period, but it could be argued that continued monitoring is 

necessary to fully gauge the effect of such disturbance on soil-dwelling arthropods. 

Keywords: Arthropods; Diversity; Incidental; Restructuring; Species Richness 

 

5.1 Introduction 

Soils are an important component in monitoring the health of landscapes and have been 

used in assessing the health of environments (Doran and Zeiss, 2000; Arshad and Martin, 2002; 

Gulvik, 2007; Rosseau et al., 2013). The increased rate of soil erosion in terrestrial ecosystems 

is an important problem the environment is facing (Pimental et al., 1995; Pimental et al., 2004; 

Durán Zuazo and Rodríguez Pleguezuelo, 2008; Pimental and Burgess, 2013). Soil erosion 

reduces the quality and fertility of soils, subsequently decreasing the productivity of 
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agricultural, natural, and forest ecosystems (Pimental, 2006). Landscapes in South Africa are 

no exception to this, as soil erosion is one of the most significant environmental disturbances 

causing various rates of ecosystem degradation (Meadows, 2003; Le Roux et al., 2007; 

Compton et al., 2010; Dlamini et al., 2011). Research suggests that over 70% of South African 

landscapes are at risk of the effects of soil erosion to varying degrees (Garland et al., 2000; Le 

Roux et al., 2008). The degree of erosion is dependent on ecosystem soil composition as well 

as the various sources of erosion (Meadows, 2003; Le Roux et al., 2007; Compton et al., 2010). 

The Golden Gate Highlands National Park (GGHNP) in the eastern Free State Province 

of South Africa is well-known for its sandstone formations and cliffs (SANParks, 2013). 

Sandstone produces a shallow sandy soil with notably low fertility, which is highly susceptible 

to erosion losses (Robert, 1969). To combat the effects of soil erosion in a highly erodible 

landscape, yearly erosion control or rehabilitation projects are put in place by Park 

Management, concentrated specifically near the many streams running through the park. The 

initiatives are set in place by South African National Parks (SANParks) Management alongside 

SANParks Scientific Services as both an ecological conservation strategy as well as a 

community engagement and employment project, concentrated on the education and 

employment of the local population (SANParks, 2013). The Working for Water community 

group then implements the construction and maintenance of erosion control structures under 

the approval of management. In some cases, intervention on older rehabilitated structures is 

needed, and plans for renewal of site implements are put in place based on the level of 

deterioration. Many rehabilitation structures require maintenance on a regular basis, with 

structures being repaired and replaced as necessary. However, in certain cases, implements are 

too damaged to be maintained and renewal of implements is done to combat further 

deterioration.  
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The main aim of rehabilitation implementation in the GGHNP is to prevent siltation 

and excess sedimentation in rivers and streams in and around the park (SANParks, 2013). Many 

of the implemented methods, however, have little to no consideration given as to the effects of 

these implements, such as silt netting, rock-wall gabions and erosion control blankets, on soil-

dwelling arthropods in the affected areas. Findings have shown that soil biota play a vital role 

in the health and functioning of ecosystems (Rousseau et al., 2010; Culliney, 2013), further 

emphasising the importance of considering soil assemblages specifically in landscapes at risk 

of deterioration (Orgiazzi and Panagos, 2018). 

This study focuses on the effect of major restructuring of a rehabilitated site and the 

subsequent renewal of rehabilitation implements, after long-term use, on soil arthropod 

assemblages in an eroded site. The study site was part of a previous study investigating soil 

arthropods as bioindicators of erosion in the GGHNP, which was abruptly flattened and 

prepared for new rehabilitation implements in July 2018. It was hypothesised that restructuring 

of the site would result in a difference in soil arthropod assemblages before and after the 

renewed rehabilitation. 

 

5.2 Materials and Methods 

5.2.1 Study area and period 

The study was conducted in the eastern parts of the GGHNP, located in the eastern Free 

State Province of South Africa. The national park borders the country of Lesotho, situated at 

the foothills of the Maluti-Drakensberg Mountains. It covers an area of 340 km2 and has an 

abundance of several deeply eroded sandstone cliffs and outcroppings surrounded by large 

areas of natural grassland. Several marked river lines and small streams run through the 

landscape of the park, with wetlands forming during peak rainfall seasons (SANParks, 2013).  
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The affected site was located on the far eastern side of the park (28°25.284’S, 

28°45.477’E, elevation: 1731 m), near part of a perennial river line. The site was initially 

selected as part of an already established erosion study alongside comparative sites, but was 

altered unexpectedly several months after the commencement of sampling. The site was 

previously rehabilitated using rock-wall gabions and silt catchment netting 6 years before the 

commencement of the study (SANParks personnel, personal communication, 20161). During 

July 2018, previously implemented rehabilitation structures were removed and the area was 

flattened in preparation of renewed rehabilitation (Supplementary material, Chapter 5, Fig. 

S5.1a-b). New structures, including erosion control blankets and fibre rolls, were implemented 

by the start of August 2018 (Supplementary material, Chapter 5, Fig. S5.1c).  

 

5.2.2 Soil arthropod sampling 

Soil arthropods were initially sampled from this site to observe occurrence and overall 

abundance in order to establish soil faunal groups in erosion sites in the GGHNP. Soil samples 

were taken from the affected site nine months before the renewed rehabilitation and nine 

months after as a comparison before and after renewal. A single soil sample was defined as a 

soil quantity of between 400 and 500 g taken within the top 10 cm of soil and in a 10 cm radius 

of a chosen sampling spot. Five incorporated samples were taken in a linear design along the 

eroded site at the end of each month during the period of October 2017 to March 2019. Two 

sub-samples were taken at each sampling point and pooled together to form each incorporated 

sample. Sampling sequence was done from the highest point in the eroded furrow to the lowest 

point of soil deposition before reaching the water body.  

                                                           
1 T. Nsibande, verbal communication, Working for Ecosystems Park Ranger - Golden Gate Highlands National 

Park, 21 September 2016. 
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All samples were transported to the Department of Zoology and Entomology, 

University of the Free State, South Africa, and placed into individual Berlese-Tullgren funnels 

with connected storage bottles containing 70% ethyl alcohol (Tullgren, 1918; Triplehorn and 

Johnson, 2005; Badenhorst, 2016) for a period of seven days, to allow for sufficient soil 

arthropod extraction. Arthropods were identified to morphospecies level, with special 

consideration given to groups of mites (Oribatida, Mesostigmata and Prostigmata), Collembola 

and other insects, with the assistance of specialists and associated literature (Theron and Ryke, 

1969; Olivier and Theron, 1989; Triplehorn and Johnson, 2005; Dunger and Schlitt, 2011; 

Hugo-Coetzee, 2013; Badenhorst, 2016; Slingsby, 2017). 

 

5.2.3 Statistical analysis 

Observed species richness and Shannon-Wiener diversity for the affected study site was 

quantified using EstimateS, version 9.1.0 (Colwell, 2013), and plotted using boxplot analyses 

to investigate changes before and after rehabilitation renewal. Non-metric Two-dimensional 

Scaling ordination using Bray-Curtis similarities was done to identify differences between soil 

arthropod assemblages in each sample period. In addition, a cluster analysis was done using 

the Bray-Curtis similarity matrix, with paired group algorithms, to identify possible patterns of 

clustering of assemblage groups sampled before and after the rehabilitation renewal. In order 

to test for variance between the two periods, a Permutational Multivariate Analysis of Variance 

(PERMANOVA) was conducted. PERMANOVA, ordination and cluster analyses were done 

using Paleontological Statistics (PAST), version 3.16 (Hammer et al., 2001), while boxplot 

analyses were conducted using the GGPLOT2 package in R, version 3.5.3 (Wickham, 2016). 

In order to quantify the effect of renewal on soil-dwelling species assemblages, a 

comparison of observed species richness and diversity before and after the implementation was 
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conducted. Due to the incidental renewal process occurring in an already established site, data 

was analysed as a stand-alone occurrence, with samples taken over a time series. To overcome 

bias, due to non-independence in this time series, soil arthropod samples taken before and after 

renewal were compared using Monte Carlo simulations by bootstrapping, over 1000 

permutations with replacement. Replacements and simulations were done using R, version 

3.5.3 (R Core Team, 2019). 

 

5.3 Results 

Overall, 1125 individuals were sampled during the 18-month period, representing 13 

orders and 54 families. Both diversity and species richness were observed to be slightly higher 

during the sampling period after the rehabilitation renewal (Fig. 5.1). The increase in observed 

species richness and diversity may be attributed to the displacement of soil-dwelling arthropods 

from the soil surrounding the original site into the furrows during the flattening of the site.  

 

 

Fig. 5.1: Boxplot analyses of (a) soil arthropod species diversity, and (b) species richness before and after the 

implemented renewal, with dots representing outlier sample months. 
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Results of the ordination showed some overlap between assemblages of arthropods 

sampled before and after the renewal event, with clustering showing no distinct groupings 

separating assemblages sampled in each period (Fig. 5.2). Clustering between months showed 

variable levels of similarity. 

 

Fig. 5.2: (a) Non-metric Two-dimensional Scaling showing species overlap between assemblages before and after 

the renewal, and (b) Bray-Curtis similarity clustering, using paired group algorithms, showing pairings between 

monthly soil assemblages. 

 

Permutational analysis showed no significant difference between assemblages before and after 

the renewal (F1,16 = 1.450; p = 0.099). The results of the Monte Carlo simulations supported 

this, with no significant differences found when comparing the diversity and species richness 

of assemblages before and after the renewal (Table 5.1).  
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Table 5.1: Results of Monte Carlo simulations 

with tested hypotheses. H - Shannon Wiener 

diversity 

 

 

 

 

 

5.4 Discussion 

Soil arthropods showed variable responses to disturbances and environmental change 

(Neave and Fox, 1998; Frouz, 1999; Barbercheck et al., 2009; Coyle et al., 2017). The study 

provided a look into the effect of soil displacement into a previously rehabilitated furrow, and 

how newly implemented rehabilitation methods affect soil arthropod assemblage structure and 

abundance. The results showed a notable difference in species richness and diversity between 

the period before and after the renewal. It could be suggested that the increased species richness 

and diversity seen after the renewal was due to the mass displacement of soil from around the 

site, subsequently displacing soil arthropods into the furrow. Although the soil movement into 

the original furrow did alter the nature of assemblages over the course of the investigation, it 

is unsure as to whether this would be an indefinite change to the assemblage structure and 

whether this would promote soil health over time.  

Results hinted strongly at the rehabilitation renewal having no significant effect on 

species assemblages over a nine-month period after the renewal compared to the nine months 

before. This can be explained by the similarity in species assemblages found before and after 

the rehabilitation, with species groups being similar between the original furrow site and its 

close surrounding soils. It is unlikely that individuals already in the furrow soils were able to 

H0 = before<after 

 p-value 
Species richness 0.493 
H 0.683 

Therefore, Hypothesis rejected 
 

Ha = before>after 

 p-value 
Species richness 0.507 
H 0.317 

Therefore, Hypothesis rejected 
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migrate upwards by such a large distance due to their limited movement capabilities in soil 

(Bengtsson et al., 1994; Hubbell, 2001), suggesting that arthropods found after the 

rehabilitation were those most likely residing in the displaced soils. 

Many methods of soil erosion rehabilitation are utilised primarily in the prevention of 

water siltation. Rock-wall gabions are used in a multitude of methods, with functions ranging 

from prevention of soil and land slide damage onto roads, near infrastructure and water bodies 

(Rivas, 2006). Similarly, silt netting structures are used in many forms, with their usage heavily 

dependent on size, height, build structure, and materials used to construct these soil barriers. 

Primarily, both these implements are utilised in the prevention of silt flow into water bodies 

and near infrastructure, while still allowing water flow through the structure (Rivas, 2006). 

Erosion control blankets and fibre roll implementation are regarded as a temporary method of 

mitigating soil erosion along sloping terrains as the materials used are typically biodegradable 

and tend to wash away over time if used alone (Mn/DOT, 2006; Rivas, 2006). These methods 

are more effective in conjunction with establishing vegetation and planting pioneering or cover 

seeds (Mn/DOT, 2006; Rivas, 2006).  

In South Africa, the effect of erosion mitigation methods is not readily studied, and 

even less attention is usually given to erosion structures in respect to soil-dwelling arthropods. 

As the effects of all of the above methods on soil-dwelling arthropods were not quantified in 

comparison in this study, it is difficult to draw any conclusions on the direct effects of these 

implements on soil-dwelling arthropods and their function. However, this does emphasise a 

need to study soil erosion mitigation structures and its short- and long-term effects on soil 

arthropod assemblages. 

It is often difficult to pinpoint the major drivers of soil arthropod population dynamics 

due to their varied and somewhat hidden lifestyles below-ground (Stork and Eggleton, 1992; 
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Behan-Pelletier, 1993; Wolters, 2001). Although studies have investigated soil arthropod 

responses to chemical change and pollutants (Eijsackers, 1983; Paoletti et al., 1991; Nahmani 

and Rossi, 2003; van Straalen, 2004), little is known as to their physiological and behavioural 

responses to terrain disturbances, and how disturbances, such as physical land reform, may 

alter assemblages over long-term. Certain soil arthropod groups may not show any response to 

environmental change whatsoever, and may respond to different drivers rather than changes in 

the soil (Madson, 2003). This study gives insight into the effect of renewed rehabilitation on 

soil arthropod assemblages in an area prone to sheet and gully erosion. However, the precise 

factors affecting soil arthropods in renewed rehabilitated areas in the GGHNP still needs to be 

investigated. 

 

5.5 Conclusion 

Although this study only includes the observations from one incidental site, the study 

results briefly addressed the effect of renewed rehabilitation on arthropod assemblages, and 

could be used as a starting point for studying the effect of rehabilitation structure maintenance 

methods. The results do not necessarily show that restructuring of the site would result in 

differences in soil arthropod assemblages before and after the renewal, but rather suggests that 

no significant change was caused by the rehabilitation over short-term. It is important to 

understand that this may have been an isolated case that may not be replicated in other terrains, 

suggesting that a closer look needs to be taken into rehabilitation practices across South Africa 

to accurately gauge the effect of these practices on soil assemblages. 
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6. General Discussion 

The studies reported are the first of their kind for the Golden Gate Highlands National 

Park (GGHNP), addressing a part of soil erosion and fire studies that is not readily investigated 

in South Africa. The findings in this thesis pave the way for soil arthropod research in the 

GGHNP, providing a look into the possible uses of soil arthropod assemblages in identifying 

the status of certain landscapes in the park. 

 

6.1 Possible implications of findings and future investigation 

In Chapter 2, soil arthropod diversity and richness was higher overall in the burnt site 

in comparison to the non-burnt site. The results hint at the possibility of fires promoting soil 

biodiversity in the park, with species being more adapted to burnt landscapes, as would be 

expected in a fire-prone ecosystem such as the GGHNP. This does not necessarily mean that 

regularly applied prescribed fires, or even more frequent sweeping wildfires, cannot affect 

these below-ground assemblages, as it is not clear whether fires applied more often than once 

a year in the GGHNP could drastically alter soil arthropod assemblages in and around affected 

areas. This definitely comes into question by the steep decrease in species richness and 

abundance during the month immediately after the implemented fire. In addition, the 

movement limitations of soil arthropods (Madson, 2003) could mean that, in the case of more 

frequent fires, the effect on assemblages could prove to be long-term, i.e. if fires affect these 

assemblages frequently, restoration of populations could slow down, affecting the rate of 

arthropod-driven ecosystem services. The lower diversity in the twelfth month post-fire 

compared to the one-month pre-fire hinted at changes in the assemblages over the 12-month 

period, possibly due to annual differences in assemblage structure. Although this may have not 

been due to the direct effects of the burning, this highlighted a need for investigation on fire 
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effects in the GGHNP to identify the patterns and behaviour of soil arthropod assemblages 

when under fire disturbance, as well as the factors that affect these assemblages on a yearly 

cycle. 

Although the findings of this section are based on results from a single burnt site 

compared to a non-burnt site, the findings suggest that it is worth further investigating the 

effects of prescribed fire on soil-dwelling arthropod assemblages in the GGHNP at a larger 

scale. Surprisingly, soil arthropods were found to be more species rich and abundant in the 

burnt site overall. As discussed in Chapter 2, it can be considered that the arthropod 

assemblages possess traits that help these populations survive frequent fires in the fire-prone 

area, suggesting that assemblages might in fact thrive in burnt sites. Fires are also a known 

factor of nutrient cycling, returning organic material back to the soil and, in turn, resulting in 

enrichment of soils that benefits both soil arthropods and their food sources. Ultimately, the 

results suggest that prescribed fires regulate areas that are already prone to burning, 

contributing to maintaining a differing niche for soil arthropod assemblages adapted to soils 

affected by fires and, in turn, maintain soil arthropod population heterogeneity among different 

sites. Future investigation to verify the benefits and effects of fires should include the study of 

burnt sites, both from areas burnt on a yearly prescribed basis and sites burnt by runaway fires, 

with monitoring of assemblages over long-term to assess the long-term effects of fire on soil 

arthropods and soil health. Determining the effect of fire on these assemblages could help in 

making informed schedules for burning for optimal conservation of soil assemblages to 

preserve arthropod-driven ecosystem services, while still maintaining the primary objectives 

of removing excess burnable biomass and mitigating possible future runaway fire damage. 

The GGHNP is sectional in its structure, showing similar patterns of division in its soil 

arthropod structures and populations (Chapter 3). Given the history of land use in the park, the 

differences between assemblage diversity found in the eastern and western parts of the park 
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start to make sense. Eastern sectors of the park were readily used as agricultural lands 

(Rademeyer and van Zyl, 2014), with some areas still being utilised as grazing and feeding 

lands for livestock being held in the area today (SANParks personnel, personal communication, 

20191). Studies have shown higher species richness and diversity of soil arthropods in 

agricultural soils of some landscapes, possibly due to agricultural practices, such as mixed crop 

rotation, cover crops and nutrient restoration, altering soil ecosystem function (Baker, 1998; 

e.g. Bardgett and Cook, 1998; Bedano et al., 2016). The western sector of the GGHNP, on the 

other hand, contains what can be considered as ‘younger soils’, i.e. majority of the western 

landscapes contain shallow, erodible, low fertility sandstone-derived soils (Roberts, 1969) with 

little exposure to grazing livestock and agricultural practices. The lower species richness and 

abundance in soil arthropods shown from the western sites support this, showing a clear 

difference in assemblage structure between eastern and western sites (Chapter 3). For many 

years, studies were done separately on the GGHNP and the Qwaqwa National Park before their 

amalgamation in 2008 (SANParks, 2013; e.g. checklists on mammals: Rautenbach, 1976; 

Avenant, 1997). Different land use practices between each sector have resulted in some 

defining ecosystem variation, some of which could explain why soil arthropod diversity was 

higher in the eastern sites containing higher fertility soils. Given that no known studies have 

been done on soil-dwelling arthropods in any ecosystems in the area, the findings emphasise 

the need to study the park in its respective landscape type, with each section of the park assessed 

independently. 

More importantly, Chapter 3 showed that soil arthropods in eroded sites of the GGHNP 

have potential as bioindicators of landscape status. The results emphasise a rather unusual 

observation of soil arthropod groups being more species rich and abundant in non-rehabilitated 

                                                           
1 D. Nariandas, verbal communication, Senior Section Range/Conservation Manager - Golden Gate Highlands 

National Park, 22 August 2019. 
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eroded sites, strongly suggesting that soil biota in these areas have adapted to erosion. This is 

not so out of the ordinary when considering that the mountainous area of the GGHNP 

experiences high levels of water erosion, due to its steeply sloped landscapes, during each 

yearly rainfall season. It can be assumed that soil biota in these areas have adapted to this 

regular phenomenon, as erosion can be regarded as a natural process which plays an integral 

role in the formation of mountainous slopes (Mhangara et al., 2012). It is possible that erosion 

sites in the GGHNP in fact provide a niche for soil arthropods adapted to erosion movements 

and changes. This, in turn, increases niche types in the park, which accommodate a higher 

diversity and richness of soil arthropod species similar to what was found in Chapter 2. 

Interestingly, indicator analyses only highlighted a single species of mite as a strong indicator 

of non-rehabilitated eroded sites (Chapter 3). The shared nature of species between landscapes 

may indicate that erosion and erosion rehabilitation does not necessarily result in drastic 

differences in species compositions of each site type. However, when examining species 

richness of soil arthropod groups against soil mineralogy, it can be deduced that it is possible 

to utilise overall soil arthropod richness of investigated eroded areas, in conjunction with 

changes in the soil, to gauge the effects of erosion on these assemblages (Chapter 3). This 

concretes the need to regard these organisms as important bioindicators of disturbance. Being 

one of the first of its kind in the GGHNP, the results of this study emphasises the importance 

of monitoring soil arthropods in eroded sites in the context of conservation strategies. Future 

studies should focus on the monitoring of soil arthropod groups in the various non-rehabilitated 

eroded sites of the GGHNP to grade their potential as unique niches in the park. An intensive 

look into the ecosystem processes these groups carry out would clarify their significance as 

role-players, and ultimately identify groups that should be considered during mitigation 

procedures for erosion.  
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Results of Chapter 4 and 5 fell under a similar category of investigating the effects of 

soil erosion mitigation on soil arthropod assemblages. The effects of current rehabilitation 

methodologies are sorely understudied despite their wide utilisation. Additionally, emphasis is 

commonly given to vegetation regrowth as an indication of ecosystem restoration, while 

responses of soil-faunal activity are often overlooked. The results of these two chapters 

provided a preliminary look at how soil arthropods respond to current erosion mitigation, with 

the most significant finding being the effect of sedimentation build-up on species richness. As 

discussed in Chapter 4, implementation of rehabilitation methods is often focussed on the 

prevention of siltation of water bodies, ensuring the conservation of one of South Africa’s most 

limited resources. 

Unlike other studies done on sediment caused by soil erosion, the study in Chapter 4 

took a different approach in examining the effects of sediment build-up around rock-wall 

gabions. A significant interaction was found between sediment build-up and soil arthropod 

richness, implying that there may be a possible link between sediment accumulation around 

implemented rock-wall gabions and soil arthropod species richness in rehabilitated sites. This 

coincided with data obtained from a seven-year-old, similarly rehabilitated site in the GGHNP 

area, hinting at a possible pattern of long-term effects of silt build-up on soil assemblages in 

rehabilitated sites. Given the fact that rock-wall gabions and other erosion mitigation structures 

play a role specifically in the prevention of water sedimentation, it can be recommended that 

mitigation structure implementation not be used as a stand-alone solution to the problem of soil 

erosion. It should, instead, be included as a part of an integrated implementation plan including 

the planting of establishing pioneer plants, restoration of indigenous plant growth, and 

consistent monitoring of ecosystem effects brought about by mitigation structures. 

The incidental restructuring of currently employed erosion mitigation methods from a 

single site provided a unique opportunity to investigate how large scale land reform may impact 
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soil arthropod communities and their responses (Chapter 5). It was initially expected that the 

displacement of soil and incorporation of new structures would change the environmental 

conditions of a locality. However, this was not necessarily the case in this study, as results 

showed no significant effect on species assemblages over the months after removal of rock-

wall gabions and silt netting, major restructuring of the landscape, and subsequent 

implementation of erosion control blankets and fibre rolls. The similarity between assemblages 

sampled before and after the renewal of the rehabilitated eroded site suggests that assemblages 

found within the eroded furrow were strikingly similar to assemblages in the surrounding soil 

of the affected area. While the results hinted at rehabilitation renewal having no significant 

impact on soil arthropod assemblages over the 18-month period, the question remains as to its 

long-term implications. Incidentally, the importance of constant monitoring of soil species 

groups was highlighted in this study. The observed increase in species richness and diversity 

could easily be mistaken for an increase because of the newly implemented erosion mitigation 

structures. However, as discussed in Chapter 5, the increase was most likely the result of mass 

displacement of soil from around the site, subsequently displacing soil arthropods into the 

furrow of the eroded site. It is unclear as to whether this would benefit the filled area over long-

term, causing an indefinite change to the assemblage structure and promoting soil health to any 

extent. In light of this, it is vital that these site types are monitored on a regular basis to establish 

patterns of change in soil arthropod groups even long after the establishment of rehabilitation 

structures. 

Despite the incidental nature of this study, the results have still provided an interesting 

insight into the use of rehabilitation methods and their implementation from a conservation 

standpoint. While the renewal of current rehabilitation structures may often be decided upon 

due to age and size of the eroded locality, the effect of certain structures on soil arthropod 

assemblages must be taken into consideration. Future emphasis is suggested to determine how 
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different erosion rehabilitation methods impact soil arthropod assemblages, allowing for the 

cycling of certain structures to better benefit soil health. 

 

6.2 Recommendations to SANParks Scientific Services and Final comments 

Applying fire to an area that is already fire-prone has proven to be an effective 

regulatory practice that acts on various conservation levels. This rings particularly true for the 

preliminary study on prescribed fire in the GGHNP. The findings suggest that the prescribed 

fire did not have a detrimental effect on soil arthropod assemblages over a 12-month period. In 

fact, the burnt site exhibited a higher soil arthropod species abundance and richness in 

comparison to a non-burnt site. However, as this was an investigation on a single burnt site, it 

is recommended that this be further investigated and monitored in several sites. Something to 

keep in mind is that, although no significant changes were detected after a single burn, soil 

assemblages may react differently to burning due to their specific morphological and 

physiological traits. Monitoring of soil assemblages over short- and long-term periods in 

different localities should be given consideration to gauge the full effect of prescribed fire on 

soil arthropod assemblages in the park. 

Studies in South Africa have implied that erosion can be regarded as wholly and 

indiscriminately ‘bad’, resulting in unsustainable landscapes and cascading deterioration of 

affected sites and the surrounding areas. It is true that the deterioration of soils could result in 

the ultimate collapse of an entire ecosystem, as soil is integrally linked to all terrestrial food 

webs (Coleman et al., 2004). However, results obtained from erosion areas in the GGHNP 

suggest that non-rehabilitated eroded sites, in fact, support more diverse and abundant soil 

arthropod populations in comparison to rehabilitated eroded and non-eroded undisturbed sites. 

Soil biota diversity is regularly sought after, as this usually means that populations carry out a 
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larger number of interlinked functions in an ecosystem, subsequently contributing to soil 

health, and thus emphasising the importance of soil arthropod diversity in the protection of 

biodiversity (Coleman et al. 2004). The GGHNP is an area that naturally experiences high 

levels of water-caused erosion, such as sheet and gully erosion due to heavy rainfall, on a yearly 

basis due to the terrain’s natural sloping structure. It is a safe assumption that, although new 

erosion areas have formed in the park, even during recent years, soil arthropod populations 

have adapted to surviving, and indeed thriving, in areas of erosion over many years in the 

GGHNP area. This means that erosion sites, in fact, result in a unique niche for these adapted 

soil assemblages, supporting a greater number of species in comparison to grassland soils.  

A question remains: What does this mean for rehabilitation of erosion? Although the 

findings suggest that sediment build-up over long-term around rehabilitation structures could 

negatively affect soil arthropods over time, the benefits of erosion rehabilitation on the 

prevention of water siltation and sedimentation still need to remain a priority. Given that the 

park forms part of the most important water catchment systems in Southern Africa (SANParks, 

2013), it is clear as to why biodiversity programmes in the park are focused on water in the 

landscape. However, all of this does not necessarily mean that there is no way to find methods 

to protect soil biodiversity while also achieving water protection goals. To date, no studies have 

been done on the effect of rehabilitation structures, such as rock-wall gabions and silt netting, 

on soil in South Africa. In some cases, these implements are used in isolation to block sediment 

only and slow down the flow of soil. However, this does not necessarily mitigate the loss of 

plant cover. A recommendation to consider here is to use static structures in conjunction with 

the plantation of pioneer plants. This plant growth is meant to promote further plant growth in 

rehabilitated areas, encouraging water retention to promote long-term plant establishment, and 

ultimately promote the establishment and thriving of beneficial biota in the affected area 

(Rivas, 2006). A similar approach could be used in the GGHNP, simultaneously meeting water 
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protection goals and promoting soil biodiversity in rehabilitated areas. Ultimately, further study 

into integrated rehabilitation strategies will prove vital in mitigation of both water and 

biodiversity preservation. 

Overall, the findings in this thesis emphasise a single overarching point: soil arthropods 

in the GGHNP deserve more study as useful tools in bioindication of disturbance in the park. 

These soil biota assemblages in the GGHNP show great potential as bioindication tools, 

specifically in prescribed fire-treated and naturally eroded areas. However, this only scratches 

the surface as to the potential of these organisms as indicators of other soil disturbances such 

as long-term effects of land reform and frequent, intense wildfires. I would strongly 

recommend that soil arthropods be taken into consideration, not only as a part of the 

biodiversity present in the park, but as a vital component of conservation ensuring the 

continued health of the GGHNP soils. Future investigation should focus on more intricate 

identification of soil arthropods in regards to their functional role in habitats of the GGHNP, 

mainly for the purpose of identifying drivers of ecosystem services in the various niches in the 

park. For example, this could include investigation into Oribatid mites (Acari, Oribatida), a 

group that is known to play a large role in a number of ecosystem functions due to their vastly 

diverse feeding and behavioural responses (Coleman et al., 2004; Caruso et al., 2012).  

In conclusion, the study results expressed in this thesis, being the first of its kind for the 

park, emphasises how soil arthropods as a whole are vital components of its natural ecosystems. 

These soil arthropod groups, coupled with other soil attributes such as mineralogy and soil 

type, have potential as bioindicators of soil disturbance, and could possibly prove significant 

even in other niche types of the park. The GGHNP holds many opportunities for biodiversity 

studies, with the findings in this thesis highlighting only a fraction of these understudied 

factors. It is vital that these factors are taken into account as part of an holistic ecosystem 

conservation approach for the preservation of the protected environments of the GGHNP.  
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Supplementary material: Chapter 2 

Figures and tables 

 

 

 

Fig. S2.1: Map of the Golden Gate Highlands National Park (GGHNP), showing described soil types, in 

accordance to FAO90 major groups and soil type codes and descriptors, within the park alongside site locality of 

the burnt (B) and non-burnt (NB) sites. Soil types, codes and soil mapping zones obtained, with full permission, 

from SANParks Scientific Services in South Africa. GGHNP map processed with QGIS, version 2.18.15. 
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Table S2.1: Soil sample analysis values for burnt and non-burnt sites investigated in the Golden Gate Highlands National Park, Free State Province, South Africa. 

Groups Site Mineralogy 

  SiO2 TiO2 Al2O3 Fe2O3 MgO MnO CaO K2O P2O5 Na2O LOI 

Jul-17 NB 80.65 0.62 6.65 2.58 0.35 0.03 0.22 1.10 0.05 0.28 6.26 

Jul-17 NB 86.97 0.43 5.56 1.95 0.06 0.01 0.11 0.68 0.03 0.2 4.58 

Jul-17 NB 80.99 0.51 6.52 2.25 0.17 0.02 0.14 0.81 0.04 0.2 6.5 

Nov-17 NB 77.52 0.63 8.27 3.20 0.33 0.02 0.19 1.00 0.05 0.23 8.27 

Nov-17 NB 82.81 0.39 6.03 2.30 0.24 0.03 0.16 0.77 0.03 0.18 5.28 

Nov-17 NB 80.69 0.54 7.75 2.93 0.14 0.02 0.10 0.89 0.04 0.21 6.91 

Mar-18 NB 81.12 0.51 7.03 2.74 0.33 0.03 0.12 0.97 0.04 0.19 5.84 

Mar-18 NB 83.56 0.45 5.25 2.28 0.49 0.03 0.17 0.78 0.05 0.22 5.49 

Mar-18 NB 83.98 0.49 5.9 3.11 0.09 0.05 0.20 0.82 0.04 0.20 4.97 

Jul-17 B 76.37 0.33 5.64 2.52 0.18 0.04 0.31 1.29 0.07 0.53 10.73 

Jul-17 B 76.74 0.38 6.83 2.70 0.31 0.03 0.31 1.43 0.09 0.61 10.91 

Jul-17 B 80.86 0.29 6.20 2.48 0.25 0.03 0.30 1.31 0.06 0.64 8.82 

Nov-17 B 77.73 0.38 6.70 2.71 0.21 0.03 0.24 1.45 0.08 0.54 10.71 

Nov-17 B 74.76 0.37 7.07 3.13 0.51 0.04 0.27 1.46 0.09 0.55 11.33 

Nov-17 B 57.46 0.35 7.62 3.82 0.66 0.17 0.60 1.24 0.13 0.69 25.26 

Mar-18 B 72.99 0.42 7.48 3.06 0.39 0.05 0.31 1.57 0.10 0.56 13.58 

Mar-18 B 79.77 0.31 6.03 2.45 0.30 0.03 0.21 1.23 0.07 0.54 10.49 

Mar-18 B 80.64 0.27 6.06 2.88 0.58 0.04 0.37 1.39 0.07 0.76 9.33 

 

Legend/Symbol Descriptor 

Groups Month and year sample groups 

Site Site symbol 

NB Non-burnt site 

B Burnt site 

Mineralogy Element results obtained by X-Ray Fluorescence (XRF) element analysis 
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Fig. S2.2: General trends of (a) mean soil temperature and (b) mean soil moisture between the burnt and non-

burnt sites at 0–10 cm soil depth. Site types: B - Burnt; NB - Non-burnt. Burning took place between months 1 

and 2. 
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Supplementary material: Chapter 3 

Figures and tables 

 

 

Fig. S3.1: Site photographs of site (1) to (6). (1) Site 1 - Non-rehabilitated eroded; (2) Site 2 - Non-rehabilitated 

eroded; (3) Site 3 - Rehabilitated eroded; (4) Site 4 - Rehabilitated eroded; (5) Site 5 - Non-eroded undisturbed; 

(6) Site 6 - Non-eroded undisturbed.  

 



 
 

147 
 

 

Fig. S3.2: Site 3 photographs, showing (1) Rehabilitated eroded site before demolition; (2) site after area was 

flattened for renewed rehabilitation; (3) and (4) showing new rehabilitation method implemented in August 2018. 
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Table S3.1: Soil sample analysis values for sites of the Golden Gate Highlands National Park, including soil temperature and soil moisture values. 

Groups Site Mineralogy STemp Smoi 

  SiO2 TiO2 Al2O3 Fe2O3 MgO MnO CaO K2O Na2O P2O5 LOI   

Jul-17 Site 1 pt1 86.52 0.35 5.20 1.93 0.12 0.02 0.10 1.01 0.02 0.53 4.66 17.40 6.20 

Jul-17 Site 1 pt2 79.31 0.61 9.29 4.93 0.72 0.18 0.46 1.50 0.07 0.48 3.50 15.60 2.80 

Jul-17 Site 1 pt3 82.67 0.50 7.01 3.23 0.53 0.11 0.30 1.38 0.07 0.16 2.56 15.80 4.20 

Nov-17 Site 1 pt1 76.99 0.67 12.09 4.75 1.03 0.13 0.35 2.16 0.42 0.08 3.17 28.20 23.20 

Nov-17 Site 1 pt2 79.27 0.66 9.60 4.15 0.79 0.11 0.35 1.72 0.49 0.07 2.75 28.10 7.40 

Nov-17 Site 1 pt3 94.21 0.31 3.27 1.12 0.00 0.02 0.08 0.91 0.34 0.02 1.47 28.70 9.00 

Mar-18 Site 1 pt1 69.76 0.75 14.06 5.75 1.24 0.14 0.51 2.43 0.45 0.12 4.13 22.90 33.80 

Mar-18 Site 1 pt2 79.90 0.65 8.37 3.62 0.78 0.10 0.39 1.54 0.46 0.07 2.78 21.10 20.10 

Mar-18 Site 1 pt3 80.14 0.52 7.55 3.88 0.75 0.15 0.64 1.39 0.42 0.06 2.83 20.90 14.00 

Jul-18 Site 1 pt1 73.96 0.65 12.02 4.74 1.01 0.10 0.35 0.38 2.10 0.08 3.55 19.70 10.40 

Jul-18 Site 1 pt2 73.08 0.66 11.27 5.21 1.12 0.19 0.49 0.37 1.87 0.08 3.95 21.40 5.30 

Jul-18 Site 1 pt3 77.28 0.62 10.14 4.55 0.78 0.12 0.32 0.34 1.78 0.07 3.09 19.80 3.50 

Jul-17 Site 3 pt1 78.65 0.61 9.83 3.90 0.37 0.03 0.22 1.39 0.04 0.16 4.52 28.20 23.20 

Jul-17 Site 3 pt2 69.48 0.73 14.42 5.80 1.32 0.12 0.45 2.48 0.11 0.17 4.33 28.10 7.40 

Jul-17 Site 3 pt3 89.24 0.35 5.36 2.06 0.21 0.02 0.12 1.17 0.03 0.19 2.38 28.70 9.00 

Nov-17 Site 3 pt1 81.64 0.56 7.31 3.50 0.57 0.14 0.45 1.36 0.60 0.06 1.99 26.20 24.80 

Nov-17 Site 3 pt2 91.30 0.37 3.64 1.26 0.01 0.02 0.07 1.01 0.28 0.03 1.59 26.20 5.40 

Nov-17 Site 3 pt3 83.67 0.48 7.88 3.19 0.73 0.03 1.04 1.21 0.11 0.04 3.07 25.80 18.80 

Mar-18 Site 3 pt1 96.54 0.18 2.13 0.99 0.27 0.01 0.05 0.51 0.16 0.02 1.02 20.90 35.40 

Mar-18 Site 3 pt2 88.31 0.39 5.26 1.72 0.11 0.02 0.10 1.01 0.23 0.03 3.03 20.20 30.40 

Mar-18 Site 3 pt3 91.23 0.24 2.84 1.06 0.00 0.01 0.06 0.73 0.22 0.02 1.39 20.50 36.00 

Jul-18 Site 3 pt1 90.07 0.29 3.79 1.31 0.28 0.02 0.09 0.23 0.82 0.03 2.39 21.90 8.30 

Jul-18 Site 3 pt2 92.74 0.25 2.72 1.24 0.65 0.01 0.14 0.22 0.59 0.02 1.62 20.70 3.80 

Jul-18 Site 3 pt3 89.17 0.27 3.52 1.27 0.04 0.02 0.08 0.26 0.82 0.03 1.98 22.60 4.40 
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Table S3.1 (cont.): Soil sample analysis values for sites of the Golden Gate Highlands National Park, including soil temperature and soil moisture values. 

Groups Site Mineralogy STemp Smoi 

  SiO2 TiO2 Al2O3 Fe2O3 MgO MnO CaO K2O Na2O P2O5 LOI   

Jul-17 Site 5 pt1 80.65 0.62 6.65 2.58 0.35 0.03 0.22 1.10 0.05 0.28 6.26 13.50 3.40 

Jul-17 Site 5 pt2 86.97 0.43 5.56 1.95 0.06 0.01 0.11 0.68 0.03 0.20 4.58 18.00 6.40 

Jul-17 Site 5 pt3 80.99 0.51 6.52 2.25 0.17 0.02 0.14 0.81 0.04 0.20 6.50 20.20 5.50 

Nov-17 Site 5 pt1 81.23 0.52 7.71 3.20 0.24 0.04 0.24 0.96 0.23 0.05 5.59 30.40 17.30 

Nov-17 Site 5 pt2 82.92 0.48 6.09 2.21 0.10 0.02 0.14 0.90 0.21 0.05 5.01 28.80 6.50 

Nov-17 Site 5 pt3 81.67 0.52 7.03 2.63 0.11 0.03 0.17 0.90 0.19 0.05 6.83 29.00 6.60 

Mar-18 Site 5 pt1 84.93 0.53 6.29 2.34 0.26 0.02 0.18 0.94 0.21 0.04 5.38 22.50 15.20 

Mar-18 Site 5 pt2 81.83 0.54 6.29 2.30 0.21 0.02 0.16 0.91 0.18 0.06 5.94 22.00 14.70 

Mar-18 Site 5 pt3 79.35 0.50 8.47 2.89 0.18 0.04 0.12 1.01 0.15 0.04 5.61 21.40 17.70 

Jul-18 Site 5 pt1 82.86 0.51 6.83 2.60 0.43 0.03 0.38 0.30 0.97 0.05 4.87 20.10 5.50 

Jul-18 Site 5 pt2 83.44 0.50 5.86 2.22 0.18 0.03 0.15 0.20 0.86 0.06 6.43 21.20 6.30 

Jul-18 Site 5 pt3 77.56 0.56 8.01 2.82 0.33 0.04 0.23 0.20 1.07 0.06 7.17 20.00 5.30 

 

Legend Descriptor 

Group Month and year sample groups 

Site Site and point number 

Mineralogy Element results obtained by X-Ray Fluorescence (XRF) element analysis 

STemp Soil Temperature (°C) 

Smoi Soil Moisture (%) 
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Table S3.2: Results of Linear Model analysis testing correlation between soil attributes and log-transformed species richness of sites in the eastern sectors of the GGHNP, 

with AIC values for best fit. nobs = 36 for all models; K: site only = 4, all combination models = 7; p-values of site versus soil attributes: * = 0.05 ; ** = 0.01 ; *** = 0.001. 

Model 
Multiple R2 

 
Adjusted R2 p p(site) p(x) 

p(slope diff) 
AICc ΔAICc 

Site Estimate ± SE p 

Site 0.453 0.420 p < 0.001 p < 0.001 -  - - -18.577 12.753 

Site/P2O5 - 0.631 p < 0.001 p < 0.001 0.001 

1 -0.867 ± 0.248 0.001*** 

-31.330 0.000 3 -1.963 ± 0.638 0.004** 

5 -0.177 ± 0.510 0.731 

Site/Soil temp - 0.551 p < 0.001 p < 0.001 0.013 

1 0.020 ± 0.010 0.058 

-24.308 7.022 3 -0.039 ± 0.014 0.009** 

5 -0.009 ± 0.009 0.369 

Site/Organic matter - 0.521 p < 0.001 p < 0.001 0.033 

1 -0.088 ± 0.057 0.135 

-21.944 9.386 3 -0.115 ± 0.043 0.012** 

5 -0.033 ± 0.059 0.577 

Site/CaO - 0.509 p < 0.001 p < 0.001 0.046 

1 0.735 ± 0.302 0.021* 

-21.076 10.254 3 -0.276 ± 0.167 0.109 

5 -0.377 ± 0.652 0.567 

Site/TiO2 - 0.505 p < 0.001 p < 0.001 0.052 

1 0.656 ± 0.361 0.079 

-20.792 10.538 3 -0.664 ± 0.287 0.028* 

5 -0.127 ± 1.064 0.906 

Site/Fe2O3 - 0.490 p < 0.001 p < 0.001 0.078 

1 0.048 ± 0.036 0.198 

-19.697 11.633 3 -0.071 ± 0.033 0.038* 

5 -0.143 ± 0.139 0.314 

Site/SiO2 - 0.489 p < 0.001 p < 0.001 0.079 

1 -0.009 ± 0.008 0.233 

-19.655 11.675 3 0.013 ± 0.007 0.052 

5 0.027 ± 0.020 0.177 

Site/Al2O3 - 0.486 p < 0.001 p < 0.001 0.086 

1 0.018 ± 0.016 0.267 

-19.447 11.883 3 -0.031 ± 0.014 0.032* 

5 -0.053 ± 0.056 0.351 

Site/K2O - 0.465 p < 0.001 p < 0.001 0.148 

1 0.087 ± 0.074 0.246 

-17.970 13.360 3 -0.160 ± 0.078 0.049* 

5 0.061 ± 0.155 0.695 

Site/Na2O - 0.459 p < 0.001 p < 0.001 0.171 

1 0.025 ± 0.067 0.719 

-17.562 13.768 3 0.386 ± 0.173 0.033* 

5 -0.064 ± 0.133 0.634 

Site/MgO - 0.441 p < 0.001 p < 0.001 0.261 

1 0.250 ± 0.138 0.080 

-16.379 14.950 3 -0.125 ± 0.134 0.357 

5 -0.116 ± 0.468 0.806 

Site/Soil moisture - 0.436 p < 0.001 p < 0.001 0.290 

1 0.010 ± 0.005 0.083 

-16.075 15.255 3 -0.001 ± 0.004 0.901 

5 0.008 ± 0.010 0.414 

Site/MnO - 0.435 p < 0.001 p < 0.001 0.298 

1 1.651 ± 0.983 0.104 

-15.999 15.331 3 -0.595 ± 1.178 0.617 

5 -4.727 ± 5.361 0.385 
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Fig. S3.3: Rarefaction curves (Mao Tau) of site (1) to (6). (1) Site 1 - Non-rehabilitated eroded; (2) Site 2 - Non-

rehabilitated eroded; (3) Site 3 - Rehabilitated eroded; (4) Site 4 - Rehabilitated eroded; (5) Site 5 - Non-eroded 

undisturbed; (6) Site 6 - Non-eroded undisturbed. 
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Supplementary material: Chapter 4 

Figures and tables 

 

 

 

Fig. S4.1: Photographs of sites showing constructed and implemented rock-wall gabions of (a) Site A1 and (b) 

Site B1, taken in November 2017. 
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Fig. S4.2: Sattelite images of Site A on (a) 25 September 2015 and (b) 5 September 2018 showing further erosion 

over time. Images obtained from Google Earth 7.3.2.5776. Viewed 24 March 2020. Red line indicates position of 

the rock-wall gabion. 

  



 
 

154 
 

 

Fig. S4.3: Sattelite images of Site B on (a) 25 September 2015 and (b) 5 September 2018 showing further erosion 

over time. Images obtained from Google Earth 7.3.2.5776. Viewed 24 March 2020. Red line indicates position of 

the rock-wall gabion. 
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Table S4.1: Post-hoc PERMANOVA results for comparisons of communities across sub-sites, with 

adjusted p-values using ‘fdr’ correction; * = p < 0.05 

  

 Site pairs F-Model R2 value p-value p-adjusted 

1 A1 behind vs A1 in front 1.204 0.039 0.264 0.512 

2 A1 behind vs A2 source 1.100 0.035 0.308 0.512 

3 A1 behind vs A2 base 1.571 0.050 0.092 0.286 

4 A1 behind vs B1 behind 1.222 0.039 0.268 0.512 

5 A1 behind vs B1 in front 1.112 0.036 0.333 0.518 

6 A1 behind vs B2 source 1.293 0.041 0.219 0.512 

7 A1 behind vs B2 base 0.667 0.022 0.714 0.909 

8 A1 in front vs A2 source 1.823 0.057 0.031 0.145 

9 A1 in front vs A2 base 2.601 0.080 0.002 0.028* 

10 A1 in front vs B1 behind 1.131 0.036 0.311 0.512 

11 A1 in front vs B1 in front 1.210 0.039 0.276 0.512 

12 A1 in front vs B2 source 0.516 0.017 0.902 0.955 

13 A1 in front vs B2 base 1.159 0.037 0.309 0.512 

14 A2 source vs A2 base 0.657 0.021 0.831 0.931 

15 A2 source vs B1 behind 0.694 0.023 0.795 0.931 

16 A2 source vs B1 in front 1.417 0.045 0.147 0.412 

17 A2 source vs B2 source 1.841 0.058 0.029 0.145 

18 A2 source vs B2 base 1.585 0.050 0.080 0.280 

19 A2 base vs B1 behind 1.611 0.051 0.064 0.256 

20 A2 base vs B1 in front 2.098 0.065 0.011 0.077 

21 A2 base vs B2 source 2.547 0.078 0.001 0.028* 

22 A2 base vs B2 base 2.375 0.073 0.007 0.065 

23 B1 before vs B1 in front 0.448 0.015 0.950 0.955 

24 B1 before vs B2 source 1.002 0.032 0.460 0.644 

25 B1 before vs B2 base 0.714 0.023 0.700 0.909 

26 B1 in front vs B2 source 1.000 0.032 0.425 0.626 

27 B1 in front vs B2 base 0.392 0.013 0.955 0.955 

28 B2 source vs B2 base 0.592 0.019 0.807 0.931 
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Fig. S4.4 Graphs indicating arthropod species richness compared to sediment depth over time. (a) Site A1 behind, 

(b) Site A1 in front, (c) Site B1 behind and (d) Site B1 in front. 
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Supplementary material: Chapter 5 

Figures 

 

Fig. S5.1a: Site with deteriorated rehabilitation implements at the start of the study, taken in October 2017. 

 

 

Fig. S5.1b: Flattening of the site, with displacement of soils around the initial eroded site, taken during July 2018. 
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Fig. S5.1c: Newly rehabilitated site with new implements including erosion control blankets and fibre rolls placed 

over the displaced soils, taken in August 2018.  
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Appendix 1: South African National Parks Research Agreement title page and signature 

authorisation page. 
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Appendix 2: University of the Free State Animal Research Ethics - Conditional approval and 

Full approval  
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Appendix 3: Species lists of soil arthropods identified during all sections of the study, with 

associated literature and/or specialist(s) name(s).  

Order Family/Species Resources/Specialist(s) 

Collembola Priosotoma davidi Dunger and Shlitt, 2011; Janion-Scheepers, Potapov 

Collembola Seira sp.1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp.2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Isotomidae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Mesaphorura sp.1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Isotomidae msp 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobryidae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Isotomidae msp 3 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobryidae msp 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp.3 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Hypogasturidae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Hypogasturidae msp 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobryidae msp 3 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp.4 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobryidae msp 4 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Priosotoma davidi Janion-Scheepers; Potapov 

Collembola Odontellidae msp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 3 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp.5 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Tullbergia sp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Capbrya sp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Odontellidae msp. 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 4 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurines sp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Tullbergia sp. 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Tullbergidae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobrya sp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp. 6 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Hypogastruridae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Onychiuridae msp 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Hypograstruridae msp 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Capbrya sp. 2 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Hypogastruridae msp 3 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Isotoma sp. 1 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 5 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Seira sp. 7 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Sminthurididae msp 6 Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Megalothorax sp. Dunger and Shlitt, 2011; Janion-Scheepers 

Collembola Entomobryidae msp 4 Dunger and Shlitt, 2011; Janion-Scheepers 
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Appendix 3 (cont.): Species lists of soil arthropods identified during all sections of the study, 

with associated literature and/or specialist(s) name(s). 

Order Family/Species Resources/Specialist(s) 

Acari Trombidiidae msp 1 Badenhorst, 2016 

Acari Adamystidae msp 1 Badenhorst, 2016 

Acari Speleorchestes meyeri Theron and Ryke, 1969 ;Badenhorst, 2016 

Acari Phytoseidae msp 1 Badenhorst, 2016 

Acari Cunaxa sp. Badenhorst, 2016 

Acari Microtrombidiidae nymph Badenhorst, 2016 

Acari Dermanyssidae msp 2 Badenhorst, 2016 

Acari Bdellodes sp. Badenhorst, 2016 

Acari Paratydeidae msp 1 Badenhorst, 2016 

Acari Cheyletidae msp 1 Badenhorst, 2016 

Acari Eupodidae msp 1 Badenhorst, 2016 

Acari Eupodes sp. Badenhorst, 2016 

Acari Rhodacaridae msp 1 Badenhorst, 2016 

Acari Phytoseidae msp 2 Badenhorst, 2016 

Acari Anystidae msp 2 Badenhorst, 2016 

Acari Phytoseidae nymph Badenhorst, 2016 

Acari Erythraeidae msp 1 Badenhorst, 2016 

Acari Anystidae msp 3 Badenhorst, 2016 

Acari Trombidiidae msp 2 Badenhorst, 2016 

Acari Bdellidae msp 2 Badenhorst, 2016 

Acari Paratydeidae msp 2 Badenhorst, 2016 

Acari Adamystidae msp 2 Badenhorst, 2016 

Acari Microtrombidiidae msp 1 Badenhorst, 2016 

Acari Dermanyssidae msp 3 Badenhorst, 2016 

Acari Erythraeidae msp 2 Badenhorst, 2016 

Acari Erythraeidae msp 3 Badenhorst, 2016 

Acari Erythraeidae msp 4 Badenhorst, 2016 

Acari Caeculidae msp 3 Badenhorst, 2016 

Acari Erythraeidae msp 3 Badenhorst, 2016 

Acari Tetranychidae msp 2 Badenhorst, 2016 

Acari Galumna sp. Badenhorst, 2016 

Acari Uropodidae msp 1 Badenhorst, 2016 

Acari Oribatulidae msp 1 Badenhorst, 2016 

Acari Dermanyssidae msp 1 Badenhorst, 2016 

Acari Nanhermannia sp. Badenhorst, 2016 

Acari Chamobatidae msp 1 Badenhorst, 2016 

Acari Tydeidae msp 2 Badenhorst, 2016 

Acari Epilohmanniidae msp 1 Badenhorst, 2016 

Acari Caeculidae msp 1 Badenhorst, 2016 

Acari Uropodidae msp 2 Badenhorst, 2016 

Acari Uropodidae msp 3 Badenhorst, 2016 
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Appendix 3 (cont.): Species lists of soil arthropods identified during all sections of the study, 

with associated literature and/or specialist(s) name(s). 

Order Family/Species Resources/Specialist(s) 

Acari Scutoverticidae msp 1 Badenhorst, 2016 

Acari Caeculidae msp 2 Badenhorst, 2016 

Acari Euphthiracaridae msp 1 Badenhorst, 2016 

Acari Tygaeidae nymph Badenhorst, 2016 

Acari Uropodidae msp 4 Badenhorst, 2016 

Acari Oribatulidae msp 2 Badenhorst, 2016 

Acari Adamystidae msp 2 Badenhorst, 2016 

Acari Nanorchestidae msp 2 Badenhorst, 2016 

Acari Adamystidae msp 3 Badenhorst, 2016 

Acari Pronematus sp. Badenhorst, 2016 

Acari Protoribatidae msp 1 Badenhorst, 2016 

Acari Tetranychidae msp 1 Badenhorst, 2016 

Acari Anystidae msp 1 Badenhorst, 2016 

Acari Dermanyssidae msp 4 Badenhorst, 2016 

Acari Bdellidae msp 3 Badenhorst, 2016 

Acari Bdellidae nymph Badenhorst, 2016 

Hymenoptera Formicidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Solenopsis geminata Triplehorn and Johnson, 2005; Slingsby, 2017 

Hymenoptera Formicidae msp 3 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 4 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 5 Triplehorn and Johnson, 2005 

Hymenoptera Ceraphronidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Eurytomidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Braconidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Platygastridae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Chalcididae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Eulopidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 6 Triplehorn and Johnson, 2005 

Hymenoptera Solenopsis geminata Triplehorn and Johnson, 2005; Slingsby, 2017 

Hymenoptera Formicidae msp 8 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 9 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 10 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 11 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 12 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 13 Triplehorn and Johnson, 2005 

Hymenoptera Encyrtidae msp 1 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 14 Triplehorn and Johnson, 2005 

Hymenoptera Formicidae msp 15 Triplehorn and Johnson, 2005 

Thysanoptera Phlaeothripidae msp 1 Triplehorn and Johnson, 2005 

Thysanoptera Phlaeothripidae msp 2 Triplehorn and Johnson, 2005 

Thysanoptera Phlaeothripidae msp 3 Triplehorn and Johnson, 2005 
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Appendix 3 (cont.): Species lists of soil arthropods identified during all sections of the study, 

with associated literature and/or specialist(s) name(s). 

Order Family/Species Resources/Specialist(s) 

Thysanoptera Phlaeothripidae msp 4 Triplehorn and Johnson, 2005 

Thysanoptera Phlaeothripidae msp 5 Triplehorn and Johnson, 2005 

Coleoptera Scarabaeidae larva Triplehorn and Johnson, 2005 

Coleoptera Scarabaeidae msp 1 Triplehorn and Johnson, 2005 

Coleoptera Scarabaeidae msp 2 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 1 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 2 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 3 Triplehorn and Johnson, 2005 

Coleoptera Staphylinidae msp 1 Triplehorn and Johnson, 2005 

Coleoptera Staphylinidae msp 2 Triplehorn and Johnson, 2005 

Coleoptera Trogidae msp 1 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp4 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 5 Triplehorn and Johnson, 2005 

Coleoptera Scarabaeidae msp 1 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 6 Triplehorn and Johnson, 2005 

Coleoptera Tenebrionidae msp 7 Triplehorn and Johnson, 2005 

Diptera Sciaridae msp 1 Triplehorn and Johnson, 2005 

Diptera Phoridae msp 1 Triplehorn and Johnson, 2005 

Diptera Phoridae msp 2 Triplehorn and Johnson, 2005 

Diptera Cecidomyidae msp 1 Triplehorn and Johnson, 2005 

Diptera Ceratopogonidae msp 1 Triplehorn and Johnson, 2005 

Diptera Muscidae msp 1 Triplehorn and Johnson, 2005 

Diptera Therevidae larvae Triplehorn and Johnson, 2005 

Diptera Lauxanidae msp 1 Triplehorn and Johnson, 2005 

Diptera Psychodidae msp 1 Triplehorn and Johnson, 2005 

Diptera Sphaeroceridae msp 1 Triplehorn and Johnson, 2005 

Diptera Ceratopogonidae msp 2 Triplehorn and Johnson, 2005 

Diptera Phoridae msp 3 Triplehorn and Johnson, 2005 

Diptera Ceratopogonidae msp 3 Triplehorn and Johnson, 2005 

Blattodea Termitidae msp 1 Triplehorn and Johnson, 2005 

Hemiptera Cicadellidae msp 1 Triplehorn and Johnson, 2005 

Hemiptera Cicadellidae msp 2 Triplehorn and Johnson, 2005 

Hemiptera Cicadellidae msp 3 Triplehorn and Johnson, 2005 

Hemiptera Reduviidae msp 1 Triplehorn and Johnson, 2005 

Psocoptera Pachytroctidae msp 1 Triplehorn and Johnson, 2005 

Diplura Japygidae msp 1 Triplehorn and Johnson, 2005 

Annelida Annelida msp 1 Triplehorn and Johnson, 2005 

Arachnida Oonopidae sp. 1 Haddad 

Arachnida Trachelidae sp. 1 Haddad 

Arachnida Gnaphosidae sp. 1 Haddad 
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