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i. Abstract

Soil erosion and wildfires arserious 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 orographicreatind expanses grassland habitats.
Various conservation strategies are employed by Park Management to lessen the effects of these
environmentalfactors, including instating regulgprescribed burn regimes fograsslands and
construction of rehabilitatiostructures in eroded localities. While teiects @ fire and erosiorare
investigated across a variety of habitatgl dauna, little attention igiven to their effects on seil
dwelling arthropods. Theverall objectivevas to determine the state oflsthivelling arthropods across

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

Chapter Zaimed at determining the impact of prescribed burning ordse@lling arthropods
in an Afromontane grassland habitat, by comparing assemblage patterns and responses of species
richness and divetsi between a single burnt and Rbarnt locality. Soil atiropod assemblages were
more species rich and abundant in the burni with a higher number apecienly observed in the
burnt site overallThe studyhints at fires creating a preferable niche for soil arthropods adapted to

frequent fires in the fe-prone landscape.

Chapter Zattempted to identify possible indicators of erosion in the GGHNP, and to determine
differences in soitlwelling arthropod assemblages found in-nehabilitated and rehabilitated eroded
sites IndVal results indicated a sirgbtrong indicator species, the nifjgeleorchestes meyeraleeron
andRyke, 1969, relevant to neehabilitated sites, suggesting that soil enpiods show potential use
in grading changes in soils dhe GGHNP.Statistical modellingdentified phosphorusas having a
significant negative correlation on species richness in both rehabilitated amdhadnilitated eroded
sites. These results form a basis for future investigations of erosion in the GGHNP, while also indicating
that soil mineralogy in conjunioin with soil arthropod richness may provide sufficient usability in

monitoring strategies of erosion.

Vi



In Chapter 4the changes in soil arthropod assemblages in areas with implemented erosion
rehabilitation, namely roclvall gabions near dirt roads in t&HNP, was examinedResultsshowed
that arthropod species richness significantly interacted with increased sedimentipbiiidthe
rehabilitated sites as well as with ssite position around the gabions. The findings of this study
suggests that, if copared to an older rehabilitated site, raeéll gabions could have an indirect effect

on soitdwelling arthropods, possibly through the resulting sediment-opildverthelong-term.

In Chapter 5, theemewal of deteriorated erosiorhaedilitation structuregprovided a unique
opportunity to study the effect of major restructuring of a site and subsequent implementation of
alternative rbabilitation structures on sailwelling arthropodsBoth soil arthropod species hitess
and diversig washigher 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 assergbBkin this single sitever a ninemonth period, but is not conclusive
as to the effects that a major disturbance, such as land reformation and renewed rehabilitation

implementation, may have ovérelong-term.

Fire-treated and nerehabilitated eroded sites show a surprisittigoaite in that these habitats
support a greater soil arthropod species richness and abundance than natutdlesitesites show
potential asmportant environments that act asique niches in the GGHNP, vital to supporting soil
arthropal diversityin the soilenvironmeng 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 artlropods to these areas.

Keywords Conservation; Erosion; ErosioreRabilitation; Fire; Golden Gate Highlands National Park;

Grassland; Indicators; Mineralogy; Soil Arthropods; Soil Biota

Vil



il. Acknowledgements

1 Thank you to my supervisors, Dr Vaughn Swart, EInile Bredenhand and Prof
Charles Haddad for all their suppastipervision and input during the course of this
project

1 This work was financially supported by the Afromontane Research Unit (ARU),
University of the Free State (Grantholder: Emile Bredenhand), and the National
Research Foundation (NRF) (Grant Numben1$80528335602).

1 Thank you to South African National Parks (SANParks) Scientific Serfacesxcess
to the Golden Gate Highlands National Park (Permit no.: VDMES1&g@endix J,
as wel |l as the University of t heentbr ee Si
conduct this project (UFEISD2017/0074Appendix 2.

1 Thank youto Mr JarAndries Neetling, Dr Charlene Jani@theepers, DMikhail
Potapov and Miss Hannelene Badenhorst for assistance in identification of arthropod
type material. A big thank you tBr Daryl Codron for providing advice and assistance
with statistical analyses.

1 Thank you to the support staff at the Department of Zoology and Entomology at the
University of the Free State, Bloemfontein Campus, for administrative and technical
support.

1 Thank you to my colleagues, friends and family for having faith in my capabilities.

1 A special thank you to Mr Jason Lee Bothdave of my life and best friend, for

assisting in many aspects of field sampling and providing laboratory support.
9 Last, butdefinitelynot least, the Lord is good, and | thank Him for carrying me through

it all.

viii



Chapter 1.

General Introduction




1. General Introduction

The Golden Gate HighlasdNational ParkGGHNP) in the astern Free Stairovince
is affected by many factors of disturbance, exacerbated by increased tourism numbers and
vehicular traffic through the park (SANParks, 2013)e park is more well known by tourists
for its beautiful sandstone ff6 and historically for its rock paintings. However, in recent years,
scientists haw started investigating terrains in the GGHf\&m an ecological perspective,
finding mechanisms to increase conservation success, and ultimately promote sustainability in
the area. This has given rise to mudligciplinary 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 dfehi@ pressures that the
people endure (SANParks personnel, personal communicationt) 281&y 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 ofidfecial fauna. Asnany types of disturbances affect
the GGHNR 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 gsifil 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 asemblages. 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 MBeroy, 1988; Brady, 1993;
Grab et al.,, 2011). This leaves an information gap on the soil arthropods wiig be

associated with erosion areas. In addition, monitoring of soils in erosion agsheir

1D. Nariandas, verbal communication, Senior Section Range/Conservation MaGajaen Gate Highlands
National Park, 22 August 2019.



associated soil biota assemblages after erosion mitigation or rehabilitagtioften not

considered and studied.

1.1 History of the GGHNP

The formation of the park was first discussed in 1962, incorporating the farms
GladstoneWilgerhof Golden GateGlen ReeneandWodehousévanRensburg, 1968) on the
western sectors of the present par kadsforbor der
the deelopment of the first nationabpk in the Free Staterovince, South AfricaThis intial
core area of 1792 himrmerly became the Golden Gate Highlands National Park in 1963
(SANParks, 2013). Over the years, the park increased 630 Ta 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, esitizatjacent to the
easterrborderof the park was to be incorporated into the GGHNP, in anréetio transform
the park into a more impactful environmental management unit. The incorporation was
finalised in 2008, increasing the park to 32 7&&hd enhancing the biodiversity value of the
park (SANParks, 2009). The Qwaqgwa National Park was form&€91, 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 asts@ming from the
inhabitants who regularly grazed their livestock ented 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 stiléllowing agricultural livestock to graze in the protected area
(Rademeyer and van Zyl, 2014). Today, several livestock flacksseen throughout the

GGHNP, with many animals aggregating in areas already under heavy grazing stresses. In



addition, daily moement 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 resoce, South African National Parks (SANParksnagement made it an active
objective to inform, engagand employ the community in conservation directives (SANParks,
2013. The @rk has had a level of success in past endeavoursetogegge the surroundjn
community in an initiative to educate and inform on conservation management practices. The
Expanded Public Works Programme (EPWByether withthe Working for Water (WfW)
initiative, created funded projects to both educate the community and provalaanelief
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 investmera into
neighbouring community by the national park, while at the same dineetly 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 rehabilitatesd 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., 201XGerlach et al., 2013viuhumuza and Balkwill, 2013). Some nat#&
parks in Southern Africa have had several groups of faunal and floral assemblagdstaueck
and studied (e.g. Kruger National Park: Obermeijer, 1937; Brynard, 1961; Pienaar, 1963a,b;
Lawrence, 1964; Pienaar, 1964, Lawrence, 1967a,b; Pienaar, 186&aR 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

4



and Samways, 1996; Foxcroft and Hoffmann, 2000; Setitd., 2000; Dippenagchoeman

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 hetpauna (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, 197&an Hoverand Boomker, 1981; van der Walt arah\Zyl, 1982; Earlé and
Lawson, 1988; Reilly et al., 1990; Hutsebaut et al., 1992; Novailk Knight, 1994; De
Swardt and &n Niekerk, 1996; Avenant, 1997; Russell and Skelton, 2005). This excludes
studies into soil @hropod ecology, as some studies are available for the geomorphobbgy an
soils of the GGHNP (Groenewall986; Grab et al., 2011; Telfer et al., 2012), but no studies
areavailable looking intdarge groups o$oil arthropod species associated with eaesys in

the park.

1.2 Soitdwelling 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 oganisms, with many of theremainng understudied
or unidentified However, soil mes@and marofaungplay strong roles in nutrient cycling, food
web dynamics and disease oppressidardle et al., 2004\Vurst et al., 2012Bardgett and
van der Putten, 20}4as well as can be linked meonitoring factors ultimately contributing to

human health (Wall et al., 2015p0il arthropods, falling under mesand macrofaunal



classification, are integral to the functioning of ecosystems, with a variable abundance and
diversity of soil faunal popations recorded in different landscapes (Madson, 2003; e.g.
Lavelle, 1996; Huhta et al., 1998; Vanbergen et al., 2004l et al., 2012 In addition, many

of these groups may display a level of sensitivity to environmental change. For example, soll
mites (Acari) have been fassed on as biomonitoring indicatodsie to their displayed

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

The use of soitlwelling arthropod groups as bioindicators of soil status has been
debated and studied thighu recent years (e.g. Cortet et al., 1999; Dunger and Voigtlander,
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 Aftica sti
remain poorly studied, with few investigationsdegssing this gap in knowledddanion
Scheepers et al., 2018)his especially proves to be the case in national parks, with studies in

the GGHNP limited only to certain taxa.

1.3Controlled fires innational parks

Fires were initially thought to be devastating occurrences, drastically altering
environments with undesirable effecésd greatly affecting fauna and flora (Kozlowski and
Ahlgren, 1974). This was patrticularly true for environments that were suddenly experiencing
increased irregular burnings across the world. H@wnat was not long untilesearch in other
types of ecosstems started uncovering the mechansisn which fire plays a role wittegards
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 exampleynies f
ecosystem, unique among Mediterranggre ecosystems in its natureoth in terms of

biodiversity and management techniques needed, relies on variable degrees of fire to maintain



its diversity and control encroachment by alien plant species (vagehvédt al., 1994; van
Wilgen, 2013). @ntrolled 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 limitingrgzing contropromotestherestoration 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; Pifol et al., 2005). It is widely accepted that prescribed burnings may mitigate larger
burn risk and may reduce the intensity and magnitude of larger runandiiyes 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 tirdeiratiate planned prescribed burns
based on the highest recorded biomass (SANParks personnel, personal communicafjon, 2019
These burnings greatly affect the intensityfofure wildfires, limiting the degree of fire
damage In certain cases, parkndsapes would have to be burned a yearly basjs
specifically during the drier months of June and July. Nonethefess, area natural
occurrence in the GGHNP, and formvital part of regulating its ecosystems (SANParks,

2013).

Fire and its effects ofauna and fire application have been strongly debated over the
years (Kozlowski and Ahlgren, 1974; Neary et al.020Pifiol et al., 2005), but with few
studies done othe effects that fire may have on sdwelling arthropodsn South African

grasslandsThis brings up a ratheurprising gap in knowledgas firesaffect soils in various

2D. Nariandas, verbal communication, Senior Section Range/Conservation MaGadgen Gate Highlands
National Park, 22 August 2019.



ways depending on its intensity and the nature of burnable biomass in an area (Neary et al.,
2005). These can ihale soil propertiessuch as soil temperature and moisture, organic matter
content, and mineralogy (Kozlowski and Ahlgren, 1974; Debano and Conrad, 1978; @onzale
Pérez et al., 2004). It assumed that, as the nature of soils may be altered during and after the
application éfire, 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 effea ohfir

soil-dwelling assemblages.

1.4 Soll erosion in South Africaehabilitation and mitigation of erosion losses

There area number of environantal issues that playsagnificantrole as causative
factors ofenvironmental problems in South African landscapes, ranging from different levels
of land degradation to water resourceeats (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, 198; Meadows, 2003; Pimentel et al., 2004; Duran Zuazo and Rodriguez
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 effedise.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; Comptal.e2010). Although soill
erosion is a topic ofmportancein South Africa, many erosion rehabilitation methods,
specifically in natural areas, concentrate more on prevention of siltation and sedimentation of
nearby water bodies (SANParks, 2013), rathantthe actual effects on soils. Furthermore,

monitoring of factors that may actively contribute to soil degradation overall is mainly focussed



on agricultural or mining settings (e.g. Carrick and Kruger, 2007; Hoffman et al., 2014; Lal,

2015), and not nessarily 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 expect@henomenon 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 eveoresent threat of global climate change shifting rainfall
frequency, intensityand patternstherebyaffecting the intensity of resulting soil erosion
(Monlar and England, 1990; Nearing et al., 2004). The GGidNPnational prk known for
its high altitude mountain formations, with deeply eroded sandstotoeoppings 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 lossesh§tts, 1969). This makes the GGHNP a site of
interest when investigating erosion, as mameats of erosion can be investigaited number
of site types. Despite this, little to no known studies have been conducted on erosion and the

effects of erosionahabilitation on soil communities in the GGHNP.

For many years, South African studies and reviews into tlgfadation and soil
erosion havéeen centralised around agroecosystem studies and the direct effect of erosion on
soil properties and soil losss avell as plant growth (e.g. Lal, 1995; Le Roux et al., 2007;
Mhangara et al., 2012). Howevether studies have brought emphasis tahkeactual role of
soil biota in soil health (Orgiazzi and Panagos, 2018). In order to understand the communities
of s0il biota and their responses in varying terrains, community structure and change under

different conditions need to be investigated.



1.5General overview of thesis

This thesis is presented in the fowhfour research chapters, dealing with interlinked
topics regarding soiliwelling 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 deperalthe 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 broadims to investigate sedwelling 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 Afromoatssiargt

landscape

While grassland wildfires and prescribed burning regimes are a constant occurrence in
the mountainous landscape of the GGHNP, its impact orda@lling arthropods is unclear.
Thus, Chapter 2 aimed to determine the effect olhawa pescribed burning regiman soit
dwelling arthropod assemblages in a montane grassland landscapgparison to an unburnt
locality (B/NB, Fig. 1.1) To determine such effects, assemblage compositions, species
richness, diversity and abundance were evatlaver a 1Anonth period, pogburning. This
chapter also attempted to correlate assemblage diversiggee to recorded soil mineralogy
and environmental factors, to determine how soil arthropod assemlalegenpacted by soil
moistureandmineralogy This chapter contributes to a large gap in knowledge in literature on

the consequences of fiod soil arthropod abundance and diversity, relevant to the GGHNP.
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Golden Gate Highlands National Park, Soil types
oo o R—
- ACp Plinthic Acrisol
- LPe Eutric Leptisol
. LPq Lithic Leptisol
D LVh Haplic Luvisol
D LXf Ferric Lixisol
- LXh Haplic Lixisol

Site code Descriptors

Site 1 NRE

Site 2 NRE

Site 3 RE

Site 4 RE

Site 5 NAT

Site 6 NAT
Burnt Site
Non-Burnt Site
A1/A2 Rock-wall Site A
B1/B2 Rock-wall Site B

ZWO O A WN =
us)

10 km

Fig. 1.1: Map of the Golden Gate Highland¥ational Park (GGHNP), showing sites @stigated during this

thesis, as well adescribed soil types, in accordance to FAO90 major groups and soil type codes and descriptors,
within the park.NRE - Nonrrehabilitated eroded site; RErehabilitated eroded site; NAT Non-eroded
undisturbed siteSoil 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: Soitlwelling arthropods as indicators of erosion in a South Africassimnd

habitat

This chapter addresgéherelatively unexploretbpic of soil arthropods in eroded sites,
in an attempt to identify possible saivelling arthropod indicators of soil erosion.
Additionally, the difference between noehabilitated andrehabilitated eroded site soll
arthropod assemblages in the GGHNPswavestigateqSite 1 6, Fig 1.1) Using species data
from the study sites over a -2donth period, diversity indices values, abundances and
significance test results were compared totifesignificant 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 raagbr soil mineralswith best fit tests done for
each generated rdel. This chapter serves as a starting point for bioindication studies in the
GGHNP, as results suggest that soil arthdspdogether with sorhineralogy, can be used as

a method for defining erosion sites in the area.

Chapter 4: Effect of gabions onildoiota 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 pld&aesAt1A2
and B1B2, 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 sopatth
groups and the site types were analysed for significant differences between rehabilitated and
nonrehabilitated eroded sites. More importantly, this chapter briefly discusses the effects of
sedimentation on arthropod species richness, highlightiagnded 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 sethod

soil biota in a South African grasslahdbitat

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 onisalwelling 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 asa@tenaccurrence,

12



responses of soil arthropoduadalance and species richness veaaralysed 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: GeneraliBcus$on

In the final chapter, the results obtained from the four investigative studies are
discussed, with emphasis on the implications of the most significant findBagee insight
into the overarching themes of the resats giverbased on conservation sgies already in
place in the parkandrecommendations regarding conservation management of eroded sites

and fire regimes in the GGHN&e 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 saiddee grounedwelling

fauna, while the impacts it has on biota occurring bejosund are often raly studied. This

study focussed on the effect of a prescribed fire on thedaalling arthropods in a montane
grassland habitat in the Golden Gate Highlands National Park, South S&riceamplesvere
obtainedmonthly from June 2017 to June 2018nfra scheduled burrand norburnt site.

Overall, 595 soil athropod individualswere sampledover a 12month posffire period,
representing 38 families and 67 morphospecies. Soil arthropod abundance and species richness
decreased considerably directly péist in the burnt site. Overall, species diversity was higher

in the nonburnt site (H = 3.04) compared to the burnt site (H = 2.34), but species richness and
abundance were consistently higher in the burnt sitefpesDifferencesin trophic structure

for each site was observedith 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 assembldgas. was significant
correlation between changes in soil mineralogy and soil arthropod diversity amsegp fire.
However, the data does not imply that these changes affected soil arthropod assemblages in

this area detrimentally.

Keywords:AbundanceBurning, ManagementMineralogy,Postfire, 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). Hoytbedull 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 iotobial, mese and macrofaunal soil life are also
dependent on the fire severity and environmental conditions experienceftteo@Ritz and
Young, 2004; MatiasSolera 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 largescale disturbances such as wildfires (Buddle et ab5R@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 tacticThis is donemainly to promote vegetain regrowth and prevent more
intense fires from sweeping through fpeone areas, which would normally cause unintended

damage and faunal casualties (Trollope, 1993; Raabs and Pivello, 2000).

The Golden Gate Highlands National Park (GGHNP) in teeea Free Statérovince
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. Patdanagement regularly es 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 wetintrolled prescribed fires can have a highly complex
effect, dependent on the ne¢ 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),
paricularly 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., 2@G8Bnberg et al., 2006).
Other investigations have reported a varied effect on arthropod biodiversity on affected areas
after 12months postire, suggesting that the effect of fire is dependent on the tolerance of
species found in investigated areawé€8gel, 2001; Camann et al., 2008; Pryke and Samways,
2012; Haddad et al., 20159)he impact of fire on soil faunal groups in South Africa have been
investigated to some extent, showing varying respansdifferent faunal groupge.g.Parr &

Chown, 2001Hugo-Coetzee &Avanant, 2011JanionScheepers et al., 201 ®ut few have

been donen the larger soil faunal populatiomsthe GGHNP.

Soil invertebrates provide vital ecosystem services at both plot and landscape scales,
but are largely overlooked wheonsidering 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
dedah 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 Seamarn,i@Melcome
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 considew trophic structure changes. Despite the
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significant role that soitiwelling 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.dd 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 adess the effect of a prescribed fire on ghilelling arthropods
in a grassland site ofi¢ GGHNP in the Free State ProvinSeuth Africa,for advising Park
Management in conservation strategies and future analysis. Considering that this was a small
scaleinvestigation 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 pdflrthermore, the implications of the fimdjs
are briefly discussedt 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 soilogahr diversity due to heat
effects, as well as increased pyrogenic organic matter depositiechyrastg (Kozlowski and
Ahlgren, 1974; Knicker, 2007; Bird et al., 2015), and (3) soil arthropod taxa and functional
feeding groups would show differential pegsises to fire, with some taxa showing more
resilience to prescribed fire (Malmstrom et al., 2008; Gongalsky and Persson, 2013; Pressler et

al., 2019).

2.2 Materials and methods

2.2.1Study area and period

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

Province South Africa, which borders with Lesotho. It covers an area of approximately 340
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km? and comprises many deeply eroded sandstone outcrops and cliffs, alongside large expanses
of undisturbed grassland hills andlleys. The Park is situated in the Rooiberge of the Free
StateProvince i n the foothills of the Maluti mount :
the Ribbokkop at 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 unit€Ea$tern Free State Sandy, Northern Drakensberg
Highland and Lesotho Highland Basalt grasslands (Mucina et al., 2006). Soilgylaye h
variable in the GGHNP, with several different groups of soil types described in the park
(SANParks personnel, personal communication, 2038pplementary material, Chapter 2

Fig. S2.1). It is currently chareterised as the only grasslarationalpark 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 peakéeatures reaching betweeri 30

38°C, while winters are cold, with minimum teesgtures frequently betweeh0i 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 twldferent areas: 1) an open grassland unaffected by
scheduled fires carried out by the South African National Parks (SANParks) Authorities (S
28A28.8336, E 28A43.28006); and 2) an open grf
burning carried out bythe SANParks Authorities as per conservation regulations (S
28A31.2136, E 28A38.36206). Sampling commence
July 2017, to gather baseline conditions for both sites, and continued until Jun®&&20%8es
per site ype were selectelolased primarily on similarities in the composition of grass species,

to ensure comparability of the results.

1 C. Simms, electronic communication, GIS/RS Anal8buth African National Parks, 18 September 2019.
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2.2.2Soil biota sampling

In order to determine the relevant soil maaod mesofaunal groups to monitor the
health of the invdggative sitesasol arthropod survewas conductetb identify the species
in each area and observe occurrence patterns ovelStiheamplesvere takerfrom the field
andextracted througla BerleseTullgren funnel (Triplehorn andohnson, 2009adenhorst,
2016)to isolate arthropod specimens over a course of twelve months, to avoid overlaps with
t he next year 6sAnpndivedsat so0il sarepte wids wefimed as @ soil nmafss
between 80 and 500 g eadinom the top 10 cm of soil anditin a 10 cm radius of a chosen
samplingspot. Tersoil samples were taken arandompattern, at least 5 m apart, in each site
every month to determine changes over time. Eaaemple was then transported to the
University of the Free State, BloemfonteBouth Africa, and placed into individual Berlese
Tullgren funnels with connected storage bottles containing 70% ethyl aldaHigirén, 1918;
Triplehornand Johnson, 2005; Badenhorst, 2016). Extractions proceeded for a period of seven

days to allow fossufficient soil arthropod extraction.

Arthropods were sortedccording to order, family and morphospecies, with special
consideration given to groups of Collembola (springtails), soil mites (Mesostigmata,
Prostigmata, and Oribatida) and other InsectaoMsgil 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 fothe area (Formicidae, Collembola, oribatid, mesostigmatid and
prostigmatid mites). In adiibn, all specieswere allocatedto functional feeding groups
(mycophages, phytophages, saprophages, omnivores, bacteriophages and predators) to monitor
changes inrbphic structure at each site (Bardgett and Cook, 1998; Brussaard, 1998; Triplehorn
and Johnson, 2005; Badenhorst, 2024l Collembola type material was stored the Iziko
South African Museum, Cape Town.
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2.2.3Soil analysis

Additional soil samplewere takerfrom each study site for mineralogical analysis in
order to track changes mineralogy @er 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 samplingapbtsiteevery
four months during the study perioamples were processed and analysed ushngyX
Fluorescence (XRF) major elemeaalysis(SiOF, AIFOf, CaO, KO, TiOF, FeFOf, MgO,
MnO, FFO4, NaFO, % Organic Matter based on Loss on Ignition (LQIxarried out by the
Department of Geology, University of the Free State. In addgmhtemperaturandmoisture
were recorded from the topsoil layefi {@ cm) using a handheld SMID0 moisture and
temperature probe.difall, per monthwasalso recordedover the posburning period of the

study.

2.2 .4Statistical analysis

To determine whether controlled burning has a significant effect on soil biota
assemblages, alpha diversities using ShatWi@mner diversity indices and Chaol estimators
were calculated per treatment site, for overall data, using EstimateS version 9.1.0 (Colwell,
2013). NoAametric Multidimensional Scaling (3D) ordination using the B€&yrtis similarity
index was used to determine the patterns of similarity in soil arthropedhatages between
the burnt and noeburnt sites over the 31onth posturning period using the Vegan package

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

Analysis of similarity (ANOSIM) with BrayCurtis similarity index was also used to
determine differeres between soil biota assemblages of each treatment site using
Paleontological Statistics (PAjTversion 3.25 (Hammer et al., 2001). This analysis was

performed using logransformed abundance data (log10(n+1)) with 9999 permutations.
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Additionally, a diersity ttest was conducted using the species abundances -of one
month before prescribed burning was scheduled, and of the final montbuyposttwelfth
month) to determine whether the burnt site assemblages had recovered to a similar level as seen
in thepre-burn monthA similar testwas conductedn the same criteria for the nburnt site.
This diversity ttest compared the Shanna@viener diversities of the two months, utilising the
species abundances present in each, by usibgsadescribed by Pao[(1974). The Shannon

indices from this test include a bias correction term.

In order to quantify the possible effects of changes in soil mineralogyfipsin soil
biota assemblages, Linear Mixed Effects modelling was conducted on rank Sivelieman
diversity indices from the sammlenonths in which soil samples were taken, with time as a
random factor and treatment and subsequehthsaeralogy (11major mineraly as fixed
effects. Similar modelling was performed using soil temperature and soiluneoigtach
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 individualsrere sampledver the 12month posfire
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
nonburnt site retained a higher diveaysthan the burnsite More than half of the species
collected from each treatment were unique to that specific treatment (Table 2.1).
Representative soil biota groypsampled one month before the commencement of the

scheduled firan July 2017 decrease sharply after the burning, with both abundance and
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richnesgdeclining after the firencident(Fig. 2.1). Of interestan influx of species individuals

of a single taxon causedspike in abndance, observed in Novembgpecifically an increase

in a prelatory mite of the family Dermanyssidae.

Table 21: Total number of individuals, observed species richnegs) @hd calculated species

diversity (Shannon H andc®.07, from pooled overall totals of all species sampled over the 12
month posffire period for the burnt and ndournt sites. Number of unique species for each site
is indicated from overall data.

Individuals Sobs Shannon Schaol

Unique specie

Burnt
Non-burnt
Total

440 48 2.34 71.75
155 39 3.04 50
595 67 - -
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Fig. 2.1: Observed (a) species richness with monthly rainfall, and (b) abundance of
burnt and nofburnt soil arthropod assemblages over therooath prefire and 12
month posffire period(burning occurred during the month of July).
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Approximately 77.31% of all sobiota 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 Rbarnt site were more evenly distributed, with
the most dominanteeding groups being mycophages (21.29%), predators (16.77%), and

bacteriophages (15.48%) (Tabl&)2

Table2.2: Total trophic abundance and species richness, from pooled overall totals of each site
over a 12month posfire treatment, for the burrind norburnt sites.

Trophic abundance Burnt % Non-burnt % Total %
Bacteriophagous 4 0.90 24 15.48 28 471
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
Trophicspeciegichness

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 2 541 5 7.46
Total 48 100 39 100 67 100

Although numbers of ants (Formicidae) samptethe burnt and neburnt sites were
similar, their proportional abundance was nearly three times higher in thbunursite
making up 33.55% of the arthropod abundance; their species richness was also noticeably
higher in the burnt site (Tab23). Collembola proportional abundaneas simiarly low in
both treatments (<€4), but both their actual abundance and species richness were more than
double in tke burnt than noiburnt site Oribatid and mesostigmatid mites were more abundant,
proportionally abundantand 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

abundangroup in the notburnt site(Table2.3).
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Table 2.3: Total number ahajor soil arthropodyroup abundance and observed species richngsy (Bm
pooled overall totals sampled during therh@nth posffire 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 assemblageébetween the two treatment siteere 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 thefippgteriod, but the month assemblages in
the burnt siteshowed less variation, indicating a possible shift towards more resilient species

groups withn the burntsite Fig. 2.2).
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Fig. 2.2 Non-metric Multidimensional &aling (3D) ordination of soil arthropod
assemblages samplédm the burnt and nehurnt sites over the i@onth posffire
period.
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Comparisons of the effects of recorded soil mineralogy on arthropod diversity showed
that minerabgical changes in the burnt sitad a significant impact, whileariables in the nen
burnt sitewere entirely nossignificant (Table2.4; Supplementary material, Chapter 2, Table
S2.7). In the norburnt site soil moisture (t = 1.455, p = 0.152) and temperature-{t 364, p
= 0.179) did not affect soil arthropod divergiSupplementarmaerial, Chapter 2, Fig. S2.2)
The burnt site, while showing no significance against soil moistured(824, p = 0.747), did,
however, indicate a significant effect of soil temperature on soil arthropod diversig/. {38,
p = 0.037). The diversitytest showed a significant difference between the Shawiener
diversities of the onenonth prefire and twelftamonth posfire (t = 3.556, p = 0.001), with
the twelfth month possessing a lower diversity. However, results of théurah site also
showed significance between the two months (800, 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 structurthaatbhethe effect

of the burning.

Table 24: Resulting pvalues of general linear mixed effect models testing
links between soil arthropod diversity and changesoih mineralogyof the
burnt and notburnt sites.

p-values

Soil mineralogy Burnt Non-burnt
SiOF 0.025* 0.567
AlFOF 0.359 0.839
CaO 0.009** 0.346
KFO 0.973 0.341
TiOF 0.959 0.835
FeFOF 0.006** 0.595
MgO 0.016* 0.977
MnO 0.031* 0.089
PFO4 0.046* 0.813
NaFO 0.127 0.857
% Organic Matter(LOI) 0.048* 0.837
pvalue significance : 0.001
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2.4Discussion
2.41 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 theurfaceactive grounedwelling fauna (Richardson and Holliday, 1982; Wikars
and Schimmel, 2001; Hanula and Wade, 2003; Sagrtnain et al., 2005; Frizzo et al., 2012;
Haddad et al., 2015), while the impacts it has on biota occurring fgglmwnd are often
overlooked (Malmstréom et al., 2008). This is most likely due to swdatiee arthropods
affected at the time of burning, whereas soil arthropods are widely affected by the resulting
soil changes podire (McCullough et al., 1998). Nonetheless, sildling 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., 199%; Behan
Pelletier, 1999; Nakamura et al., 2007; Santoaifal., 2012). During our study, soil arthropod
species richness and abundance of the burnt site were noted to decrease dramatically
immediately posfire, consistent with results from other fire treatment studies (Swengel, 2001;
Coleman and Rieske, 200dalmstrom et al., 2008However, 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 theGGHNP, 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?) 20h@se
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

2D. Nariandas, vbal communication, Senior Section Range/Conservation Man&m@den Gate Highlands
National Park, 22 August 2019.
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(Zaitsev et al., 2014). However, idha greater diversitin the nonburnt site was seen during

this study, a higher abundance was nbhe oppositavas seen in thburnt site. This was an
interesting occurrence as usual observed patterns of fire disturbance see a lower abundance of
soil biota in burned localitiee.g. Kim and Jung, 2008; Malmstrom 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 grouh, postfire. 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 dridssgrablages

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 btenvas observed to differ
between the onmonth preburning and twelfttmonth posturning, with observed richness
and abundance of the tweklthonth being lower. It could be considered that an adequate
recovery point was not necessarily reached at the wihthe 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 gne levels ayear after burning. This suggests that there is a taxon
determined effect dependent on tolerance and dispersal ability afwssliing arthropods.
Disturbance is a primary factor contributing to spatial and temporal heterogeneity of
communities (Walker2012). 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 (Maal3 et al., 2014). This, in turn, contributes to angrafehe
assembly process, which remains variable in regards to specific species and their formation of

assemblages. However, with comparisons between the burnt atdimarsites regarding the
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diversity ttes showing similar trends, it coulde arguedhat 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 durinigis study, it could be hypothesised that changes irds@lling
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 andcompetition tradeffs 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;

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

2.4.2 Soil attribute changes on soil arthropod diversity

Significance results showed a possible relationSiefveen soil arthropod diversity
and soil temperature over the pfis¢ period within the brnt, but not nofburnt, site While
previous studies have found that soil moisture correlates strongly with changes in soil arthropod
assembl ages (O6Lear and Bl ai rasnolt@&idurstud/hi k os k
A possible reason forithcould 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 levelbwaftang within

the site Supplementary material, ChapterR2g. S2.2).

Annual prescribed burning regimes have a varied impact on soil conditions compared
to biennial burning intervals and their lotgym counterparts (Pivello et al., 2010; Alcafiiz 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 matdg 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).Hanges in soil mineralogy, because of burntag, be long

term, and changes brought aboutly fires can alter an ecosystem (Klopatek, 1987; Knicker

et al., 2006; Knicker, 2007). Sidimant effects of soimineralogy on arthropod diversity in the

burnt site may support the theory that soils within the prescribed burnt site may have been
alteredby yearly treatments, subsequently affecting the nature of assemblages that are able to

survive under the altered conditions.

Although certain soil mineraisere indicated to be of significance when correlating the
effects of soil conditions on soil artpoddiversity in the burnt sitet 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 prescribe
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 startingf@ostil 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
(Harpe et al., 2000). Results froour studyshowed differaces between burnt and nbarnt
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 etla 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 posfire compared to the nelpurnt site. The adaptive feeding behaviour of rsogt
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 artlsriopidg GGHNP in respect

to their interactions in a food web context, the pressueggptay 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 occurrednfivehs posftire during our
study. McSorley (1993) observed similar occurrences, in which omnivorous nematodes and
predators increased in a single site gost while mycophagous nematodes declined
suggesting responses of functional feeding groups to fire arepsitefic. Additionally, other
groups may have fluctuated during the month before sampling due to regenerating vegetative
growth, leading to the subsequent increase in predators (Kimuagg 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 @flatons (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

(Malmstrém 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
(BehanPelletier, 1999). Previous studies have shown tdbaites 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 aled conditions brought about by fireSimilar results were
observed by Hug&oetzee and Avenant (2011), with little effect of fire on most species of
mites recorded four months after the treatm@nibatid mites are typically more armoured
than other sdidwelling taxa, resulting in increased protection against factors, such as

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

Prostigmatid mites have been found to show a stronger tolerance to unfavourable
conditions (Gergoc and Hufnagel, Z)pPwhich 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 dbatid 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 (Clappeatgon et
2002). Similarly, it can be hypothesisé 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 Collemboldspringtails)

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

varying responses to disturbances between family groups (Barbercheck et al., 2009). The soll
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conditions of the study sites within the GGHNP may not haveutagbcollembolan 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 theirabir states (Huebner et al., 20IR)is 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 ass#hsingites

within the park

24.3.3 HymenopteraFormicidae (ants)

Ants are effectivandicators in ecological studietue to their varied behaviour and
wide range of habitatd®arr and Chown, 200Ribas et al., 2012). Opportunistic groups tend
to respond at a fast rate to frequently disturbed sites, and abundances are usually dapendent o
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 airdespite limitations
to specific food resources pefse (Pressler et al., 2019). A large abundance and species
richness of formicid groups found over therh®2nth posffire period in the burnt site could
suggest that these arthropods acted upon ptgnbwth over time with subsequent change in
conditions and larger availability of food sourc&his hints at the possibiese of ants ithe

GGHNP for longterm monitoring of the effects of fire disturbance extent and frequency.

The absence of other indegroups 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 incehtal, as these individuals greesent in small numbers and only for
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a short part of their development (Stork and Eggleton, 1992; Pfiffner and Luk3, RORght

of this, it can be suggestd that only Collembola, Formicidae and Acari groups should be
investigated when monitoring soil arthropod activity for the use @hdication 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 physipdal 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 functionaldeding groups and soil arthropod taxon responses, is necessary to

draw any conclusive findings.

2.4.4 Implications of findings

Fire isan important factoin 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; LecOered

2014).

Prescribed fires in the GGHNP are performed on the recommendation of SANParks
associated ecologists, based on each areads
and burning season. Burning frequencies are dependent on risk asseaathantthe case of

the burnt study site, the need for fire breaks near infrastructure, and are therefore different for

47



each burning site within the park (SANParks personnel, pdrsonanunication, 2019. In

this study, tle percentage of soil organic ttex 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 factos (e.g. site location, soil type differencesc.), and may not necessarily be
attributed fully to the effect of fire. It is possible thgitien that assemblages showed increased
abundance and diversity in tharht site,fire could promote soil ppulatons, 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 protetsreas should be considered, as the
full effect of repeated burnings upon soil arthropods and their functions within GGHNP
grasslands is still unclear. Lottgrm monitoring of the effect of prescribed burning on soil

arthropod assemblages becomes necgsséhnis regard.

2.5 Conclusion

The results of this study supported the hypotheses pwafdrin thatsoil arthropod
abundanceral species richness initially decreagsadhediately postire within the burnt site.
Certain soil mineralsas well as soil temperatyrshowed significant interaction witboil
arthropod diversity podire within the burnt site, however, soil moisture showed no sicamti
effect. Despite this, it is highly likely that soil type and locality were more infia&nn

affecting soil arthropod diversity than soil mineral chamgéhough specieggroupsbetween

3 D. Nariandas, verbal communication, Senior Section Range/Conservation MaGadeen Gate Highlands
National Park, 22 August 2019.
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the bunt and norburnt sites overlappeud;ith similarities in assemblages being evident, taxon
groups did not display equal tolerance to fire effects. Mhmtained 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 opponistic 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-@ng period within the GGHNP. The
results are highlyecific 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 irdwélling assemblages within montane

grasslands of #n GGHNP over a number of years.

49



2.6 References
Ajee, J.K., 1993. Fire Ecology of Pacific Northwest Forests. Island Press, Washington.

Alcafiiz, M., Outeiro, L., Francos, M., Ubeda, X., 2018. Effects of prescribed fires on soil

properties, aeview. Sci. Total Environ. 61814, 944 957.

Ahlgren, I.F, 1974. The Effect of Fire on Soil Organisms. In: Kozlowski, T.T., Ahlgren, C.E.

(Eds.) Fire and Ecosystems. Academic Press, London, pp247

Anderson, A.N., 1991. Responses of grddnchging an communities to three experimental

fire regimes in a savanna forest of tropical Australia. Biotropica 23,585

Apigian, K.O., Dahlsten, D.L., Stephens, S.L., 2006. Fire and fire surrogate treatment effects
on leaf litter arthropods in a western SéeNevada mixeaonifer forest. Forest Ecol.

Manag. 221, 110122.

Arnan, X., Cerd4, X., Rodrigo, A., Retana, J., 2013. Response of ant functional composition to

fire. Ecography 36, 1182192.

Badejo, M.A., 1990. Seasonal abundance of soil mites (Acarinajvin contrasting

environments. Biotropica 22, 38290.

Badernorst, H., 2016. Mesofaunal Assemblages in Soil of selected Crops under diverse
Cultivation Practices in Central South Africa, with Notes on Collembola Occurrence

and hteractions. MSc dissertatioUniversity of the Free StatBloemfontein

Barbercheck, M.E., Neher, D.A., Anas, O.] Alaf, S.M., Weicht, T.R., 2009. Response of
soil invertebrates to disturbance across three resource regions in North Carolina.

Environ. Monit. Assess. 152, 28398,

50



Bardgett, R.D., Cook, R1998. Functional aspects of soil animal diversity in agricultural

grasslands. Appl. Soil Ecol. 10, 26%6.

Barratt, B.I.P., Tozer, P.A., Wiedemer, R.L., Ferguson, C.M., Johnstone, P.D., 2006. Effect of
fire on microarthropodsiNew Zealand indigenous grassland. Rangeland Ecol. Manag.

59, 383 391.

BehanPelletier, V.M., 1999. Oribatid mite biodiversity in agroecosystems, role for

bioindication. Agr. Ecosyst. Environ. 74, 44R3.

Bird, M.l., Wynn, J.G., Saiz, G., Wurster, C.NMicBeath, A., 2015. The Pyrogenic Carbon

Cycle. Annu. Rev. Earth Planet. Sci. 43, 2738.

Blakely, J.K., Neher, D.A., Spongberg, A.L., 2002. Soil invertebrates and microbial
communities, and decomposition as indicators of polycyclic aromatic hydrocarbon

contamination. Appl. Soil Ecol. 21, 788.

Brussaard, L., 1998. Soil fauna, guilds, functional groups and ecosystem processes. Appl. Soll

Ecol. 9, 128135.

Brussaard, L., Beharelletier, V.M., Bignell, D.E., Brown, V.K., Didden, W., Folgarait, P.,
Fragoso,C., Freckman, D.W., Gupta, V.V.S.R., Hatorri, T., Hawksworth, D.L.,
Klopatek, C., Lavelle, P., Malloch, D.W., Rusek, J., Soderstrom, B., Tiedje, J.M.,
Virginia, R.A., 1997. Biodiversity and ecosystem functioning in soil. Swed. Acad. Sci.

26, 563 570.

Buddle, C.M., Langor, D.W., Pohl, G.R., Spence, J.R., 2005. Arthropod responses to
harvesting and wildlife: implications for emulation of natural disturbance in forest

management. Biol. Cons. 128, 3867.

51



Buddle, C.M., Spence, J.R., Langor, D.W., 2000. Sucmessf boreal forest spider

assemblages following wildfire and harvesting. Ecography 23,4851

Burbidge, A.H., Leicester, K., McDavitt, S., Majer, J.D., 1992. Ants as indicators of
disturbance at Yanchep National Park, Western Australia. J. R. Soc. AMett 75,

891 95.

Buschke, F.T., Seaman, M.T., 2011. Functional feeding groups as a taxonomic surrogate for a

grassland arthropod assemblage. Afr. Invert. 52| 228.

Callaham, M.A., Blair, J.M., Todd, T.C., Kitchen, D.J., Whiles, M.R., 2003.
Macroinverebrates in North American tallgrass prairie soils: effects of fire, mowing,

and fertilization on density and biomass. Soil Biol. Biochem. 35, i110J2B.

Camann, M.A., Gillette, N.E., Lamoncha, K.L., Mori, S.R., 2008. Response of forest soil Acari
to prescibed fire following stand structure manipulation in the southern Cascade

Range. Can. J. For. Res. 38, D968.

Caruso, T., Taormina, M., Migliorini, M., 2012. Relative role of deterministic and stochastic
determinants of soil animal community: a spatiakplicit analysis of oribatid mites.

J. Anim. Ecol. 81, 21i421.

Caut, S., Jowers, M.J., Arnan, X., Peanevet, J., Rodrigo, A., Cerda, X., Boulay, R.R., 2013.

The effect of fire on ant trophic assemblage and sex allocation. Ecol. Evoi 48, 35

Certini, G., 2005. Effects of fire on properties of forest soils, a review. Oecologiail43, 1

Chikoski, J.M., Ferguson, S., Meyer, L., 2006. Effects of water addition on soil arthropods and

soil characteristics in a precipitatiimited environment. Acta Oetd0, 203 211.

52



Clapperton, M.J., Kanashiro, D.A., Belifelletier, V.M., 2002. Changes in abundance and
diversity of microarthropods associated with Fescue Prairie grazing regimes.

Pedobiologia 46, 49611.

Coleman, T.W., Rieske, L.K., 2006. Arthropodpesse to prescription burning at the soil

litter interface in oadpine forests. Forest Ecol. Manag. 233| G2

Collins, B.M., Kelly, M., van Wagtendonk, J.W., Stephens, S.L., 2007. Spatial patterns of large

natural fires in Sierra Nevada wilderness arkandsc. Ecol. 22, 54%57.

Colwell, R.K., 2013. EstimateS, statistical estimation of species richness and shared species

from samples. URL: https://viceroy.eeb.uconn.edu/EstimateS.

Convey, P., Block, W., Peat, H.J., 2003. Soil arthropods as indicateed@fstress in Antartic

terrestrial habitats? Glob. Change Biol. 9, Ii7I&30.

Coutinho, L.M., 1990. Fire in the ecology of Brazilian cerrado. In: Goldamer J.G. (Ed.) Fire in
the Tropical Biota- Ecosystem Processes and Global Challenges. Spifegkag,

Berlin, pp. 81105.

Dooley, S.R., Treseder, K.K., 2012. The effect of fire on microbial biomass: aameizsis

of field studies. Biogeochemistry 109,i44.

Dove, N.C., Hart, S.C., 2017. Fire reduces fungal species richness and in situ mycorrhizal

colonization: a metaanalysis. Fire Ecol. 13, 385.

Ellwood, M.D.F., Manica, A., Foster, W.A., 2009. Stochastic and deterministic processes

jointly structure tropical arthropod communities. Ecol. Lett. 12 284.

Evans, T.R., 2017. Management Implications lfovertebrate Asenblages in the Midwest

American Agricultural Landscape. PhD thesis. Leiden Univerdigiden

53



Ferrenberg, S., Martinez, A.S., Faist, A.M., 2016. Aboveground and belowground arthropods
experience different relative influencesstbchastic versus deterministic community
assembly processes following disturbance. Peerd 4, e2545. https://doi.org/

10.7717/peer].2545.

Ferrenberg, S.M., Schwilk, D.W., Knapp, E.E., Groth, E., Keeley, J.E., 2006. Fire decreases
arthropod abundance but neases diversity, early and late season prescribed fire

effects in a Sierra Nevada mixednifer forest. Fire Ecol. 2, 7202.

Frizzo, T.L.M., Campos, R.l., Vasconcelos, H.L., 2012. Contrasting effect of fire on arboreal
and grounedwelling ant communitiesf a Neotropical savanna. Biotropica 44, 254

261.

Gergoc, V., Hufnagel, L., 2009. Application of oribatid mites as indicators (review). Appl.

Ecol. Environ. Res 7, 7T98.

Gongalsky, K.B., Persson, T., 2013. Recovery of soil macrofauna after wildfirezaal b

forests. Soil Biol. Biochem. 57, 18291.

Gongalsky, K.B., Zaitsev, A.S., 2016. The role of spatial heterogeneity of the environment in

soil fauna recovery after fires. Dokl. Earth Sci. 471, 12@%8.

Gulvik, M., 2007. Mites (Acari) as indicators sbil biodiversity and land use monitoring, a

review. Pol. J. Ecol. 55, 41840.

Haddad, C.R., Foord, S.H., Fourie, R., Dippefaanoeman, A.S., 2015. Effects of a fast
burning spring fire on the grourdlvelling spider assemblages (Arachnida: Araneae)

in a central South African grassland habitat. Afr. Zool. 4 282.

Hammer, @., Harper, D.A.T., Ryan, P.D., 2001. PAST, Palaeontological statistics software

package for education and data analysis. Palaeontol. Electra®.4, 1

54



Hanula, J.L., Wade, D.D., 2003 fluence of longerm dormanseason burning and fire
exclusion on groundwelling arthropod populations in longleaf pine flatwoods

ecosystems. Forest Ecol. Manag. 175,/ 163.

Harper, M.G., Dietrich, C.H., Larimore, R.L., Tessene, P.A., 2000. Efeéqisescribed fire

on prairie arthropods, an enclosure study. Nat. Areas J. 203325

Hermann, S.M., an Hook, T., Flowers, R.W., Brennan, L.A., Glitzenstein, J.S., Streng, D.R.,
Walker, J.L., Myers, R.L., 1998. Fire and biodiversity, studies of vagetand

arthropods. T. N. Am. Wildl. Nat. Res. 63, 3@01.

Huebner, K., Lindo, Z., Lechowicz, M.J., 2012. Pfis succession of collembolan

communities in a northern hardwood forest. Eur. J. Soil Biol. 48%%9

Hugo-Coetzee, E.A., Avenant, N.L2011. The effect of fire on soil oribatid mites (Acari:

Oribatida) in a South African grassland. Zoosymposia 6, 22M.

Ingimarsdattir, M., Caruso, T., Ripa, J., Magnusdottir, O.B., Migliorini, M., Hedlund, K., 2012.
Primary assembly of soil communitiedisentangling the effect of dispersal and local

environment. Oecologia 170, 7454.

JanionScheepers, C., Bengsston, J., Leinaas, H.P., Deharveng, L., Chown, S.L. 2016. The
response of springtails to fire in the fynbos of the Western Cape, South Afpph. A

Soil Ecol. 108, 166175.

Kaiser, W., Avenant, N., Haddad, C.R., 2009. Assessing the ecological integrity of a grassland

ecosystem, refining the SAGraSS method. Afr. J. Ecol. 471,308

Keeley, J.E., 2009. Fire intensity, fire severity and burnrggya brief review. Int. J. Wildland

Fire 18, 116126.

55



Kim, J.W., Jung, C., 2008. Abundance of soil microarthropods associated with forest fire

severity in Samchoek, Korea. J. Agtac. Entomol. 11, 7B1.

Kimberling, D.N., Karr, J.R., Fore, L.S., 20(Measuring human disturbance using terrestrial

invertebrates in shrusteppe of eastern Washington (USA). Ecol. Indic. 1863

King, J.R., Andersen, A.N., Cutter, A.D., 1998. Ants as bioindicators of habitat disturbance,
validation of the functional groumo d e | for Australiabds humi

Conserv. 7, 16271638.

Klopatek, J. M., 1987. Nitrogen mineralization and nitrification in mineral soils of pinyon

juniper ecosystems. Soil Sci. Soc. Am. J. 51,453.

Knicker, H., 2007. How does fire affethe nature and stability of soil organic nitrogen and

carbon? A review. Biogeochemistry 85;/918.

Knicker, H., Almendros, G., Gonzalilla, F.J., GonzalePérez, J.A., Polvillo, O., 2006.
Characteristic alterations of quantity and quality of sajhoic matter caused by forest
fires in continental Mediterranean ecosystems, a -stditt13C NMR study. Eur. J.

Soil Sci. 57, 558569.

Koponen, S., 2005. Early succession of a boreal spider community after forest fire. J. Arachnol.

33, 230 235.

Kozlowsk, T.T., Ahlgren, C.E.1974. Fire and Ecosystems. Academic Press, London.

Kral, K.C., Limb, R.F., Harmon, J.P., Hovick, T.J., 2017. Arthropods and fire, previous

research shaping future conservation. Rangeland Ecol. Manag. 769889

Kuznetsova, A., Brckhoff, P.B., Christensen, R.H.B., 2017. ImerTest Package, Tests in Linear

Mixed Effects Models. J. Stat. Softw. 82,26.

56



Lavelle, P., Decaéns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P., Mora, P.,
Rossi, J.P., 2006. Soil invertebrsi@nd ecosystem services. Eur. J. Soil Biol. 42, S3

S15.

Lisa, C., Paffetti, D., Nocentini, S., Marchi, E., Bottalico, F., Fiorentini, S., Travaglini, D.
2015. Impact of wildfire on the edaphic microarthropod community in a Pinus pinaster

forest in centriltaly. iForest 8, 874883.

Maal3, S., Migliorini, M., Rillig, M.C., Caruso, T., 2014. Disturbance, neutral theory, and

patterns of beta diversity in soil communities. Ecol. Evol. 4, A7584.

Malmstrém, A., Persson, T., Ahlstrom, K., 2008. Effects o fintensity on survival and
recovery of soil microarthropods after a clearcut burning. Can. J. Forest Res. 38, 2465

2475.

Malstrom, A., Persson, T., Ahlstrom, K., Gongalsky, K.B., Bengtssp#009. Dynamics of
soil mese and macrofauna during ayear eriod after cleacut burning in a boreal

forest. Appl. Soil Ecol. 43, 6174.

Matiax-Solera, J., Guerrero, C., Garfaenes, F., Barcenas, G.M., Torres, M.P., 2009. Forest
fire effects on soil microbiology. In: Cerda, A., Robichaud, P.R. (Eds.) FiretEibec

Soil and Restoration Strategies. CRC Press, Boca Raton, pd.7833

Matsuda, T., Turkschak, G., Brehme, C., Rochester, C., Mitrovich, M., Fisher, R., 2011. Effects
of largescale wildfires on ground foraging ants (Hymenoptera, Formicidae) in

Southen California. Environ. Entomol. 40, 20216.

McCullough, D.G., Werner, R.A., Neumann, D., 1998. Fire and insects in Northern and boreal

ecosystems of Northern America. Annu. Rev. Entomol. 43, 127.

57



McSorley, R., 1993. Shoterm effects of fire on theematode community in a pine forest.

Pedobiologia 37, 3%18.

Moretti, M., Duelli, P., Obrist, M.K., 2006. Biodiversity and resilience of arthropod

communities after fire disturbance in temperate forests. Oecologia 1482312

Moretti, M., Martin, K., Dudl, P., 2004. Arthropod biodiversity after forest fires, winners and

losers in the winter fire regime of the southern Alps. Ecography 271883

Mucina, L., Hoare, D.B., Lotter, M.C., Du Preez, P.J., Rutherford, M.C.,-Sbattv, C.R.,
Bredenkamp, G.JRowrie, L.W., Scott, L., Camp, K.G.T., Cilliers, S.S., Bezuidenhout,
H., Mostert, T.H., Siebert, S.J., Winter, P.J.D., Burrows, J.E., Dobson, L., Ward, R.A.,
Stalmans, M., Oliver, E.G.HSiebert, F., Schmidt, E., Kobisi, K., Kose, L., 2006.
Grassland biom. In: Mucina, L., Rutherford, M.C. (Eds.) The Vegetation of South

Africa, Lesotho and Swaziland. SANBI, Pretoria, pp.i34&¥.

Nakamura, A., Catterall, C.P., House, A.P.N., Kitching, R.L. Burwell, C.J., 2007. The use of
ants and other soil and littarthropods as biandicators of the impacts of rainforest

clearing and subsequent land use. J. Insect. Conserv. 118677

New, T.R., Sands, A.L., Greenslade, P., Neville, P.J., York, A., Collett, N.G., 2010. Planned
fires and invertebrate conservationsouth east Australia. J. Insect Conserv. 14| 567

574.

ObLear, H. A. | Bl ai r, J. M., 1999. Responses

availability in tallgrass prairie. Biol. Fert. Soils 29, 2Q1717.

Oksanen, J., Blanchet, F.G., Friendly, Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,

O6Har a, R. B., Si mpson, G. L., Sol ymos, P.

58

(



2019. Vegan, Community Ecology Package. R package versiofi5.2.5

https://CRANS.Rproject.org/package=vegan.

Paoletti, MG., Favretto, M.R., Stinner, B.R., Purrington, F.F., Bater, J.E., 1991. Invertebrates

as bioindicators of soil use. Agr. Ecosyst. Environ. 34) 382.

Parr, C.L., Chown, S.L., 2001. Inventory and bioindicator sampling: testing pitfall and Winkler

methodsawith ants in a South African savanna. J. Insect ConserviB627

Pfiffner, L., Luka, H., 2000. Overwintering of arthropods in soils of arable fields and adjacent

seminatural habitats. Agr. Ecosyst. Environ. 78, PAZ2.

Philpott, S.M., Perfecto, ., Anbrecht, 1., Parr, C.L., 2010. Ant diversity and function in
disturbed and changing habitats. In: Lach, L., Parr, C., Abbott, K. (Eds.) Ant Ecology.

Oxford University Press, Oxford, pp. 1i356.

Pivello, V., Oliveras, I., Miranda, H.S., Haridasan, M., SMd\., 2010. Effect of fires on soil

nutrient availability in an open savanna in Central Brazil. Plant Soil 3371231

Poole, R.W., 1974. An Introduction to Quantitativeobgy. McGrawHill, New York.

Pressler, Y., Moore, J.C., Cotrufo, M.F., 2019ldBeground community responses to fire:
metaanalysis reveals contrasting responses of soilaoiganisms and mesofauna.

Oikos 128, 309327.

Pryke, J.S., Samways, M.J., 2012. Importance of using many taxa and having adequate controls
for monitoring impact®f fire for arthropod conservation. J. Insect Conserv. 16 177

185.

Rademeyer, C., van Zyl, W., 2014. Golden jubilee for Golden Gateoncise history of
Golden Gate Highlands National Park, 1963 to 2013. Mediterr. J. Soc. Sci. 5, 1169
1177.

59



RamosNeto, M.B., Pivello, V.R., 2000. Lighting fires in the Brazilian Savannah National

Park, rethinking management strategies. Environ. Manag. 266845

Ribas, C.R., Campos, R.B.F., Schmidt, F.A., Solar, R.R.C., 2012. Ants as indicators in Brazil,
a review withsuggestions to improve the use of ants in environmental monitoring

programs. Psyche 2012, 23. https://doi.org/10.1155/2012/636749.

Richardson, R.J., Holliday, N.J., 1982. Occurrence of carabid beetles (Coleoptera: Carabidae)

in a boreal forest damageg fire. Can. Entomol. 113, 50914.

Ritz, K., Young, .M., 2004. Interactions between soil structure and fungi. Mycology 18, 52

59.

Roberts, B.R., 1969. The vegetation of the Golden Gate Highlands National Park. Koedoe 12,

15/ 28.

Roberts, S.J., 2000. Trigal Fire Ecology. Prog. Phys. Geog. 24, 2238

Ruf, A., 1998. A maturity index for predatory soil mites (Mesostigmata, Gamasina) as an
indicator of environmental impacts of pollution on forest soils. Appl. Soil Ecol. 9, 447

452.

SaintGermain, M., Larniée, M, Drapeau, P., Fahrig, L., Buddle, C.M., 2005. Steom
response of ground beetles (Coleoptera, Carabidae) to fire and logging in a spruce

dominated boreal landscape. Forest Ecol. Manag. 2121268

Santorufo, L., van Gestel, C.A.M., Rocco, A.,aisto, G., 2012. Soil invertebrates as

bioindicators of urban soil quality. Environ. Pollut. 161j 63.

Sgardelis, S.P., Pantis, J.D., Argyropoulou, M.D., Stamou, G.P., 1995. Effects of Fire on soil
macroinvertebrates in a Mediterranean phryganic ecosysdig. J. Wildland Fire 5,
113 121.

60



Siemann, E., Haarstad, J., Tilman, D., 1997. Steonh and longerm effects of burning on

oak savannah arthropods. Am. Midl. Nat. 137,i361.

Stork, N.E, Eggleton, P., 1992. Invertebrates as determinants as irslafadoil quality. Am.

J. Altern. Agric. 7, 3847.

Swengel, A., 2001. A literature review of insect responses to fire, compared to other

conservation managements of open habitats. Biodivers. Conserv. 1011641

Triplehorn, C.A., Johnson, N.F., 20050B r or and DelLongds I ntrodu

Insects. t Edition. Thompson Brooks/Cole, Belmont.

Trollope, W.S.W., 1993. First regime of the Kruger National Park for the period 11980

Koedoe 36, 4652.

Tullgren, A. 1918.Ein sehr einfacheAusleseapparat futerricole Tierformen. Z. Angew.

Entomol. 4, 14150
Walker, L.R., 2012. The Biology of Disturbance Ecology. Oxford University Press, New York.

Wikars, L.O., Schimmel, J., 2001. Immediate effects ot$geerity on soil invertebrates in

cut and uncut pine forests. Forest Ecol. Manag. 141,219

Yaninek, J.S., Herren, H.R., Gutierrez, A.P., 1989. DynamicMafonychellus tanajoa
(Acari: Tetranychidae) in Africa, seasonal factors affecting phenology and abundance.

Environ. Entomol. 18625 632.

Zaitsev, A.S., Gongalsky, K.B., Persson, T., Bengtsson, J., 2014. Connectivity of litter islands
remaining after a fire andon-burntforest determines the recovery of soil fauna. App.

Soil Ecol. 83, 101108.

61



Chapter 3:

Soil-dwelling arthropods as indicators of erosion in a

South African grassland habitat

Sylvia S. van der MenfeVaughn R. Swatt Emile Bredenhari Charles R. Hadd&d
aUniversity of the Free State, Bloemfontein Campus, Bloemfontein, South Africa.

b University of the Free State, Qwagwa Campus, Phuthaditjhaba, South Africa.

Published irPedobiologia, Elseviemm press.

62



Abstract

Soil erosion is a natural process that drives the formation of lowland terrains in mountainous
regions. lIts role irecosystem degradation has been strongly debated, due to the significant
effect it has on a range of land typ&il arthropods are effectivimdicators 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 idwelling arthropod
assemblages found in noehabilitated and rehabilitated sites ovedaribnth period. A total

of 5661 soil arthropods were sampled during the study, with the highest species richness
recorded in nomehabilitated eroded site&. higher number of uniquarthropod speciesere
observedrom the noarehabilitated sites comparémlother site types. Overlaps in assemblage
structure betwee site types differed, dependimy site locality. IndVal results indicated a
single strong indicator, the mig&peleorchestes meyeréberon anRyke, 1969, for the nen
rehabilitated eroded sgeLinear model analyses of site richness with mineralogy identified the
significanceof phosphorus (in the form of2Bs) 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, IndValMineralogy,Rehabilitation,Species RehnessSoil Biota

3.1. Introduction

Soil erosion is a natural occurrence that dribescreation of new landscape types and
the formation of mountainous areas (Mhangara et al., 2012).\Hows®il erosion ia serious

problem throughout the worl dbés terrestrial
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during recent years (Pimeht@nd Kounang, 1998; Pimentel et al., 2004; Duran Zuazo and
Rodriguez Pleguezuel2008). Soil erosioneduca the qualityof soils in turn, decreasinthpe

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

In South Afica, sol erosion isone 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 soll
composition, asvell as the sources of erosion, such as intensity and frequency of rainfall,
anthropogenic influensesuch 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 envirotahessue thathreates the
ecological function of terrestrial and aquatic systems (Mhangata 2012). The Golden Gate
Highlands National Park (GGHNP) in South Africa is welbwn for its sandstone cliffs and
formations across the westeside of the park. This type of sandstpneduce ashallow sandy
soil with very low fertility (Roberts, 966) 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 argtuated in the upper catchment area, Soutlicéfr National Parks
(SANParks) Aithorities 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 biotglay a vital role in soil functions, which include nutrient element cycling,
organic matter breakdowrand humus formation (Menta et al., 2011). In addition, soil
arthropods also affectehaeration, 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 abgveund ecosystems (van Straaledn2).
However, soil arthropods are not readily considered when looking at erosion, despite their

belowground endemism and role in major ecosystem functions (Orgiazzi and Panagos, 2018).

Grasslands have been indicated as important habitats in the protectisoil
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 theiidrapsponses 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 suantists identifypioindicabrs
in grassland# order to monitoareas 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 ondwilling arthropods as indicators within protected

areas in South Africa.

Themainaim of this study was to identify possible sdielling arthropod indicators
for soil erosion and the differences betwewmmeroded,nonrehabilitated and rehabilitated
sites in the GGHNMDifferences in soil arthropod assemblages of the eastern atetnvparts

of the park are also briefly discussed.
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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 (Bid). It covers an area of 340
km? 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 ghedakg
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 grasslandiee east and more highland montane

grasslands in the west.

(a)

(c)

\ (b)

Low lying areas near water
catchments (ca. 1600m a.sl.)

- Main road (R712 Clarens to
Harrismith)
= = Secondary roads

== Main perennial rivers
@ Sites

Fig. 3.1: Location of study areas: (a) country of South Africa, (b) proximity of the Golden Gate Highlands I
Park in the Free StaRrovince and (c) locality of ise 1 6, with major perennial rivers and roads shown. (Altituc
map obtained from Web GIS (http://www.webgis.com/srtm3.html), river map obtained, with permissio
SANParks Scientific Services in South Africa, andsitroads and river lines processed with QGIS, version 2.

Sites were selected to incorporate a variety of site typesréiabilitated eroded,
rehabiltated erodedand norerodedundisturbedl from each of the sections of the park

(Supplementary matial, Chapter 3 Hg. S3.). Each rehabilitated eroded site was chosen
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according to similar erosion rehabilitation methodamely silt netting and roakall gabions.
All erosion sites selected dag this study weresites affected by sheet and gully erosion

through natural processes such as rainfall. Areas were spélgittharacterised as follows:
3.2.1.1Nonrehabilitated eroded sites (NRE)

Site 1 (28A25.83406S, 28A41.832atkeasten evat i
part of the park (Fig3.1c), with large levels of furrow erosion near an dasing slope of a
hill (Suppgementary material, Chapter 3gF53.1- 1). Soils were characterised as fine sandy
clay soils, with high compaction zones around fureseas. Daily disturbances brought about
by | arge groups of |l ivestock were fr&quent
28A37. 13806 E, mpwasahigh altitude: site 200a6ed within the western peaks of
the park, with shallovgandysoils interspersed with shale and rocky degdSiupgementary
material, Chapter 3,iff S3.1- 2). Shallow erosion occurredbwnslope, with a small area of
soil erosion. Althoughwildlife occurred around the siteon some occasiondevels of
disturbancevere limited. Main grasses surrounding $iitesincluded Eragrostis chloromelas

andE. viscosa.
3.2.1.2Rehabilitated eroded sites (RE)

Site 3 (28A25.28406S, 2%uppdntentatyimatériil,Chaptere v at i
3, Hg S3.1- 3) was a lower altitude site in the eastern sector near the hajrther park This
siteincluded rehabilitation structurewer fiveyears old at the time of commencement of the
study (SANParks personnel, persosammunication, 201%. Soils were initidly heaw clay
soil with highly compactedandy soils around the site. However, soils within furrows and

gullieswererelativelylow compactedThe site was levelled in an attempt to implement new

1T. Nsibande, verbal communication, Working for Ecosystems Park RaGgdden Gate Highlands National
Park, 21 September 2016.
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rehabilitationstructuresduring July 2018, incorporating isdy 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)Si t e 4 (28A30.73006S, 28
1875 m Suppementary material, Chapt8r Hg S3.1- 4) was a progressed eroded site on the

far western part of the park, wifime sandy soils deposited over a vast aféduas siteincluded
rehabilitation structurasnplementedver severyeas before the commencement of thiisdy,

with inteval implementation due to the large area of ke (SANParks personnel, personal
communication, 201. The site was mainly rehabilitated using rock walling and strategic
placement of silt netting, with various levels of implementation across furrows dalope.

E. chloromelasandE. viscosayrasses generally surrounded both sites
3.2.1.3Non-erodedundisturbed site@NAT)

Site 5 (28A28.83306S, 23gpkrBentargniaterial, Chaptee v at i
3, Fig S3.1- 5) was characterised agealatively flat grassland on the eastern side of the park.
Frequent grazing and movement of wildlifee. ungulates such as zebbdack wildebeest,
springbuck, elandSANParks, 2012)were observed in and around the area, mostly during
early morning anthte afternoonThe area hadighly compaced sandoils with low moisture
levels Site 6 (28A31.3216S, ;SappldnRritarymat&ial,Ehapterl e v a't
3, Fig S3.1- 6) was a high altitude naturaandygrassland on a slope in the westeeator of
the park, within the Blesbok loop drive trail. Main grasses in both sites inEluctdoromelas
andE. viscosainterspersed by tufts dlhemeda triandraCriteria for these sites were mainly

based orsimilar ratios of these grasses presenbit kites.

2T. Nsibande, verbal communication, Working for Ecosystems Park Ra@geéden Gate Highlands National
Park, 21 September 261
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3.2.2 Arthropod survey and sampling

A soll arthropod survewas conductetb 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 charactesed uner the three treatment types once every mowtr the course of 24
months to incorporate eight seasons of samphntptal of ten samples per site were taken
each month and set through arthropod extraclosingle soil sample was characteriseda
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 tweasylles taken within the
sampling point pooled together to form an incorporated sampthsampling sequenceas
conductedrom the highest point in the eroded furrows to the lowest level of soil deposition.

Non-erodedundisturbedsites were sampled insamilar 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 BeTiggren funnels
with connected storage bottles containing 7@¥yl alcohol(Tullgren, 1918 Triplehorn and
Johnson, 2005; Badenhorst, 20X6) a period of seven days, to allow for sufficient soil
arthropod extractiorBamples were sorted to arthropmyder, 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 ditg type
Indicator Analysiswere 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; HGy®tzee, 2013; Badenhorst, 2016; Slingsby,

2017). All Collembola specimens were stoidhe Iziko South African Museum, Cape Town.
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3.2.3 Soil analysis

Soil sampleswere takenfrom each study site in the eastern section of the park for
mineralogy analysis, inrder to correlate soil mineralSiOF, AIFOf, CaO, KO, TiOF, F&OF,
MgO, MnO, HO4, NaFO, % Organic Matter based on Loss on Ignition (DQ¥jth soil
dwelling arthropod richness.hfee soil samples were taken within a 10 cm depth and 10 cm
radius of a chosen sampling spot every three montlasftdr seasonal cycle (July 201 dune
2018) in one nomehabilitated eroded site (Site 1), one rehabilitated eroded site (Site 3) and a
non-eroded undisturbesite (Site 5). Sites on the eastern sections of the park were concentrated
on due to the higheichness and diversity sampled from these areas. Samples were transported
to the University of the Free State and analysed by the Department of GadowX-ray
Fluorescence (XRF) major elememtalysis In addition,soil temperature and soil moiseyer
month was recordedover the study period using a handheld SMID moisture and

temperature probe meter.

3.2.4 Statistical analysis

In order to establish possible indicator groups for each site tigpese analyse of
associationwere runon speciesdata obtained over the 24onth period. These included
DufrénelLegendre Indicator Species analysis (IndVal), mleltel pattern analysis, and

Pearsonds phi coefficient of association.

IndVal was first proposed by Dufréne and Legendre (1997) as an dyplgtapping
rule for clustering and determines indicator values through the fidelity and specificity of species
in a given habitat. The mulkevel pattern analysis is an extension of the original IndVal to
investigate indicator species of individual sjtas well as their combinations (De Caceres et

al., 2010). In addition,everal other indices are ustxlanalyse the ecological preferences of
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species (De C8ceres and Legendr e, 2009) . Pe.
used in this regartb determine association in the form of fidelity, which differs from the

fidelity used in the IndVal, between habitat type and species (Chytry et al., 2002; De Caceres,
2013). This measure is performed between two binary vectors, with species in the form o

presencebsence data, to derive an ecological correlation (De Céceres, 2013).

Each site was clustered into site groups {redrabilitated eroded, rehabilitated eroded,
nonerodedundisturbedl, and species abundance was tested across sites to egiabtidile
groups of interesOnly 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 $&eeig
indicatorswere considere@s species scoring above 70% as a subjective benchmark value
suggested by McGeogh et al. (2002). All association analyses were performed using the
omul 6i pantti on opackage im R, Iversibn 3553 §0Dx Caceres and Legendre,

2009).

It has been advised that caution should be taken when reporting results on indicator
species analyses (De Caceres et28110). Due to multiple testing issues associated with the
use of several species for indicator analyses, corrections for multiple testirggrangly
advised. As a resulall p-values obtained during a®ciation analyseby o6 Bonferror
correctionwere adjusteavi t h t he O6p.adjusté function in R,

Only species indicated to be significant afterghues weredjusted were reported.

Non-metric Multidimensional &aling (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 Verlaps between each site type.

Rare species (species with an abundance of less than 0.2% overntoatPdperiod) 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 furtheress how assemblages may differ between site types
overall. Analysis of Similarity (ANOSIM) using Bra@urtis similarity index was conducted

on soil arthropod assemblages for each site across theSpadies diversityvas quantified

by means of the ShaonWiener 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. ShanneWiener diversity values, ANOSIM and NMDS were calculated using
Paleomological Statistics (PAST), version 3.25 (Hammer et al., 2001), and dyveasiges

were mapped using the GGPL®Ppackage in R, version 3.5.3 (Wickham, 2016).

In order to identify a possible best fit correlation between soil arthropods and soil
attributedata obtained from the areas investigated, Linear Modelling was perfoetveeen
each tested soil mineral (11 minejatogether with soil temperature and soil moisture, and the
obtained species richness oétbhasternectors of the park. Aog transfeamationon species
richnesswvas appliedo normalise the data. An AkaikaformationCriterion (AIC) estimator
was calculated for each model to identify the best correlation from the linear models and
subsequently investigate possible compounds that doeldised 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-n2dnth study period,
represeting 13 orders and 62 families. The n@habilitated eroded sites had the highest
species richness over the study period, with the lowest species richness sampledrimm the
erodedundisturbed sites and the rehabilitated site located on the westeatf gidepark (Fig.

3.2).
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Fig. 3.2: Box plot analysis on soil arthropods sampled, showing (a) Shaniemer diversity indices
values, and (b) Species richness values per site and site tyaleieB indicated were obtained by ANOSIM
per site type, with associated R values. NRibn-rehailitated eroded site; RErehabilitated 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, chahgisge structure

and displacing soil arthropods from the areas surrounding theSsipplementary material,

Chapter 3Fig. S32).

Generally, diversity was lower for each treatment type in the west compared to the

eastern sectors of the park. ANOSIMu#s for overall comparisons showed sampled soil biota

assemblages were significantly different, but with a lowaraRe (ANOSIM, Global: R =

0.323, p < 0.001) (Tabld.1). Rvalues of ANOSIM results between each site showed the

highest similarity in assmblages between the reroded undisturbed sites, with variable

similarity between sites from rehabilitated and snehabilitated eroded sites (Tald4).
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Table 3.1: Posthoc R and pvalues calculated from ANOSIM analysis of soil
arthropod assemblages associated with sampled siesluBs are given in the
lower triangle of the matrix, andyalues are given in the uppiiangle Sites 1

and 2- Nonrrehabilitated ended sites; Sites 3 and-Rehabilitated eroded sites;

Sites 5 and 6 Non-erodedundisturbedsites

Sitel

Site2 Site3 Site4 Site5 Site6
Sitel <0.001 <0.001 <0.001 <0.001 <0.001
Site2 0.508 <0.001 <0.001 <0.001 <0.001
Site3 0.387 0.637 <0.001 <0.001 <0.001
Site4 0.188 0.424 0.266 0.012 <0.001
Site5 0.266 0.501 0.429 0.074 0.014
Site6 0.373 0.501 0.405 0.158 0.074

The ordination results sh@d an overlap between sites of each part of the park, with

differing patterns observed between eastern and western sector sités3@dFic). Site type

comparisons indicated a higher number of unique species hnehabilitated sites, with a

higher numbeof shared species between rehabilitated andraebabilitated sites (Fig.3d).

(a)

Site 5

< site6/ 7
i Ve

Site 1

Site'3

Site 4

Site 2

Site 5

Sites

Site 1 : NRE (E)
Site 2 : NRE (W)
Site 3 : RE (E)
Site 4 : RE (W)
Site 5 : NAT (E)
Site 6 : NAT (W)
Stress: 0.214

Sites

Site 1: NRE
Site 3: RE
Site 5 : NAT

Stress: 0.199

(c)

Sites

Site 2 : NRE
Site 4 : RE
Site 6 : NAT
Stress: 0.184

. Site6

Site 4

NAT(Sabs = 69)

N %

NRE(Sabs = 98)

Sobs = 129

RE(Sobs = 90)

Fig. 3.3: Nonmetric Multidimensional &aling (3D) ordination, representing (a) sailvelling 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 ¢dywadiiing arthropod®f 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; REehabilitated eroded site; NATNon-eroded undisturbed site.
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Ordination over alkites showd overlags 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. 3.3aeNdmlitated erosio
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 observe8l 3Ejgsuggesting a
difference in ecosystem types, despite the large number of shared species between rehabilitated
and nonrehabilitated eroded sites. Overallarger numbeof unique speciewas observeth
the nonrehabilitated eroded sites in comigsan to the others. Ralues of the ANOSIM
between sites of each sector of the park indicated a stronger similarity between non
rehailitated and noreroded undisturbesites within eastern parts of the park (R = 0.266, p <
0.001) (Table 3.2). Western ass@lages showed different pattern, with undisturbeahd

rehabilitated assemblages showing highest similarity (R = 0.158, p < 0.001).

Table 32: Posthoc R and pvalues calculated from ANOSIM analysis of soil arthropod
assemblages assatagd with sampledites in the eastern andestern sections of the Park: R
values are given in the lower triangle of the matrices, amdlyes are given in the upper

triangle
Eastern Section Western Section
Sitel Site3 Site5 Site2 Site4 Site6
Sitel <0.001 <0.001 Site 2 <0.001 <0.001
Site3 0.387 <0.001 Site4 0.424 <0.001
Site5 0.266 0429 Site6 0.501 0.158

The IndVal analysis identified a strong indicator for fiehabilitatederodedsites
(Table 3.3), with a single mite specie&3peleorchestemeyeraeTheron and Ryke, 1969,
identified as a strong indicator in the site type. Collembolan groups were identified as possible
indicators in rehabilitatedrodedsites, with both species possessing physical characters that

suggest individuals with a moresilient lifestyle(i.e. slim, harder bodiesh single ant species
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Solenopsis geminat@abricius, 1804)was identified as a possible indicator of remoded

undisturbedsites withinthe GGHNP. Only one strong indicai@. meyeraavas identified for

the investigated sitesyer 70.0% IndVal value).

Table 3.3: Results of original IndVal, multie v e |
site type or site combitian. Only major soil arthropodroups are shown, with the omission of species not
identified at last up to genus level. IndvatlDufréne and Legendre IndVal ansly, IndVal2- Multi-level

pattern

anal ysi s

and

Pearsonbo

pattern analysis; Indval3P e ar sonds phi coefficient.

Order Family Genera/species 522 IndVall (%) t?/i[t)i In((jo\/f)ilz S/gi IndVal3 (%)
Trombidiformes Nanorchestidae Speleorchestes meyerae 1 79.4 1 89.1 1 47.5
Trombidiformes Tydeidae Pronematusp. 1 59.3 1 77.0 1 53.6
Oribatida Nanhermanniidae Nanhermanniasp. 1 48.2 1 69.4 1 47.2
Trombidiformes Bdellidae Bdellodessp. 1 39.7 1 63.0 1 49.3
Oribatida Aleurodamaeidae Aleurodamaeus salvadordali & e} 1 50.3 1 38.6
Collembola Tullbergiidae Mesaphorurasp. 2 42.4 2 65.1 1+2 38.1
Trombidiformes Cunaxidae Cunaxasp. o] o] 2 43.9 3 o]
Collembola Entomobryidae Seirasp. o] o] 1+2 51.7 o] o]
Collembola Isotomidae Proisotoma davidi 2 37.9 1+2 78.8 1+2 44.2
Hymenoptera Formicidae Solenopsis geminata 3 36.2 o] o] 3 43.1

Sitetypel - Non-rehabilitated erodedbite type 2 Rehabilitated eroded; Site type Blon-eroded undisturbed

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 bo§ meyeraand Pronematusp. Caestrini, 1886, with

indicator values above 70%. Noehabilitated and rehabilitated sites indicated an additional

species each as being significant for the site types in this analysis. Hotheviass ofS.

geminataas an indicator of undisrbedsiteswas noted Thecombination of rehabilitated and

nonrehabilitated site typgsossessdtwo species as potential indicators, both members of the

order Collembola.

Resul

analyses. Hwever, indicator values and the strength of indicators varied for each site type,

t's

of

Pear sonods

p hi

correl

at

(0]

with different species weighted as stronger indicators per type (Ba&)ledn comparison to

the previous two analyseBronematussp. had the highest ecological preferent@ non
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rehabilitated eroded sites. However, adicator values werewer than 70%. Additionally$.
geminataindicated high ecological prefence for undisturbed sitewhile two collembolan
species were indicated as having preference for both rehstduliand nomehabilitated site

types.

Linear Models showed a best fit correlation with phosphorus and species richness, with
the lowest AIC indicated for this model (Supplementaaterial, Chapter 3[ableS3.1 and
S3.2). It isimportant to note thsignificant negtive correlatiorvalues obtaineébr 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

erosio.

3.4 Discussion

3.4.1 Comparison of erosion site types versuseroded sites

Soil erosion within protected areas is a major concern in regards to conservation
strategy and land degradation prevention, as it vastly threatens natural envirqiRakmntan
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 grasslaids cansuggstthat eroded sites promote
the overall population heterogeneity of the GGHNP, ultimately preserving the diverse
ecological processes that these organisms carry out in their respective h@hitatdigh
number of unique species, as welkaared species found in the A@habilitated 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

77



anthropogenic influeces, 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 geoe, subsequently
affecting soil arthropod species richness and diversity. This could polsithhe to sediment
build-up around rehabilitation structures, such as-wak gabions and silt nets, over a long
time series (van der Mervet al, unpublihieddatg. 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-exmued sites displayed very low species
richness througbut the study. The reason for the low species richness observed énaumal
undisturbedsites in this study is not clear, but could possibly be attributed to differences in soil
quality, such as nutrient compounds, and simply ecosystem preferencevafuadspecies
(Coleman et al., 2004 Additionally, rarefaction curves suggest tthmore sampling is
necessary tensure complete coverage of species present in these localities (Supplementary

material, Chapter 3, Fig. 3.3)

3.4.2 Soil arthropods asdicators of erosion in the park

When assessing the indicators identified by the association analysegdgpattern of
specieswas seenThe initial IndVal analysis shows a general difference in feeding groups
within each site typeS. meyeraes a postigmatid mite species with an algae/bacteriophagous
feeding behaviour (Badenhorst, 2016), found in large numbers in theehahilitated eroded
sites of the park. This differs greatly frokbesaphorurasp. Borner, 1901 andProisotoma
davidiBarra, 2001which are broadly regarded as general saprophages (Ponge, 2000;-Castafio

Meneses et al., 2004; Badenhorst, 2016), and were identified as possible, but relatively weak

78



indicators of the rehabilitated eroded sites. The identificatio8.ajeminataas a possie

indicator of the sampledbon-eroded undisturbed sitesthe park suggests that ant assemblages
could be used in the area as an indicator of ecosystem health of these montane grasslands.
SolenopsisVestwood, 1840 have often been used as indicatorstofiolnce in a variety of
landscapes (Tschinkel, 1988; Peck et al., 1998; Vasconcelos, 1999; Graham et al., 2008).
However, as our study only dealt with sdwelling arthropods, more extensive research is
needed to establish a complete list of indicatadsich incorporates both salwelling and

surfaceactive arthropod assemblag®r a more wellounded view.

Multi-level pattern analysis displayedslightly different pattern of association, with
similar species to the IndVahdicated with stronger atistical 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 adequatetientify species associated with erosion (Siddig et al., 2016).
This is particularly seenwit t he Pe ar s o médfferenhspeciesare iddntifiediae n t
stronger indicators in terms of ecological preference. Although these groups closely eesembl
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 anénooied sites
had an indicator value ¢dss tharv0.0, it is important to consider these groups in light of their
functions and their relative abundance in the soils of the GGHNP.plossible 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 (Déderes et al2010). 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 astafieMeneses 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 areshown 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 correlatiorbetween eroded sites and increased levels of phosphoms in o
studywas 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 noehabilitated and rehabilitated erodedhespod 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 sectoasvanalysed separately between the eastern
and western parts of the pailhe 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 theegervation 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 ir8,20®orporating the various
ecosystem typesto a single national park (Ministry of Environmental Affairs and Tourism,

2004). Terrains between the two sectors are notably diffesestern sectors are situated in a
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high elevation, mountainous terrain, whereas eastern sectors are situated atetelmation

and along a relatively flatter landscape}hich could explain the differences between soll
arthropod assemblages of the eastern and western parts of the park. In addition, soil type
differences between each section could also explain the hsgkeres 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/id 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 altitudeoneroded undisturbed site (Site &)d the rehabildted

eroded sitgSite 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 o s#te, 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 showhat there are definite differences between arthropods
undisturbed and eroded sites, with variable similarities between rehabilitated eroded, non
rehabilitated eroded amsbrrerodedundisturbed sites between the eastern and western parts of
the park.A single strong indicatorwas identified with the strongest indication for nen
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 ditgrshow thasites corresponded with site proximity
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in the park, and sugge#tat 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 intedsalling 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-s@exific 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-ileweasing concern worldwide.
Rehabilitation methods impieented to combat soil erosion doeussed 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 arthropodssemblages in areas with implemented erosion rehabilitation

in the Golden Gate Highlands National Park. In addition, this study also investigated the effect
of sediment builelp around gabion walls on soil arthropod richness. Abundance and species
richnesglata showed no significant differences between rehabilitated anehabilitated site
types.Ordination resultshowed no specific patterns between assemblages asitsiype,

with subsites indicating a relatively high similarity on average. Addaity, 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 significantiiget or change soil assemblages in the rehabilitated
areas. However, it remains aagtion whether the use of realall gabions causes any long

term detriment or benefiio soil arthropod assemblages in eroded sites. As such, regular
monitoring of both sib 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 (GR0OK; Rousseau et a013). 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 prolfleems i ng t he wor |l dbés |
it leads to degradation of soils (Pimental etZE395; Pimental and Kounant998; Pimental

2006; Duran Zuazo and Rodgriguez Pleguezu2008; Pimental and Burges?013). The

ripple effect of degradation of soils isaught to result in longerm changes to ecosystems,
extending to abowvground processes, permanently altering the nature of landscapes and
ultimately restructuring natural ecosystems as a whole (De Deyn 20@8; Hooper et al.

2012; Mhangara et ak012; La) 2015).

Soil eroson in natural areashape landscapes and gradually forms new niches,
especially in steeply sloped areas such as high altitude mountains (F20@&n The rate of
erosion is often directly linked to rainfall in these areagdmore severe in sites with more
erodible soils (Le Roux et al2007; Mhangara et al2012). The Golden Gate Highlands
National Park (GGHNP) is an Afromontane grassland park known for its sandstone cliffs and
formations. However hie type of sandston@oduce shallow sandy soil with exceptionally
low fertility (Roberts 1966). South African National Parks (SANParks) officials are concerned
about the rate at which erosion may occuhaGGHNP, due to the steep nature of sloping in
the park and the lels of dispersive soils, which are susceptible to erosion during peak rainfall
seasons in each area (SANPagL3). In light of ths, Fark Management engages in erosion
rehabilitation methods to reduce the level of silt deposition into water bodieseand n
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 assemblagesstuldgimg the effects of
erosi on, as these assemblages often prove t

processes. The loss of soil arthropods can prove highly detrimental to ecosystem health (Hunt
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and Wall 2002; Culliney 2013), possibly causgna higher failure rate in implemented

conservation strategies.

Erosion controbr rehabilitation isa fundamental approach to protect water quality and
prevent excessive siltation around infrastructure (SANR2EKs3). Soil stabiligtion practices,
suchas rockwall gabions and silt netting, is implemented to allow for plant growth and
subsequent restoration of natural grasses to rddtwge siltation. Rockor stonewall gabions
are primarily used to control sheet erosion on flatter flow areas aroadd (Rivas2006;
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
aguatic fauna and plants (Trombulak and Fris@€00; Gleason et al2003; Ekholm and
Lehtoranta2012). Very few studies have specifically investigated soil biodiversity in erosion
sediment in terrestrial terrains (Groffman and Bohl&899), with no records for soll
arthropods in erosion areas available for South African terrains. The importance of soil
arthropods as rolplayers in ecosystem functions has been studied in various terrains (Paoletti
et al, 1991; Kremen et gl1993; Manta 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 buyficaround these walls on soil arthropodthim
GGHNP oould give insight into the lonterm 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 adihropod assemblages in areas
with implemented erosion rehabilitation, namely gabions near dirt roads, in the GGHNP. In
addition, the study also monitored sediment bupdbehind and in front of gabion walls over
two rainfall seasons to investigate tledfect of sediment buildip 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 StaReovince of South Africa. The national pasklocated 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 Qwaqgwa National Park (incorporated
intotheGGHNP in 2008) in the east, and the steeper grasslands of the old GGHNP in the west,

extending approximately 320 ha (SANParks 2013).

Each site was selectedcording to similar rockvall gabion implementations near dirt
roads to assess their impact soil arthropod assemblag&upplementary material, Chapter
4, Fig. $4.1). Overall, two sites were selected and divided into two subsets: one subset to
represent soil arthropods in direct proximity of a reekled (gabion) eroded area (Al and
B1), with areadfor sampling chosen behind andfront of the gabion. The other subset was
located at most 15 m away from the rag&lled site as a comparable point (A2 and B2) to
assess assemblages in a-neimabilitated eroded area. Gabions were implementedyrtain
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 wogsh basket (aperture
of 50 mm), and laid in a dug trench of 0.2 m lined with a fibre netting blanket. Eachaalall
a height of 0.7 m and a width of 0.5 m. Length of the gabions differed between eaite sub

with Al constructed 10 m and B1 15 m in ldngt

Site A (28A27.31306S, 28A40.85106E, elevati
eroded site about 6 m away from a dirt road in the northern sectors of th&Ipaudite was

situated next to a stream running through a deep crevice between thahiflswed 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 roadsideand the slope running down to theesim in July 2015(SANParks personnel,
personakcommunication2016). Site B 8 A29. 4446S, 28A41.)W8és00 E,
characterised as a sloped eroded site adjacent to a dirt road running around the mountain terrain.
Unlike site A, site B was &iated 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

(SANPaks personnel, personedmmunication2016).

The vegetative units the park were identifieds Eastern Free State Sandy, Northern
Drakensberg Highland and Lesotho Highland Basalt grasslands (Mucinaz2604l). Both
areas were classified under the Eastern Free State Sandy grassland vegédtafiveserareas
weresurrounded by grass species comprigtinggrostis chloromelaandE. viscosagrasses,
interspersed by several tufts ®hemeda triandrgvan Qudtshoorn 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 implemen(Stupplementary

material, Chapter &ig. $4.2and S4.3

4.2.2 Soil arthropod sampling

At each sample poinfive soil sampes of 300400 g eaclwere takerfrom theQi 10
cm soil layer, anghooledinto a single sample each mon8ampling inrock-walled subsites

was donéehind and in front of the gabion, whese®nrehabilitated susites were sampled

1T. Nsibande, verbal communication, Working for Ecosystems Park Ra@géden 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 aBsampling positionwas selectely measuring gabion
sitesfrom the rockwalls to the source and base of the erosion sites, and similar distances were
used for sampling their paired noghabilitated sulsites. Each subite was sampled monthly

from December 2017 to March 201%pil sampleswere placedn BerleseTullgren funnes

and etracted for seven days into %0Oethyl alcoho(Tullgren, 1918 Triplehorn and Johnson,

2005; Badenhorst, 20165amples were sorted under a light microscope and arthropods
identified to morphospecies level using specialist assistance and assliteieiede Theron

and Ryke 1969; Triplehorn and Johnsa?005; Dunger and Schljtt011; Badenhorst2016;

Slingsby 2017).

4.2.3 Sediment buddp

In order to monitor sediment builth in gabion suksites, each rockall was equipped
with eightmeasuring rulers (in m), with four behind and four in front of the gabidtulers
were positioneat 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 dweimgtial installation.
Each ruler extendefiom the base of the roekall to its top. Measurements were recorded
monthly during soil sampling. All measurements of sediment upltbehind and in front of

the gabion for each stdhite were averaged.

4.2.4Statistical analysis

Each sample was quantifiger site, with observed species richness, Shahviener
diversity indices and Chaol estimators calculated for species data to analyse differences. Box
plot analyses were done using soil arthropod abundamugsspecies richness to identify
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patterns in mean differences between eachsgeb Diversity indices and Chaol estimators
were calculated using EstimateS, version 9.1.0 (Cgl\®6IL3), and plots were constructed

using ggplot2 in R, version 3.5.3 (Wickim, 2016).

In order to further investigate the difference between species assemblages of
rehabilitated and nerehabilitated eroded sitesnd establish possible ecological preferences,
association of species assemblages and the p@sagsinvestigatedising a multilevel pattern
analysis ¢multipat function. A DufrénelLegendre Indicator Speciemalysis (IndVal)on
species data obtained over theriénth periodvas also conducted assign an indicator value
to each species. Each site was clustentdl the two sutsite types (rehabilitated and ron
rehabilitated), and species abundance was tested across sites to establish differences in species.
The original IndVal method is used by timeultipatfunction, with an extension of the original
concept & Dufréne and Legendre (1997), to investigate indicator species of individual sites
and their combinations, as described by De C
association was used to determine the association between species andsites typbs
(Chytry et al, 2002), measured between two binary vectors in the form of presence and absence
data to produce a correlation (De Caceg2€43). In order to correct for testing estinat may
be associated with indicator values (De Céceres.,e2010),a Bonferranid correctionwas
appliedopval ues using the ép.adjust o ,20a9).0nlyi on i n
species indicated as significant aftepplying pvalue correctioa were considered as
significant for association. All IndVal tests with multilevel pattern analyses were dsing

the hdicspecies package in R, version 3.5.3 (De Caceres and Led20@Bg

Non-metric TwadimensionalScaling ordinationusing a BrayCurtis smilarity index,
was done to identify any close similarities between soil arthropod assemblages of esitd sub
and each site. In addition, cluster analysis using the-Btatis similarity matrix, with paired
group algorithms, was performed to identifipssites 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 2@01).

In order to test for significance between soithempod assemblage richness and
abundance and fawrs of each subite, Generalisd Linear Models (GLM) were done on
assemblage data, with sslie sampling position and rehabilitation method as factors, using
Poisson error structures. In addition, a Pdational Multivariate Analysis of Variance
(PERMANOVA) was processed to determine differences betweersiwutassemblage
compositios. Pairwise tests between each -site combination were done to test for
significant differences in assemblage clustersraN, with a False Discovery Ratédr9

correction applied to obtainedvalues to reduce falgmositive readings.

Significance between soil arthropod richness and sedimentiquildrockwalled sites
was tested using GLM, with sediment height andsitdsampling position as factors, using
Poisson error structures. All linear models were processied the LME4package (Bates et
al., 2015), and PERMANOX analyses were done using thegan package in R, version 3.5.3

(Oksanen et g12019).

4.3 Results

A total of 2490 individual arthropods were sampled over themt6th period,
representing 82 morphospecies, 48 families and 13 orders. Sites A1 and A2 possessed the
highest observed species richness, diversity and abundance overall4Talblg. 4.1a b).

Species richness was generally lower in both B sites, with a lower species richness recorded in
the subsites behind the gabion and at the base of theetwabilitated erosion site (Fig.la

b).
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Abundance

Table 4.1: Total observed species richness and diversity indices for eaSblsgebserved
species richness; HShannorwiener Diversity index; SChaol + SDspecies richness
estimate with 1 standard deviation

Site Individuals Sobs H Schao1* SD
Al 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 - -
100 .
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Fig. 4.1:Boxplots of (a) soil arthropod abundance, and (b) species richness pateswhith dots representing
outlier species groups.

Association analysis using the mukvel pattern analysis function showed that only a
single species, namely the mReonematusp. Canestrini 1886, tested significant for one sub
site type once alue correction was applied (Table). 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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Table4.2: Significance results dadssociationanalysis showing indicator value (Stat) as derived by
60 muplattit 6 &nd adpted pvatues p-adjus§f usi ng 6Bonferroni 6 correcti

Species Site type Stat p-value p-adjusted
Pronematusp. Nonrehabilitated 0.635 0.016 0.047
Bdellodessp. Non-rehabilitated 0.530 0.048 0.143
Nanhermanniasp. Non-rehabilitated 0.499 0.039 0.116

Scalingordinationshowed no specific patterns between assemblages asttestype,
with cluster analysis showing that most sites had similar assemblages (above 0.600) (Figure
4.2da b). When comparing overall assemblages of the rehabilitated anenailitated sites,
no visible pairing was seen, with most site assemblages bmnrilgr (above 0.500) (Figure

4.2¢i d).

GLM results for species richness of assemblages showesigniicant difference
between the rehabilitated and A@habilitated eroded sitesy (4= 2.305; p = 0.132), with no
interaction between stdite position and presence of gabionsifk= 0.067; p = 0.796). In
addition, abundance showed no significdiffierence between soil assemblages and sampling
position (k,124= 0.049; p = 0.824), as well as presence of gabions{E 3.052; p = 0.083)
and interaction between {24 = 3.331; p = 0.070). PERMANOVA results showed no
significant difference betvam assemblages of the different sites (global k124= 0.748; p
= 0.619), with only two pairings showing significant differences in the-postanalysis

(Supplementary material, ChapterTable$4.1).

GLM results for sediment buddp showed a signdant interaction between soil
arthropod species richness and increasing sediment depih+(#.631; p = 0.035), as well as
with subsite position in front of the gabion (f = 10.041; p = 0.002fSupplementary

material, Chapter 4, Fig. S4.4)
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Fig. 4.2 Non-metric TwodimensionaScaling ordination with BrayCurtis similarity clustering using paired
group algorithms, showing (a and b) pairing betweenrsitals, and (c and d) pairing between overall sites

4 .4 Discussion

4.4.1 Changes in sodrthropod assemblages in rehabilitated and mehabilitated eroded
sites
The results of this study suggest that gabions do not significantly affect or change soil
assemblages in the rehabilitated areas compared to thremalnilitated eroded sites. Ttaek
of ecological correlation of species also hints at the striking similarity of soil arthropod

assemblagebetween the investigated sites. It remains a question whether these implemented
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rehabilitation methods affect asseng#a over a longer perioHowever, it is of interest to see

that over the 18nonth 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 avesryear old rehabilitated site sated 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 déferwe et al. in pres3. 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.

4.42 Effect of sedinme build-up onsoil arthropods

The effects of sediment caused by soil erosi@usually examined in respéativers
and water bodies, due to the detrimental effect of siltation on these environments (de Vente
and Poeser2005; Jain and Kothyar2009). The results of our study take a different approach
to examining the effects of sediment build around erosion sites, mainly around the
implemented gabion# significant interactiorwas identifiedbetween soil arthropod richness
and sediment dept 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 rehabilitatét#®s sampled during the same tifvan der
Merwe & al., in pres$. Although the othearea had a combination of reakall gabions and
silt netting implemented, it is important to note the possible-teng effects of silt buileup
on soil arthropods in rehabilitated areas, which may have an effecteonettosystem
functions. It is of evemcreasing importance toonsider soil arthropod assemblagésen

studying the effects of erosion, as losses of the functions brought about by these biota groups
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could have a fareaching detrimental effect on landpea (Orgiazzi and Panag@918). It is
recommendd that even after rehabilitatn method implementatiomegular monitoring of
both soil biota and the surrounding terrain should be done to gauge the progression and effects

of sediment builelip in terregtal 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, heritaged scenic resources (SANParks, 2013). These zones
include protected and sensitiveoéogical 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,
andtherefore management strategies generally are focused on the prevention of siltation in

aguatic areas and not on the direct effects on soil and its biota.

Constructed rochilled gabions have been recommended for use to combat erosion
losses in terrains wigwide (Nsor et aJ.2013; Krishnan and Chowdar3016; Okorafor et al.
2017; Lee et al2019; 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 pollutiamd subsequently jeopardising larger secio
econome objectives (Mihai et 812015). 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 Muld2005; Blignaut et al2011; Nsor ad Gambiza2013). In
addition, many efirts to combat erosion ao®upled with economic incentives and poverty
alleviation strategies in SANParkssed terrains such as the GGHNP (SANR&®%3). In

light of this, the construction of gabions in the GGHNRombat 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 p&@kr findings suggest that gabions did not cause significant
differences in soil arthropod assdates between the investigated rehabilitated and non
rehabilitated eroded sites during therh6nth study. However, further study is necessary to

gauge whether gabions may have an effect al@nger term as sediment builgh increases.

Most research regding erosion losses and sedimentation has been concentrated on
water conservation and agricultural lands (Poesen,et984; Kosmas et al1997; Pimental
and Kounangl998; \an Oost et al2000; Borselli et a)2001; Benda et al2004; van Maren
2007), with little emphasis on the soil assemblages associated with rehabilitate@®sites.
study starts to address the aspect of the effects of gabion implanrentatsoil arthropods,
which conservation science doest necessarily corger in conservabn management
strategies. The similarities between rehabilitated and-relabilitated soil arthropod
assemblages, coupled with the significant interaction between species richness and sediment
depth around gabions, suggests that further monitoring of gies is needed to establish the
changes in soil biota groups over time as the environment changes with increased sift build

and establishment of vegetation.

It is of interest to note that our results indicated that further sampling is still ngcessar
to accurately identify the state of soil arthropod populations in these areas, based on Chaol
valueslt is possible that further intervention whle necessary after longerpelssince gabion
implementation in order to combat the effects of excessive sedimentupuildhich could
involve implementing newer rehabilitation strategies to further promote vegetation growth in
deteriorated sites. Seed and fertilizer amendments pedoratengside other erosion
rehabilitation methods may strengthen the desired effects of rehabilitation by promoting
pioneer plant growth, encouraging water retention to promotetkyng plant establishment,
and ultimately promote the conservation and éistaiment of beneficial organisms in the
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affected areas (Riva2006). The benefits of implementing grass growth on-weak gabions

have been noted to maintain vegetative growth, as root systems can remain firmly attached to
the gabion mesh and underlyinggk fill (Freeman and Fischenich 0 0 0 ; , 2608)t Thié

not only increases silt retention ability and reduces hydrological flow in these eroded sites, but
also can increase solil arthropod diversity and species richness over time due to the association
of certain arthropod groups with plant root systems (Coleman, @08K; Wall et al.2012).

The use of endemic vegetation species in rehabilitation strategies may also ensure a higher
success rate in erosigontrol, as these planestablish faster @hmore effectively (Xu et al.

20006. It is recommendeed that conservation strategies involving reskll gabions in the
GGHNP be combined with other erosion control methods which may further promote plant

growth.

4.5 Conclusion

The results show that riifferencesvere foundoetween soil arthropod abundance and
species richness of the rehabilitated and-redrabilitated sites. This was also true for the
investigated suisites, showing similarities between assemblages on both sides of the gabion
walls. However, findings did show that sediment builpl around constructed rehabilitation
structures affected soil arthropod species richness significdihgystudy provides a basis for
studying the effects of erosisahabilitation methods in lighdf 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 ofehabilitaton methods is 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 methodsdswieece

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 prigafat renewed rehabilitatiorsoil
samplingwas conducted fonine months before and nine months after renewal to observe
changes irsoil arthropodabundance and species richness in the affected site. Both species
richness and diversity were notably heghafter 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 arehewal did not significantly affect soil arthropod assemblages

in the affected site ovehé¢ study period, but tould be argue that continued monitoring is

necessary to fully gauge the effect of such disturbance ecdwelling arthropods.

Keywords: Athropods; Diversity; Incidental; Restructuring; Species Richness

5.1Introduction

Soils are an important component in monitoring the health of landscapes and have been
used in assessing the health of environments (Doran and Z68s Arshad and Martj2002;
Gulvik, 2007; Rosseau et g2013. The increased rate of soil erosion in temakecosystems
is an important problem the environment is facing (Pimental 1395; Pimental et al2004;
Duran Zuazo and Rodriguez Pleguezu@l@08; Pimentahnd Burgess2013) Soil erosion

reduces the quality and fertility of soils, subsequently decreasing the productivity of
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agricultural, natural, and forest ecosystems (Pimeg2@l6). Landscapes in South Africa are

no exception to this, as soil erosioroige of the most significant environmental disturbances
causing various rates of ecosystem degradation (Mead2@@3; Le Roux et gl.2007;
Compton et a).2010; Dlamini et a.2011). Research suggests that over 70% of South African
landscapes are at risk the effects of soil erosion to varying degrees (Garland,&Qf10; Le

Roux et al. 2008). The degree of erosion is dependent on ecosystem soil composition as well

as the various sources of erosion (Mead@®d83; Le Roux et §l2007; Compton et al2010).

The Golden Gate Highlands National Park (GGHNP) in the eastern Fre®Statee
of South Africa is welknown for its sandstone formations and cliffs (SANPag®&13).
Sandstone produces a shallow sandy soil with notably low fertility, whiagh$y susceptible
to erosion losses (Robeft969). To combat the effects of soil erosion in a highly erodible
landscape, yearly erosion control or rehabilitation projects are put ire fgdgcPark
Management, concentrated specifically near the manyrstraanning through the park. The
initiatives are set in place by South African National Parks (SANPEt&epgement alongside
SANParks Scientific Services as both an ecological conservation strategy as well as a
community engagement and employment projexincentrated on the education and
employment of the local population (SANPark913). The Working for Water community
group then implements the construction and maintenance of erosion control structures under
the approval of management. In some casésrvention 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 argplaced as necessary. However, in certain cases, implements are
too damaged to be maintained arghewal of implements islone to combat further

deterioration.
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The main aim of rehabilitation implementation in the GGHNP is to prevent siltation
and excessedimentation in rivers and streams in and around the park (SANE@IR3. Many
of the implemented methods, however, have little to no consideration given as to the effects of
these implements, such as silt netting, ra@l gabions and erosion control blankets, on-soil
dwelling arthropods in the affected areas. Findimm#e shown that soil biota play a vital role
in the health and functioning of ecosystems (Rousseau, €04aD; Culliney 2013), further
emphasising the importance of considering soil assemblages specifically in landscapes at risk

of deterioration (Orgizzi and Panagp2018).

This study focuses on the effect of major restructuring of a rehabilitated site and the
subsequent renewal of rehabilitation implements, after-teng use, on soil arthropod
assemblages in an eroded site. The study site wasfpagrevious 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 diffence in soil arthropod assemblages before and after the

renewed rehabilitation.

5.2Materials and Methods
5.2.1Study area and period

The study was conducted in the eastern parts of the GGHNP, located in the eastern Free
StateProvinceof South Africa. Tle national park borders the country of Lesotho, situated at
the foothills of the MalutDrakensberdvlountains It covers an area of 340 Krand has an
abundance of several deeply eroded sandstone cliffs and outcroppings surrounded by large
areas of naturagjrassland. Several marked river Bhand small streamsin through the

landscape of the park, with wetlands forming during peak rainfall seasons (SANIRAKs
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The affected site was | ocated on the f
28A45. 4770E, el evati on: 1731 m), near part
selected as part of an already established erosion study alongside comparative sites, but was
altered unexpectedly several months after the commencement of sanipjim site was
previously rehabilitated using roakall gabions and silt catchment netting 6 years before the
commencement of the study (SANParksspenel, personalommunication, 201%. During
July 2018, previously implemented rehabilitation structuvese removed and the area was
flattened in preparation of renewed rehabilitati@ufplementary material, ChapterFg.

S5.1ab). New structures, including erosion control blankets and fibre rolls, were implemented

by the start of August 201&(pplemetary material, Chapter 5, Fig. Sb)1

5.2.2Soil arthropod sampling

Soil arthropodswere initially sampledrom this siteto observe occurrence and overall
abundance in order to establish soil faunal groups in erosion sites in the G&dilNdBmMples
were takenfrom 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 slaih@n10 cm radius
of a closen sampling spoti¥e 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
subsamples were taken at each sampling point ankt@dogether to form each incorporated
sampleSampling sequencsas dondrom the highest point in the eroded furrow to the lowest

point of soil deposition before reaching the water body.

1T. Nsibandeverbal communication, Working for Ecosystems Park Ran@alden Gate Highlands Manal
Park, 21 Septemb&016.
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All samples were transported to the Department of Zoology andnibhigy,
University of the Free State, South Africa, and placed into individual BeTigggren funnels
with connected storage bottles containing 70% ethyl alc@hdlgren, 1918 Triplehorn and
Johnson, 2005; Badenhorst, 2016) a period of seven day#y allow for sufficient soil
arthropod extraction Arthropods were identifiedto morphospecies level, with special
consideration given to groups of mites (Oribatida, Mesostigmata and Prostigmata), Collembola
and other insects, with the assistance of gffists and associated literature (Theron and Ryke
1969; Olivier and Thergnl989; Triplehorn and JohnsoR005; Dunger and Schljt2011,;

Hugo-Coetzee2013; Badenhors016; Slingsby2017).

5.2.3Statistical analysis

Observed species richness &idhnnoAwViener diversity for the affected study site was
guantified using EstimateS, version 9.1.0 (Colw20i13), and plotted using boxplot analyses
to investigate changes before and after rehabilitationva@n&lonmetric Twodimensional
Scaling ordindon using BrayCurtis similarities was done to identify differences between soill
arthropod assemblages in each sample period. In addit@uaster analysisvas doneusing
the BrayCurtis similarity matrix, with pairedroup algorithmsto identify posdile patterns of
clustering of assemblage groups sampled before and after the rehabilitation renewal. In order
to test for vamance betweaethe two periodsa Permutational Multivariate Analysis of Ylance
(PERMANOVA) was conductedPERMANOVA, ordination ad cluster analyses were done
using Paleontological Statistics (PAST), version 3.16 (Hammer,e204l1), while boxplot

analyses wer conducted using the GGPL@Ppackage in R, version 3.5.3 (Wickhg2016).

In order to quantify the effect of renewal onilstwelling 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 staalbne @currence, with samples taken over a time series. To overcome
bias, due to noindependence in this time series, soil arthropod samples taken before and after
renewal were compared using Monte Carlo simulations by bootstrapping, over 1000
permutations withreplacement. Replacements and simulations were done using R, version

3.5.3 (R Core Team, 2019).

5.3Results

Overall, 1125 individualswere samplediuring the 18month 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 &iy. The increase in observed
species richnessd diversity may be attributed to the displacement ofdweélling arthropods

from the soil surrounding the original site into the furrows during the flattening of the site.

10.0

Species Richness

0,905 5.0 .

Before After Before After
Sample period Sample period

Fig. 5.1: Boxplot analyses of (a) soil arthropod species diversity, andp@nies richness before and after
implemeriedrenewal, 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 periods(BigClustering between monthsosied

variable levels of similarity.

Similarity
St 0.181 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9
ress: 0. ® Before
Month 10
0.225+ ® After N
. Month 1
‘ Month 12
0.150 —1 l— Month 16
L} | Month 18
0.0757 Month 14
Month 2
0.0004 Month 7
— Month 8
: L
———— Month 15
-0.0754
. ’ L Month 11
®
y Month 9
01507 Month 13
- { Month
-0.2254 N Month 4
[
Month 6
(a) (b)
-0.300"— T T T T T T T T Month 17
0375 0300 -0225 -0150 -0.075 0000 0.075 0150 0225 | Month 5
Month 5

Fig.5.2:(a) Nonmetric Twodimensional 8aling showing species overlap between assemblages before and after

the renewal, and (b) Bra@urtis similarity clusteringusing paired group algorithmshowing pairings betaen

monthly soil assemblages.

Permutational analysis showed no significant difference between assemblages before and after
the renewal (E16= 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 (Fabje
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Table 51: Results of Monte Carlo simulations
with tested hypotheses. +&hannon Wiener

diversity
Ho = 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

5.4 Discussion

Soil arthropods shoed variable responses to disturbances and environmental change
(Neave and Fgx1998; Frouz1999; Barbercheck et aR009; Coyle et al2017). The study
provided a look into the effect gbil 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 perial before ad dter the renewal. It could be suggestieat 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. Alththeykoil 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 ovene.

Results hinted strongly at the rehabilitation renewal having no significant effect on
species assemblages over a aimenth period after the renewal compared to he maths
before. This can be explainég the similarity in species assemblagesnid before and after
the rehabilitationwith species groups beirggmilar between the original furrow site and its
close surrounding soils. It is unlikely that individuals already in the furrow soils were able to
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migrate upwards by such a large distadae to their limited movement capabilities in soil
(Bengtsson et agl.1994; Hubbell 2001), suggesting that arthropods found after the

rehabilitation were those most likely residing in the displaced soils.

Many methods of soil erosion rehabilitatiare utlised primarily in the prevention of
water siltation. Rockvall 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, sii netting structures are used in many forms, with their usage heavily
dependent on size, height, build structuned materials used to construct these soil barriers.
Primarily, both these implements are utilised in the prevention of silt flow into wadéed
and near infrastructure, while still allowing water flow through the structure (R208S).
Erosion control blankets and fibre roll implementation are regarded as a temporary method of
mitigating soil erosion along sloping terrainstlasmaterialsused are typically biodegradable
and tend to wash away over time if used alone (Mn/PZD06; Rivas2006). These methods
are more effective in conjunction with establishing vegetation and planting pioneering or cover

seeds (Mn/DOT2006; Rivas2006).

In South Africa, the effect of erosion mitigation methods is not readily studied, and
even less attention is usually given to erosion structures in respectdavetiihg arthropods.
As the effects of all of the above methods on-duiklling arthropods ere not quantified in
comparison in this study, it is difficult to draw any conclusions on the direct effects of these
implements on soitlwelling arthropods and their function. However, this does emphasise a
need to study soil erosion mitigation structuend its shoftand longterm 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 bgjawnd (Stork and Eggletph992;
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BehanPelletier 1993; Wolters 2001). Although studies have investigated soil arthropod
responses to chemical change and pollutants (Eijsad@88; Paoletti et /1991; Nahmani

and Rossi2003; van Straaler2004), little is known as to their physiologiend behavioural
responses to terrain disturbancasd how disturbances, such as physical land reform, may
alter assemblages over leteggm. Certain soil arthropod groups may not show any response to
environmental change whatsoever, and may responéféoedit drivers rather than changes in

the soil (Madson2003). 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 arthpmds 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 rehabilisticecture maintenance
methods. The resultdo not necessarily show thegstructuring 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 riditetion over shorterm. 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 accuratelyauge 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 ireagttigated
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 Possik# implications of findings and future investigation

In Chapter 2soil arthropod diversity and richness was highnverallin the burntsite
in comparison tdhe nonburntsite The results hint at the possibility of fires promoting soill
biodiversity in tle park, with species being more adapted to burnt landscapes, as would be
expected in a firgprone ecosystem such as the GGHNP. This does not necessarily mean that
regularly applied prescribed fires, or even more frequent sweeping wildfires, cannot affect
these belowground 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 decreagpedessrichness 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 laniggerm, i.e. if fires affect these
assemblages frequently, restoration of populations could dtomn affecting the rate of
arthropoddriven ecosystem services. The lower diversity in the twelfth monthfipest
compared to the oamonth prefire hinted at changes in the assemblages over theatizh
period, possibly due to annual differences in assagelducture. 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 disturbancas well as the factors that affect these assemblages on a yearly

cycle.

Although the findings of this section are based on results fraimgle burnt site
compared to aonburntsite, the findings suggest that it is worth further investigating the
effeds of prescribed fire on seilwelling arthropod assemblages in the GGHMR larger
scale Surprisingly,soil arthropods were found to Imeore species rich and abundant in the
burnt site overall As discused in Chapter 2, it can be considerdtt the arthropod
assemblages possess traits that help these populstioaiige frequent fires in the figgrone
area, suggesting that assemblages might in fact thrive in burntFSies.are also a known
factor of nutrient cycling, returning orgameaterial bak to the soiland, in turn, resulting in
enrichment of soils that benefits both soil arthropods and their food soultestely, the
results suggest that prescribed fires regulate areas that are already prone to burning,
contributing to maintaining aiffiering 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 thefstudy
burnt sites, both from areas burnt on a yearly prescribed basis and sites burnt by runaway fires,
with monitoring of asseblages over longermto assess the lorigrm effects of fire on soil
arthropods and soil health. Determining the effect of fireheese assemblages could help in
making informed schedules for burning for optimal conservation of soil assemblages to
preserve arthropedriven ecosystem services, while still maintaining the primary objectives

of removing excess burnable biomass andlgatiing 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 assblage 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, 2014vith some areas still being utilised as grazing and feeding
lands fa livestock being held in the area today (SANParks personnel, personal communication,
2019). Studies have shown higher species richness and diversity of soil arthropods in
agricultural soils of some landscapes, possibly due to agricultural prastickas mixed crop

rotation, cover crops and nutrient restoratialtering soil ecosystem function (Baker, 1998;

e.g. Bardgett and Cook, 1998; Bedano et al., 2016). The western sector of the GGHNP, on the
ot her hand, contains whrats eialns d,e icomm.simdajredi
landscapes contain shallow, erodible, low fertility sandstereved soils (Roberts, 1969) with

little exposure to grazing livestock and agricultural practices. The lower species richness and
abundance in soil arthpods 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 Qwagwa National Park before their
amalgamabn 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 sedwelling arthropods in any ecosystems in the area, the findings emphasise
the need to study the park in its respective landscape type, withee#ioh ©f the park assessed

independently.

More importantly, Chapter 3 showed that soil arthropods in eroded sites of thdR”5GH
have potentiabs bioindicators of landscape status. The results emphasise a rather unusual

observation of soil arthropod groupsing more species rich and abundant in-redrabilitated

1D. Nariandas, verbal communication, Senior Section Range/Conservation MaGajaen 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 higlevels of water erosion, due to its steeply sloped landscapes, during each
yearly rainfall seasorit can be assumetthat il biota in these areabave adapted to this
regular phenomenon, as erosion can be regarded as a natural process which plays an integral
role in the formation of mountainous slop&théngara et al., 20)2It is possible that erosion

sites in the GGHNP in fact provide a niche $o0il 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 anadgs only highlighted a single species of mite as a strong indicator

of nonrehabilitated 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 arttopod groups against sailineralogy, it can be deducéuht it is possible

to utilise overall soil arthropod richness of investigated eroded areasnjunction 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, theutlts 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 varioushaiilitated

eroded sites of iGGHNP 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 mitigatio

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 despé# tvide utilisation. Additionally, emphasis is
commonly given to vegetation regrowth as an indication of ecosystem restoration, while
responses of sefhunal activity are often overlooked. The results of these two chapters
provided a preliminary look dtow soil arthropods respond to current erosion mitigation, with
the most significant finding being the effect of sedimentation lupldn species richness. As
discussed in Chapter 4, implementation of rehabilitation methods is often focussed on the
prevnt i on of siltation of water bodies, ensuri

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 sedlirbeildup around rockvall
gabions. A significant interaction was found between sediment-bpiland soil arthropod
richness, implying that there may be a possible link between sediment accumulation around
implemented rockvall gabions and soil arthrodspecies richness in rehabilitated sites. This
coinaded with data obtained from a sewggarold, similarly rehabilitated site in the GGHNP
area, hinting at a possible pattern of ldagn effects of silt builedup on soil assemblages in
rehabilitated s#s. Given the fact that roakall gabions and other erosion mitigation structures
play a role specifically in the prevention of water s@ehtation, it can be recommendédt
mitigation structurémplementation not be used a standlone solutiorio theproblem of soll
erosion. It should, instead, beluded 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 brougbuaby 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 respamnfChapter 5)t was initially expectedhat te
displacement of soil and incorporatioh new structures would changlee environmental
conditions of a locality. However, this was not necessarily the case in this study, as results
showed no significargffect on species assemblages over the months after removal of rock
wall gabions and silt netting, major restructuring of tlamdscape and subsequent
implementation of erosion control blankets and fibre rolls. The similarity between assemblages
sampled bfore 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 renewialghao significant

impact on soil arthropod assemblages over thm@Bth period, thguestionremains as to its
long-term implications Incidentally, the importance of constant monitoring of soil species
groups was highlighted in this study. The obsennedease in species richness and diversity
could easily be mistaken for an increaseaus®f the newly implemented erosion mitigation
structures. However, as discussed in Chapter 5, the increase was most likely the result of mass
displacement of soil &fm 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 bdib laesit

extent. In light of this, it is vital thdhese site typesre monitoredn a regular basis to establish
patterns of change in soil arthropod groups even long after the establishment of rehabilitation

structures.

Despite the incidental nature thiis 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 rad size of the eroded locality, the effect of certain structures on soil arthropod

assemblages must be taken into considmraiuture emphasis is suggediedetermie how
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different erosion rehabilitation methods impact soil arthropod assemblagesnglfowthe

cycling of certain structures to better benefit soil health.

6.2 Recommendations to SANParks Scientific ServiceBinadcomments

Applying fire to an area that islready fireprone has proven to ben 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 esffod assemblages over arhdnth period. In
fact, the burnt site exhibited a higher soil arthropod species abundance ameksich
comparison to aonburntsite. However, as this was an investigaton asingle burnt site, it
is recommendethat thisbe further investigated and monitored in several sites. Something to
keep in mind is that, although mignificant change were detectedfter a single burn, soil
assemblages may reactffeiently to burning due to their specific morphological and
physiolagical traits Monitoring of soil assemblages over shahd longterm periods in
different localities should bgiven consideratioto gauge the full effect of prescribed fire on

soil arthropod assemblages in the park.

Studies in South Africa have impligtiat erosion can be regarded as wholly and
indiscriminately Obadbad, resulting in unsust;
affected sites and the surrounding areas. It is true that the deterioration of soils could result in
the ultimate collpse 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 nerehabilitated eroded sites, in fact, support more diverse and abusudant
arthropod populations in comparison to rehabilitated eroded anrdrodedundisturbedsites.

Soil biota diversity is regularly sought aftes this usually means that populations carry out a
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larger number of interlinked functions in an ecosystenbsequently 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 watetcaused erosion, such agehand gully erosion due to heavy rainfall, on a yearly
basis due to the terrainds natur al sl oping
erosion areas have formed in the paken during recent years, soil arthropod populations
have adamd 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 éngiss.

A questionremains: What does this mean for rehabilitation of erosion? Although the
findings suggest that sediment build over longterm around rehabilitation structures could
negatively affect soil arthropods over time, the benefits of @nosehabilitation 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 biodiversityggrammes 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 pratecgjoals. To date, no studies have
been done othe effect of rehabilitation structures, such as +wel 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 necessaitityate 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 r@eartb promote longerm 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 pnwoting 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 aschitbamdtools,
specifically in prescribed firreated 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 longterm effects of land reform and freqtenntense wildfires. | 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. Futumgestigation 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 examplethis 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 e2hal., 201

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 ategguch 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 @kis highlighting only a fraction of these understudied
factors. It is vital that these factors are taken into account as panthafligtic ecosystem
conservation approach for the preservation of the protected environments of the GGHNP.
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Supplementary material: Chapter 2

Figuresand tables

Soil types

FAO90

codes Descriptors

ACp Plinthic Acrisol

LPe Eutric Leptisol
LPq Lithic Leptisol
LVh Haplic Luvisol
LXf Ferric Lixisol
LXh Haplic Lixisol

10 km

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 thlopgside site locality of

the burnt (B) and neburnt (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 S21: Soil sample analysis values for burnt and-bomnt sitesnvestigated in the Golden Gate Highlands National Park, Free State Province, South Africa.

Groups Site Mineralogy
Sio2 TiO2 | Al203 | Fe203 | MgO MnO CaO K20 P205 Na20 LOI
Juk17 NB 80.65 0.62 6.65 2.58 0.35 0.03 0.22 1.10 0.05 0.28 6.26
Juk17 NB 86.97 0.43 5.56 195 0.06 0.01 0.11 0.68 0.03 0.2 458
Juk17 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 7752 0.63 8.27 3.20 0.33 0.02 0.19 1.00 0.05 0.23 8.27
Nov-17 NB 8281 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 7.75 293 0.14 0.02 0.10 0.89 0.04 0.21 6.91
Mar-18 NB 8112 0.51 7.03 2.74 0.33 0.03 0.12 0.97 0.04 0.19 5.84
Mar-18 NB 8356 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 59 311 0.09 0.05 0.20 0.82 0.04 0.20 4.97
Juk17 B 76.37 0.33 5.64 2.52 0.18 0.04 0.31 1.29 0.07 0.53 10.73
Juk17 B 76.74 0.38 6.83 2.70 0.31 0.03 0.31 1.43 0.09 0.61 1091
Juk17 B 80.86 0.29 6.20 2.48 0.25 0.03 0.30 131 0.06 0.64 8.82
Nov-17 B 7773 0.38 6.70 2.71 0.21 0.03 0.24 1.45 0.08 0.54 1071
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 0.60 124 0.13 0.69 25.26
Mar-18 B 7299 0.42 7.48 3.06 0.39 0.05 0.31 157 0.10 0.56 1358
Mar-18 B 7977 0.31 6.03 2.45 0.30 0.03 0.21 1.23 0.07 0.54 1049
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 byRayFluorescence (XRF) element analysis
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Fig. S2.2: General trends of (a) mean soil temperature and (b) mean soil moisture between the burat and non

burnt sites ati0L0 cm soil é&pth. Site types: BBurnt; NB - Nortburnt. Burning took place between months 1
and 2.
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Supplementary materiat Chapter 3

Figures and tables

Fig. S31: Site photogaphs of site (1) to (6]1) Ste 1- Non-rehabilitatederoded (2) Site 2- Non-rehabilitated
eroded (3) Site 3- Rehabilitated eroded; (4) Site-Rehabilitated eroded; (5) Site- Non-erodedundisturbed
(6) Site 6- Non-erodedundisturbed

146



(2)

3) (4)

Fig. S32: Site 3 photographs, showing (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 S3L: Soil sample analysis values for sites of the Golden Gate Highlands National Park, including soil temperaturemaistuseilvalues.

Groups Site Mineralogy STemp Smoi
SiO, TiO, Al,O3 Fe,0O4 MgO MnO CaOo K20 Na,O P,Os LOI
Juk17 Site 1 ptl 86.52 0.35 5.20 193 0.12 0.02 0.10 101 0.02 0.53 4.66 17.40 6.20
Juk17 Site 1pt2 7931 0.61 9.29 493 0.72 0.18 0.46 150 0.07 0.48 3.50 15.60 2.80
Juk17 Site 1pt3 8267 0.50 7.01 3.23 0.53 0.11 0.30 1.38 0.07 0.16 256 15.80 4.20
Nov-17 Site 1 ptl 76.99 0.67 12.09 475 1.03 0.13 0.35 2.16 0.42 0.08 317 2820 2320
Nov-17 Site 1pt2 79.27 0.66 9.60 415 0.79 0.11 0.35 172 0.49 0.07 2.75 2810 7.40
Nov-17 Site 1pt3 94.21 0.31 3.27 112 0.00 0.02 0.08 0.91 0.34 0.02 147 2870 9.00
Mar-18 Site 1 ptl 69.76 0.75 14.06 5.75 124 0.14 0.51 243 0.45 0.12 413 2290 3380
Mar-18 Site 1pt2 79.90 0.65 8.37 3.62 0.78 0.10 0.39 154 0.46 0.07 2.78 2110 20.10
Mar-18 Site 1pt3 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
Juk18 Site 1 ptl 7396 0.65 1202 474 101 0.10 0.35 0.38 210 0.08 355 1970 1040
Juk18 Site 1pt2 7308 0.66 1127 5.21 112 0.19 0.49 0.37 187 0.08 3.95 2140 5.30
Juk18 Site 1pt3 77.28 0.62 1014 455 0.78 0.12 0.32 0.34 178 0.07 3.09 19.80 3.50
Juk17 Site 3 ptl 7865 0.61 9.83 3.90 0.37 0.03 0.22 139 0.04 0.16 452 2820 2320
Juk17 Site 3pt2 69.48 0.73 14.42 5.80 132 0.12 0.45 248 0.11 0.17 4.33 2810 7.40
Juk17 Site 3pt3 89.24 0.35 5.36 2.06 0.21 0.02 0.12 117 0.03 0.19 2.38 2870 9.00
Nov-17 Site 3 ptl 8164 0.56 731 3.50 0.57 0.14 0.45 1.36 0.60 0.06 1.99 26.20 24.80
Nov-17 Site 3pt2 9130 0.37 3.64 126 0.01 0.02 0.07 101 0.28 0.03 159 26.20 5.40
Nov-17 Site 3pt3 8367 0.48 7.88 319 0.73 0.03 1.04 121 011 0.04 3.07 2580 1880
Mar-18 Site 3 ptl 96.54 0.18 213 0.99 0.27 0.01 0.05 0.51 0.16 0.02 1.02 20.90 3540
Mar-18 Site 3pt2 8831 0.39 5.26 172 011 0.02 0.10 101 0.23 0.03 3.03 20.20 3040
Mar-18 Site 3pt3 9123 0.24 2.84 1.06 0.00 0.01 0.06 0.73 0.22 0.02 139 20.50 36.00
Juk18 Site 3 ptl 90.07 0.29 3.79 131 0.28 0.02 0.09 0.23 0.82 0.03 2.39 2190 8.30
Juk18 Site 3pt2 9274 0.25 2.72 124 0.65 0.01 0.14 0.22 0.59 0.02 162 20.70 3.80
Juk18 Site 3pt3 89.17 0.27 3.52 127 0.04 0.02 0.08 0.26 0.82 0.03 198 2260 4.40
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Table S31 (cont.) Soil sample analysis values for sites of the Golden Gate Highlands NationahPlaiding soil temperature and soil moisture values.

Groups Site Mineralogy STemp Smoi
SiO, | TiO, | Al,Os | F&Os | MgO | MnO | CaO | K,O | NaO | P.Os | LOI
Juk17 Site 5 ptl 8065 | 062 6.65 258 0.35 003 | 022 | 110 | 005 028 | 6.26 1350 3.40
Juk17 Site 5pt2 8697 | 043 5.56 1.95 0.06 001 | 011 | 068 | 003 020 | 458 1800 6.40
Juk17 Site 5pt3 8099 | 051 6.52 2.25 017 002 | 014 | 081 | 004 020 | 650 20.20 5.50
Nov-17 Site 5 ptl 8123 | 052 7.71 3.20 0.24 004 | 024 | 096 | 023 005 | 559 3040 | 17.30
Nov-17 Site 5pt2 8292 | 048 6.09 221 0.10 002 | 014 | 090 | 021 005 | 501 28.80 6.50
Nov-17 Site 5pt3 8167 | 052 7.03 263 011 003 | 017 | 090 | 019 005 | 683 29.00 6.60
Mar-18 Site 5 ptl 8493 | 053 6.29 234 0.26 002 | 018 | 094 | 021 004 | 538 2250 | 1520
Mar-18 Site 5pt2 8183 | 054 6.29 2.30 021 002 | 016 | 091 | 018 006 | 594 2200 | 1470
Mar-18 Site 5pt3 7935 | 050 8.47 2.89 0.18 004 | 012 | 101 | 015 004 | 561 2140 | 17.70
Juk18 Site 5 ptl 8286 | 051 6.83 2.60 0.43 003 | 038 | 030 | 097 005 | 487 2010 5.50
Juk18 Site 5pt2 8344 | 050 5.86 222 0.18 003 | 015 | 020 | 086 006 | 643 2120 6.30
Juk18 Site 5pt3 7756 | 056 8.01 282 0.33 004 | 023 | 020 | 1.07 006 | 717 20.00 5.30
Legend Descriptor

Group Month and year sample groups

Site Site and point number

Mineralogy Element results obtained byRay Fluorescence (XRF) element analysis

STemp Soil Temperature (°C)

Smoi Soil Moisture (%)
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Table SR: Results of Linear Model analysis testing correlation between soil attributes atndrisfprmed species richness of sites in the eastern sectors of the GGHNP,
with AIC values for best fithons = 36 for all modelsK: site only = 4, all combination mode¥ 7; pvalues ofsite versus soil attributes: *G05 ; ** = 0.01 ; *** = 0.001.

i 2 ’ . p(slope diff)
Model Multiple R Adjusted R2 p p(site) p(X) < e 5 AIC PAI.C

Site 0.453 0.420 p <0.001 p <0.001 - - - -18.577 12.753
1 -0.867 £ 0.248 0.00T**

Site/ROs - 0.631 p <0.001 p < 0.001 0.001 3 -1.963 + 0.638 0.004* -31.330 0.000
5 -0.177 £ 0.510 0.731
1 0.020 £ 0.010 0.058

Site/Soil temp - 0.551 p <0.001 p <0.001 0.013 3 -0.039 £ 0.014 0.009* -24.308 7.022
5 -0.009 + 0.009 0.369
1 -0.088 + 0.057 0.135

Site/Organic matter - 0.521 p <0.001 p <0.001 0.033 3 -0.115 £ 0.043 0.012* -21.944 9.386
5 -0.033 + 0.059 0.577
1 0.735 + 0.302 0.02F

Site/CaO - 0.509 p <0.001 p <0.001 0.046 3 -0.276 + 0.167 0.109 -21.076 10.254
5 -0.377 + 0.652 0.567
1 0.656 + 0.361 0.079

Site/TiO: = 0.505 p <0.001 p <0.001 0.052 3 -0.664 + 0.287 0.028& -20.792 10.538
5 -0.127 + 1.064 0.906
1 0.048 + 0.036 0.198

Site/FeOs = 0.490 p <0.001 p <0.001 0.078 3 -0.071 + 0.033 0.038& -19.697 11.633
5 -0.143 + 0.139 0.314
1 -0.009 + 0.008 0.233

Site/SiQ - 0.489 p <0.001 p <0.001 0.079 3 0.013 + 0.007 0.052 -19.655 11.675
5 0.027 +0.020 0.177
1 0.018 +£ 0.016 0.267

Site/ARLOs - 0.486 p <0.001 p <0.001 0.086 3 -0.031 £ 0.014 0.032 -19.447 11.883
5 -0.053 + 0.056 0.351
1 0.087 £ 0.074 0.246

Site/K:0 - 0.465 p <0.001 p <0.001 0.148 3 -0.160 + 0.078 0.04% -17.970 13.360
5 0.061 + 0.155 0.695
1 0.025 + 0.067 0.719

Site/NaO - 0.459 p <0.001 p <0.001 0.171 3 0.386 £ 0.173 0.03% -17.562 13.768
5 -0.064 + 0.133 0.634
1 0.250 +0.138 0.080

Site/MgO - 0.441 p <0.001 p <0.001 0.261 3 -0.125 +0.134 0.357 -16.379 14.950
5 -0.116 + 0.468 0.806
1 0.010 + 0.005 0.083

Site/Soil moisture - 0.436 p <0.001 p < 0.001 0.290 3 -0.001 + 0.004 0.901 -16.075 15.255
5 0.008 + 0.010 0.414
1 1.651 + 0.983 0.104

Site/MnO - 0.435 p <0.001 p < 0.001 0.298 3 -0.595 +1.178 0.617 -15.999 15.331
5 -4.727 £ 5.361 0.385
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Fig. S33: Rarefaction curves (Mao Tau) of site (1) to. (@) Site 1- Non-rehabilitateceroded (2) Site 2- Non-
rehabilitatederoded (3) Site 3- Rehabilitated eroded; (4) Site-Rehabilitated eroded; (5) Site-Non-eroded
undisturbed (6) Site 6- Non-erodedundisturbed
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Supplementary material: Chapter 4

Figures and tables

Fig. S41: Photographs of sites showing constructed and implementeamaltigabions of (a) Sitd1 and(b)
SiteB1, taken in November 2017.
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05 Sept 2018

Fig. S4.2:Sattelite images of Site A da) 25 September 2015 and (b) 5 September 2018 showing further erosion
over time. Images obtained from Google Earth 7.3.2.5Vigaved 24 March 202@Red line indicates position of
the rockwall gabion.
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25 Sept 2015

05 Sept 2018

Fig. S4.3: Sattelite images 8fte Bon (a) 255eptember 2015 and (b) 5 September 2018 showing further erosion
over time. Images obtained from Google Earth 7.3.2.5776. Viewed 24 MarchR2&20ne indicates position of
the rockwall gabion.
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Table S4.1:Posthoc PERMANOVA results for comparisons of communities acrosssiad with

adjusted praluesu si ng o6fdr 6 correction; * = p < 0.05
Site pairs F-Model R?value p-value p-adjusted
1 A1l behind vs Al in front 1.204 0.039 0.264 0.512
2 Al behind vs A2 source 1.100 0.035 0.308 0.512
3 Al behind vs A2 base 1571 0.050 0.092 0.286
4 A1l behind vs B1 behind 1.222 0.039 0.268 0.512
5 Al behind vs B1 in front 1.112 0.036 0.333 0.518
6 A1l behind vs B2 source 1.293 0.041 0.219 0.512
7 Al behind vs B2 base 0.667 0.022 0.714 0.909
8 Al in front vs A2 source 1.823 0.057 0.031 0.145
9 Al in front vs A2 base 2.601 0.080 0.002 0.028&
10 Al in front vs B1 behind 1.131 0.036 0.311 0.512
11 Al in front vs B1 in front 1.210 0.039 0.276 0.512
12 Al in front vs B2 source 0.516 0.017 0.902 0.955
13 Al 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 Bl 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 Bl 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 infront 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. S4.4Graphs indicating arthropod species richness compared to sediment depth over time. (a) Site Al behind,

(b) Site Al in front, (c) Site B1 behind and (d) Site B1 in front.
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Supplementary material: Chapter 5

Figures

Fig. S5.1aSitewith deteriorated rehabilitation implements at the start of the study, tak&stober 2017

Fig. S5.1b Flatteningof 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 pagsiginature
authorisation page

South 'frican
HATIONAL PARKS

RESEARCH AGREEMENT
BETWEEN

SOUTH AFRICAN NATIONAL PARKS
herein represented by Mr D. Pienaar
in his/her capacity as Senior GM: Scientific Services

{(hereinafter referred to as “SANParks")

AND

Miss SS van der Merwe

9103270212080
id no.

{(hereinafter referred to as “the Researcher”)

WHEREAS the Researcher submitted a research application to SANParks to conduct
a research on "%Soll blota as bioindicators of levels of erosion and fire
disturbances in Afromontane grassland areas within the Golden Gate Highlands
(“Research”) and to obtain a sample of a biological resource (* Material} in the
“Golden Gate highlands National Park” (“the Park”); XJ

{
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Research Agreement: VOMES 1387 Soil biota as bioindicators of levels of erosion and fire

disturbances in Afromontane grassland areas within the Golden Gate Highlands
08 November 2016
Page 15 of 18

SIGNED at_Sskwag onthe_AZ{L dayof /(/G e 1)0/

2016

WITNESSES
)

SANP

SIGNED at UEs,mm onthe ___ 04 dayof __ NOVEMRBER

2016

WITNESSES:

RESEARCHER

21 FEB 2017

% <>
e, &
ESITY oF THE FRES

. SANParks 2016®
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Appendix 2: University of the Fre State Animal Research Ethic€onditional approval and
Full approval
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