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Abstract

Ecosystem services, nature’s benefit to peoplédritare to human well-being. Extensive
reliance on, and unsustainable use of, naturatrress is typical of the rural poor in
developing countries and can lead to ecosystenadation, decreased ecosystem service
provision, and increased vulnerabilities of rurapplations. Most ecosystem services are
intangible or difficult to quantify, but fuelwood@visioning can be measured directly and
can serve as a proxy for the status of other etasyservices (e.g. aesthetic and spiritual
services, nutrient cycling, carbon sequestratiSouth African rural communities hawe

high reliance on fuelwood despite extensive actestectricity. Within this context, live
wood harvesting occurring around rural settlemaniscreasing amounts has been deemed
unsustainable. However, the ‘fuelwood crisis’ af 1870s, and subsequent predictions of
woodland collapse through fuelwood supply-demandets) has still not occurred despite
substantial population growth in developing cowestriHypothesised reasons for modelled
supply-demand mismatches are based on underestimwdtiuelwood supply and woodland
regeneration, as well as overestimation of fuelwdechand by discounting behavioural
adaptability of users. It is likely that the sphtianfiguration of fuelwood use allows for the
co-adaptability of both humans and ecosystemscl ¢é understanding of the spatial
configuration of these social-ecological dynamiostks our insights into current and future
adaptive responses and thus, the degree of susitaynd his thesis aimed to assess woody
biomass stocks and vertical structure changespasxg for provisioning ecosystem
services, in a spatially and temporally explicitmer, to describe the status and impact of
wood extraction in semi-arid, savanna communaldahi$ing repeat, airborne light detection
and ranging (LIDAR) data from 2008 and 2012, weveyed three-dimensional woodland
structure in Bushbuckridge Municipality communaida — the grazing and harvesting areas
for densely populated rural settlements in formpartheid ‘homelands’ in South Africa.
Woody biomass in 2008 ranged from 9 Mg'tea gabbro geology to 27 Mg h@n granitic
geology. Land-use pressure was associated with easapory regrowth of savanna tree
species through post-harvest coppice in the 1-3ghhelass. Woody biomass increased at
all sites, contrary to previous fuelwood modelshaf area. Change detection in the vertical
canopy structure revealed that biomass increasesalmost solely attributable to the 1-3m
and 3-5m height classes. These changes were eatextthy wood extraction intensitythe

communal lands — the communal land with the highestd extraction pressure experienced



the greatest biomass increases, likely a strongweh response to high harvesting levels.
Within communal lands, areas closest to roads atibsents experienced substantial
biomass increases as a result of shrub level géims.relationship was mediated by the
usage gradient — the greater the wood extractiesspre on the communal land, the larger
and more spatially coalesced the ‘hotspots’ of lshewel increases were in relation to ease of
access to the communal land. However, biomassaseseare not necessarily indicative of
woodland recovery, as shrub-level increases weaupled with losses of trees >3m in height.
To explore these tall tree dynamics further, wekiea >450 000 individual tree canopies
over two years over contrasting landscapes — afgrireserve containing elephants, two
communal lands under different woexttraction pressures, and a nature reserve ferited o
from both elephants and humans. Humans are coabiéadrivers of treefall (defined here as
a>75% reduction in the maximum height of each tre®pg) in communal lands. Human-
mediated biennial treefall rates were 2-3.5 folghler than the background treefall rate of
1.5% treefall h# (in the control site — the reserve containinglreielephants nor humans).
Elephant-mediated treefall was five fold highenthiae background rate. Rate and spatial
patterns of treefall were mediated by geology anthse water provision in the elephant-
utilised site where relative treefall was highemutrient-rich geology, and intense treefall
hotspots occurred around permanent water pointiaddemediated rates and spatial patterns
of treefall were influenced by settlement and clapd expansion, as well as ease of access to
communal lands. Frequent fires facilitated the igggace of trees >3m in height, but was
associated with height loss in trees <3m. The coetbloss of large trees and gain in shrubs
could result in a structurally simple landscapehwéduced functional capacity. Shrub-level
increases in the communal lands are likely anaatere combination of newly established
woody encroachers and strong coppice regrowthnvelséed species. The more intensely
used the communal land, the greater the bush thilegend the stronger the relationship
between biomass gains and structural changes iowest height classes. The exacerbation
of bush thickening in natural resource-dependemtroanities has critical implications for
ecosystem service provision. There is potentiat@ppice regrowth to provide fuelwood to
communities using ‘tree thinning’ programmes, thare is a lack of data on the quantity and
quality of the regrowth, as well as the sustairighif coppice, the impacts of different
harvesting methods, and the potential feedbacks ahidnging climate and GQ@ertilisation.
Woody resource spatial distribution in communatirs centred around settlement-level
wood extraction pressure, as well as natural regoaccessibility in the woodlands. In highly

utilised areas, woodland regenerative capacitybleas underestimated. Additionally, natural



resource extraction is still highly localised, earthe communal land scale, with major
structural changes occurring around the periphegjase to existing infrastructure.

However, it is these underrated coupled adaptispaeses in social-ecological systems that
explain the failure of fuelwood supply-demand mestptedictive abilities. Nevertheless,

loss of large trees in the landscape and the pensis of ‘functionally juvenile’ coppice
stands will have implications for seedling prodantand establishment in the landscape with
repercussions for the future population structun@ @cosystem service provision. | discuss
the implications of increased natural resourcenele in an African development context and
the positive feedback between rural poverty andrenmnental impoverishment. Potential
constraints to the data are unpacked, togetherapiplortunities for further research in this

area.
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Chapter 1: Introduction

"Natural systems are not so very fragile; they areomplex adaptive systems ... What is fragile ... is

the maintenance of the services on which humarsndigp- Levin 1999

1.1 Rationale

Ecosystem services are the benefits that peopieedeom ecosystems and these can be
categorised as provisioning (e.g. food, wood), l&ting (e.g. flood attenuation, water
purification), supporting (e.g. nutrient cyclingjmpary production) and cultural (e.g.
aesthetic, spiritual) services (MA 2005). Thesesgstem services provide the basis for
human well-being (MA 2005). ‘Well-being deprivatiatefines poverty (World Bank 2001)
and loss of biodiversity increases vulnerabilityslmcks (MA 2003). Unfortunately, as a
direct result of the pervasive human presence emglibbe, the substantial growth in human
population and subsequent appetite for resourcésudek 1997; Ellis 2011), there has been
extensive unsustainable use, and an accompanyatigalen ecosystem services (MA 2005;
Egohet al. 2008; Carpentest al. 2009). The rural poor often disproportionately resh

natural resources and when human population grout$trips resource growth, standards of
living decrease (World Commission on Environmerd Bevelopment 1987; Cervigni &
Morris 2016). This can result in a “poverty-envinoent trap” where natural resources
dynamics are non-linear and the coupled collaps®tf human well-being and the natural
environment become increasingly likely (World Comasion on Environment and
Development 1987; Cervigni & Morris 2016). Thusas that maintain ecosystem
functioning should be carefully managed to ensustasned coupled systems’ well-being
into the future (van Jaarsvedd al. 2005; Egotet al. 2007), especially considering that
‘spatial spillovers’ may impact adjacent areas (Béet al.2011). In order to better manage
ecosystem services, one has to have some undengtaridheir current status, the factors
that influence their dynamics and how they relaithiw social-ecological systems.
Quantifying ecosystem services is not solely basethapping of the ecosystem function
that supports the services, but also identifyirglibneficiaries and where these services are
used (Egolet al.2007).



Historical consensus has been that ecosystem esmaty on biodiversity (Ostfeld &
LoGiudice 2003; MA 2005; Isbedit al. 2015), but there has been extensive debate orhwhic
biodiversity measures are accurate and/or useftdvgates and, subsequently, whether
conserving biodiversity is an effective means afsmving ecosystem services (Egalal.
2007). Although most ecosystem services are intdagsome services (especially
provisioning and supporting services) can be meakdirectly. Fuelwood harvesting can be
measured, both directly as a provisioning ecosystenvice, and indirectly, as a proxy for
other services (e.g. regulating air quality, nutrieycling, primary production, carbon

sequestration).

Although the use of woody biomass stocks as fuetihvwave slowly declined globally
(charcoal consumption is increasing rapidly) (Achel al. 2003; Carpentegt al. 2009),
localised shortages occur where fuelwood is $tédlpredominant source of energy. Millions
of people in southern and east Africa rely on woweegetation for energy, extracted from
both communal (Luogat al. 2002; Stringer & Reed 2007; Kalema & Witkowski 2)&and
protected areas (Abbot & Homewood 1999; Furukatal.2011). Within southern Africa,
South Africa has high per capita use of fuelwood asimary energy supply; despite having
considerable access to electricity (85% of natigagulation) (Statistics South Africa 2014).
Although the relative contribution of fuelwood ispected to decline, absolute growth in
population is expected to increase; the FAO (UnNatlons’ Food and Agriculture
Organisation) predicted a 25% increase in woodomption from 2001 onwards (van
Jaarsvelcet al. 2005; FAO 2008) and by 2030, fuelwood is still egyed to represent 80% of
household energy consumption in sub-Saharan AfGeaull & Gautier 2014).

Within this context, 93% of current fuelwood demsuade no longer met by collection of
dead wood (Doviet al.2004). Thus, live wood harvesting occurs arourttieseents
(Shackleton & Scholes 2011). Fuelwood, and chayt@alesting are significant contributors
to woodland degradation in semi-arid ecosystens®uthern Africa (Stringer & Reed 2007,
Shackleton & Scholes 2011), particularly in the thotfrican Lowveld (low altitude)
savannas, where woody vegetation is being harvéstéide fuelwood and field-clearing
(Bankset al. 1996; Shackleton & Scholes 2011; Wesselal. 2011).This is of extreme
concern as localised fuelwood scarcity is alreagipdpexperienced and the situation is
unlikely to improve in the future (Madubansi & Skkston 2007). Indeed, localised
fuelwood shortages have facilitated the developroéhielwood markets (Shackleten al.

2006; Matsikeet al. 2013), effectively increasing the harvestable arghthus the impacts of
2



fuelwood extraction may become less of a localgeehomenon. Despite fuelwood markets
contributing to rural livelihoods (Shackletenal. 2006), they have the unfortunate knock-on
effect of artificially maintaining perceptions afdlwood abundance (Twiret al. 2003a;
Matsikaet al. 2013). Although complete woodland collapse in Bustkridge, South Africa,
was predicted to occur by 2011 (Bamdtsal. 1996) and more recently, by 2024 at current
extraction rates (Wesseds al. 2013), the interactions between socioeconomic and
environmental factors driving natural resource argecomplex, non-linear systems that are
challenging to quantify (Giannecchiat al. 2007). However, the above predictions do
emphasise that woody vegetation harvesting, dibyeimcreased demand and greater
extraction amounts (often owing to the use of VeBic is unsustainable (Twine 2005). Not
only is the sustainability of fuelwood supply a cem, but resilience theory holds that if a
system is pushed beyond its ability to absorb distoce, the system can move into another
stable state (Holling 1973), one which may be uimdbke for people who depend on the
system for their livelihood (Hoblet al. 2014).

Woody biomass extraction changes the structureooidy vegetation in the landscape
(Freitag-Ronaldson & Foxcroft 2003; Wesselsl. 2011; Fisheet al. 2012).Structural
diversity of vegetation is linked to ecosystem fiimaing (Tewset al. 2004; Fischeet al.
2006; Hallet al.2011; Davies & Asner 2014; lIsteet al. 2016) and can affect: productivity
(Aguiar & Sala 1999; Ishiet al. 2004); edge effects (Harpet al. 2005); ecosystem health
and integrity (Manningt al. 2006); habitability and the species richness thfrapods (Halaj
et al. 2000), birds (Seymour & Dean 2009), mammals (\Ahfiset al. 2002), amphibians
(Atauri & de Lucio 2001) and reptiles (Smattal. 2005). Thus, unsustainable harvesting of
woody vegetation impacts ecosystem functions aaddicial-ecological systems that rely on
the ecosystem services provided. Not only is génwegetation structure important, but
individuals within the landscape also fulfil furanial roles. Large trees play a uniquely
important role in landscapes, supplying shade,aiedusoil and plant temperatures (Belsky
& Canham 1994), increasing below-canopy nutriewcting (Manninget al. 2006; Treydtest
al. 2008; Millset al.2012), decreasing under-canopy evapotranspiréielskyet al. 1993;
Holdo & Mack 2014), improving grazing quality (Titget al. 2007) and providing nesting
sites for arboreal species (Herremans 1995; Tetwat 2004). Small trees and shrubs also
play a role in landscape pattern and process. Stant dead logs provide microhabitats for
seedling germination and provide cover for smatidiand mammals (White 2005).

However, an increased presence of shrubs can Isrged as bush encroachment. Human



influences are shifting savanna systems to inanggsiwoody states as a result of
overgrazing, fire suppression and reduction in ls@wumbers (Archeat al.2001). Bush
encroachment reorganises savanna systems (Aethe2001; Meiket al. 2002). Indeed,
bush encroachment has been shown to result in llovestock carrying capacity and
decreased survival rate for calves (@bal.2000). Bush encroachment may be exacerbated
by continued harvesting of woody vegetation andetiiguing increased density of coppicing
shoots in communal lands, together resulting istwleaterm here “bush thickening”.
Additionally, the loss of small trees and shrubs leed to desertification. Bare patches have
increased water run-off, decreased infiltration amdsultant loss of nutrients during erosion
(Rietkerk & van de Koppel 1997). Intensive use atunal resources that changes the
structural diversity threatens to transform the oamal lands into a structurally
homogeneous, functionally inferior landscape. Tas serious implications for the
communities that rely on ecosystem goods and ss¥iom communal lands in semi-arid

savannas.

Past studies on wood extraction focused on relstis between wood supply and demand
and provided detailed field studies on biomassilog®mmunal areas (e.g. de Montalembert
& Clement 1983; Bankst al. 1996; Twine 2005; Kirklanét al.2007; Madubansi &
Shackleton 2007). However, these studies lackedlldétdata over large extents, especially
in the context of the heterogeneity inherent inesanas (Pickett al. 2003). Small footprint,
discrete return light detection and ranging (LiDA#Rnsors estimate three-dimensional
vegetation structure in detail (ca. 1 m laser spaicing) over relatively large areas, providing
landscape-scale estimates large enough to dissindpgitween local and regional variance
(Colwell 1967). Airborne LIDAR has recently beerplged in savanna ecosystems (Asaer
al. 2009b; Levicket al.2009; Smitet al. 2010; Colgaret al.2012; Baldeclet al. 2014;
Davieset al. 2014) with excellent results. LIDAR has also bapplied successfully to assess
fine scale vegetation trends over the communaldgWékesselet al. 2011; Fisheet al. 2012)
and to provide baseline biomass data for fuelwagbky-demand models (Wesselsal.

2013). Although woody vegetation structure has Istadied in communal lands, little is
known about temporal changes in vegetation stracad biomass as a result of land-use.
LiDAR has been repeatedly demonstrated as a tgehéal for the monitoring and
management of a spatially and temporally heterogenecosystem. Here we use LIiDAR to
estimate vegetation structure change over Bushlmggkcommunal lands, a former

‘Apartheid homeland’, in the Mpumalanga provinceSoluth Africa.



1.2 Research aim, objectives and thesis structure

The overarching aim of this research is to examioedland biomass and structural changes
in response to harvesting in a communally utilisenhi-arid savanna over varying levels of
resource extraction pressure to infer woodlandasnehility and the implications for

continued ecosystem functioning.

1.2.1 Objective 1: Investigate height-specific changegagetation structure across a wood
extraction gradient in a semi-arid, communally ised savanna between 2008 and
2012.

a) Rationale:

Most research on structure change in savannathex aipecific to one focal tree species (e.g.
Helm & Witkowski 2012; Venter & Witkowski 2013) averall size class distributions (e.g.
Matsikaet al. 2012). Measures of stem diameter are more frebuestd to asses change in
woodland structure (e.g. Walker 1976; Shackletofckoles 2011), but this is an
inappropriate measure in an ecosystem dominatedfyyice response as stump diameter (if
harvested above the ground) is not a consistedigboe of shoot productivity (Kaschukt

al. 2005). A specific investigation into savanna wlaod recovery is worthwhile. Lowveld
savanna studies suggest that environmental vasialcteas a stabilizing mechanism, driving
heterogeneous species-specific biomass distrib{@ofgan & Asner 2014). Even within
species, different height classes can be drivedifigrent processes (Helm and Witkowski
2012, Scholtzt al.2014). Anthropogenic influences, especially iragunal-resource
harvesting scenario, are fundamentally importampttibern and process and it is likely that
they will play a role in height-class changes imasaa woodlands. The height-class specific
growth characteristics of the woodland and thedyutfy ability of the ecosystem in response
to continued fuelwood harvesting is particularlypmwntant for sustainably managing
communal natural resources. This knowledge mayritané to knowledge on adaptive

height-class dependent primary productivity respdnsvarying land-use intensity.

b) Research Questions:

* How do the rates and patterns in height-specifioggdosses and persistence of

woody cover differ between communal lands?



* What factors (e.g. geology, relative elevatiorg,fipperceived distance from

settlements and roads) are associated with stalategetation dynamics?

1.2.2 Objective 2: Investigate changes in woody biom&ssks and vertical vegetation
structure at varying levels of wood extraction pra® between 2008 and 2012 in

Bushbuckridge.

a) Rationale:

Remotely-sensed biomass, as a complex biophysftattion of ecosystem functioning, is
increasingly being used for management purposds bianass estimations remain
challenging in ecosystems with highly variable sgecomposition and structural
complexity. Biomass estimations, however, do novjle any information on the vertical
location of that biomass change within the verticadetation profile. Vertical vegetation
structure can be quantified using LIDAR volumepigel (voxel) data. Analysis of voxels is
a useful aid in describing change in biomass, pliogi detail of where in the 3-D canopy the
biomass changes are occurring. Changes in woodyds® may not necessarily be mirrored
by changes in vertical woody vegetation structun@ @screpancies in patterns of both
biomass and vertical structure change may reveaiqusly unknown dynamics. This will
also assist in identifying which portions of theatly vegetation canopy are contributing to

the gain/loss of biomass in a spatially explicitnmer.

b) Research Questions:
* What is the magnitude of woody biomass changerginglevels of wood extraction
in the Bushbuckridge communal lands?
* What are the changes in 3-D vegetation structuvarging levels of wood extraction
in the Bushbuckridge communal lands?
* What is the relationship between woody biomass3abBdvegetation structure change

at varying levels of wood extraction?



1.2.3 Objective 3: To examine the influence of anthropagdrivers on woody biomass
and vegetation structure change between 2008 at@d ROcommunal lands with

varying levels of wood extraction, in relation toi@tic and anthropogenic variables.

a) Rationale:

Wood extraction disturbance gradients are evidenirad settlements, but the gradient
change threshold has increased from 100m in the8’4 88 approximately 1 km from
settlements in the 1990’s (Giannecclahal.2007). Not only has the distance from
settlement increased for fuelwood collection, theettaken to collect fuelwood has increased
from 239 minutes per trip in 1992 to 268 minutestge in 2002 (Madubansi & Shackleton
2007). These figures explain the large differemcbiomass seen beyond 1km from
settlements in 2008 (Wesselisal. 2013). This relationship should also be presemtandy
vegetation biomass change detection maps. Theteoftemtraction can provide clues into
the status of the villagers’ well-being and theitnerability. Patterns of extraction can give
insight into the uses of extracted resources agultily heavily utilised areas. In the context
of wood provisioning landscapes, the interplay eetmvwoody biomass, vegetation structure
and anthropogenic variables is poorly understotdn@e analysis of woody biomass stocks
is vital information for future management of ecgteyn services in communally-utilised

woodlands.

b) Research questions

* How does the relationship between above ground wbeamnass and vertical
vegetation structure change between and within conafiands under different
resource extraction levels?

* How does the relationship between woody biomassvarittal vegetation structure
change, with respect to:

- distance from the nearest settlements?
- distance from the nearest roads?

- the abiotic template?



1.2.4 Objective 4: To explore the relative impact of hmsand elephants on height-
specific treefall rates between 2010 and 2012t@sstontaining either humans,

elephants, or neither.

a) Rationale

Measures of whole tree loss/mortality in savanrea®lbeen the focus of many studies with
respect to elephants (e.g. Laws 1970; Asner & Le2{1?2) or fire (e.g. Govendet al.

2006) or the interaction between both (Moncregfal. 2008; Shannoet al.2011; Helm &
Witkowski 2013). Yet, humans are overlooked as tgehecological change. Human effects
alter savanna structure and function, and thistiscsincrease with projected population
increases. Savanna woody cover determinants ame cfinsidered in terms of herbivore and
abiotic drivers, but humans alter woody cover tigltoland-use change (Belsky 1987;
Higgins et al. 1999) and the use of fire (Bird &wali 1998; Pyne 2001).

The importance of large trees for ecosystem funasmften stressed in literature and in a
semi-arid savanna context they form ‘keystone’dtries. Trees are also crucial to rural
communities’ wellbeing, through supply of fruit, @ell as in their religious and cultural
significance (Shackletoet al. 2003; McHaleet al. 2013). In areas of severe, localised wood
scarcity, large tree loss has been reported arabdot the lands despite tribal taboos
(Kirkland et al. 2007). This research aims to quantify large toss in a communal land-
specific context and identify people as driversafanna structure outside of fenced-off

reserves.

b) Research questions

* How do the rates and spatial patterns of treefti#rdbetween the sites?
* What affects the differences in rates and spatiitbmns of treefall between the sites?
* What is the relative importance of other factorg.(ére, geology, hillslope, human-

settlement specific traits) in treefall rates aattgrns between sites?

1.2.5 Thesis structure

The thesis chapters, excluding the introductoryafitér 1) and synthesis (Chapter 6)
chapters, have been written in a free-standing &ifor submission to scientific journals.
Whilst | endeavoured to avoid overlap between adrapamponents, it was at times

unavoidable to ensure publishable material was taiaied in a standalone context. This is



especially true of motivations for the study, stsitg descriptions and research methodology.
Chapters 2 and 4 will soon be submitted for pubibcato appropriate journals. Chapter 3 has
been published iRLoS ONEMograbiet al.2015) and Chapter 5 is currently accepted in
Ecography(Mograbiet al.in press).

Chapter 1 provides a rationale and introductiothéothesis, establishing the research
context, and the aims and objectives. Chapter @sitiyates the vegetation structural
dynamics across a wood extraction gradient, inolyidhe abiotic and anthropogenic factors
associated with height-specific growth and los<hapter 3 | derive above-ground woody
biomass estimates, explore the challenges invatvetbmass estimation, as well as the
context of biomass change within the vertical streesof the vegetation canopy. Chapter 4
establishes the differences in patterns of bioraadsvertical vegetation change both between
and within communal lands, specifically examinihg anthropogenic drivers of vegetation
stocks and structure dynamics. | also compare eatdspatial patterns of treefall between
human- and elephant-dominated sites in Chapteregdmine humans as drivers of savanna
vegetation dynamics. The findings of each chaptedescussed in a more holistic context in
Chapter 6, as well as addressing the constraitksnawhich this research was conducted.
The implications of the findings and possible oppoities within the social-ecological

context of natural resource use are also considered
| have also been involved as a co-author on theviatg publication:

Fisher, J.T., Witkowski, E.T.F., Erasmus, B.F.Ngdviabi, P.J., Asner, G.P., van Aardt,
J.A.N., Wessels, K.J., & Mathieu, R. 2015. What leneath: Detecting sub-canopy
changes in savanna woodlands using a 3D classificatethod Applied Vegetation
Science18(3): pp. 528-540 .

a) Author contributions

Due to the highly collaborative nature of the stuthtg papers on which Chapters 2-5 are
based have vested involvement from a number obasitiThe following list details the

specific contributions of each co-author:

Mograbi, P. J.: Primary author conducted data extraction and arglwrote up

chapters/papers

Witkowski, E. T. F.: PhD supervisor, provided guidance on theoretoed$ and data

analysis for the papers, commented on varioussilodfithapters/papers



Erasmus, B. F. N.:PhD supervisor, provided guidance on theoreta@h$ and data analysis

for the papers, commented on various drafts of tehsfpapers

Asner, G. P.:PhD co-supervisor, CAO collaborator, developediamgemented CAO,

provided LIiDAR data, guidance on theoretical idaad data analysis for the papers,
commented on various drafts of chapters/papers

Wessels, K. J.CSIR collaborator, commented on various draftsapfgrs

Mathieu, R.: CSIR collaborator, commented on various draftsagfgrs

Knapp, D.: CAO LIDAR data processing

Martin, R.: Planning, deployment and execution of CAO LiDARaigns

Main, R.: CSIR field-biomass estimates and initial field-IAR regression analyses,

commented on an early draft of Chapter 3

Vaughn, N.: CAO LIDAR data processing, commented on an eawt @f Chapter 5

1.3 Literature Review

1.3.1 Ecosystem Services

Ecosystem services are categorised by being: pooug (often tangible ‘goods’: e.g. food,
wood, medicinal); supporting (essentials for thedoiction of other ecosystem services: e.g.
nutrient cycling, primary production); regulatingefiefits from ecosystem process
regulating: e.g. flood attenuation, water purifioa); and cultural (services that enhance
human living: e.g. aesthetic, spiritual) (MA 200Bjom the above, it is clear that ecosystem
services underpin human well-being (MA 2003). Temblishment of the link between
ecosystem services and human well-being clariftesystem service valuation in
anthropogenic terms, providing relevance and urgémat would not galvanise as much
conservation effort from policy and managemensaiation from human requirements (van
Jaarsvelat al. 2005; van Wilgen & Wannenburgh 2016). This defimtalso provides a
means of linking interventions to ecological comsefe.g. desertification, biodiversity loss).
The relationship between landscape processes andrhwell-being can be seen as a cascade

of ecosystem services (Figure.1.1) (Haines-Yourigofschin 2010). However, ecosystem
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services are not only the link between naturalesystand human well-being, but ecosystem
service provision processes also operate acrosislsgpad temporal scales; changes to
ecosystem functioning can also overflow into adjegeas (Barre#t al. 2011), like

conservation areas.

The link between nature (biodiversity and ecosysjemature’s benefit to people (ecosystem
services), and quality of life (human well-beingstbeen formalised in the
Intergovernmental Platform on Biodiversity and B&tiem Services (IPBES) conceptual
framework (Figure 1.2) (Diaet al.2015a). IPBES builds on the Millennium Ecosystem
Assessment (MA) framework, but explicitly includdiferent knowledge systems (Figure
1.2) (Diazet al. 2015a). A potential stumbling block to implemeitatof the IPBES
assessments are the lengthy debates and comprdahasesme from being comprised of a
purely governmental oversight body; in contrase, A came to consensus early on and
easily, as the governing board comprised natumlsagial scientists, business communities
and indigenous community leaders (Reid & Mooney&)0That said, an MA shortcoming,
that IPBES seeks to rectify, was the lack of insitihal and governance representatives to

support the science-policy interface (D&zl.2015b).

Growing demand for ecosystem goods, especially,fa@ and water, are driving many
ecosystem changes globally (MA 2005). Natural-resmdependence in communal areas is
often a livelihood strategy and can be an effedbiwifer against poverty (Twinet al.

2003a). Although ecosystem goods and services ihakeased human well-being, these
gains have been at the cost of ecosystem degradaith thus, at the cost of decreasing the
well-being of future generations who will rely dmese compromised ecosystem services
(MA 2005). This is a trade-off of the utilisatioh @osystem services that has to be made
explicit (Carpenteet al.2009). However, trade-offs become particularlyiclillt as
ecosystem services manifest and are supplied ketst&ders at different scales; the
composition of stakeholder groups also varies wistitutional scale at different scales (Hein
et al.2006). In a fuelwood context, fuelwood provisismost important at the municipal
scale, but woodland conservation is at the natilavall. Thus the processes that generate
ecosystem services and socio-economic driversrabdd will change with scale. For
example, fuelwood harvesting is sustainable attiame scale (Von Maltitz & Scholes
1995), but not on a local scale (Dowieal. 2004). As ecosystem service production is
spatially variable, it is important to identify esdial areas to ensure continued ecosystem

service provision and human well-being (van Jadds¥eal. 2005).
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Ecosystem services are generally difficult to gifg@ind biodiversity surrogates are often
used in line with the asymptotic relationship bedwdiodiversity and ecosystem function
(MA 2003). Small changes in biodiversity can leadmall changes in ecosystem
functioning, provided those biodiversity lossesn include unique roles (MA 2003).
Nonetheless, some ecosystem services, especialtisgoan be measured directly without
the use of surrogates. For example, fuelwood stoakde measured directly via woody
biomass and change in woody vegetation structuitdlas is particularly relevant in
communal harvesting areas. In this regard, woodpgtation can provide both a direct
measure of an ecosystem good as well as an indiregsure of other ecosystem services via
a proxy for regulating, supporting and culturalvsees. Specifically measuring large trees in
rural commons can serve as a proxy for culturagstem services as they are often valued
for their spiritual significance as well as prowvidifruit and shade (Shackletenal.2003;
Luogaet al. 2005; Kirklandet al.2007). For example, in the South African Lowveld

Diospyros mespiliformis, Sclerocarya birraadStrychnosspecies are traditionally taboo

Landscape structur Intermediate
or process

(e.q.
primary production)

Functions
(e.g. generate wood
biomass)

Final products
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product: fuelwood)
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opportunities for
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management
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(e.g. livelihood,

— protection from
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Figure.1.1. Conceptual diagram linking ecosystem factioning to human well-being
through a series of service cascades [adapted frodaines-Young & Potschin 2010].
“>" refers to the “sum of”.
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Figure 1.2 The IPBES Conceptual Framework. The rain focus of the framework is the
three elements of coupledocia-ecologicalsystems: nature, humans, and the benefi
humans derive from nature. The blue and greeitexts denotescientific and equivalent
knowledge systems for concepts. Dashed arrows ainks that are acknowledged to b
important, but are not the focus of the IPBES frame&vork. The broad arrows denote
spatial and temporal scales. Although IPBES assessnits will be undertaken at the
regional to global scale, they build on st-national scale knowledge [fromDiaz et al.
(2015a)].

species for cuttingMadubansi & Shackleton 20( and these trees can be seenin i
conserved status within communal fields in the (Wesselst al.2011) Changes to th
number and/or height of these large fruiting tremsld be an indication of severe fuelwc
shortages where localsegprepared to violate local taboos and harvestioed from

forbidden trees.

1.3.2 The ‘Fuelwood Crisi¢

Fuelwood use by developed countries has drastidaltyeased with convenient and effici
energy alternatives being provided, but w-based energy use continues to be the dom
form of energy in developing countri(Arnold et al.2003; Cervigni & Morris 201¢. The
use of woody biomass for heating and cooking do¢saguire expensive or complicat
equipment and only costsettabour and effort required to collect it. Theelwood crisis’ of

the 1970s revolved around the s-economic implications of people not being able &et
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their basic energy needs and concern over wideadptestruction of forest resources
(Arnold et al. 2003). However, predicted woodland collapses didoccur because the real
reason for woodland degradation was driven by eigdor agricultural expansion (Arnoket
al. 2003). People would not switch to alternatives awonddlot schemes were unsuccessful,
yet woodfuel-dependent communities continued td §aurces of energy. Fuelwood supply-
demand models had overestimated fuelwood demaddyraherestimated supply and
woodland regenerative potential - people do nopdamwvn whole trees for fuelwood, they
lop branches and collect deadwood (Arnetcal. 2003). This led to a reduction in funding
and research in the 1990s, but fuelwood has reckedn revitalised as a concern for
ecosystem service provision and sustainabilityoiricceconomically compromised countries,
representing a shift from an energy-crisis framéwora community-resources framework
(Shackletoret al.2004). This is particularly true of communal ar@aAfrican savannas
commensurate with heavy population increases, drahuareas in African forest zones (de
Montalembert & Clement 1983). Fuelwood sustaingbitesearch in Bushbuckridge
Municipality has followed the trend of the new fsan community-resources, with recent
work exploring social-ecological system resilieffeay. Matsikaet al. 2013), the association
between natural resource use reliance with commteidlth and well-beinfge.g. Hunter et

al. 2011), social dynamic effects on natural resoter®esting patterns (e.g. Twieeal.

2003), and woodland regenerative response to hargggs.g. Nekeet al. 2006).

Fuelwood use is typical of ‘wicked problems’ with simple solutions (Rittel & Webber
1973; Levinet al.2009) — woodland degradation is both a cause amdfact of fuelwood
shortages (Mercer & Soussan 1992). Woody resolgeésia reflection of the local land-use
pattern, generated by the ‘integrated productiaiesy’ (the relationship between the
environmental capacity to supply the resourcespmaghles’ interaction with the
environment) (Figure 1.3) (Soussan 1988). But foeldvshortages do not manifest as a lack
of fuel, rather through deteriorating indicatordwél availability and quality, increased effort
required to collect resources, and tensions arisorg competing uses and land-access
constraints (Soussan 1988). Thus, supply-demanttimoften do not show the problem
accurately and previous predictions of lack of sigbply have not come to pass (e.g. de
Montalembert and Clement 1983, Bartsl. 1996). Rather, fuelwood shortages manifest
indirectly in adaptive behaviour from communitiesgy; changing cooking patterns, fuelwood
commodification) and weakening social structurg.(men become involved in fuelwood

provision, balance of power to people who contomless to resources) (Soussan 1988).
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Although fuelwood shortages are a global phenomesimortages need to be understood at a
local level as it is produced and used at thisllaxd are exceptionally context-specific
(Soussan 1988; Giannecchatial. 2007). However, increasing globalisation and
modernisation has unintended consequences forfioelalood demand. Urban migration in
a developing world context creates “remittance $aages” — land-use change driven by
wages earned in urban centres and remitted tocaraimunal lands, altering the distribution
of crop-land and common land use (Laméiral. 2001), with repercussions for natural
resource supply. Government policy changes desigmsdlve “tragedy of the commons”
problems (Hardin 1968) — such as restriction ofseral transhumance, removing tribal
authority — inadvertently worsen the natural reseueliance situation by increasing
unemployment levels and welfare dependencies, léexihg power balances to those who
control access to resources and land (Rat@é. 2006).

1.3.3 Woody vegetation biomass and structure

Fuelwood harvesting changes the structure and csitiggoof woodlands. Vegetation
structure refers to the aboveground vertical arrizbotal components that determine the
position, extent, quantity and type of vegetatiospace and time (Lefslegt al. 2002a). The
composition and diversity of vegetation structurevides information about the functioning
of the vegetation (Lefskgt al. 2002a). Indeed, it is structural information dedvrom
vegetation structure studies that is required fatenstanding of biomass change estimations,
clarifying the uncertainty of surface carbon exa®and changes in habitability and
biodiversity (Hallet al.2011).

Biodiversity, according to Noss’s (1990) definitjoncludes structural, functional and
compositional facets at multiple, hierarchical levélowever, compositional diversity is
often elevated in disturbed areas relative to unhed areas and the effects of disturbance
are seen in comparative structural diversity. Skeok (2000) found significantly less
herbaceous cover and lower vegetation height imeonal lands than protected areas, yet
the communal lands also had significantly highercsgs richness. The functional diversity
aspect of biodiversity can often be inferred framuctural diversity. Structural complexity
has been linked with, amongst others, productiiAiyuiar & Sala 1999; Ishigt al.2004),
habitability and species richness (Hadapl. 2000), regulation of edge effects (Harpéeal.
2005), groundwater regulation (listezttal. 2016), and ecosystem health and integrity
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(Manninget al.2006). At landscape levels, the spatial hetereiggf flora and fauna
habitats and their complex interactions in threeetisional space affects the distribution of
biodiversity (Tewst al. 2004; Hallet al. 2011). An often neglected aspect of structural
diversity is vertical complexity. It has relevartoeecosystem function as canopy height is
related to biomass and productivity (Lefsiyal. 2002b), biodiversity (Herremans 1995;
Halajet al. 2000; Lumsden & Bennett 2005) and contributegricctural heterogeneity (Hall
et al.2011). Edge effects can be beneficial to ecosyétiactioning, as they constitute
components of ecosystems across which processesgt®g€illiers 2001), but are also
detrimental by contributing to fragmentation (Harpeal.2005). Thus, structural
heterogeneity is essential for biodiversity conagon (Fischeet al.2006). Studies of
landscape structural characteristics (e. g. stratctichness, structural extent and structural
diversity) and how they affect landscape biodivgrare essential (Waldhardt 2003) for
natural resource management. In the context ofagotogical landscapes, evidence suggests
that heterogeneous landscapes which resemble hpatiterns are more functional and
productive than structurally simple landscapescdfiéset al. 2006). Thus, if species
composition is not a consistent indicator of disturce impacts, and function can be inferred

from structure, structural indicators are essefiaimeasuring biodiversity in landscapes.

Although many studies emphasise the relationshiyvd®n structural diversity, biodiversity
and ecosystem function, ‘keystone structures’ meajubt as important (Tevet al. 2004). In
this context, ‘keystone structure’ refers to a gpatructure providing goods and services
essential for other species’ survival (Testal. 2004). An example of an ecosystem where
‘keystone structures’ are important is semi-aribsmas where large, solitary trees within a
grass matrix become central functional compondmtaugh a supply of shade (Teetsal.
2004), local nutrient hotspots (Treydteal. 2007; Treydtest al. 2008; Millset al. 2012),
decreased local evapotranspiration (Belskgl. 1993; Manninget al. 2006), and nesting
sites for arboreal species (Herremans 1995). Té#sets have been recorded in numerous
tree species in a South African savanna, includicacia haematoxylon, Boscia albitrunca,

Acacia erioloba, Terminalia sericeandPeltophorum africanur{ifewset al. 2004).

However, small trees and shrubs also play a rolendscape pattern and process. Increased
presence of shrubs can be construed as bush ehgreat; manifesting in unpalatable woody
species increase and palatable grass species skecBedh local and global drivers have been
implicated as the cause behind woody encroachrmeahéret al. 1995; Stevenst al.

2015). Human influences are shifting savanna systerncreasingly woody states as a
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result of overgrazing, fire suppression and reducitn browser numbers (for historical list of
studies documenting woody encroachment see rewefrdheret al. 2001), particularly in
Africa where encroachment is 2.5 fold greater timaAustralian savannas (Stevestsal.

2016). Cattle farming is frequently implicated asuprit of vegetation structure changes; the
shifting grazing localities also mean that the e&feof cattle on the landscape (e.g. increasing
soil nutrients through defecation, increasing moestvailability & lowering fire frequency
through grass removal, high grazer selectivity)vaidespread (Moleelet al. 2002). Climate
change and atmospheric €énrichment are also driving bush encroachmentdB&bn

Midgley 2012; Buitenwerét al. 2012). Bush encroachment reorganises savannarsyste
(Archeret al.2001; Meiket al.2002). Indeed, bush encroachment has been showatit

in lower livestock carrying capacity and decreasadival rate for calves (Obat al. 2000).
Moreover, bush encroachment can change the belafiomgulates which avoid densely
vegetated areas, creating a cascade of effectseedmetbaceous vegetation (Riginos & Grace
2008). Bush thickening can be exacerbated by coadinvoody harvesting and coppicing
shoots in communal lands. However, a complete déhekoody cover, desertification, is also

detrimental for ecosystem functioning.

Desertified, bare patches have increased sheetdlegveased infiltration and a resultant loss
of nutrients (Rietkerk & van de Koppel 1997). Thgpaired recruitment of vegetation in
bare patches, creates positive feedbacks of lowrnveaailability, soil crusting and extreme
temperatures, resulting in persistent bare patRieskerk & van de Koppel 1997).
Implications of the alternate stable states maxl#hiat the bare patches’ run-off facilitates
vegetation growth in vegetated patches, but herbigoazing behaviour changes to focus on
the vegetated patches, reducing the biomass ivetlpetated patches, perpetuating a large-
scale ecosystem collapse (van de Kogpell. 2002). Regime shifts, or changes to the
structural diversity or even just a reduction ieyktone structures’, which affect ecosystem
functioning, are expensive and restoration is & gliocess (Miltoret al. 1994), with social-
ecological costen route As anthropogenic influences in savannas can smrplex
regulatory mechanisms (Sankaran & Anderson 20@8joration might not even be possible
if a shift occurs to a different ‘basin of attracti. Conversely, anthropogenic influences may
be crucial in maintaining optimal savanna ecosydtamtion through, for example, the use

of fire.

Change is inherent in savannas and shifts in tragsgatios with regard to climatic,

topoedaphic, fire, herbivory and anthropogenicemsvare expected (Scholes & Archer
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1997). Dynamism across a spatial-temporal congeahiintegral component of ecosystems
from the heterogeneity paradigm perspective (Rog@es8). As fuelwood harvesting has
functional implications for social-ecological syste, monitoring and management of
heterogeneous landscapes cannot just occur incpedtareas (Farina 2000; Fiscleeal.

2006). The variety of land-uses and land-use iitiessnakes communal lands a
heterogeneous landscape, but the intensity ofrusatens to transform lands into a
structurally homogeneous, functionally inferiordisnape. Admittedly, the susceptibility of a
landscape to homogenisation effects is dependembcal socio-cultural and economic

status; local population densities; the ecologicaitext of the landscape being harvested; and
the spatio-temporal accessibility of woody resosiioethe landscape. Communal landscapes
are dynamic systems, which is reflected in thedemwekr change, with drivers likely to be
spatio-temporally distributed across the lands¢@uoetzeret al.2013). As a complex

system, ecosystems are capable of reorganisingdidterbances. Hence structural landscape
changes could provide different ecological funcsioalbeit with ecological repercussions

(van de Koppeeét al.2002; Hobbst al.2014). Loss of tall trees may result in increased
forage availability for small ungulates through pming shoots; however it reduces the
abundance of woodland birds, in particular the pgrapecialists (Herremans 1995). Spatial
heterogeneity has been linked to stabilising pdmria and functional heterogeneity (Owen-
Smith 2004). Indeed, homogeneous landscapes areskglent to global environmental
changes and local disturbances (van de Koppel &&ike 2004). This affects ecosystems’

ability to provide ecosystem services.

At a broad scale, a trend in decreasing woodlandrdoad already been observed in the
greater Kruger to Canyons (K2C) Biosphere Resdfeeizeret al. 2013; Coetzer-Hanaakt
al. 2016) and one would expect that this will affegtibvegetation structural diversity of the
area as well as loss of ‘keystone structures’ susclarge trees. Accordingly, Wessetsl.
(2011) found vegetation in the <5 m height class lalf the woody cover than the same
class in protected areas but, conversely, foungater number of trees in communal areas
than conserved areas as a result of culturallyeptet trees. These findings were echoed in
Fisheret al's (2012) communal lands study where high levelwobdd harvesting reduced
structural diversity, by changing the amplitudéneight class distributions. Although
coppice does occur in some harvested species,avesting skews the population structure.
Under extreme circumstances, disturbance gradeésdine in highly utilised areas and this

is a warning of severe woodland degradation —x*angle, in highly utilised communal
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lands, the phenomena of height class distributi@nges with increasing distance from
villages disappears, replaced by expanses of homeogs vegetation structural profiles
regardless of distance from disturbance centresh@fet al. 2012).There has also been an
observable decrease in the coppice stem diamedarg barvested, indicating localised
shortages of desirable fuelwood size classes (ka)12). This has implications for plant
recruitment as the coppice may not reach reprodeiatiaturity before it is harvested. This
renders adult trees ‘functionally juvenile’ (Twig805). Fewer seedlings in the population
reduces the future populations’ survival rate (LgKl©98). Indeed, both fewer reproductively
mature plants and fewer seedlings were found indsaed areas relative to protected areas in
Bushbuckridge (Neke 2005). If population size dtrites become drastically skewed as a

result of preferential wood harvesting, it coulddeo impaired woodland regeneration.

The preservation of large trees in communal lasagsrticularly important in the light of
localised fuelwood shortages leading to live woadvbsting (Kirklancet al. 2007).

Evidence suggests that even trees that are norpraflgcted by traditional taboos, such as
marulas §clerocarya birreawhich are valued for their fruit (Shackletehal.2003), are

being targeted (Kirklandt al. 2007). In the context of Miller and Rudolph’s (A)ktage-
structured consequences for populations, large tae be considered ‘stage-structured
refugia’ which, if targeted, could change the engcosystem. Similarly, stage-structured
harvesting effectively redistributes biomass wittiia stage-structures, affecting life history
characteristics of the population (De Rebdsl. 2007), and altering ecosystem functioning
even if overall biomass remains constant (MilleR&dolf 2011). Savannas, as complex tree-

grass biomes (Scholes & Archer 1997), typify stnaitcomplexity.

1.3.4 Spatio-temporal dynamics of savannas

Savannas are multiple-use landscapes that aredshgpeteractions between environmental
and anthropogenic drivers. Ecosystem functionirmiydd from savannas is generated at a
range of spatial scales and is utilised at diffelevels (Heinet al. 2006). For example:
household utilisation of ecosystem services willedifrom municipality utilisation (Heiret

al. 2006). In a fuelwood scenario, harvested fuelwoard benefit households as energy but
loss of landscape level air purification could jagpise the health of the region. Thus, the
drivers that shape these processes will differssctioe landscape and at a range of spatial

scales.
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Generally, water availability sets the upper lifoit woody cover with increasing biomass
from arid to mesic areas (Sankasdral. 2005) but realised woody cover is regulated by
disturbances, such as fire and herbivory (Bond &I&g 2005; Sankaraat al. 2008).
Savanna distribution limits are less clearly dafinearid areas (~200mm rainfall p.a.), under
high rainfall seasonality, or on high nutrient spimplying herbivory extends savanna limits
(Lehmanret al.2011). Fire’s effects on savanna woody cover onustly at tree sapling
level. Tree saplings exposed to fire are vulneradblep-kill, keeping saplings in the ‘fire
trap’ (Higginset al. 2000; Bond & Keeley 2005). Thus, frequent firepase a demographic
bottleneck on tree communities in savannas. Inteaglilarge tree mortality is affected by
intense fire events (Snet al. 2016). Changes to fire regimes are inextricablidd to
increased human ignitions as well as increase feagation of the landscape by humans
(Archibaldet al. 2013).

Anthropogenic land use has been acknowledged ageax th savanna vegetation structure
(Bird & Cali 1998; Pyne 2001; Bucini & Hanan 2008yt usually in association with fire,
and secondary to topoedaphic features, fire angivay. However, current, and growing
human land-use in savannas will increasingly alteody vegetation cover. To date,
savannas contain up to 33% of the global humanlptpn (Safrielet al. 2005), are

characteristically rural, and heavily reliant oriural resources (Cervigni & Morris 2016).

1.3.5 Conservation and research priorities in savannas

Ecological research is predominantly focused oasaocé high biodiversity, often areas with
low human impacts. Yet formal protected areas amke up 17% of terrestrial land surface
(IUCN 2014) and considerable biodiversity occurtsme reserves (Andelman & Willig
2003). In an era where land is an increasingly Bbafier economic resource and human
population numbers are steadily rising, establigitroénew ‘fortress’ style reserves is
unrealistic and often impossible - real ‘wilderriesgas are increasingly rare (currently, 75%
of ice-free terrestrial land is already human-miedif(Ellis & Ramankutty 2008).
Conservation efforts need to extend beyond redenaes into multi-use landscapes,
establishing a compromise between conservatiorsasidinable development (UNESCO
1996). Indeed, biodiversity research outside ofquted areas should be at the forefront of
research as people’s livelihoods and welfare depanecosystem functioning. Monitoring
changes in woody vegetation structure can be equéth monitoring the sustainability of
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rural wood-use. Using Banl al’s (1996) study as a baseline, Shackleton and 8shol
(2011) estimated that up to 90% of woody biomaskleen extracted as fuelwood and
timber by the surrounding communities. Moreoveontass structure distributions are more
altered in communal than protected lands as atresbbuman impacts (Wesseadsal. 2013).
Disturbance gradients are predicted to merge arsatittments as vegetation structure
becomes more homogeneous (Figtteal. 2012). The impacted vegetation footprint has
already begun to coalesce, blurring boundaries dmtvands (Coetzet al.2013). The
intensive use of woodland resources indicated bgdlstudies suggests impending
sustainability issues. However, resource usagetisgqual over the landscape and usage
patterns are settlement specific (Soussan 1988n@&eaxhiniet al. 2007), reflecting village-
level characteristics within the broader natiormad global socio-economic context (Lambin
& Geist 2006). Despite uneven resource extracticcommunal lands, patches of disturbed
areas can act as kernels to larger scale lossegefation (Luogat al. 2005; Coetzeet al.
2010).

1.3.6 Sustainability, resilience and poverty-traps

‘Sustainability’ of ecosystem services encompassegety’s reliance on the ecosystem in the
present without compromising future delivery of €gstem services by utilising ecosystem
services within environmental limits; i.e. consuiaptrates for ecosystem services are less
than production rates (Biggs al.2004). Sustainability is often measured accorting
biophysical parameters and associated threshoigstdevhich ecosystem services start to
collapse (Tacconi 2000). Sustainability scienc@algs to manage ecosystems in areas
where multiple human requirements interact in agemmanner with multiple ecosystem
service requirements (Clark 2007). These areasraogal to manage sustainably and can be
referred to as ecosystem service ‘hotspots’. Hesuestainability science should revolve
around managing both conservation and human welRarlooet al. 2008) through the
concept of ecosystem services. Communal landsneegample of where trade-offs occur
between human requirements and ecosystem serWtes woody biomass extraction, like
fuelwood harvesting, occurs beyond sustainablddintithreatens the provision of other
ecosystem services. Hence, sustainability sciegesirumental in driving conservation
beyond the boundaries of parks and into areas wiemrple are considered part of the
ecosystem in complex interactions, with the goaustaining ecosystem service provision
(Daily & Matson 2008).
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The implications of this type of conservation drattone cannot avoid looking at the socio-
economic context that ecosystem services are hailnged in, as people and the environment
shape each other interactively (Clark & Dickson Z(Bolkeet al. 2010). For example, an
assessment on the productivity of an ecosysteimeiabbsence of understanding the cultural
background behind why certain plants are protected others or which sites are consider
sacred might lead to incorrect conclusions abaeisistem state and the motives of the
people ingrained in the system (Whitfield & Reed 20 The recognition of environmental
issues embedded within cultural, political, econoamd social landscapes means

environmental assessments involve value judgenfévstfield & Reed 2012).

Dealing with issues of sustainability in ecosystamvices means certain trade-offs have to
be made explicitly. Decisions have to be made osgstem service management between:
different ecosystem services and the socio-econbenefits derived from them; current and
future requirements of the community; and beneafitdifferent institutional scales (Biggs

al. 2004) and within different spheres (e.g. cultupaljtical, economic, environmental)
(Whitfield & Reed 2012). Troublesome trade-offs caxcur when promoting an ecosystem
benefit at the expense of other benefits (Bigigal. 2004). For example, bush encroachment
is considered land degradation to cattle owners nd®al grazing land, but could be
considered a new service for goat owners who déiseuthe additional browsing resource
(Whitfield & Reed 2012). In addition, ecosystemvéegs themselves are scale-dependent.
Often provisioning services are studied on a frades yet regulating services occur at
landscape scales (van Jaars\etldl. 2005). Thus, the trade-off decision also needsto
scale-explicit. Trade-offs are frequently quantfigy assigning monetary values to
ecosystem services (Biggsal.2004). However, estimates in financial terms a&ful to
translate the magnitude of the ecosystem servimesded, but have no meaningful
contribution in decision-making contexts (Costaatal.2014). The true value of an
ecosystem service is often not financially quaalile (Carpentest al. 2009) and can portray
the impression that the service is more easilytgubable than it actually is (Cowlingt al.
2008).

A crucial aspect in sustainability science is tbhaaept of an ecosystem’s renewal and
response to disturbances, known as resilienceli®es is defined as “the capacity to absorb
disturbance and reorganise while undergoing chaagss to still retain essentially the same
function, structure, identity and feedbacks” (Wal&eal.2004). For example, woody

biomass extraction within a resilient system waaddur within a changeable system which
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is capable of absorbing disturbances through aggpti reorganising while maintaining
ecosystem functions. Ecosystem resilience provadeptive capacity which is critical in the
context of utilisation limits of ecosystem servi¢Bdmqvistet al. 2003). From an ecosystem
services perspective, biodiversity is seen asdbhadation supporting ecosystem services and

not just as a list of threatened charismatic spge@#aceet al. 2012).

If resilience is thought of as a system with artfitity’, derived from the maintenance of its
constituent components and interactions, thenieesié can be defined by quantifying
‘identity’ and ascertaining the system’s potentitathange that identity (Cumming & Collier
2005; Cumming 2011). Unfortunately, quantifying etual change in a system’s state is
difficult as a threshold can be crossed without @mgnge in the measurable variable
(Cumming 2011) (Figure 1.4).

Buffer
/ State 2
tree dominated

State 1
shrub dominated

Ecosystem functioning

Woody biomass

Figure 1.4. Conceptual diagram demonstrating the bifiering capacity of a system. In
order for the system to change state, it must excg¢he loss of woody biomass and the
buffering capacity. Quantifying biomass does not neessarily give an indication of what
level of ecosystem functioning is occurring in rek#on to state changes as a result of the
buffering capacity [adapted from: Cumming 2011].

Regular perturbations in ecosystems, both natergl (iroughts, floods) and anthropogenic
(e.g. overharvesting), and in communities relyinglte ecosystem (e.g. poverty, population
growth) can become mutually reinforcing vulneraia$ (Barretiet al. 2011). This ‘poverty
trap’ situation can be a result of positive feeddsaia coupled system interactions where
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poverty, resource exploitation and human well-bdiagome reinforcing cycles (Biggs al.
2004). Unfortunately, in these situations fine-eadcisions compound into large-scale
patterns that are spatially correlated with ec@sydragility (Barrettet al. 2011). Resilience
theory would advocate that spatio-temporal trads-afid system resilience would be the
ideal strategy to mitigate decline in ecosystemiserprovision (Bénét al.2011). Yet,
poverty-traps require trade-offs that cater foidaseds and fundamental rights provision
first before general system resilience, especialthe short-term (Bénét al. 2011). Poverty-
traps (also known as “green tragg€nsuCumminget al. (2014)) are characterised by “fixes
that fail” (Senge 1990; Cumming 2011) where shentrt fixes produce causal loops of
unintended consequences, in this case, systenpselfeom unsustainable use of natural
resources (Figure 1.5). Unfortunately, arid andisand ecosystems are one of the least
ecologically resilient systems to start with (Wieilldl & Reed 2012) and, as such, are
particularly vulnerable. Agropastoralist commuestin developing countries are typically in
“green traps” — a reinforcing loop of poverty amvieonmental degradation - resulting from
inadequate food production and population growtimeut adequate socioeconomic
reorganization (Cumminet al. 2014). However, “green traps” are notoriouslycky’ and
moving social-ecological systems into a sustainaigle loop” (that is, improving household
wealth whilst maintaining environmental degradatiathin feasible levels) is the challenge
facing both rural and the rapidly urbanising sextaf the developing world (Cummirgg al.
2014).

FAST DYNAMIC

b Fix:
Problem: Fix:
Cultural, financial & Cut and buy

practical resistance
to electicity usage

livewood harvested
from communal
rangelands

SLOW DYNAMIC
Coppice response, reduction
in tall trees

Eail:
Unintended biodiversity
loss, ecosystem
functioning, ecosystem
service loss, coupled

system collapse

SLOW DYNAMIC

Bush encroachment,
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Figure 1.5. The causal loop that lead to “fixes thaail” consequences in unsustainable natural
resource use. Slow variables are particularly impdant in ecosystem functioning and resilience
[adapted from: Cumming 2011].



1.3.7 Light Detection and Ranging

Light Detection and Ranging (LIDAR) is an activenae-sensing method which has
provided the opportunity to quantify vegetatiorusture and biomass over extensive areas by
remotely sensing three-dimensional vegetation straand the underlying terrain (Hal al.
2011).The laser ranging method detects the préoigeinterval that it takes an emitted laser
pulse to reach an object, reflect and return testresor (Lefskyt al. 2002a). The time taken
for discrete time intervals can be taken (e.gt &rsl last return intervals) or a complete
waveform of the returned signal can be measuregui(€i1.6). LIDAR metrics commonly
employed to quantify woody vegetation include canopver, tree and canopy height,
vegetation layers and volume measures (Le&tlal. 2002a; Asneet al. 2007; Hallet al.
2011). LIiDAR has mostly been used in temperatestapplications to measure fuel loads
and structural attributes (see: Meansl. 1999; Lefskyet al. 2002a; Robertst al. 2005;
Patenaudet al. 2004) and tropical forest monitoring (see: Drakal. 2002; Chavet al.

2005; Asneet al. 2008), but has recently been successfully apjpliegdvanna ecosystems.
Small-footprint, high point density, discrete retlwiDAR provides fine-scale detail over

areas much larger than possible with conventidell methods to assess savanna drivers.

a) The Carnegie Airborne Observatory (CAO)

The Carnegie Airborne Observatory (CAO) (httpsd/carnegiescience.edu/) was launched

in order to study global ecosystem structure, fimmcand composition. The products
generated were aimed at assisting conservatiorageament and resource policy
development with the aid of detailed, large-scélsenvational data (Asnet al.2007). To
date, they have performed macroscale ecosystenmunegasnts in Argentina, Brazil, Borneo,
California, Columbia, Costa Rica, Hawaii, Madagasbh#laysia, Panama, Peru, and South
Africa. The CAO Alpha system operated in South édrin 2008 and 2010, and was
decommissioned in 2011. The system had an intebwdéle-to-near infrared (VNIR)
imaging spectrometer and waveform LIiDAR system @k al. 2007). The in-flight fusion
of both products, together with an integrated natgnal and data processing capabilities,
delivered high resolution vegetation structure @taton height, crown shape, vertical
vegetation layering), biochemistry and physiologyducts, as well as information on surface
waters, soil and the underlying terrain (Asaeal.2007) (Table 1.1). The CAO-2 AToMS
(Airborne Taxonomic Mapping System) operationatfplan replaced CAO Alpha and was
launched in 2011. AToMS integrated very high fitleliisible-shortwave infrared (VSWIR)

imaging spectrometer measuring the 380-2510 nm agth range (5nm spectral
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resolution), a dual-laser, waveform LIDAR systemd @ high-resolution visible-to-near
infrared (VNIR) imaging spectrometer (365-1052 nit)e data fusion from all three sensors
presents the highest dimensional data for teredstnd aquatic habitats, data which are able
to answer increasingly complex questions aboutdbiese change without the error

associated with multiple sensors on multiple aftqrasneret al. 2012).
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Figure 1.6. Discrete and full waveform LIDAR systera returning laser pulses off
different vegetation heights within the canopy [fran: Miura 2010].

CAO-2 AToMS was used to collect the 2012 LIDAR dat&outh Africa (Table 1.1). The
data generated by the CAO have been used for etyaffi applications, including: invasive
species mapping (Asnet al. 2008), identifying the extent of illegal gold nmg in the
Peruvian Amazon (Asnat al.2013), assessing animal behaviour through mapping
landscape use hunting lions (Loagteal. 2013) as well as arboreal primate canopy use
(McLeanet al. 2016), the effects of the 2012-2015 drought onf@ala’s forests (Asneet
al. 2015b), the effects of roads on woody cover (Sxsner 2012),and mapping tropical
carbon stocks (Asner & Mascaro 2014) (for a fgt bf CAO publications see

https://cao.carnegiescience.edu/publications).d#4€DAR in savannas is particularly
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relevant as savannas are characterised by strubaiesogeneity (Scholes & Archer 1997)
which traditional 2-D remote sensing methods caadequately represent. Due to the
enormous 3-D detail of LIDAR, the data are oftangified into summary statistics,

including canopy cover and above-ground biomasmsasons (Lefskyet al. 2002a;
Andersoret al. 2006; Meyetet al.2013) which do not express savanna heterogemedy i
ecologically meaningful context (Fishetrral.2014). Thus, LIDAR application in savannas
often makes use of voxels (volumetric pixels) whach a 2-D summary of the 3-D point
cloud by binning LiDAR laser returns into aggreghien height classes (Weishampehl.
2000). LiDAR data are also being used in objecedamage analysis (OBIA) approaches, at
an ecologically relevant scale which identifiesiundual tree ‘objects’ to gather vegetation
parameters, circumventing per-pixel-based anafysismaintaining heterogeneity principles
in the analysis (Johansehal.2010). The LIDAR product application to South Afn
savanna ecosystems has produced many novel findivedisding a description of the
hierarchical impacts of mega-faunal disturbancearanna structure (Asnet al. 2009b;
Levick et al. 2009), and the relative influence of topo-edagphators (Colgaret al.2012),

biotic drivers (Levicket al.2010; Daviet al. 2015), and fire (Sm#t al. 2010) to landscape
heterogeneity. LiDAR data have also been usegt®fkly in savannas to describe the rate
and spatial pattern of treefall across the lands¢hpvick & Asner 2013), how these rates
are mediated by herbivore disturbance (Asner & tlei012), and the effects on ecosystems
(Asneret al.2015a). Species-specific variation of plant comitiesacross a savanna
landscape (Chet al.2012; Baldeclet al. 2014) as well as the interactional relationships
between plant species (Colgan & Asner 2014) hase laden demonstrated with this
technology. LIDAR studies have also contributed méagsification methods for savannas
using a 3-D approach (Fishetrral. 2014) and improved the accuracy of biomass esbmat
methods (Colgaet al.2013). LIDAR has also been applied successfullystgess fine scale
vegetation trends over the communal lands (Wes$els2011; Fisheet al. 2012; Fisheet

al. 2015) and to provide baseline biomass data fdwhed supply-demand models (Wessels
et al.2013).
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Table 1.1. Specifications of the Carnegie Airborn©bservatory LIDAR systems for
measurement and monitoring of ecosystem structurefter Asner et al. 2007, Asneret
al. 2012).

Specification 2008 LiDAR data 2012 LiDAR data

LIDAR System CAO-Alpha CAO-AToMS

Flight height 2000 m 2000 m

Number of lasers One Dual

Wavelength 1064 nm 1064 nm

Laser pulse rate frequency | 50 kHz 100 kHz

Discrete laser returns/pulse| Up to 4 returns Up to 4 returns

Laser spot spacing 1.1m 1m

Laser point distribution Evenly spaced across swath Evenly spaced acrosls swa

1.3.8 Contribution

This study can provide understanding on the susbdity of fuelwood collections and
contribute to the management of social-ecologimadiscapes, specifically within the K2C
Biosphere Reserve’s mandate of conservation andtem@nce of sustainable, multi-use
landscapes. Configurations of woody vegetationuesostocks and the rates of utilisation of
these stocks influences villagers’ well-being amdlihoods directly (provisioning service)
and indirectly (ecosystem regulation and cultueaViees). Quantifying the spatial variability
in patterns of change of woody vegetation structasevell as the potential regenerative
capacity of communal woodlands, could be a powenfahagement tool in the sustainable
management arsenal. This research may provide ataraur current understandings of
natural resource use management, particularlydbptave responses of social-ecological
systems. The methods used in this study can atsedera means for monitoring woody
vegetation stocks within a management context. tidy may also advance our
understanding of LIDAR use in natural resource $mages and savannas. Although a
standard monitoring tool in forestry, LIDAR has meten used for natural resource
monitoring and this thesis provides opportuniteesémonstrate the usefulness of active

remote sensing in human-impacted ecosystems.

29



1.4 Study Site

1.4.1 Biophysical characteristics

The Bushbuckridge Municipality is located in theanh@ld within the savanna biome in
South Africa. The Lowveld sub-biome is classifiedtlae low altitude (mostly below 600 m
a.s.l.) area between the western foot slopes dbthkensberg Escarpment and the eastern
Mozambican coastal plains (Ventdral. 2003). The study area is in the north-eastern most
portion of the Mpumulanga Province, South Africar(ted on 24.735, 31.1831E) between
the Klaserie-Orpen road in the north and the SRiner in the south. This is also the
Transition zone of the K2C Biosphere Reserve whelans that Bushbuckridge is
surrounded by conservation land (both state-ownedoaivate) (Coetzest al. 2010) with
pressures for grazing and harvesting occurringi@eifenced-off areas. The terrain is
shallowly undulating and the geology is dominatgdjtanite with local Timbavati gabbro
intrusions. Classic catenal sequences are commibie iarea with shallow, sandy, dystrophic
soils on the uplands and deeper, clayey, eutragaiis on the bottom slopes (Shackleton &
Scholes 2011).

Summer rainfall (October to May) usually falls ionwective thunderstorms and averages
750 mm per annum in the north-west and 550 mmmpewra in the east. Summers are hot
and humid with a mean daily maxima of 31 °C (mini2@a°C) and winters mild and dry with
mean daily maxima of 26 °C (minima 8°C). Droughds te prolonged and may be

experienced every ten years.

The predominant vegetation is Granite Lowveld,thetregion also contains Gabbro Grassy
Bushveld on localised Timbavati Gabbro outcropstii@riordet al. 2006). Dominant plant
species on the Granite Lowveld uplands (sandyralysic soils) includeTerminalia

sericea Combretum zeyheandC. apiculatumthe lowlands (deep, clay, sodium rich soils)
are characterised cacia nigrescendichrostachys cinereandGrewia bicolor
(Rutherfordet al. 2006) Other frequently occurring species &aerocarya birreaLannea
schweinfurthij Ziziphus mucronateDalbergia melanoxylorPeltophorum africanurand
Pterocarpus rotundifoliusThe majority of the woody biomass in the regiofoisned from

S. birrea, Pterocarpus angolengiadA. nigrescengShackleton & Scholes 2011).
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1.4.2 Historical land-use context

Ecologists tend to regard the effects of peoplearannas as an ‘unnatural’ disturbance; but
people have been an integral, and ancient, padw#nna structure and function (Scholes &
Walker 1993). The impact of past land use is ofteknown, but is likely to have some effect
on current savanna form and function. Historicalg region was sparsely populated due to
the prevalence of tsetse fly and malaria, and poec settlement relics (e.g. grinding
stones, pots) are present in the Lowveld regiomitiiiout any clearly-associated large-scale
environmental impacts (Shackleton & Scholes 20Y#&}, the presence of Stone Age
communities would have altered the frequency andtion of bush fires and were likely to
have a substantial impact on game populations (e&p), but little is known. The Iron Age
period was dominated by fairly residential pasisetaland hunters (Carruthers 1995)
resulting in patches of agricultural-related homugation (Freitag-Ronaldson & Foxcroft
2003). European settlers arrived in the Lowvelthmlate 1800’s and early 1900’s and this
period was marked by game population decimatioaif®&g-Ronaldson & Foxcroft 2003).
The substantial reduction in the elephant populatiaring this time would have altered the
vegetation structure in the area, although to &mown degree (Carruthers 1995). The
conservation areas in the Lowveld were conceivethduhis period from the realisation that
the hunting levels of the time were unsustainabteifag-Ronaldson & Foxcroft 2003). In
the 1850’s, Tsonga-speaking immigrants fleeingihein Portuguese East Africa joined the
local Sotho inhabitants (Neke 2005). The remaitamgl outside of the conservation areas
was considered inhospitable since the region viasmith tsetse fly, malaria and the
rinderpest, but also variable rainfall and high penature (Pollar@t al.2003). Once the
rinderpest epidemic (1896) and prolonged drougB® 71— 1913) reduced both tsetse fly and
malaria risk in the Lowveld, the region became dgnsettled with white cattle farmers
(Pollardet al. 2003). Apartheid followed in 1948, with the “Betteent and Villagisation”
policies, including the the Promotion of Bantu Setivernment Act of 1959, which forced
black South Africans to live in ‘homelands’ (Potlat al. 2003) — centralised settlements on
farms of 1000-2000 ha. Bushbuckridge MunicipaligsWormed from the joining of two
such farms, Mhala in Gazankulu and Mpulaneng irokehy former Apartheid homelands
formed under the Natives Land Act (No. 27) of 19IBornton 2002). The settlement
boundaries are defined by the old cadastral bougslaf the historical cattle ranches
(Thornton 2002).
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1.4.3 Political and socio-economic context

Although Bushbuckridge falls under state contioére is customary communal land tenure
controlled by headmen who zone the land into reside arable and communal areas for
grazing of livestock and collection of timber ar@hrtimber products (e.g. thatch, fruit,
medicine) (Shackleton 2000). The settlements rémge small, isolated villages to larger,
dense settlements along major roads (Madubansia&kton 2007). The human population
density increased dramatically between 1972 and 1®@pproximately 300 people/km
(Pollardet al.2011), but these growth rates have declined dwepéast ten years (Matsika
2012). Mean household size is six to seven men{badubansi & Shackleton 2007). The
land-use patterns reflect this population growthef®re 1974 there were no patterns to land-
use organisation; after 1974, disturbance grademst®vident (Matsika 2012).
Commensurate with human population growth in tle@aathe spatial footprint of the
residential regions has expanded (Giannecdtial. 2007; Coetzeet al.2010). The
residential areas are surrounded by a heterogemeigus tree-less crop and ‘park’ land,
then a shrubland buffer zone before transition mboed woodland; as utilisation becomes
more intensive and the settlement footprint expatidsland becomes more homogeneous
(Matsika 2012).

Characteristic of Bushbuckridge’s former homelatadus, there is rampant unemployment
(14% of adults are employed) (Phambili Energy 2006pr infrastructure, high dependence
on government-derived social grants and pensiarsreliance on migrant worker incomes
(Shackletoret al. 2005; Madubansi & Shackleton 2007). Over 85% oRB®uUseholds live
below the household subsistence level (Phambilrggn2009). The South African
Presidency proclaimed Bushbuckridge as needinglal@vent intervention (Mbeki 2001)
and the area was declared a flagship node to headay in the Integrated Sustainable Rural
Development Programme (ISRDP) (RSA 2000). In thetbry ISRDP would prioritise
electrification and potable, running water (RSA @D®RAIthough most households have
access to electricity, potable water is still acan (Mhlongo & Dibakwane 2012). Despite
the high level of electrification (Madubansi & Sketon 2007), 90% of households still use
fuelwood as their primary source of energy (Twatal. 2003a). This has serious
implications for the roll-out of electrification iother rural, high-poverty areas (Matsika
2012).

As a result of the dire socio-economic conditian8ushbuckridge, many households

diversify their risk by using a variety of informattivities to supplement their livelihoods,
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including subsistence-level crop and livestock fagncollection of natural resources (e.g.
fuelwood, thatch grass, medicinal plants), casalalir, migrant labour and small-scale
ventures (Pollaret al. 1998; Dovieet al. 2006). An increasing activity is commercial
harvesting of fuelwood, often with the use of aigkhto be sold in fuelwood markets (Twine
2005). This has implications for the sustainabitifynatural resources as it implies that
utilisation of the resource is not limited to tlegion immediately surrounding its source.
Much of the natural resource shortages experiebgehle local population is being blamed
on ‘outsiders’, especially Mozambican immigrantsvifie et al. 2003b). Compounding the
problem is that natural resource harvesting usdx teestricted by cultural values and tribal
authorities, but both these influences have deetkgscontext of high demand for woodland

products (Higgin®t al. 1999).

Within the context of grazing and harvesting pressupoverty and unemployment in
Bushbuckridge, there are a number of contributo@aspolitical complexities, including
uncertainties over future land redistribution ie ttowveld. As Bushbuckridge is ethnically
heterogeneous, conflicting understandings of laadatcation exist within the local
population as there are cadastral boundaries eegibtn deeds offices as well as more
organic tribal boundaries. There are also diffefay¢rs of governance at odds with each
other jostling for recognition within the new sdaielationships that have formed since the
democratic elections in South Africa and tribal tohhas weakened in influence (Thornton
2002; Twine 2005). Unfortunately, the political asmtial issues are not always in the best
interests of environmental and sustainability issared these trade-offs need to be

acknowledged explicitly.
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Chapter 2. Savanna woodland response to a land-ugeadient in an
African communal landscape

2.1 Abstract

The effects of fuelwood harvesting on woodland gstesns continues to be a concern in
developing countries where woody biomass is th@gny source of energy. Underestimation
of human-environmental systems’ adaptive capaasyrhneant the “fuelwood crisis”
predicted by fuelwood supply-demand models havemnaierialised. By identifying the
response of woody canopy structure to differentldase intensities, we aimed to quantify
height-specific woodland response to varying hamagsntensities in semi-arid savanna
communal lands in Bushbuckridge, South Africa. |gpeat airborne light detection and
ranging (LIDAR) surveys in 2008 and 2012, we meadwhanges in three-dimensional fine-
scale vegetation structural dynamics. Wood exwaqgpressure drove spatially extensive
compensatory regrowth in the 1-3m height class.p&alwith losses in trees taller than 3m,
mostly due to agricultural and settlement expanstmctural homogenisation occurs in
heavily utilised communal lands. Frequent fireglitated persistence of tall trees (>3m), but
was associated with height loss in vegetation Q3egetation structural dynamics were also
associated with ease of access in the communad,lanth compensatory growth peaking
<800 m from the nearest settlement, reinforcinyipres findings that wood harvesting
occurs within 1km of settlements. Fuelwood harvests the primary driver of deforestation
has been overstated — woodland regenerative cgpestbeen underrated, and taller tree loss
was associated with settlement development. Thsrhplications for the sustainability of
natural resource use in a steadily shrinking cormahlamd with compromised ecosystem
functioning through reduction of vegetation struaticomplexity.
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2.2 Introduction

Woodybiomass remains the primary energy source in tkeldging world, accounting for
60% of energy demand in sub-Saharan Africa (Intevnal Energy Agency 2014). Although
the sub-Saharan reliance on woodfuel is predicetidp below 50% by 2040, 650 million
people will still be using solid biomass fuels. usequent, often unsustainable, extraction
of wood from the ecosystem places humans in treeabhgents of structural and
compositional change (Shackletenal. 1994; House & Hall 2001; Galvin & Reid 2011).
Wood extraction in developing countries has begplicated as a driver of forest and
woodland degradation (Soussan 1988; Arratldl. 2003). Fuelwood supply-demand models
have predicted imminent “fuelwood crises” as (egMontalembert & Clement 1983; Banks
et al. 1996; Wesselst al. 2013), which have not yet occurred, in large padause these
models overestimated the adaptive capacity of anptasource dependent communities
(Dewees 1989; Mortimore & Adams 2001) and underested the regenerative capacity of
woodlands (Dewees 1989; Foley 1987).

Although woodland collapse may not have been redlisigh levels of wood extraction
alters ecosystem structure and composition (Shexkét al. 1994; Luogaet al.2002),
thereby affecting ecosystem functioning by redua@trgctural heterogeneity (Tewsal.

2004; Manninget al. 2006; McGranahaet al. 2016), as well as the quantity and quality of
fuelwood available (Luogat al. 2002; Matsikaet al. 2012), and driving localised shortages.
Thus, rural energy problems often do not manifest direct lack of woodfuel resources, but
rather through adapted responses to localised aoelghortages (Soussan 1988). Adaptive
responses include an increase in the average wiledtton time, change of fuelwood
species preference (e.g. Madubansi & Shackletoid)2@e development of fuelwood
markets (Matsikat al. 2013), and more efficient collection and transgioh systems

(Twine et al. 2003a). Woodlands also have adaptive responsesvesting, including the
rapid regenerative regrowth typical of many savanea species (Bond & Midgley 2001).
Coppice shoots form after woody plant disturbarecg. (fire, herbivory, harvesting) with
accelerated growth relative to saplings of the ssixeas they access reserves stored in
mature tree rootstock (Holdo 2006). This regrovetsponse to harvesting mitigates fuelwood
shortages substantially (Ne&eal.2006; Tredennick & Hanan 2015). These coupled

responses, from both humans and ecosystems, farnef@ complex non-linear
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relationship that is highly contextual (Mercer &U8san 1992; Giannecchii al. 2007) and

difficult to disentangle.

As woody vegetation resource patterns form paanointegrated rural production system’ -
a reflection of the interaction between ecologreaponse and the community land
management (Soussan 1988) - monitoring changenmpgacover and structure will assist in
describing changes in coupled human-environmenésys Woody vegetation canopies also
reflect spatio-temporal processes operating atiphellscales (Watt 1947; Levick & Rogers
2011; Scholtzt al.2014), at different life stages within speciesh@tz et al. 2014),
interspecific interactions (Deaat al. 1999; Sankaraat al. 2005), and between ecosystem
processes (Belsky 1994; Treydtieal. 2007). Predicting local ecosystem change, potentia
degradation, and coupled human-environment vulilégakequires an understanding of
human-environmental changes associated with th&ystam utilisation (Turner Bt al.

2003; Lambiret al.2006).

Here we use airborne light detection and ranginDAR) technology to quantify three-
dimensional woody vegetation dynamics over a wodrhetion gradient. The surveyed
communal lands form part of Bushbuckridge MunidiyaSouth Africa, where extensive
wood harvesting has changed ecosystem structureamnplosition (Shackletoet al. 1994;
Shackleton & Scholes 2011), despite extensiverdieation (Madubansi & Shackleton
2007). Specifically, we ask what are the ratesgatterns in height-specific gains, loss and
persistence of woody cover, and how do they diftiveen communal lands with varied use
intensities? What factors (e.g. geology, relatiex&tion, fire, ease of access to communal
lands) are associated with structural vegetatioradycs? Describing such ecosystem
dynamics in a site-specific human-environmentakexincan provide insights into

management of natural resource extraction for asmd sustainability.

2.3 Methods

2.3.1 Study Site
Bushbuckridge municipality is in the north-eastpantion of South Africa, part of
Mpumalanga province (Figure 2.1). The study siten®part of a UNESCO Biosphere

Reserve — a multi-use conservancy integrating réiffeland uses across core conservation
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areas, buffer and transition zones (Coettel. 2014). The area is characterised by hot, wet
summers (900-500 mm p.a.; 202@) and warm, dry winters (8-26). The geology is
predominantly granitic and dominated by Granite keld vegetation (Rutherforek al.

2006). Catenal sequences are recogniselebyinalia sericeaCombretum zeyheandC.
apiculatumon sandy, shallow, dystrophic uplands &uwacia nigrescen®ichrostachys
cinereaandGrewia bicoloron clayey, deep, eutrophic lowlands; seep zoreedemarcated

by stands of. sericea(Rutherfordet al.2006). Localised Timbavati gabbro intrusions occur
in the granite matrix (Figure 2.1), characterisgdaabbro Grassy Bushveld vegetation, dark
clay soil which expand and shrink, forming an opamanna containing fewer scattered trees
(Rutherfordet al.2006).

Bushbuckridge Municipality was formed from joinipgrtions of two former Apartheid
‘homelands’ — Mhala from Gazankulu and Mpulanemgriiebowa (Thornton 2002). The
communal lands are state-owned, tribally controlezhs containing zones of settlement,
cropland, and communal land; the latter is useah&bural resource harvesting and livestock
grazing. Settlements range from small, rural, igolasettlements to large, sprawling, urban
areas along main transport routes. The Bushbuckmdga has the inherent socio-economic
challenges of former ‘homelands’: high unemploymemd low education levels, high
population densities largely dependent on migraorker remittances and social grants
(Thornton 2002), and a reliance on natural resaurcéhe area (Twinet al.2003a). The
spatial footprint of residential regions in theahave increased correspondingly with

increasing human population (Coete¢rl. 2013).

Within Bushbuckridge, we surveyed three communadisaunder varying wood extraction
pressure: high wood extraction communal land (adfjato the settlements of Croquetlawn,
Ireagh and Kildare); an intermediate use commuaral (adjacent to Justicia); and a low use
communal land (adjacent to Xanthia and Agincoltyire 2.1). Although communal lands
are zoned for use by their adjacent settlementh, Iboal and cross-border foreigners are
known to harvest in them (Twiret al. 2003b). Communal land extraction pressure
classification was derived from 2008 population Andsehold density relative to communal
land area: high (9.2 peoplehdl.56 households H} intermediate (1.8 people thaD.35
households H; and low (0.21 people Ha0.04 households Hj(data from the ongoing
MRC/WITS Rural Public Health and Health Transitidtassearch Unit demographic
surveillance surveys — see Ka¢imal. (2007)).
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2.3.2 Light Detection and Ranging (LIiDAR) data collectemd individual tree detection
Repeat airborne Light Detection and Ranging (LIiDAR)veys were conducted in April
2008 and 2012 using the Carnegie Airborne Obseny&@AO) systems. Small-footprint,
discrete-return LIDAR provides accurate three-disi@mal (3-D) information on vegetation
structure over large areas. CAO-Alpha and CAO-2 %o flown in 2008 and 2012,
respectively -operated on a laser pulse repetitequency of 50 kHz and 100 kHZ, with
actual point spacing of 4 hitsifsee Asneet al. (2007, 2012) for technical details).
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Figure 2.1. Bushbuckridge Municipality is situatedin the north-east of South Africa.
The predominant geology is granite with Timbavati gbbro outcrops. Communal lands
are utilised by adjacent settlements. Numbered sdé¢iments are described in the legend.

Each system had an integrated Global Positionirsge®y-Inertial Measurement Unit (GPS-
IMU) providing each laser point with accurate logaal data, producing a 3-D point ‘cloud’
of LIDAR data (Asneet al.2007). The LIDAR point cloud was processed to idgfirst
(top-of-canopy) and ground LiDAR returns using kasond tool in LAStools software

(Rapidlasso). A digital terrain model (DTM) was guzed by passing a 5m x 5m kernel over
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each mapping area, with the lowest elevation paistach kernel considered the ‘ground’
point. Horizontal planes were fitted to these ‘grdupoint estimates to assess neighbouring
points. If the neighbouring unclassified point w&s5° and <1.5m difference in elevation, it
was also classified as a ‘ground’ point (Setial.2016). Once all points in the mapping area
were evaluated, an interpolation was run on abugid’ points to produce the DTM. The
digital surface model (DSM) was interpolated frolirLéDAR first (top-of-canopy) returns,
including ground returns where only bare ground prasent. The difference between the
DSM and the DTM produced a canopy height model (GldMLm spatial resolution.

We identified individual tree objects using an @bjbased image analysis approach using a
local maximum search algorithm (Kaartinetnal. 2012). The CHM was smoothed (circular
Gaussian kernel smoothing) - to optimise whole-pgraetection - and transformed to
increase accuracy of individual object identificatin clumped canopies, using the following

equation:

f(x) =10x

where x is the smoothed vegetation height. Thestommation exaggerates small height
variations in shorter vegetation which reducesctience of clumped CHM segments being
joined (Asneret al. 2015; Vaughret al. 2015). The centre point of each tree object was
geotagged with locational coordinates and the masirnanopy height recorded. The change
in maximum canopy height between 2008 and 20124dch tree object was recorded.
Growth or loss of each tree was classified as agda1m to account for sensor noise.
Residential and crop-field present in 2008 wereaesd from the CHM maps before further

analysis.

2.3.3 Height-specific gains, loss and persistence of tagp

The number of trees that had gained height (ineredsn), lost height (decreazém) or
stayed unchanged (height change <1m) were aggrepaténectare. Each 1-ha grid cell was
then marked as: gains (number of individuals tlated height exceeded the number that
lost height or the number that stayed unchangeds; (number of individuals that lost height
exceeded the number that gained height or the nutihéiestayed unchanged); and
persistence (number of individuals that stayed angkd exceeded or was equal to the
number that gained or lost height). Patterns o&teggn structural dynamics were then
examined through the creation of gains, loss amsigience maps created using 2008 and

2012 data. These data, together with various enwiemtal and anthropogenic variables
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(geology, relative elevation, burn frequency (Apgi@r-igure 2.1-2), distance from the
nearest river, distance from the nearest settleraedtdistance from the nearest road) were
extracted using a spatial join for each hectare cgll. The vertical vegetation profile was
divided into ecologically-relevant height classeSm shrubs and small trees in the ‘fire
trap’ (e.g. Bond & Keeley 2005), but also form pafrthe coppice regrowth height class
(Mograbiet al. 2015); 3-5m trees in the ‘elephant trap’ (e.g. &s& Levick 2012) but also a
height class that is important to rural househ@Riumgartert al. 2009) ; 5-10m tall trees
which contribute to ecosystem functioning (e.g. Dekal. 1999) and are valuable to people
as non-timber product generators (Shackletoa. 2003); and very tall trees >10m acting as
‘keystone structures’ in savannas where theirikebt small area occupied contributes
disproportionally to ecosystem functions, oftehirfg unique functional roles (e.g. Tews

al. 2004; Manninget al. 2006).

2.3.4 Data Analysis

We used a constrained ordination technique, caabodrespondence analysis (CCA), to
explore height-specific vegetation dynamics intrelato a suite of known environmental
and anthropogenic variables. Each ordination ax&slinear combination of different
variables to explain ‘species’ abundance (herd) &ecies’ is a height-specific vegetation
classes of gains, losses and persistence) usindtizamate direct gradient analysis (Ter
Braak 1986). The analysis was conducted on a ralydestected subsample (n= 182, 213,
378 for the high, intermediate and low use commiarals, respectively) of hectare grid cell
data including height-specific gains, losses andigince. Spatial autocorrelation occurred
within 40 m calculated from a semivariogram in SAGAS, but 160 m was enforced to
avoid selecting adjacent grid cells in the randoimsample. Known environmental and
anthropogenic variables were chosen that haverdten shown to affect savanna
vegetation structure and composition (e.g. geonwogy, fire: (Huntley & Walker 1982)) or
were related to perceived ease of access to conramas (distance to the nearest
settlement/road). Bushbuckridge settlement featwese manually digitised using aerial

images from 2009 and 2012 (50 cm resoluti@ww.ngi.gov.z3. The relative elevation

model (REM) was the “normalized height” product gexted using the “Terrain Analysis”
toolset in SAGA GIS (SAGA User Group Associatiorl@pusing the LiDAR-derived DTM
as an input. Distances from the nearest river, evatisettlement were generated using the
“Near” tool in ArcGIS v10.2 (ESRI 2012). Fire dat@re derived from monthly MODIS
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burned area products (MCD45SA1-V051; 500m resatjitising R v3.2.1 (R Core Team
2013; packages: sp, rgdal, raster). Fire data imézepreted as binary burned/unburned and
summed between June 2007 and March 2012. The CGAaréormed using CANOCO v4.5
using manual forward selection and 999 Monte-Cpélonutations. Variables were added to
the ordination model until at least 95% of the diésal variation was accounted for by
variables’ conditional effects. Variables were dkssted for their marginal effect to the data
set independently, using a Bonferroni correctiomtontain the model’s global type | error at
p <0.05 (Rice 1989; Cabin & Mitchell 2000). Variablthat were non-significant in marginal
effects but contributed substantially to conditioeféects were kept in the model but
displayed as non-significant variables in graphagputs (see greyed out arrows in Figure
2.4). Co-linearity was present between sites atbgyg as each site was dominated by one
type of geology, but both variables were kept mitiodel. The exception is the low use
communal land where geology as a variable was rethasg the site is located solely on
granite. Total variation explained in each CCA wakulated using an’Rnalog of

explained variance (all canonical eigenvalues) psreentage of total variance (all

eigenvalues).

2.4 Results

2.4.1 Landscape-scale vegetation structural dynamics

Using landscape-scale object-based tree identdicamethods, we detected over 650 000
individual trees >1m in height in 2008 across ttwemmunal rangelands. Of these, 32.6%
changed in height bylm; comprising 8.7% that decreaseddiyn and 23.8% that increased
by>1m (Table 2.1). The high use communal land hadjtbatest height change frequency at
42%, with most of this attributable to vegetatiaight gains (Table 2.1). The intermediate
communal land had the highest recorded height &necudecreases and treefall (height
reduction>75%) (Table 2.1). Treefall in the low use commuaal was 1.6% of trees in the
site. This site also had the smallest frequenae®getation height change (Table 2.1).
Although the high use communal land seemed to haedatively high tree density (Table
2.1), the bulk of these were trees <6m in heightent in the right-skewed height class
distribution (Figure 2.2). The intermediate use nowmal land 2008 height profile resembled
that of the low use communal land (Figure 2.2).
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Table 2.1. Vegetation structural dynamics in threceommunal lands in Bushbuckridge
combined and within each site. ‘H’ refers to canopyeight and 'n’ to number of
samples of individually detected trees. The perceage frequency of H changeslm
refers to both increases and decreases in canopyigig. Height reduction > 75% is

termed ‘treefall’.

Frequency of H

sit T Frequency Frequency
ite ree i
. n . of H increases>1m of 75% H
Site area (trees) density h ducti
rees changes | Frequency of H | reduction
(ha) (trees ha) I quency _
>1m decreaseglm | i.e. treefall
_ _ 23.8%
Combined sites 10 534634 284 60.21 32.6% 2.2%
8.7%
High use 34.1%
7.9%

. X 25.3%
Intermediate us¢ 3 359| 109 070 32.47 35.5% 4.5%
communal land 10.25%

21.1%
Low use 5020| 428 110 85.28 29.7% 1.6%
communal land 8.6%

2.4.2 Height-specific spatial patterns of vegetation gailoss and persistence

The lower height classes (1-3m) mostly experiergaeds in vegetation height (Figure 2.3).

These gains were spatially associated with the togation in the intermediate use

communal land, and a granite ridge running east-a@®ss the centre of the low use

communal land (Figure 2.3). Fewer patches of veéigetgains were noticeable with

progressively taller vegetation, but patches of sre evident in the 3-5m and 5-10m height
classes (Figure 2.3). In the high and low use conahlands, these patches were adjacent to

the settlement, whilst in the intermediate use commahland the patches of loss also occurred

along the river and near the eastern fence linddsawrith private conservation land (Figure

2.3). Most of the area covered by vegetation >3 meight was classified as persistent with

no change >1m (Figure 2.3). However, there weré@u of the intermediate use communal

land that had height loss in vegetation >10m (FeduB).
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Figure 2.2 Density distribution of maximum canopy height in2008, represented per lan-use
level per site (high, intermediate, low)

This height loss in tall treegas also reflected in the lowest ge&stence level of trees >10m
the intermediate use communal land relative tather communal landTable 2.2),
although persistence levelgre >82% in this size class for all communal lands. ighest
persistence of all vegetation >fwas in the low use communal lanr@ersely, the hig
use site hathe greatest persistence -3m vegetation, and augmenting shrub dominan:
this site waghe transition from -5m to the 1-3m class over 4 yeafalle2.2). The
strongest gain was transition from the-3m height class to the 3 height class in all site

especially in the intermediate use sTable 2.2).
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Table 2.2. Proportional transitions between vegetain height classes over 4 years in 3
communal lands under: a) high; b) medium; and c) lav wood extraction pressure. Total
proportions do not add up to 1 because of loss tdlsn height class and the exclusion of
growth and loss transitions <1m change threshold.

2012
1-3m | 3-5m | 5-10m | >10 m | total
1-3m 0.58 | 0.26 0.01| 0.00| 0.86
a) high 2008 | 3-5m 0.11| 0.58 0.11| 0.00| 0.80
5-10m | 0.04| 0.05 0.82 | 0.02| 0.92
>10m 0.03| 0.02 0.05| 0.87| 0.96

2012
1-3m | 3-5m | 5-10m | >10 m | total
1-3m 0.42| 0.36 0.01 0.00 | 0.79
b) intermediate | 2008 | 3-5m 0.06 | 0.66 0.10| 0.00| 0.82
5-10m | 0.04| 0.04 0.83 | 0.01| 0.91
>10m 0.04 | 0.04 0.04 0.82 | 0.94

2012
1-3m | 3-5m | 5-10m | >10 m | total
1-3m 0.41| 0.32 0.01 0.00 | 0.74
c) low 2008 | 3-5m 0.07 | 0.68 0.10| 0.00| 0.85
5-10m | 0.02 | 0.06 0.87 | 0.01| 0.95
>10m 0.01| 0.02 0.05| 0.90| 0.97

2.4.3 Dirivers of vegetation structural dynamics

Canonical correspondence analysis explained 18fi#iedotal variation in height-specific
gains, loss, and persistence for all sites combfRaglire 2.4a). Variation explained for the
high, intermediate, and low use communal lands 18a8%, 19.2%, and 7.2%, respectively
(Figure 2.4b-d). Height-class specific patterngaihs, loss and persistence were most
strongly associated with the high use site andl#md-use gradient formed the major
component of canonical axis 1 (Figure 2.4a, Appefdible 2.2a). Specifically, this site was
positively associated with gains in the 1-3m claksst the low use site was negatively
associated with gains in the 1-3m class (Figura)2:Bhe second most important factor
influencing vegetation structural dynamics acrdstha communal lands and the major
component of canonical axis 2 was distance frorndaest settlement (Figure 2.4a,

Appendix Table 2.2a); losses in the height clas&es were strongly associated with
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distance from the nearest settlement (Figure 23k&tjlement-specific ordination patterns
varied between settlements but height-specificgydosses and persistence were associated
with geology and distance from settlement (Figudbzl). The high use communal land
reiterates that vegetation losses >3m in heighéwassociated with distance from the nearest
settlement (Figure 2.4b). The intermediate commlaral had the highest percentage of
variation explained by the included variables (FégR.4c) and, again, vegetation losses in
height classes >3m were associated with distaoce fine nearest settlement. However,
frequent burns were also associated with loss getation >3m in height, despite this
variable not being independently significant beydadaontribution to the model (Figure
2.4c). Very little variation (7.2%) in vegetatiommectural dynamics was explained by the
included variables in the low use communal lands Elte also had the lowest environment-
species correlations (Appendix Table 2.1d). Heeedistance to the nearest road was the
most important variable (Figure 2.4d) which wascéatve of this site being an inaccessible
communal land relative to the other sites. The tagm structural dynamics in the low use
communal land were also associated with fire; $adly, 2 burns in 4 years associated
closely with distance from the nearest settlemanble, and the 1-3m height classes were
positively associated with no burns and negatiaslyociated with frequent burns over 4

years (Figure 2.4d).

Site-specific changes in height-specific growthhwitcreasing distance from the nearest
settlement ran counter to land-use patterns. Tgte dmd intermediate use sites had varying
mean proportional growth relative to settlementpraty (Figure 2.5). This was particularly
true of the intermediate use site where proportigrawth in the 3-5m and 5-10m height
classes increased up to 800m from the nearestreettt and then decreased to 1400m
(Figure 2.5). Spatially-specific proportional grémg¢hange in vegetation >10m were
inconsequential at 5% overall (Figure 2.5). Thenmediate site, again, had noticeably
different patterns of spatially-explicit proportaross, although the communal lands were
similar in loss patterns in the 1-3m and 3-5m healgsses (Figure 2.6). Proportional loss
decreased up to 600m from the nearest settlemdrthan increased between 600-1000m
from the settlement in the intermediate use commnand (Figure 2.6). The low use
communal land had the lowest proportional losgiredao settlement proximity than the

remaining communal lands (Figure 2.6).
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Figure 2.4. Canonical correspondence analysis (CCAYf a random subsample of height-class specific gai, loss and persistence abundance per
hectare related to both anthropogenic and environm&al explanatory variables in a) all sites combinedb) high wood extraction site, c) intermediate
wood extraction site, and d) low wood extraction 8. Arrow length indicates the strength of influence of the explanatory varial®. Each arrow points
in the direction of the expected steepest increasethat variable. Angles between arrows indicate awelations between explanatory variables (<99=
positive correlation, >9@ = negative correlation, 98 = no correlation).The closer a size class is to @mrow head, the stronger the correlation betwee
that size class and the explanatory variables. Sitarly, arrows can be projected backwards to size alkses to explore negative correlations. Size
classes clustered around the origin indicate littléo no correlation with the explanatory variables,while those in close proximity to each other
correspond to sites occurring together (Leps & Sméluer 2003). Sett, road and river refer to distanceBom the nearest settlement, roads, and rivers,
respectively. Height class codes are: 1 (1-3 m)(35 m), 5 (5-10 m) and 10 (>10m). Letters followmheight class codes refer to: G (gains), L (loss),
and P (persistence). (See Appendix Table 2.1 for whel details.)
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bars denote standard error.
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2.5 Discussion

2.5.1 Wood extraction intensity drives structural dynasnit communal lands

Vegetation structural dynamics reflect the commuaradi-use gradient in the three
communal lands surveyed. Vegetation height gamdgdollowed the land-use gradient — i.e.
high frequency of gains in high use communal laarti$ low frequency of gains in the low
use communal land (Table 2.1). But this pattetess obvious with other metrics; the
intermediate use communal land had the most sjyatigiensive changes to all height classes
(Figure 2.3) and the highest frequencies of los4es and treefall (Table 2.1). However,
extensive losses of vegetation height and higleefdil in the intermediate communal land
(Table 2.1) are indicative that there are still ¢idsses of vegetation available for harvest.
Put another way, the high number of tree$ imethe high use communal land (Table 2.1) are
inflated by low-height class shrub gains (Figur®) 2skewing the frequency of loss trend and
probably driven by compensatory growth as a resfligh wood harvesting levels. This
phenomenon is supported by earlier research oardastce-related structural and
composition change studies where species richnessased in proportion to the disturbance
level on old lands (Armesto & Pickett 1985), anad#ts detailing increased woody cover
and density in heavily-grazed areas (Skarpe 1%0jhermore, Bushbuckridge communal
lands have had documented woody vegetation stalaiversity reductions with increasing
land-use intensity in a space-for-time substitustudy (Fisheet al. 2012) and vegetation
gains across multiple height classes exceedingothra¢ighbouring conservation areas
(Fisheret al.2015).

2.5.2 Communal land accessibility and fire frequencydafeoody vegetation dynamics
Not only is does the land-use gradient affect ckang overall gains, loss and persistence of
canopies, it also affects height-specific dynamlt¢ge high use communal land is associated
with gains in the 1-3m height class (Figure 2.4a)ombination of bush thickening (Twine
& Holdo 2016), as well as persistent harvestingveoting the 3-5m class to the 1-3m height
class (Table 2.2). Fire frequency was an imporntariable in the intermediate use communal
land (Figure 2.4c). Fire dynamics are seldom exgala@xplicitly in communal land

vegetation dynamics, largely due to a lack of fiiory data (Trollope 1998). Although
humans have been associated with more frequengfirgons, burns in anthropogenic areas
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are from small, cool fires — a result of reducealsgrbiomass in rangeland areas and increased
landscape fragmentation, preventing fire spreadt{paldet al. 2009). In contrast to the low
and intermediate use communal lands, fire frequevas/not an important feature of
vegetation dynamics in the high use communal dikely a consequence of very low
biomass in a heavily encroached area, reinforcedl fysitive feedback loop where fire
suppression and overgrazing have, in turn, beehdatpd in bush encroachment (Arclegr
al. 1995; Roquest al.2001). Where fires do occur in communal lands, teght class
vegetation dynamics were associated with low téines, whilst more frequent fires were
associated with gains in the 3-5m height classpamsistence in vegetation taller than 3m
(Figure 2.4c,d). Presumably, as trees in the tfap’ (Bond & Keeley 2005) experience top-
kill from burns, the thinned areas are releaseohftompetition, facilitating taller vegetation
classes.

Vegetation structural dynamics in the low use comahland were related to ease of access
(distance from the nearest road), reflecting thetikes inaccessibility of this site (Figure
2.4d). In the other two communal lands, vegetasibactural dynamics were associated with
distance from the nearest settlement (Figure Péjurbance gradients radiating out from
settlements are a well-established communal laedigrinenon (e.g. Shackletenal. 1994;
Matsikaet al. 2012). Changes in vegetation structural dynamieselated to an 800 m
threshold in the intermediate communal land (FigiEe6). The results hint at compensatory
growth (i.e. coppicing) occurring <800m from satiknt (Figure 2.5). This ties in with
previous studies demonstrating that most fuelwaadsting in this area occurs between 1-
1.5km from the settlement, as most wood is cairidzlndles or in wheelbarrows
(Shackletoret al. 1994; Giannecchiret al. 2007; Wesselst al.2013). In addition, previous
studies on biomass disturbance gradients in tgismehave found biomass increases with
increasing distance from settlement (Shackletios. 1994; Wesselst al.2011). The

growing use of vehicles to collect and transpoelvitood is likely to expand the harvesting

footprint in these areas (Twine 2005).

2.5.3 Have fuelwood harvesting effects been overstatadrigally?

Height loss in trees >5m adjacent to settlementslisative (Figure 2.3) of settlement and
crop-land expansion (Coetzetral. 2013), reducing the available land for naturabuese
provision — a twofold blow to ecosystem servicevsion from natural land with an
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increasing population and decreasing savanna wodd&cosystem service provision
supplied by agricultural lands will increase). Téngrere also large patches of height loss
>3m on the eastern boundary of the communal ldnslarea is perceived to be more fertile
for croplands and also contains abundant standsadia nigrescens preferred

construction timber (Tuinder 2009). Historicallyethlame for deforestation has been placed
on fuelwood harvesting effects, but recent consersthat agricultural and settlement
expansion are the dominant drivers of degradatim¢-Coleet al. 1990; Arnoldet al.

2003; Defriest al.2004). This is certainly true of Bushbuckridgelsetents which have
expanded multi-directionally, coalescing acrossratawies with other settlements (Coeteer
al. 2013). In addition to over allocating deforestatio wood harvesting, previous studies
have underestimated the regenerative capacity otlimads (Arnolcet al. 2003; Twine &
Holdo 2016). Here we have seen substantive regromsihonse with increasing harvesting
intensity, supporting suggestions that annual waadlproductivity estimates have been too
conservative. Tredennick and Hanan (2015) demdsstsustainable harvesting levels at all
levels, bar the most extreme, as a result of savaee species regenerative responses to
disturbance. However, changes to the functiondilprof a savanna woodland under high
harvesting intensity to a highly productive, butisturally homogeneous shrub layer in the
‘fuelwood trap’, will have implications for ecosgsh functioning and ecosystem services to
the community. For example, grass biomass willidechffecting livestock carrying
capacity, and loss of recruitment of vegetatiothmtall tree class will impact on non-timber
products (e.g. fruit). Natural resource use is pathe wider rural development crisis
(Mercer & Soussan 1992) and unlikely to abate incafwhere southern Africa’s population
is expected to increase to >70 million people by®@Jnited Nations 2015), with limited
economic growth prospects, where only 35.3% of Sabaran Africa has access to electricity
(World Bank Development Indicators 2012). The fimtal consequences of previously
underestimated woodland regenerative responsey@ssible interactions with GO
fertilisation (Midgley & Bond 2015), should be mtored to mitigate coupled human-

environment vulnerabilities.

2.5.4 Concluding remarks
Our results show high levels of wood extractiocammunal lands are associated with
compensatory growth in the low height classes.Wwoetl harvesting effects do interact with

fire frequency and distance to settlements andsidadsh thickening with a concomitant loss
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of tall trees in the vicinity of settlements isdllg to lead to a reduction in vegetation
structural complexity. Although the results of tetady describe detailed changes in woody
canopy dynamics, the information about shrub-lavaleases is not species specific. Shrub-
level increases could be dominated by speciesatieatot appropriate for fuelwood use (e.g.
Lantana camarp(Shackleton 1993). A reduction in structural hegeneity and a
community composition dominated by species witlvesting-tolerant regrowth responses
will reduce woodland diversity, and subsequentlysgstem functioning (Hoopet al.

2005). To effectively manage woodland systems swtdy/, we need to be able to predict
future woodland structure by adding fine-scale dater broad extents on germination and
seedling survival; low height classes are cru@ahfionitoring as they determine future

woodland structure and composition.
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2.7 Appendix
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Appendix Figure 2.1 Spatial distribution of burns in the Bushbuckridge communal
lands between June 2007 and March 201
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Appendix Figure 2.2 Proportional burn frequencies for high, intermediate and low
wood extraction sites. Burn frequencies between sg showed marked differencesy =
195.98 df = 4, p <0.001). The intermediate wood eattion site experienced more burn
than the other sites between 2008 and 2012. Widtl tine bars on the »-plane represents
the proportion of values in that burn category reldive to all values. The intermediate
wood extraction site is the only site containing aas that burned 5 times between 20(

and 2012.
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Appendix Table 2.1. Canonical Correspondence Analys(CCA) Eigenvalue details for

a) all sites combined, b) high, c) intermediate, ahd) low wood extraction sites. See
Figure 2 in main document for graphical outputs.

a) All sites combined** Summary ****

Axes 1 2 3 4  Total inertia
Eigenvalues : 0.096 0.024€12 0.004 0.747
Species-environment correlations : 0.767 0.40886 0.271

Cumulative percentage variance

of species data : 129 16a7.7 183
of species-environment relation: 68.5 85944 97.4
Sum of all eigenvalues 0.747

Sum of all canonical eigenvalues 0.140

b) high wood extraction site**** Summary ****

AXes 1 2 3 4  Total inertia

Eigenvalues : 0.072 0.08%06 0.002 0.848
Species-environment correlations : 0.551 0.48@97 0.169

Cumulative percentage variance

of species data : 8.5 12.63.3 13.5

of species-environment relation:  62.2 92.97.2 99.0
Sum of all eigenvalues 0.848
Sum of all canonical eigenvalues 0.116
) intermediate wood extraction sit&** Summary ****
Axes 1 2 3 4  Total inertia
Eigenvalues : 0.076 0.064022 0.011 0.937

Species-environment correlations : 0.658 0.621839 0.337

Cumulative percentage variance
of species data : 8.1 14.97.2 184

of species-environment relation:  42.3 77.89.5 95.9
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Sum of all eigenvalues

Sum of all canonical eigenvalues

d) low wood extraction site**** Summary ****
Axes 1 2 3
Eigenvalues : 0.020 0.001004 0.001
Species-environment correlations : 0.372 0.41254 0.169
Cumulative percentage variance
of species data : 4.0 6.26.9 7.1
of species-environment relation: 54.7 84846 97.1
Sum of all eigenvalues

Sum of all canonical eigenvalues

0.937

0.180

4  Total inertia

0.512

0.512

0.037

Appendix Table 2.2. Canonical Correspondence Analys(CCA) species-environment
correlation matrix details for a) all sites combinel, b) high, c) intermediate, and d) low
wood extraction sites. See Figure 2 in main documefor graphical outputs. Canonical
axes are in terms of species (Sp.) or environmentdtnv.) variables. In this case,
‘species’ refers to the gains, losses or persistenof vegetation height classes (1-3m, 3-
5m, 5-10, or >10m). Settlement, road and river refeo distances from the nearest
settlement, roads, and rivers, respectively. REM ffers to relative elevation model and
Oburn, 1burn, 2burn, 3burn, 4burn, 5burn refer to burn frequency in the communal

lands.

a) All sites combined
Sp. Sp. Sp. Sp. Env. Env. Env. Env.
Axisl | Axis2 | Axis3 | Axis4 | Axisl | Axis2 | Axis3 | Axis4

Sp. Axisl 1

Sp. Axis2 - 1

Sp. Axis3 0.0057| 0.1848 1

Sp. Axis4 0.0679| -0.1796| 0.0074 1

Env. Axisl 0.7666 0 0 0 1

Env. Axis2 0 0.4078 0 0 0 1

Env. Axis3 0 0 0.3862 0 0 0 1

Env. Axis4 0 0 0 0.2706 0 0 0 1
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Granite - -0.0053| 0.0612| -0.2275 -0.116 -0.013 0.1584 -0.8406
Gabbro 0.0889| 0.0053 | -0.0612 0.2274 0.116 0.013 -0.1584 0.8406
Intermediate i
use communal | o 0.0093 | 0.0837| 0.1969 -0.0463 0.0228 0.2168 0.7276
land
High use 0.7591| 0.0191 | -0.0168 -0.0319 0.9902 0.0469 -0.0435 -0.118
communal land
Low use -
communal land | 0.4539 -0.0203| -0.0624 -0.151y -0.5921 -0.04p8 -0.1617 564
Road -0.166| -0.1757, -0.1208 -0.028 -0.2166 -0.4309 -P83(1 -0.1033
Settlement - 0.2133 | -0.0958 0.165% -0.1163 0.5232 -0.2482 0.6[114
River - -0.1778| -0.1907 0.0683 -0.1156 -0.43p1 -0.4939 225
REM 0.0653| 0.0682 | 0.1276/ 0.0713 0.0852 0.1671 0.3303 0.2636
Oburn 0.3576| -0.1328| 0.1898 0.051 0.466p -0.32p8 0.4914 0.1883
b) High wood extraction site

Sp. Sp. Sp. Sp. Env. Env. Env. Env.

Axisl | Axis2 | Axis3 | Axis4 | Axisl | Axis2 | Axis3 | Axis4
Sp. Axisl 1
Sp. Axis2 - 1
Sp. Axis3 - 0.0236 1
Sp. Axis4 - -0.1662| -0.0183 1
Env. Axisl 0.5514 0 0 0 1
Env. Axis2 0 0.496 0 0 0 1
Env. Axis3 0 0 0.297 0 0 0 1
Env. Axis4 0 0 0 0.1687 0 0 0 1
Granite - 0.0686 | 0.0203| -0.0572 -0.6332 0.1384 0.0684 -0.3392
Gabbro 0.3492| -0.0686| -0.0203 0.0572 0.6332 -0.1384 -0.0684 @339
Road - 0.297 | 0.2139| -0.0424 -0.0058 0.5988 0.72  -0.2b15
Settlement 0.2394| -0.1562| 0.007| -0.1417 0.434p -0.315 0.0235 -0.8B97
River 0.2182| -0.0931| 0.1635/ 0.1199 0.3957 -0.18/8 0.5505 0.7105
REM - -0.3947| 0.1205| -0.0016 -0.289 -0.7957 0.4056 -000P9
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c) Intermediate wood extraction site

Sp. Sp. Sp. Sp. Env. Env. Env. Env.

Axisl | Axis2 AXxis3 Axis4 Axisl AXxis2 AXis3 Axis4
Sp. Axisl 1
Sp. Axis2 0.1325 1
Sp. Axis3 0.0484| -0.0068 1
Sp. Axis4 - -0.1152| 0.1159 1
Env. Axisl 0.6577 0 0 0 1
Env. Axis2 0 0.6478 0 0 0 1
Env. Axis3 0 0 0.4387 0 0 0 1
Env. Axis4 0 0 0 0.3365 0 0 0 1
Granite - 0.4765| 0.1396| 0.0431 -0.426 0.73% 0.3182 0.128
Gabbro 0.2802| -0.4765| -0.1396 -0.0431 0.426 -0.73b5 -0.3182 &.12
Road 0.0801| 0.2214 | -0.1738 -0.029Y 0.1218 0.3418 -0.3962 -2088
Settlement 0.621 | 0.0939| 0.0555 0.000p 0.9441 0.1449 0.1266 006.G
River - -0.3794| -0.0624 0.0944 -0.0403 -0.5857 -0.1423 @28
REM 0.124 | -0.244| -0.1259 0.125 0.1885 -0.37167 -0.287 371b
Oburn - 0.2993 | 0.0054| 0.153% -0.5029 0.462 0.0124  0.4562
lburn - -0.2536| 0.2306/ -0.0322 -0.0022 -0.3914 0.5256 H¥09
5burn 0.1271| 0.0517 | -0.1398 0.1349 0.1933 0.0797 -0.3187 0.4009
d) Low wood extraction site

Sp. Sp. Sp. Sp. Env. Env. Env. Env.

Axisl | Axis2 | Axis3 | Axis4 | Axisl | Axis2 | Axis3 | Axis4
Sp. Axisl 1
Sp. Axis2 0.0004 1
Sp. Axis3 0.1438| 0.0146 1
Sp. Axis4 -0.21 | 0.052 | -0.2194 1
Env. Axisl 0.3723 0 0 0 1
Env. Axis2 0 0.4118 0 0 0 1
Env. Axis3 0 0 0.2536 0 0 0 1
Env. Axis4 0 0 0 0.1691 0 0 0 1
Road 0.2436| 0.1443 | -0.1008 -0.0115 0.6542 0.3503 -0.3972 -A068
Settlement - 0.2608 | -0.1332 0.0772 -0.2206 0.6332 -0.5P5 0.4565
River 0.1986| 0.1456 | -0.0816 0.0583 0.5334 0.3535 -0.3218 0.3449
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REM - -0.215 | -0.1688 -0.043¢ -0.2057 -0.5221 -0.6655 58.2
Oburn 0.1344| -0.2427| -0.0004 0.0944 0.361 -0.5893 -0.0017 0.561
2burn - 0.2462 | -0.013§ -0.030% -0.1898 0.59Y9 -0.0%45 @»b18
4burn - 0.0456 | 0.0767; -0.002 -0.3959 0.1107 0.3023 -0.0116
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3.1 Abstract

Woody biomass dynamics are an expression of e@msyfsinction, yet biomass estimates do
not provide information on the spatial distributioiwoody vegetation within the vertical
vegetation subcanopy. We demonstrate the abiligirbbrne light detection and ranging
(LIDAR) to measure aboveground biomass and subgasiopcture, as an explanatory tool to
unravel vegetation dynamics in structurally heterapus landscapes. We sampled three
communal rangelands in Bushbuckridge, South Afuti#éised by rural communities for
fuelwood harvesting. Woody biomass estimates rabgégdeen 9 Mg Haon gabbro geology
sites to 27 Mg haon granitic geology sites. Despite predictionsvobdland depletion due

to unsustainable fuelwood extraction in previouslss, biomass in all the communal
rangelands increased between 2008 and 2012. Abiarahss productivity estimates (10-
14% p.a.) were higher than previous estimates o&délolikely a significant contributor to

the previous underestimations of modelled biomapgly. We show that biomass increases
are attributable to growth of vegetation <5 m ifmghg and that, in the high wood extraction
rangeland, 79% of the changes in the vertical \&get subcanopy are gains in the 1-3m
height class. The higher the wood extraction pressn the rangelands, the greater the
biomass increases in the low height classes witl@rsubcanopy, likely a strong resprouting
response to intensive harvesting. Yet, fuelwoodtslges are still occurring, as evidenced by
the losses in the tall tree height class in thé leigtraction rangeland. Loss of large trees and
gain in subcanopy shrubs could result in a stratljusimple landscape with reduced
functional capacity. This research demonstratesitbensive harvesting can, paradoxically,
increase biomass and this has implications fostistainability of ecosystem service
provision. The structural implications of biomassreases in communal rangelands could be
misinterpreted as woodland recovery in the abseht@&ee-dimensional, subcanopy

information.

3.2 Introduction

Woody biomass is a fundamental expression of tegiaéscosystem functioning, (e.qg.
primary productivity, land-atmosphere gas exchaarggknutrient regulation), and can be

used for the quantification of ecosystem servisash as fuelwood and carbon sequestration.
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Biomass distribution reflects the spatial pattertopo-edaphic and climatic gradients [1-3]
and responses to disturbance [4-7]. However, bisragsmation remains challenging,
particularly in environments with highly variablpexies composition and structural

complexity [8-10].

Savannas, as complex tree-grass ecosystems, @wtisilly heterogeneous and are best
described by three-dimensional metrics [11]. Adisgavannas are ideal for examining the
biomass dynamics in structurally complex vegetatidhile total precipitation sets the upper
boundaries on woody cover in savannas [12], theaody cover potential’ is often
unrealised [13-14] as a result of disturbanced) siscfire [15-19] and herbivory [20-22]. A
major driver in savanna ecosystem structure anctifumis the influence of people on the
landscape [15,23], particularly through naturabrese use, such as fuelwood harvesting
[24]. Yet, the contributions of anthropogenic chesmitp savanna biomass dynamics are
poorly understood.

Millions of people in Africa rely on woody vegetati for energy, extracted from both
communal [25-27] and protected areas [28-29]. Witnuthern Africa, South Africa has a
high per-capita use of fuelwood as a primary ensigpply; despite having substantial access
to electricity (66% of national population) [30].itMn this context, 93% of current fuelwood
demands are no longer met by collection of deadd§8d]. Thus, live wood harvesting
occurs around settlements and is a major drivingefin woodland degradation in semi-arid
ecosystems in southern Africa, particularly in 8wth African Lowveld (low altitude)
savannas [7,24,32]. This is concerning becausdidedsfuelwood scarcity is already being
experienced, and the situation is unlikely to inyara the future [33]. Indeed, localised
fuelwood shortages have facilitated the developroéhtelwood markets [34-35],

effectively increasing the harvestable area and the impacts of fuelwood extraction may
become less of a localised phenomenon. Despitevdael markets contributing to rural
livelihoods [34-35], they have the unfortunate kkoo effect of artificially maintaining
perceptions of fuelwood abundance [36]. Althouglepletion of woodland biomass was
predicted to occur in Bushbuckridge, South Africg 2011 [24] and more recently, by 2024,
at current extraction rates [32], the interactibasveen socioeconomic and environmental
factors driving natural resource use are compler;lmear systems that are difficult to
quantify [37]. However, the above predictions dgeahe concern that woody vegetation

harvesting, driven by increased demand and greateaction amounts is unsustainable [38]
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and reduces the ability of ecosystems to providsystem goods and services, fuelling the

link between rural poverty and environmental imp@stement [39].

Wood harvesting changes not only biomass, but\adsiical stratification of vegetation.
Vertical vegetation complexity has relevance tosgstem function as canopy height is
related to biomass and productivity [40], biodivisr§41-43] and contributes to structural
heterogeneity [44We submit that a method of understanding and, piatgn improving
biomass change estimations, is to examine thecaéktegetation structure. We believe that
by observing the interplay between woody biomassgh and subcanopy structural change,
drivers of biomass dynamics may be revealed.

Vertical subcanopy structure of vegetation canggiesever, cannot be derived from
traditional two-dimensional remote sensing methertt$ top of canopy cover is a poor
predictor of subcanopy cover [45]; three-dimensi@B&D) field-based efforts are impractical
at landscape scales. Light detection and rangifigAR) is a valuable tool for repeat
estimation and monitoring of biomass, whilst pravgdsubcanopy information, over large
geographic areas and with fine-scale detail [4&péat LIDAR campaigns have enabled
tracking of woody biomass change as well as vanaiti the 3-D structure of the vegetation,
providing the means to test previous fuelwood syyolgimand model predictions [24,32], and
to make inferences about the sustainability of wpaision under continued wood
extraction pressure. The aim of this research igitiae the power of airborne LIDAR to
assess changes in aboveground biomass and subcdnagyre, as a unique window into

unravelling vegetation dynamics in structurallydregeneous landscapes.

3.3 Methods

3.3.1 Study Site

Permission to conduct fieldwork in the Bushbuckeagmmunal rangelands was granted by
the local headmen. This study is part of a broaly{standing relationship with the local
community and the University of the Witwatersraaadbnduct ecological research in their
communal land. The field studies did not involvel@mgered or protected species. The study
sites were located within the Bushbuckridge Muratty in the Lowveld region, a semi-arid
savanna in South Africa. Summer rainfall (Octoloeliay) usually falls in convective
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thunderstorms and ranges between >900 mm per aimitlma west and 500 mm per annum
in the east with an mean annual precipitation (MAd&Yfficient of variation of 25%.
Summers are hot and humid with mean daily maxin200€C and winters are mild and dry
with mean daily maxima of 2. Droughts can be prolonged and may be experiesveny
ten years. Within the timeframe of this study (2@08.2), the 2006-2007 and 2007-2008
summer rainfall was below average and the 2011-2@da particularly wet summer.

Within seasons, notable rainfall peaks occurredipril 2010 (4.1-fold more rain than the
monthly 8-year average) and January 2012 (2.4Hmgder than the monthly 8-year average).

The terrain is shallowly undulating and the geolsygominated by granite with local
Timbavati gabbro intrusions. Classic catenal segeeare common in areas with shallow,
sandy, dystrophic soils on the uplands and deefarey, eutrophic soils on the bottom
slopes [7]. The predominant vegetation type is itgdawveld, but the region also contains
gabbro grassy bushveld and legogote sour bush#@ldCommon plant species on the
granite Lowveld uplands includ&erminalia sericea, Combretum zeyhandC. apiculatum
the bottom slopes are characterisedbgcia nigrescens, Dichrostachys cineseadGrewia
bicolor [47]. Other frequently occurring species 8aerocarya birrea, Lannea
schweinfurthii, Ziziphus mucronata, Dalbergia malaylon, Peltophorum africanuand
Pterocarpus rotundifoliusThe majority of the woody biomass in the regismormed from

S. birrea, Pterocarpus angolensiadA. nigrescen$’].

Bushbuckridge is surrounded by conservation lawth(btate-owned and private) [48] which
increases the pressure for grazing and harvestitside of protected areas. An overgrazing
land-use legacy exists from intensively stockedievbwned cattle farms from 1913
onwards [49]. Apartheid followed in 1948, with tReomotion of Bantu Self-Government
Act of 1959, which forced black South Africans iteelin ‘homelands’ [49] — centralised
settlements on farms of 1000-2000 ha. Bushbuckrdigeicipality was formed from the
joining of Mhala in Gazankulu and Mpulaneng in Lelao(Matsika 2012), with settlement
boundaries defined by the old cadastral bordetsehistorical cattle ranches [50]. Although
Bushbuckridge falls under state control, theraist@mary communal land tenure controlled
by headmen who zone the land into residential,lar@td communal areas for grazing of
livestock and collection of timber and non-timbeogucts (e.g. thatch, fruit, medicine) [51].
The settlements range from small, isolated villdgdarger, dense settlements along major
roads [33]. Human population density sharply insesBbetween 1972 and 1994 to
approximately 300 people/kf®9] but these growth rates have declined oveptst ten
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years [35]. Commensurate with human population gnawthe area, the spatial footprint of
the residential regions has expanded [37,52]. Aldoding of this decline was an observed

reduction in the size-class distribution of the diand vegetation with increasing distance

from certain settlements [53].

Within Bushbuckridge, three communal rangelandswediosen to represent different levels
of natural resource utilisation. These rangelamdszaned for use by the following villages:
Justicia; Croquetlawn, Ireagh and Kildare; Xanta Agincourt (Figure 3.1). The
rangelands were classified according to the redatigod extraction pressure assessed using
2008 data on the number of people and househotdssiag a given rangeland and relative
to this corresponding rangeland area: high (9.leelod’, 1.56 households Hausing 2155
ha of rangeland); intermediate (1.8 peopl&,1ta35 households Hausing 1815 ha of
rangeland); and low (0.21 people’h@.04 households Hausing 4425 ha of rangeland) (see
[53] for detailed demographic data). Although eearfigeland is used by its corresponding
settlements, use is not exclusive to these villagesforeigners (both local and cross-border
immigrants) are known to harvest from these ar88f [The intermediate-use intensity
rangeland (Justicia) is the only example of exglisiccess, as it is fenced on two sides by
private conservation land and its location makesate difficult to access from other villages
[32].

3.3.2 Field-derived biomass estimates

All field data were collected concurrently with tageborne LIDAR campaigns in April 2012.
Field-plots (total n = 56; high extraction site 1&; intermediate extraction site n = 20; low
extraction site n = 20 ) of 25 m x 25 m were essaleld within the extent of the communal
rangelands LIDAR coverage, and their locations méeo with a differential Global
Positioning System (Trimble GeoXH Handheld GPS).h&ights and basal stem diameters
on stems thicker than 5 cm on trees taller thamiib height were recorded. A ‘tree’ may
refer to a single-stemmed or multi-stemmed indigidierived from the same rootstock,
whilst ‘stem’ refers to the all branches deriveahfra single point on the ground. These
height and basal stem diameter field data were tesedtimate field biomass using allometric
relationships from Colgaet al.[9], an extensive harvesting study with the saredy

species composition as Bushbuckridge, in the form:
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Figure 3.1. Study sites in Bushbuckridge municipaty, located in the South African
Lowveld. Sites are classified (from west to eastsdow, high and intermediate wood
extraction pressure based on the number of houselts and people utilising each
rangeland. Settlements that utilise each rangelandre shown, including the names of
the major settlements, as well as the location ofi¢ gabbro intrusions in the
predominantly granitic landscape.

m= 0.1090y%-39 0-141n0 N4 o.7§9 0.8

wherem is dry aboveground stem mass (k@)is stem diameter (cm} is height (m) ang
is a unitless wood-specific gravity constant. Tingividual stem masses where then summed
within each 25 m x 25 m plot to obtain plot-levield biomass, reported in Mg ha

3.3.3 Light detection and ranging (LIDAR) data

The communal rangelands were surveyed with airblaser mapping as part of a Carnegie
Airborne Observatoryhftp://cao.ciw.edy/campaign in April 2008 and April 2012,
concurrently with the collected fieldwork data i@12. Small footprint, discrete-return

LiDAR is a remote sensing method which estimat&s\&getation structure over large areas.
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The 2008 LIDAR data were collected from 2 000 ml.angth the CAO-Alpha system with a
laser pulse repetition frequency of 50 kHz andrlapet spacing of 1.1 m (see [54]); the 2012
data were collected with CAO-2 AToMS with a lasalse repetition of 100 kHz and laser
spot spacing of 1m (see [55]). The LIDAR systeno @ovides accurate geo-locational
information generated by a high performance inemi@nagement unit (IMU) and global
positioning system (GPS) [54]. The LiDAR producti8-D point cloud from which a
canopy height model (CHM) was constructed fromdifierence between the digital terrain
model (DTM, interpolated from the last LIDAR retgjrand the digital surface model (DSM,
interpolated from the first LIDAR returns). Spatetors on the more coarse of the two
products (2008 data) were <0.20 m vertically andB&m horizontally [54]. Although
different sensors and processing methods werefaséte 2008 and 2012 data, errors
between corresponding DTM’S were <15cm.

Volumetric pixels (voxels) are formed by aggregatimlDAR laser returns into 1 m height
classes [56]. The position of each voxel is takemfthe voxel centroid relative to the
ground. LiDAR return frequency, within each voxale reported as a percentage relative to
the total number of LIDAR points in the completetiegal column, including the ground
returns. These data are used to quantify subcafi@pyegetation beneath the canopy cover)

structure.

3.3.4 LiDAR-derived biomass estimates

LiDAR-derived metrics of woody vegetation can bediso estimate allometric relationships
and infer biomass [2,8,9,32,57-58]. We derivedaiaiss regression model according to
previously established methods by correlating tbelpvel field-allometry and a
corresponding LIiDAR-derived H x CC (height x canamyer) predictor metric calculated
for each 25 m x 25 m grid cell created to corresptornthe 25 m x 25 m field plots; H is plot-
averaged (mean pixel height values >1.5 m) andQ@e proportion of canopy cover per
plot (proportion of pixels >1.5 m in height). Bothlues were extracted from the CHM (see
[9] for details). The H x CC metric is not only éagically meaningful as it is an
approximation of wood volume, but it also gives bi@st results over more complex metrics
[2]. The height mask (>1.5 m) was used to accoantife possibility of ground and tall grass
being misclassified as vegetation. The LIDAR-dediypeedictor metrics were trained against
field-derived biomass for each rangeland as thiegxlibit different vegetation structural
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patterns, resulting from variable rainfall, diffatggeologies and wood extraction pressures.
Not only were these site-specific models able jgl@r more variation than one general
equation; they were also deemed more ecologicalig vBiomass maps were then created
by applying the site-specific biomass models tolfitBAR CHM extent (masked at heights
>1.5 m) for each rangeland for both 2008 and 2@ty grid cells that fit the criteria of an
average height of >1.5 m (once pixels of <1.5 menexcluded) were used to estimate
biomass as this is the vegetation that the fiel#wacluded. However, the cells that matched
these criteria varied in both number and spatedtion between 2008 and 2012. For the
purposes of biomass change detection, only thdetibat met the average height criteria for
both years in the same location were considerguariin areas adjacent to streams in the
rangelands were excluded from the biomass mapgsegsequire separate calibration [2].
Similarly, cultivated fields and built-up areas w&xcluded.

3.3.5 LiDAR-derived subcanopy analysis

The voxel data (5 m x 5 m x 1 m) were resample2bton x 25 m x 1 m, making the data
comparable to the biomass grid cell sizes, anksthmto the following ecologically
relevant, vertical height classes: 1-3 m (shrulossanall trees in the ‘fire trap’ [16]); 3-5 m
(trees in the ‘elephant trap’ [22]); 5—10 m (ta#lés contribute to structural diversity and thus
to ecosystem function [59]); >10 m (very tall tre&gystone structures’ [60], are often
culturally important trees conserved in the range$a[61]). These data were used to detect
changes in the distribution of the vegetation siasses within the vertical vegetation
column. “LiDAR returns” refers the percentage afdapulses that were emitted from the
sensor, hit an object and returned to the sensahel results, “Total % LIDAR returns”
refers to the returns for the full vegetation cofumexcluding the ground returns. “%
Subcanopy returns” refers to the LIDAR hits witkiparticular height category. Higher

subcanopy returns implies greater density of vegetan that height class.

3.3.6 Data extraction and analysis
Features of the settlements (e.g. roads, villageg, fields) and rivers were manually
digitised using a combination of SPOT 5 imagerynfrmomatic-multispectral merge (480—

890 nm), 2.5 m spatial resolutiomyww.spotimage.coinand aerial photographs (50 cm

resolution www.ngi.gov.z3. Biomass estimates were extracted from the maximumber
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of randomly distributed points with a minimum erdfed distance of 50 m to avoid spatial
autocorrelation, based on the results of semiveaing (calculated in ENVI v4.7). All data
were analysed in R v3.0 (R Core Team), includingcdptive statistics, linear regression
models and correlations. Biomass estimates weted@dth Shapiro-Wilk Normality tests
from the “fBasics” package and all sites in bot@&@nd 2012 were found to be non-
normally distributed (p < 0.001). Thus, a non-pagtiim Wilcoxon rank sum test was used to

analyse differences between means over time waites.

3.4 Results

3.4.1 Biomass models

A strong relationship existed between the fieldraktry and LIDAR metrics, although the
highly heterogeneous rangeland resulted in highmean square error (RMSE) values in
both high and low use sites on granitic substr¢it8$ and 19.1 Mg ha respectively) (Table
3.1). The increase in variability with increaséiomass indicated (Appendix Figure 3.1) less
agreement between the field allometry and LiDARrosgtat higher biomass values. This is a
common phenomenon, termed ‘heteroskedasticitynadel performance at higher biomass
levels where the error variance is not consisteat all the observations [62]. Most typically,
modelling the error structure shows a fanning patté increasing variance with increasing
biomass [62], and this is true of the residualcttiee for both the high and low wood

extraction sites (Appendix Figure 3.1).

3.4.2 Biomass dynamics

Mean biomass£ SD) in 2008 at the high, intermediate and lowaotion sites was: 26.99
+ 16.43 Mg hd (n = 102 cells), 9.42% 4.13 Mg h& (n = 291 cells), and 21.18 12.04 Mg
ha' (n = 1654 cells), respectively. Biomass increasgdificantly at all sites between 2008
and 2012 by an average 18.38 Md'lfaighest use site: W = 3036, p <0.001), 5.45 M{ ha
(intermediate use site: W = 16780, p <0.001), ah84. Mg ha (low use site: W = 771641, p
<0.001) (Table 3.2).

88



Table 3.1 Site-specific biomass models derived frofield allometry and LIDAR metric
linear regression.

Extraction pressure Model R? n RMSE (Mg ha™)
high y=2312.3x -157.14 0.78 16 18.6
intermediate y =409.57x + 252.74  0.60 20 4.8
low y =913.9x + 127.86 0.68 20 19.1

In the model equations, y refers to the plot-l€28lm x 25 m) biomass estimate (kg/625 m2) and x to
the LiDAR-derived H x CC predictor metrics, wheréshblot-averaged height (> 1.5 m) and CC is

the proportion of canopy cover (> 1.5 m in heighe) plot. Root mean square error (RMSE) was
reported in Mg h# for ease of interpretation and n is number of 2% 85 m plots.

Table 3.2. Mean biomass increase (Mg Ha at sites under varying wood extraction
pressures

Extraction pressure
_ Intermediate (n
High (n = 102) Low (n = 1654)
=291)
2008 (meant S.D.) 26.99+ 16.43 9.42+ 4.13 21.18+ 12.04
2012 (meant S.D.) 45.37+ 28.37 14.87+ 6.76 32.52+ 17.60
Absolute increase +18.38 +5.45 +11.34
Relative increase (%) +68.08 +57.80 +53.57

n is the number of 25 m x 25 m grid cells in eaoigeland.

Variability increased with increased biomass, patérly in the high and low extraction
pressure sites (Table 3.2). Represented as afrbienoass change, the mean annual woody
biomass productivityf 95% spatial confidence interval) translates tat14.39% p.a, 12t
0.08% p.a. and 1* 0.00% p.a for the high, intermediate and low wegttaction sites,
respectively. These increases were despite ongadog harvesting in these rangelands.
Relative to the starting biomass, all mean increassre greater than 50% (Table 3.2).
Extreme biomass increases were related to largegelsan relative height (Figure 3.2) and

relative canopy cover (e.g. >50% increase in camoper results in biomass increases of
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>20 Mg hd, Figure 3.3). However, the extreme biomass chafiges>40 Mg ha)
predominantly occurred in the 1-3 m height clasgufe 3.2a and Figure 3.3a). Biomass
increases of >40 Mg Hadid not occur in height classes >5 m (Figure 2u2d Figure 3.3c).
The largest increases in biomass occur in the wgybd extraction site when compared with
the same increases in relative height (Figure B)2Zayd canopy cover (Figure 3.3a,b) in the
other rangelands. There are no data for the higflaetion site for the 5-10m height class as
there are no grid cells with an average height > this rangeland (Figure 3.2c and Figure
3.3c).

3.4.3 Vegetation structural dynamics

Total % canopy returns increased between 2008 @bd i all rangelands, but up to 79% of
the total change in canopy returns was attributabtbe increase in the 1-3 m height
category within the subcanopy (Figure 3.4). Lossesibcanopy returns were only found in
the high wood extraction rangeland, and only inG¥) m height class (Figure 3.4a). There
was little contribution to total change in % submayreturns from the >10 m height class
(Figure 3.4). Although the high and low extractrangelands had fairly similar overall
increases in % total canopy returns, this washmtase with relative change (from 2008),
where the highest extraction site was far gre&ey. (elative canopy returns for height class
1-3 m: 425%, 387% and 90% for high, intermediai@ law extraction, respectively). Thus,
the order of relative change in % canopy returtisvieed the gradient of wood extraction

levels at the different sites.

Another indicator of shrub level increase in thegelands is the change in the number of
cells that remained after an average height maskapglied (i.e. that fulfilled the average
height criteria threshold to be included in thenb@ss analysis), expressed as a percentage of
each rangeland. The high extraction rangeland athfrgm 10% of the rangeland that met
the average height (>1.5 m) criteria mask in 2@08%.9% of the rangeland in 2032( =

107.6; p <0.001); the intermediate use site douini¢de percentage of rangeland that met

the average height criteria from 8.5% to 17.4% € 780.8; p <0.001); and the low use
rangeland increased from 54.2% in 2008 to 63.8%efangeland in 201X, = 220.7; p
<0.001).
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3.4.4 Association between biomass change and vegetailmasopy returns

There was a positive correlation between chandpgoimass and change in % subcanopy
returns (Figure 3.5); particularly in the 1-3 mdtdiclass in the high extraction sites (high
extraction: r = 0.22, p <0.0001; intermediate ectican: r = 0.58, p<0.0001) and the 3-5 m
height class (high extraction: r = 0.62, p <0.0G@fermediate extraction: r = 0.64, p

<0.0001; low extraction: r = 0.56, p <0.0001). Altlgh this relationship was also present in
the 5-10 m height class at all extraction levetsQ131), it degraded at heights >10 m (r <
0.10) (Figure 3.5). It is interesting to note ttied strength of the relationship between change
in biomass and change in % subcanopy returns aaldssight categories was strongest at

the intermediate wood extraction site (Figure 3.5).

Changes in biomass and height-specific subcandpynsewere spatially associated
(Appendix Figure 3.2). However, these changes wene apparent at <5 m (Appendix
Figure 3.2). Almost no change in % subcanopy retorwegetation >10 m is evident
(Appendix Figure 3.2). The same biomass values fgiven grid cell can manifest as
different structural profiles. As such, structypabfiles could change in different ways whilst
maintaining the same overall biomass value outcétoeexample, if the site was dominated
by grasses with several trees >5 m, that site ¢tlsbretically, show no change in biomass
value by 2012, but the structural profile may helwanged to predominant shrub cover and

fewer tall trees.

3.5 Discussion

Large increases in biomass at all sites (Table&&)n contradiction to previous fuelwood
supply-demand models which predicted biomass depl§4,32,63]. Biomass increases in
Bushbuckridge rangelands were attributable (>8@#ggetation in the 1-3 m height class
within the subcanopy (Figure 3.4), with extremeniéss gains (>20 Mg Haassociated with
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vegetation that gained >25% in height (Figure 3d2&50% in canopy cover (Figure 3.3a).
This agrees with an observed increase in the nuoflibmner, taller stems within
Bushbuckridge rangelands [35] and more grid ceeting the average height criteria in
each of the rangelands between 2008 and 2012. Thwedeeight class increases probably
reflect local-scale dynamics of harvesting — maevésting drives coppicing (resprouting
from the stem or roots) in the intermediate andhl@gtraction sites (Figure 3.2a and Figure
3.3a) — but the relationship appears more pronalircthe intermediate site as less of the
coppice is harvested. It is likely that wood hatwesis acting as a ‘bush thinning’
mechanism, changing the size specific growth rg@dicularly in resprouting from stumps
with fully-developed root systems [64]. Indeedcthstands of small-stemmed trees can yield
more woody biomass than a few, large trees asut i#gdivergent, size-specific growth
rates [65]. However, low height class increasdsamass could also be a result of newly
established bush encroachers which characterigtioghde overgrazed and degraded
rangelands [66-68]. Biomass estimations for difieteeight classes in a savanna woodland
reveal, collectively, greater biomass quantitieslacated below 4.5 m in height than above;
a disparity more prominent immediately after autisance [69]. Harvesting has been found
to increase the density of smaller stems withoahging the height structure of the
woodland [70]. Unfortunately, there is a deartldafa on the preferred height of harvested
species, only preferred diameter size which rarigeation dependent, between 2 - 6.5 cm
[26,36]. There are records of stems >1 cm beingrtawith preference for those >4 cm and
almost no stems harvested >20 cm [71]. Extrapaatiom and 5 cm diameter size into
available coppice diameter-height allometry relaitups [72] suggests pre-harvested heights
of 0.74 m and 2.92 m iDichrostachys cinerea, 63 m and 2.07 m iAcacia harveyiand

0.77 m and 2.44 m fa&@ombretum collinunrespectively. Although the relationship between
harvested stem diameters and regrowth shoot lengtriable, we can infer that stems
harvested for fuelwood are generally <3 m. Theeefpreferred ‘harvesting heights’ coincide

with height class with the most subcanopy gaingufé 3.4).

Subcanopy biomass increases at low heights ingeland context are likely a combination
of woody regrowth-response (harvesting effectsy{4Jland bush encroachment
(overgrazing effects) [15,75-76], here collectivegyerred to as ‘bush thickening’. However,
these are not mutually exclusive events and caardogether. Low height-class increases
occur in Bushbuckridge both as standalone shrubslss occurring underneath the

canopies of tall trees [45]. Resprouting ratestaedsubsequent influence on communal
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rangeland dynamics have been underestimated igaifier research in this region [77].
Although the Wesselst al. [32] supply-demand model did include resproutistjneates of
89 kg h&' yrtwhich is significantly higher than the 20 kg’har* that the Bankst al.[24]
model used; these rates are only from one spéekisgriceaand thus, may underestimate
the growth rates for the other predominant coppisipecies, e.d. cinerea Previous data
suggest that even during a poor rainfall periogugt five months there was coppice of 989
kg ha' (6.6% of the total post-harvest biomass) and Isedetrees recovered two thirds of
their preharvest biomass, with no harvest-inducedatity [71]. T. sericeacoppice shoots
from established stumps gained between 1-2 m ghhever 3 years [78], whilst coppice
stands in Malawi and Kenya gained 3m [79] and 2@), [@spectively, over 4 years. This is
evident in the annual productivity suggested byLitBAR-derived estimates of well over
10% p.a. (especially when we consider that thes/es and above the biomass removed for
wood energy) which exceeds the previous woodlaondumtivity value of 4% [24,32,81].
The disparity in the growth rates is likely a reésaflhigher productivity in the low height
classes [69] and a significant contributor to theséélst al.[32] underestimation of
biomass production rat&rowth rates could also have been affected by tiee than normal
conditions in 2007 and, likewise, the high rainfal010 and early 2012. As data collection

was subsequent to these events, it is likely tloahass estimates were affected.

Although lower height classes within the subcansipgwed increases across all wood
extraction sites (Figure 3.4), this was not truesigbcanopy returns in the 5-10 m class in the
high wood extraction site (Figure 3.4a). Largeiting trees are normally conserved by
villagers as they are used for a variety of norbemuses [82-83]. Despite cultural practices
against live-wood harvesting of large fruiting seeillagers acknowledge that they do cut
trees, like marulaJclerocarya birreg as they feel they have no alternatives in tioe fat

high electricity prices and localised shortageiefwood [83]. We observed several felled
and pollarded marula trees in the highest woodaetitn site and can assume, together with
the lack of data for grid cells of average heighir>Figure 3.2c and Figure 3.3c), that the
loss of vegetation returns in the 5-10 m heighé<l@flects a localised lack of fuelwood of
sufficient quality and quantity in this rangelafdhe reduced number of tall trees and
abundance of short subcanopy vegetation in theusghrangeland results in a more
homogeneous stand structure (Fig. 4a), a possiplaration for the stronger relationship
between field and LIDAR data in this site (Tabl&)3Most fuelwood supply-demand models

that predicted loss of biomass are not spatialpfieix and did not capture the fine scale
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variation at village level [84-85] or the mismatoftween the spatial variability in fuelwood
supply relative to centres of demand [35], espBc@nsidering vehicles are increasingly
being used to transport larger amounts of wood fnoone distant locations [39,86]. Yet, the
Wesselst al.[32] fuelwood model focused on one “best-case atehcommunal
rangeland, exclusively utilised by one village atitl predicted losses. However, fuelwood
demand is not a linear system and people’s respdasghanges in their socio-economic and
natural resource environment are complex and diffio quantify [37]; consequently, the
community’s adaptive responses are not incorporatédtese models. Global and national
studies highlight the lack of adaptive capacitpebple in the developing world [37,87-88];
howeverthe strategies people adopt on local and regiaaés often reveal surprising
resourcefulness in response to change [89-91].ikMille fuelwood context in
Bushbuckridge and elsewhere in Africa, responsésctdised fuelwood shortages have
included: changes in the preferred size classeaiviood [29,35,86]; switching preferred
fuelwood species [25,33,91]; more frequent tripsnore time spent per trip to collect
fuelwood [31,92]travelling further from home [37]jse of wheelbarrows and vehicles to
collect more wood per trip [33,38,86,93]; developtnef fuelwood markets [33,36]; and
collecting from neighbouring private land [35]. 83economic factors also play a role in
fuelwood demand dynamics. High dependence on govarhsocial grants and migrant
worker remittances is characteristic of rural af@8s94-95]; changes in these economic
flows will affect household cash flow and, thuseahousehold-level demand for natural
resources. These adaptive strategies and sociammtofactors are difficult to capture in a
supply-demand models and are a contributing cauteetdisparity between predicted and

measured biomass in communal rangelands.

Biomass values range between 9 M kan gabbro) to 27 Mg Ra(on granite) which is
comparable to the range for field-based allometngliss in the greater Bushbuckridge area
(18.9 - 23.1 Mg hd) [7], and the LiDAR-estimates for the conserveavield region (11.9 —
92.3 Mg h&) [2]. The intermediate wood extraction site has peevious estimates of
LiDAR-derived biomass for 2008 of 12 Mg h#2], but this used allometry from Nickless
et al.[96] and field-LIiDAR biomass regression relatiopshderived from the regional
landscape. Most studies on allometry have focuse@mperate zone and deciduous forests
(e.g. [58,97-98]) or tropical forest monitoringde[8,99-101]). Very few have focused on
savanna systems (e.g. [2,4,96]). Both Chetva. [8] and Colgaret al.[9] stress the

importance of allometric equation choice on er®e®en field-allometry had 16% RSE
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(Residual Standard Error); these errors often camgavith averaging. Although Colgat
al.’s [9] plot-averaged LiDAR-derived biomass estinsadtad 9% more relative error
(difference between predicted and measured biontaasYfield-harvested biomass, the bias
(mean error) was only -3% (compare to Nicklesal.[96] allometry with 15% more relative
error and 50% bias) [9]. Our study also excludédells that were below 1.5 m in average
height in both 2008 and 2012, cutting out a langprtion of the area relative to the portion
used in Wesselst al’s [32] study. Although our biomass model has fefied-calibration
sites than the Wessads al.[32] study, our calibration sites were specifit¢yaio the area the

biomass models were applied to.

While we are confident that our biomass estimateseflecting a true increase, the
shortcomings of using this method have the potetttiaxaggerate increases, particularly
error in canopy cover measurements over time. i§log concern when considering leaf area
index (LAI) in LIDAR change detection metrics, asthothe voxel and the CHM data may be
influenced, affecting the biomass estimates as agethe subcanopy LIiDAR returns.
Although this was controlled for as much as possiiyl collecting the LIDAR data in the
same month each campaign, LAI varies with phenoblogywith local climatic changes, such
as differential rainfall between years, or heavgdg [102]. The relatively high predictive
uncertainty (RMSE range: 4.8 - 19.1 Mg'hén the biomass models occur in the high and
low wood extraction rangelands, both of which angased on granitic geology (Figure 3.1)
which are more heterogeneous in both topographef end stand structure, as well as in the
resultant biomass (Table 3.1). In landscape-sgadeoaimations of biomass, errors are
introduced and often propagated. The assumptithratsndividual plant measurement errors
will average out over the plot level, provided fiets are large enough and the measurement
process is unbiased. There is also an effect ofspte on error; increasing plot size increases
the predictive power of the model [10]. Howevekgrthis a trade-off between the cost and
logistic realities of sampling large plots and tieed to sample a large number of plots, as
plot number also affects landscape-scale erro¥fough relative uncertainty in the
biomass models was high and may have been redyaaljdct based image analysis (OBIA)
methods applied to single tree crowns to countdroa structural heterogeneity errors, plot-
level averaging methods have a positive traderoffieir simplicity and their ability to
average out within-plot variation, particularly therizontal canopy cover heterogeneity

characteristic of savannas.
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3.6 Conclusions

Savanna-based biomass studies have consideraple tecrectifying the underestimation of
carbon sinks and sources, elucidating the woodgso@acbment problem in savannas and
untangling the interactions between bush encroantitheekening and wood extraction by
rural communities. Without high resolution, 3-D etgtion data covering a large area, the
landscape-scale increases in biomass over the Bdstiddge rangelands could erroneously
be interpreted as woodlands recovering to an “eradf’ state. Users of two-dimensional,
remotely-sensed biomass estimates should remairea#atructural implications in the
landscape to make informed conclusions on vegetatynamics, particularly in the context
of increasing savanna bush thickening in g @€h environment [103-104]. Indeed, it is the
low height class vegetation within the subcanopictvidetermines future woodland
structure. Moreover, most carbon cycle studiesfiicA neglect domestic emissions from
wood harvesting [105] despite knowing the contidnuof deforestation and land
degradation to carbon dynamics [106]; a recentararbodel has demonstrated the
importance of vegetation increases in the southemisphere’s semi-arid regions to
terrestrial carbon sinks [107]. The repercussidrizush thickening in communal rangelands
will have implications for the direct-use valueseabsystem goods and will affect household
vulnerability to shocks [39]. Our research suggdsts wood harvesting can, paradoxically,
exacerbate bush thickening as many of the harvestemhna species have strong
regenerative responses [71-72,79-80,108-109]. Nigtis coppice an important survival
strategy for regenerating woodlands, the resprostimtis may provide a valuable source of
future harvestable biomass [74,78,110-112]. Therkawever, little information on regrowth
rates and response to continued harvesting asas/@hether the coppice is of appropriate

quality for fuelwood.
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3.11 Supporting Information Captions
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Appendix Figure 3.1. Site-specific biomass model s&luals. The residual spread
demonstrates heteroskedasticity with increasing binass fitted values for rangelands
with a) high, b) intermediate and c) low extractionpressure.
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5m, 5-10 m and >10 m.
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S1 Dataset. Biomass model dat®ata include 2012 LiDAR-derived average height and
canopy cover extraction metrics, as well as fielwkbased allometry. Each line item is per
25 m x 25 m grid cell. Metadata are included indataset. [Accessible at
http://journals.plos.org/plosone/article?id=10.13ddrnal.pone.0127093#secQ]L6

S2 Dataset. Biomass and subcanopy dataata include 2008 and 2012 biomass estimates
derived from biomass models as well as % subcaretpyns for voxel data for the height
class categories: 1-3m, 3-5m, 5-10m and >10m. Eaelitem is per 25 m x 25 m grid cell.
Data are organized per land extraction categooyseparate worksheets. Metadata are
included in the dataset. [Accessible at
http://journals.plos.org/plosone/article?id=10.1@3udrnal.pone.0127093#secq]L6

S3 Dataset. Biomass changes (Mg figin relation to relative height and canopy cover
change.Data include biomass change estimates (2008-2p&&)entage height and canopy
cover changes for each 25 m x 25 m grid cell. Hagght class (relative to height in 2008)
are shown on separate worksheets. Metadata atelettin the dataset. [Accessible at
http://journals.plos.org/plosone/article?id=10.133drnal.pone.0127093#secQ]L6
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Chapter 4. Human-mediated shrub increases in commual lands

4.1 Abstract

Savannas are characterised by growing land-ussyessand this is illustrated by the
unsustainable harvesting of fuelwood in South Ainicommunal lands. We aimed to
establish the spatial extent and intensity of wobidynass and subcanopy vegetation change
in relation to anthropogenic and abiotic featuresoonmunal lands. Our study sites spanned
three communal lands in Mpumalanga, South Africegss a rainfall and wood extraction
gradient. Using light detection and ranging (LiDAMRjta, we examined changes in woody
biomass and 3-D vegetation structure and demoadtthat bush thickening is exacerbated
by anthropogenic factors. Increases in the shrydr lvere prevalent in the most accessible
portions of the communal lands. A consequence ioisga low vegetation height classes was
increased biomass of over 50% between 2008 and 20&2communal land under low wood
extraction pressure had biomass changes occupat@@By as a heterogeneous mosaic at the
interactive distances from anthropogenic featusdslst high wood extraction communal
lands had ‘hotspots’ of biomass increases occuimmgore easily accessible locations.
Lowlands had more bush thickening than uplands bamtiass was three fold greater on
granite substrates than on gabbro communal langsh Biickening in communal lands is
likely a combination of newly established woody m@achers, as well as strong coppice
regrowth response in harvested species. The exameriof bush thickening in natural
resource-dependent communities has implicationsustainable ecosystem service

provision and this is explored within the contekaaural, social-ecological system.

4.2 Introduction

In human-utilised landscapes, woody biomass andtsite changes may be an expression of
natural resource use. Reliance on fuelwood frongambus woodlands is prevalent in
African countries (Soussan 1988; Arneldal. 2003). Despite 66% of South Africa’s
population having electricity access (Scholes &JBig004), the expected uptake of ‘cleaner’
energy has not been realised with 54% of Southcams still using wood energy
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(Department of Agriculture Forestry and FisheriedD). The uptake of fuel-efficient stoves
has been low (Williams & Shackleton 2002; Arneldal. 2003) and fuelwood use for
cooking can continue for over a decade after intistallation (Whiteet al. 1997). It is
concerning that household demand for fuelwood falrareas is relatively inelastic,
regardless of the perceived shortages/abundarfoelafood in the surrounding woodlands
(Soussan 1988; Matsilat al. 2013). Although the relative contribution of fuelad to the

total household energy pool is expected to dectbsplute growth in population is expected
to increase; the FAO (United Nations’ Food and Agjture Organisation) predicted a
twenty-five fold increase in wood consumption fr@@01 onwards (van Jaarsveital.

2005). This provisioning ecosystem service is @fiservice to rural communities, but 93%
of current fuelwood demands are no longer met liipctton of dead wood (Doviet al.

2004). Thus, live wood harvesting occurs arountleseénts (Shackleton & Scholes 2011),
and various studies have shown that these level®ofl extraction are unsustainable (Banks
et al. 1996; Wesselst al. 2013). Within this context, woodfuel harvestingisignificant
driver of woodland degradation in semi-arid ecosiyst of southern Africa (Shackleton
1993; Luogeet al.2002; Stringer & Reed 2007). The South Africangrovnent is aware of
the substantial reduction in tree cover in rurabdiands, but this is deemed a ‘necessary
evil’ when woodland utilisation and/or conversiamtributes to improved human-welfare;
however, in many areas local overharvesting havéedao improvements in human well-
being (Ministry of Water Affairs and Forestry 1993iannecchinet al. 2007), raising
concerns on the “poverty-environment trap” whertira resource dynamics are non-linear
and the coupled collapse of both human well-bemdjthe natural environment become
increasingly likely ( World Commission on Environnteind Development 1987). Although
the use of wood as a predominant energy sourckimaledged in policy and the National
Forests Act (Act No. 84 of 1998) stipulates thabdiand resources be monitored and
managed, there is no landscape-scale data fotahes ®r change in this essential
provisioning resource which covers 28 million h&siouth Africa (Ministry of Water Affairs
and Forestry 1997). Hence, monitoring changes iodywegetation stocks and structure can

thus be considered a viable approach to monitahagustainability of rural wood-use.

Bushbuckridge, a former South African ‘homelandtimracterised by dense rural
population, high unemployment levels, a commensueltance on social grants and, despite
extensive electrification, dependence on wood gnérgornton 2002; Kirklanet al.2007).

Research from this area has been invaluable in dstmating that people’s socio-economic

114



status (Twine 2005) and policy decisions (Kirklaaetal. 2007), as well as fluxes in regional
and household level demographics (Twatal. 2003a; Matsikat al. 2013) affect vegetation
change. These field-based studies revealed tHatealiices were site-specific and often

related to population density, land-use intensitg abundance of natural resources (actual as
well as perceived) (Shackletehal.1994; Giannecchirgt al. 2007).

Here we use repeat airborne, high resolution Lizgtection and Ranging (LIDAR) data to
explore the change in aboveground woody biomasgdfter ‘biomass’) and vegetation
subcanopy change in relation to a fuelwood extwaagradient. The LIDAR data span 8 400
ha of communally utilised communal lands acrostedsht geologic substrates and a rainfall
gradient. We aim to establish the spatial extedtiatensity of woody biomass and

vegetation change in relation to anthropogeniaiest (e.g. settlements and roads), as well as

the interactions with the abiotic template of taedscape.

4.3 Methods

4.3.1 Study site- political and socio-economic context

The study area is in the north-eastern most podfdhe Mpumulanga Province, South
Africa (centred on 24.738, 31.184E) (Figure 4.1). The three communal lands usedtis t
study are located in Bushbuckridge Municipal Dattrwithin the transition zone of the
Kruger to Canyons (K2C) Biosphere Reserve (Figute Bushbuckridge is surrounded by
conservation land (both state-owned and privat#) iniense pressure for grazing and
harvesting occurring outside of these fenced-offfseovation concessions (Coeteéal.
2013). Bushbuckridge Municipality is the amalgamiatf former South African Apartheid
‘homelands’ formed under the Native Lands Act (R®) of 1913 (Thornton 2002). Although
Bushbuckridge is state-owned land, there is custpteaure to the tribal chiefs who
determine residential, arable and communal randetaning (Shackleton 2000a). The land-
use pattern follows population growth — prior t&’a9here were no patterns to land-use
organisation (Matsikat al.2012), but after this, the population increaseahsitically to 300
people knf (Pollardet al.2011). Commensurate with population growth, thetiapfootprint
of the residential regions have expanded (Giannecehal.2007; Coetzeet al. 2010), with
the previously settlement—specific communal rangglaoundaries coalescing (Coeteéeal.
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2013). The residential areas are surrounded byesdgEneous mix of tree-less crop and
‘park’ land, then a shrubland buffer zone befoamsition into mixed woodland; as utilisation
becomes more intensive and the settlement footexipands, the land becomes more

homogeneous (Matsika 2012).

As over 85% of Bushbuckridge households live belogvhousehold subsistence level
(Phambili Energy 2009), there is a high level gbeledence on the natural resource base. As
a result of the dire socio-economic conditions usBbuckridge, many households diversify
their risk by using a variety of informal activisi¢o supplement their livelihoods, including
subsistence-level crop and livestock farming, abiben of natural resources (e.g. fuelwood,
thatch grass, medicinal plants), casual labourranigabour and small-scale ventures
(Pollardet al. 1998). An increasing activity is commercial hatugg of fuelwood, often with
the use of a vehicle to be sold in fuelwood marKétgine 2005). This has implications for
the sustainability of natural resources as it iegpthat utilisation of the resource is not
limited to the region immediately surrounding iteisce. Much of the natural resource
shortages experienced by the local populationirsgdglamed on ‘outsiders’, especially
Mozambican immigrants (Twinet al. 2003b). Compounding the problem is that natural
resource harvesting used to be restricted by @lluaues and tribal authorities, but both
these influences have decreased in the contexgbfdemand for woodland products
(Higginset al. 1999).

4.3.2 Study site- biophysical characteristics

Bushbuckridge is situated in the savanna Lowvelibreand is dominated by Granite
Lowveld vegetation, but also contains Gabbro Gr&shveld on Timbavati Gabbro
outcrops (Rutherfordt al. 2006). Catenal sequences are distinctive in tha aith shallow,
dystrophic soils on the uplands and deeper, euitaails on the lowlands (Rutherfoed al.
2006). The common vegetation species incld@eminalia sericea, Combretum zeyhainid
C. apiculatunon the sandy uplands, aAdacia nigrescens, Dichrostachys cinesead

Grewia bicoloron the clayey lowlands (Rutherfoed al. 2006).

Mean annual temperature is 22 °C with, mean dadyima of 30 °C in summer and 23 °C in
winter. Mean annual precipitation (MAP) ranges frer@00 mm in the west to 500mm in the
east, falling predominantly in summer (October tayl)] with a MAP coefficient of variation
of 25% (Wesselst al. 2011) and decadal drought events (Matsikal. 2012).
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Although the tribal chiefs are given tenure of toenmunal lands and they are predominantly
used by their surrounding villages, they are byneans exclusive areas and can be accessed
by outsiders, both South Africans from surroundangas and immigrants from other
countries, who do not respect local tribal law (figvR005). Natural resource usage between
the communal lands can be inferred by the numbpeople and households utilising each
site relative to their communal land extent. Thads& show that, according to baseline 2008
demographic information, the communal land for gieeKildare and Liliydale has the

highest natural resource usage (9.2 peopfe h&6 households Ha(Figure 4.1). The lowest
natural resource utilisation is the communal laselduby Agincourt and Xanthia (0.21 people
ha?, 0.04 households Haand intermediate usage in Justicia’s communal [6h8 people

ha', 0.35 households Ha(see Fisheet al.2012 for detailed demographic data). The
intermediate use communal land is used exclusivglgne settlement, Justicia, and is
bounded on two sides by a private conservationefamel has a remote location relative to
the other settlements. The fences and locatioheofangeland ensure local traditional
authorities can, as a rule, maintain Justicia’dwesiee access (Tuinder 2009; Wessalsl.
2013). In contrast, the high use communal landiiesinded by Croquetlawn, Ireagh A,
Ireagh B, Kildare A, Kildare B and Kildare C (Figu4.1) and is utilised in all directions by

all of these settlements, hence Fishieal. (2011) found a reduction in disturbance gradients

in this relatively small, heavily utilised, site.

4.3.3 Light detection and ranging (LIDAR) data

The Carnegie Airborne Observatory (CAO) (httpsdlcarnegiescience.edu/) conducted
repeat airborne LIDAR campaigns across savanna laodsl in the South African Lowveld
in April 2008 and 2012. The time series data wetkected in April to coincide with reduced
grass biomass, but before deciduous savanna treesheir leaves, in order to maximise
ground and woody vegetation return accuracy. Graatidation of the vegetation heights
was conducted concurrently with the airborne LiDédinpaigns. The 2008 LIDAR data
were collected with the CAO Alpha system, using@AR scanner flown 2000 m above
ground level, with laser pulse repetition rate @iz, providing 1.1m laser spot spacing
(for technical details, see Asneral.2007). The 2012 LIDAR were collected with the CAO-
2 AToMS (Airborne Taxanomic Mapping System) scanmig a laser pulse repetition of
100 kHz and laser spot spacing of 1m (for techrde#ils, see Asnat al. 2012).
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Figure 4.1. Study sites in Bushbuckridge Municipaty, west of Sabi Sand Wildtuin (a
private reserve) and the Kruger National Park. Setiements use adjacent communal
lands. The names of major settlements are includdad the map. The geology is
predominantly granite, but gabbro outcrops are show.

The LIDAR scanners contained an integrated Globalt®ning System-Inertial
Measurement Unit (GPS-IMU), providing precision 3eddation and geographic projection
of the laser data. The coarser of the two scarradsa vertical accuracy of <0.20 m
vertically and <0.36m horizontally (Asnet al. 2009). The LIiDAR data provide high
resolution three-dimensional mapping of ecosysteuttire, as well as high resolution
digital terrain models (DTM) at the regional scathough different sensors and processing
methods were used for the 2008 and 2012 datasdretween corresponding DEMS were <
15cm.

LiDAR data are collected as a dense three-dimeakiog-z point cloud. DTM's are

interpolated from the ground returns, whilst diggarface models (DSM) are interpolated
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from the first returns (i.e. the top of the vegetatcanopy), using REALM™ (Optech®) and
Terrascan/Terramatch (Terrasolid™) software packafjiee canopy height model (CHM:
1.12m resolution in 2008 and 1m resolution in 20%2he difference between the DSM and
the DTM. The CHM model provides the highest valmeapove the ground) in each pixel

and can be used as a representation of the sediktribution of the woodland.

The x-y-z laser point cloud enables quantificatibthe vertical vegetation structure at
landscape scale, through rendering of pseudo-wewgboofiles in which vertical returns are
aggregated into 1 m bins (Weishameeél. 2000). These then form voxels (volumetric
pixels) of 5 m x 5 m spatial resolution, and 1mtigat resolution. The position of each voxel
within the vertical vegetation column is definedrfr the centroid of the voxel relative to the
ground. The frequency of LIDAR returns (points)hiit the voxel were normalised relative
to the total number of LIDAR returns in the colunmgluding the ground returns, as a
percentage (%).

4.3.4 Field-based biomass and LiDAR-derived biomass nsodel

Field-based biomass was estimated using 25 m x gbt® (n = 56) located within the extent
of the LIDAR time series collection in the Bushbudge communal lands. All woody
vegetation > 1.5m in height and > 5cm basal dianve¢ee inventoried. These data were then
used in the form of Colgaet al's (2013) plot-level allometric equations, derifemn an
extensive biomass harvesting effort in the SouttcAh Lowveld; the woody species
community composition and structural growth fornour Bushbuckridge study matched
those in Colgamet al's (2013) research, making their allometric relasioip form an ideal

one for this study. Details on the allometric equag used and the implications for accuracy
and bias can be found in Colgainal. (2013) and Mogralet al. (2015).

The methods for LIDAR-derived biomass estimatiomserbased on plot-level H x CC
methods (see Mograbt al. (2015)). Briefly, we used the field-derived plet+l biomass to
calibrate LIDAR-derived biomass models. A H x CORR metric was used, where H is
mean top of canopy height for each plot and C@esproportion of canopy cover for each
plot, both metrics were derived from the CHM. Thesmdels accounted for 78%, 60%, and
68% of the variance for high, intermediate, and ise sites, respectively (Mogradial.
(2015). Site-specific biomass models performedebéiian a general biomass model and

more accurately represents the different environatemd anthropogenic variables that these
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communal lands experience. This has the advanfagere ecologically meaningful
biomass models as well as maximising the amouwation explained by the models. The
heterogeneity inherent in savannas (Picke#l. 2003) contributes to variation in vegetation
structure and environmental variables which afféatsnass error values (Colganal.

2013). The high extraction communal land has tlgbdst amount of biomass explained by
the model as the reduction in tall trees and aboeelaf shrubs result in a more
homogeneous landscape that is easier to model @ogfral. 2015). The LIDAR biomass
models were then applied to LIDAR HXCC maps for@@8d 2012 to create site-specific
extrapolations. A height mask of >1.5 m was appieethe biomass maps to remove the
possibility of ground and grass being misclassiisdvoody vegetation. In addition to the
height mask, riparian areas adjacent to rivers wnar®ved from the biomass maps as they
require separate model calibration. Similarly,leatent and crop-farming areas were also

removed.

4.3.5 Subcanopy structure derivation

Voxel data were resampled from 5 m x5 m x 1 m3ar2x 25 m x 1 m. Thus, each bin
represents the height-specific structural dendithe vegetation subcanopy, hereafter
referred to as “subcanopy structure returns” regubas %. The ‘total canopy structure’ refers
to the sum of the stacked 1 m voxels above 1mighhé.e. excluding ground returns) and

represents the structure of the total vegetatidumao.

4.3.6 Abiotic and anthropogenic variables

In order to relate the biomass and subcanopy sireichange to environmental and
anthropogenic variables, we selected those basé#teatata available and whether they had
featured in previous studies on woody biomass a&getation structure in the regional
communal rangeland context (e.g. Shackleton & Sxh@011; Fishest al. 2012) for the
purposes of comparison. We also included distarmee the nearest road because of the
increased access to resources and use of vehiaraport in the communal lands (Luaga

al. 2000; Twineet al.2003b) which could have an effect on patternsabfiral resource use.
Distance classes were created as buffer zonegirgdout from settlement areas and roads in
classes of 200m until the extent of the commurmrad$aThe high use communal land is
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surrounded by settlements, thus the distance ddmsmme circular with the furthest
distance class as the midpoint between all theessthts. Upland and lowland sites were
manually digitised using a combination of: wintétGT ™ 5 image (2.5 m spatial
resolution); a normalised height model (generatedhfthe 2008 DTM using SAGA™

v.2.0.6 (SAGA User Group Association); a relatil@vation model (based on a Topographic
Position Index (Jenness 2006)); river and drainags; and a slope model (Spatial Analyst
tool in ARCMap™ v10.1 (ESRI® 2010). The outputs eversually verified by the presence
of termite mounds in the 2008 CAO DTM'’s on uplafidsvick et al. 2010). Slope position
was not classified on the intermediate use commiandl as gabbro has more subdued
topographic relief relative to granite. All dataafyses were performed in Rv3.0 (R Core

Team 2013). Contour plot interpolations were penked using the ‘akima’ package.

4.4 Results

4.4.1 Regional biomass dynamics

Biomass on gabbro sites was substantially lowet5®4g ha') than on granite sites (21-45
Mg ha'). The intermediate use communal land had the bigstanding biomass (2008: 27
Mg ha'; 2012: 45 Mg hd) and was located midway along the rainfall gradi€his was also
the site with the highest increase in biomass @4hl). Thus, biomass standing stocks and
absolute change were related to geology, and neetligt land-use intensity (Table 4.1).
Relative biomass change followed the land-use gragwith the highest increases in the
high use communal land (Table 4.1).

4.4.2 Local biomass dynamics

The communal land-specific trends for biomass veeaysed relative to the closest distance
from roads and settlements. Overall, biomass isecaetween 2008 and 2012 regardless of
the distance from the nearest settlement (Figi&)4In the intermediate use communal
land, biomass increased from 200 m away from tttkeseent and peaked at 1 km (Figure
4.2a). In the high extraction site in 2008, biosdscreased from 200 m (25 Mg'ha 22

Mg ha') away from the settlements and then increasedugtt however, in 2012 the initial
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standing stocks spiked downward within 200m fromgbttlements and then gradually

increased on a similar trajectory to the 2008 iases (Figure 4.2a).

Table 4.1. Biomass (mean + SD) (Mg Ha and biomass change for the Bushbuckridge
study sites, including differences in geology, rafall and land-use gradients. n refers to
number of grid cells.

Wood extraction level
high intermediate low

(n=102) (n=291) (n =1654)
Geology Granite Gabbro Granite
Rainfall semi-mesic semi-arid mesic
2008 Biomass 27.0+16.4 94+41 21.2+12.0
2012 Biomass 45.4 +28.4 149 +6.8 32.5+17.6
Biomass change (absolute) 18.4 5.5 11.3
Biomass change (relative) 68% 58% 53%

"Denotes significant difference (p<0.001) betweantsiss estimates within sites between
2008 and 2012 using a non-parametric Wilcoxon sank test.

Biomass distribution trends with increasing diseafrom the nearest road were different.
Although biomass increased in all sites betweer820@ 2012, there were no changes in its
distribution relationship to distance from roadgiitie 4.2b). Biomass changed the most in the

high extraction site where biomass peaked fronkhZrom the nearest road (Figure 4.2b).

Biomass distribution over time at different hillsepositions showed large biomass increases
on the high use site’s lowlands, while no cleandiein biomass change were evident in the

low use communal land (Figure 4.2c).

4.4.3 Local vegetation structural dynamics

The distributions of the total canopy structure ayenitially, similar in the low and
intermediate use sites - a slight increase in t@abpy returns with increased distance from
settlement (Figure 4.3a). However, the total subpgmeturns in the intermediate use

communal land decreased from 2.6 km away from ¢ttéement until the boundary of the
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rangeland (Figure 4.3a). These two sites werealike when comparing total vegetation
canopy return trends between 2008 and 2012. Betlothh and intermediate use sites had
largely unchanged distribution shapes with incrédalistance from settlement, except for the
last 600m in the intermediate use communal landevttee marked decline matched the 2008
trajectory (Figure 4.3a). The high use communat Isimowed the most altered total canopy
returns gradient over time (Figure 4.3a) — the 2@1& canopy returns increased with
distance from settlement at a steeper gradientttie@@008 canopy returns distribution
(Figure 4.3a).

Total canopy returns can be deconstructed intténght-specific returns partitioned within
the vegetation column (Appendix Figure 4.1-3). Ti®em total canopy returns for
intermediate and high use communal lands (FiguBa)4vere explained by increased
subcanopy returns in the 1-3m height class (AppeRjure 4.1a-b). This was less evident
in the low use communal land where the increased ¢anopy returns gradients (Figure
4.3a) were associated with small increases in cargtprns in all subcanopy height classes
(Appendix Figure 4.1c). Although total canopy resiincreased in all sites with increased
distance from roads, there was little change mrregradients between 2008 and 2012
(Figure 4.3b). In 2008, the high use site had ased total canopy returns from 1 km from
the nearest road; this distance increased to 1.2 K012 (Figure 4.3b). Most of these
increases were attributable to increased subcareipsns in the 1-3m height class and, to a
lesser degree, in the 3-5m height class (Appenidinr€ 4.2b). Although the intermediate use
site had increased subcanopy returns in the 1-3ghthelass, and the low use site had
increases across all height classes (Appendix Eigwa,c), these changes were not
expressed in the gradients of the total canopynstwith increased distance from the nearest
road (Figure 4.3b).

The relationship between total canopy returns alt&ldpe position (Figure 4.3c) was similar
to that of biomass and hillslope position (Figur2cl; the large increases in biomass in the
high use site’s lowlands were associated with pesaounced changes in total canopy returns
(Figure 4.3c). The increases in total canopy nstim 2012 for the high use site’s lowlands
(Figure 4.3c) were related to higher subcanopymstin the 3-5m height class (Appendix
Figure 4.3a). There were also noteworthy subcamefoyn increases in the 1-3m height class
on the high use site’s uplands (Appendix Figur@@.B contrast, the low use communal

land had an even distribution of subcanopy rettonall height classes and across all

hillslope positions (Appendix Figure 4.3b).
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4.4.4 Biomass and subcanopy structural change were aaisuoLi

Biomass change was linked to subcanopy returng, that as biomass increased so did
subcanopy returns in all height classes with tleeption of >10m (Table 4.2). The
association between biomass and subcanopy strugagstrongest in the 1-3m and 3-5m
height categories in the intermediate use site tla@@-5m categories in the high and low use
sites (Table 4.2). Subcanopy returns >10m in heigite not associated with biomass and

subcanopy structure change (Table 4.2).

Table 4.2. Correlations between changes in biomag%) and height-specific subcanopy
returns (%) for each communal land (p < 0.001 for l correlations). n represents the
number of grid cells.

Wood extraction level
high intermediate low
Height Classes r r r
(n=102) (n=291) (n = 1654)
1-3m 0.22 0.58 0.08
3-5m 0.62 0.64 0.56
5-10m 0.37 0.37 0.32
>10m 0.09 -0.08 0.01

The association between biomass and the spatabsettion of distance from the nearest
road and distance from the nearest settlemeneimtlrmediate use communal land showed
a ‘hotspot’ of biomass increase within 1 km of bsthrounding settlements and roads
(Figure 4.4A). The biomass hotspot in the interratdluse site matched the subcanopy
returns hotspot for 1-3m (Figure 4.4B), but les$osdhe 3-5m and 5-10m height categories
(Figure 4.4). There was a prominent spread of Besincreases in the high use communal
land within 400 m of the surrounding settlementd anall distances from roads (Figure
4.4C). The high use site’s biomass hotspot mosetyamatched the spatial location of the 3-
5m subcanopy return increases (Figure 4.4D) asdaths supported by the relatively strong

correlation (r=0.62; p<0.001). Both the biomass simocanopy structural change across all
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height classes were spatially variable for the lm& communal land, forming a mosaic of
different values without coalescence between pat@Rigure 4.4E). An association can be
made between the intensity (colour) and the degfreensolidation of biomass increases
(spread) of biomass change hotspots and the wdoacasn pressure for each communal
land (Figure 4.4).

4.5 Discussion

At the communal land-scale, anthropogenic influsrme biomass and vegetation structure
were evident. This is particularly true for thelinigse site where the trajectory of biomass
and total canopy structure returns increased wétadce from settlements in 2012 (Figure
4.2a and Figure 4.3a). The distribution of biomesd total canopy returns for the
intermediate use communal land was lower both diesad furthest from the settlement
(Figure 4.2a and Figure 4.3a), along the boundamgd with Sabi Sands Wildtuin on the east
(Figure 4.1). This trend reflected vegetation aleafor cultivation west of the border, both
because villagers believed cultivation along thecéeline would reinforce their ownership to
land they felt might be incorporated into the east®nservation areas, as well as because
they perceived this area to be good for cultivafibminder 2009). In addition, the north-east
corner of the intermediate use communal land hgisehiabundance @éfcacia nigrescens
than the surrounding land; villagers perceptiomsthat this location has a high abundance of
fuelwood and thicker stems used for constructidegpruinder 2009). This section of the
communal land is accessible along the fence framthin road in the south and harvesting
by outsiders is becoming increasingly common infBuskridge (Twineet al. 2003b). As
biomass change and vegetation subcanopy structneepositively associated (Mogradii

al. 2015), we can relate biomass increases in thigegbwith increasing subcanopy returns
in the 1-3m height class. Indeed, 79% of chandkarnvegetation subcanopy in the high use
communal land can be attributed to the 1-3m haitgtsts (Mograbet al. 2015). Shrub-level
increases, in a communal land context, could lzeadlto coppice-response (from
harvesting) (Shackleton 2000b; Kaschetlal. 2005a; Neket al. 2006) or bush
encroachment (Miller & Wiegand 1994; Archedral. 1995; Scholes & Archer 1997).
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Conclusions based solely on the influence of lacdhropogenic variables on rangeland
stocks and structure in a pair-wise, univariate meamo not fully reveal the interactive
effects between anthropogenic variables. Biomasisfiots’ were revealed in the spatially-
explicit intersection between distance from setdamdistance from road and biomass
change (Figure 4.4). In the high use communal lm&biomass ‘hotspot’ was a large,
cohesive area of about 0.4 kmithin 1km from the settlement and the nearestisq&igure
4.4C). Thus, vegetation changes were most relataddessibility within the landscape
(Soussan 1988; Luogs al. 2002). Spatially-similar hotspots occurred in sidcanopy
structure returns of the 1-3m (Figure 4.4B) anch8Height classes, reinforcing the
association between biomass increases and increasiasib level vegetation as well as
explicitly tying these vegetation changes to pragto anthropogenic features. Both
distance from roads and from settlements affeatplpés perceptions of distance and
representing these interactive processes demasstratv people make complex trade-offs in
their decision-making (Arnoldt al. 2003; Giannecchiret al. 2007). The expanding use of
wheel barrows and vehicles to collect fuelwood ({{@2005; Madubansi & Shackleton
2007) would require people to utilise a combinatbulistance trade-offs to maximise gain

for effort expended.

Comparison of the biomass hotspots between the coraintands reveals their position on
the ‘coalescence continuum’ was in the same orslénewutilisation pressure on the
rangeland (Figure 4.4). The highly utilised commdaad has one, dominant biomass
‘hotspot’ of 0.72 krfi very close to the settlement regardless of distémn roads (Figure
4.4C); the intermediate use site has a smalleesiva ‘hotspot’ of 0.4 kfwithin 1km from
the settlement and 600 m from a road (Figure 4.4jlst the least utilised communal land
has a mosaic of different biomass changes scatéereds the interactive anthropogenic
distance map (Figure 4.4E). These patterns showhigiuly utilised communal lands
functional response becomes homogenised in respom@seevenly distributed disturbance.
In the case of less (or more recently) disturbedroanal lands, the patterns of biomass
‘hotspots’ could be temporally dynamic, shiftingtvchanging extraction patterns (e.g.
introduction of a new road) or as patches recowanfprevious disturbances. Research on
Tanzanian miombo woodlands have demonstrated thadlands used for wood extraction
over a long period (1964-1996) were converted taldand, whilst those woodlands under
more recent anthropogenic pressure with the cartgtruof the Dar-es-Salaam-Morogoro

highway showed different structural characteristiasogaet al. 2005). It would be
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beneficial to track these patterns over time todbetnderstand shifting patterns of utilisation

and ecosystem functional response to disturbance.

In Bushbuckridge, disturbance gradients relativdistance from the nearest settlements have
been identified with reference to change in comityutomposition, woody size structure and
biomass (e.g. Shackleten al. 1994; Higginset al. 1999; Matsikaet al. 2012). Fisheet al.
(2011) recorded an example of high utilisation snaall rangeland surrounded by
settlements and suggested in situations like tteedecline in disturbance gradients could be
construed as a precursor to degradation. Althobghtheory might hold in special cases, it
seems that this particular scenario was tempodgihyamic. We also found that the high use
communal land had no disturbance gradient in 26@gute 4.3a), but in 2012 the
disturbance gradient had clearly steepened witleased distance from settlement (Figure
4.3a). In the absence of subcanopy information éRglx Figure 4.1-4.3), we could infer
that the increases in trajectories of biomasstat tanopy change away from settlements and
roads were indicative of a reduction in harvesprgssure. The subcanopy information
reinforces that the “woodland recovery” is low Ieskrub gains. This is not an isolated case
where more disturbed landscapes have a highertgderisvoody plants (Skarpe 1990;
Archeret al. 2001; Asneet al.2003). Bushbuckridge has an extensive land-useriief

cattle ranching, from dense colonization in thdyed900’s until the 1970’s (Shackleton &
Scholes 2011), and rural livestock herds aftePtmmotion of Bantu Self-Government Act
of 1959 forced black South Africans to live in ‘helands’ (Pollarcet al. 2003). It is possible
that past bush encroachment in Bushbuckridge has fagppressed by woodfuel harvesting.
Yet, wood harvesting can paradoxically also exaerbush thickening as many of the
harvested savanna species have strong regenaegpanses (Bond & Midgley 2001,
Kaschuleaet al.2005b). Not only is coppice regrowth an importsumvival strategy for
regenerating woodlands, the resprouted stems nosydera valuable source of future
harvestable biomass (Shackleton 2000b; Twine & BlI@AIL6). There is, however, little
information on coppice regrowth rates and respemsentinued harvesting as well as

whether the regrowth is of sufficient quality faretwood.

On a landscape scale, we expected higher biomsts#bdtion on granitic parent material
than gabbro (Venteet al. 2003); but within that constraint, biomass wascgdted to be
greater on the mesic side of the rainfall grad{&ainkararet al. 2005). However, not only
did the high use communal land have higher biorttess a site with low wood harvesting

intensity despite lower rainfall, the higher uge silso showed the greatest increase in
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biomass between 2008 and 2012 (Table 4.1). Itlikalp that biomass increases between
2008 and 2012 were driven by rainfall, as the 2D0@9 and 2009/2010 rainy seasons had
below average rainfall (‘average’ here definednesrean rainfall between 1971 - 2000).
Hillslope position influenced biomass stocks amdcttiral change on a local level, but to a
far lesser degree than anthropogenic variablesn®ss distribution as a function of hillslope
position, in the granitic communal lands, showexy itle difference between uplands and
lowlands, except in the high use communal landyiféigt.2c). This is in contrast to previous
lowveld studies that found hillslope position hagraater influence on vegetation patterns
than distance from settlement (Higgetsal. 1999; Fisheet al. 2012). We found very little
difference in biomass between uplands and lowlamdisno change in the trajectory between
2008 and 2012, except for a uniform increase imlaigs across the hillslope profile (Figure
4.2c). The exception to this is the high use comahland which had a substantial increase in
the lowlands by 2012 (Figure 4.2c), especiallyh@ 1-3m and 3-5 m subcanopy structure
classes (Appendix Figure 4.3a). This is suggestian interactive influence between
hillslope position and unsustainable natural resewuise driving bush thickening. An
interesting conjecture is that bush thickening o@ievenly on both up- and lowlands in the
high use communal land, but as uplands are usutiliised more intensively (Higginest al.

1999), the lowland bush thickening is more evident.

The increased spatial coalescence of biomass armmktociated subcanopy structure changes
in high wood extraction landscapes are indicativihe expanding footprint of natural
resource use. Bushbuckridge landcover changeestiidive shown that rangeland
boundaries are becoming indistinguishable fromasunding landcover (Coetzet al. 2013).
The impacts of natural resource use are suchtikatdmmunal lands are no longer restricted
to their associated settlements and are becomimgptidated into a homogeneous area
(Matsikaet al.2012; Coetzeet al.2013); the likelihood of ‘spatial spillovers’ ireases in
amalgamated communal lands as ecosystem functiamsigyrounding conservation land is
influenced by the unsustainably used adjacent sp@arettet al. 2011). Unfortunately, the
rural poor are disproportionately affected by tbadition of their natural resource base.
Although woody stocks appear to have increasedjoveot know whether these shrub-level

increases would be useful in a natural resourcéegbim the long-term.

Our results suggest that the woody structure dycsmve shifted from a system that
previously suppressed bush encroachment, to ansystdergoing rapid woody thickening.

These results are supported by revised fuelwooglgwemand models that include size-
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class specific growth rate data together with dyicdrarvester responses (Twine & Holdo
2016). The updated Twine and Holdo (2016) modegyssgfuelwood harvesting drives tree
resprouting, offsetting losses in extracted bionzast potentially, maintaining the
sustainability of the coupled human-environmenteays Tredennick and Hanan (2015) also
show that fuelwood harvesting is sustainable exaager the most extreme extraction
scenarios, mostly as a result of strong regrondparses of savanna tree species. It is likely
that the regrowth responses of certain savannaespedl be strengthened in the GO
enriched future (Hoffmanat al.2000; Kgopeet al.2009; Bond & Midgley 2012).
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5.1 Abstract

Humans have played a major role in altering savatm&ture and function, and growing
land-use pressure will only increase their infllteena woody cover. Yet humans are often
overlooked as ecological components. Both humadgsranAfrican elephant,oxodonta
africana, alter woody vegetation in savannas through retaiarge trees and activities that
may increase shrub cover. Interactive effects d¢if bomans and elephants with fire may also
alter vegetation structure and composition. Hereastalize on a macroscale experimental
opportunity - brought about by the juxtapositioraafelephant-mediated landscape, human-
utilized communal harvesting lands and a naturervesfenced off from both humans and
elephants - to investigate the influence of humartselephants on height-specific treefall
dynamics. We surveyed 6 812 ha using repeat, aiebloigh resolution Light Detection and
Ranging (LIDAR) to track the fate of 453 685 treenapies over two years. Human-mediated
biennial treefall rates were 2-3.5 fold higher thia@ background treefall rate of 1.5%

treefall ha', while elephant-mediated biennial treefall ratesens times higher at 7.6%
treefall h& than the control site. Model predictors of trelefavealed that human or elephant
presence was the most important variable, follolethe interaction between geology and
fire frequency. Treefall patterns were spatiallyehegeneous with elephant-driven treefall
associated with geology and surface water, whiledmpatterns were related to perceived
ease of access to wood harvesting areas and ssttiexpansion. Our results show humans
and elephants utilize all height-classes of wooelyetation, and that large tree shortages in a
heavily utilized communal land has transferredfaéeccurrence to shorter vegetation.
Elephant- and human-dominated landscapes aredtieteractive effects that may hinder tree
seedling survival which, combined with tree lossha landscape, may compromise

woodland sustainability.

Keywords: communal land; disturbance; ecosystem enginemnan ecology; LIiDAR;
South Africa
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5.2 Introduction

Humans have been an integral and ancient partvahsa structure and function (Bartlett
1956; Ellis 2011). Currently, savannas containaig third of the global human population
and the majority of the world’s agropastoralismf(fghet al. 2005), and are under immense
and growing land-use pressure (Satlal. 2000; Ellis and Ramankutty 2008). Savanna
woody cover determinants are frequently considareerms of abiotic and herbivory factors
(Sankararet al. 2005), but human effects can also change the propmf woody cover

both directly, through land-use change (Belsky 1%8g@ginset al. 1999), and indirectly, by
altering fire regimes (Bird and Cali 1998; Pyne 2DGHuman impacts on savanna structure
contribute to the emergent properties of tree cfBacini & Hanan 2007), highlighting the

need to treat humans as ecosystem components (Al@h2016).

Humans alter savanna vegetation structure and csitigpodirectly through wood removal
(House and Hall 2001; Galvin and Reid 2011). Is ttontext, human effects on vegetation
can be contrasted to those of the iconic symbdélfo€an savannas, the African elephant
(Loxodonta africang dominant in southern and eastern Africa sineddke Pleistocene
(Coppenset al. 1978). As the largest extant land herbivores,tedafs are bulk feeders that
alter ecosystem structure and composition (Law$)16&/P Asneket al.2015). This occurs
directly through pollarding (Guy 1976) and uprogtifshannoret al. 2008), or indirectly via
debarking (Moncriefet al. 2008). Although humans are comparatively smatianass to
elephants, high human population densities subaligrdepress woody cover (Bucini &
Hanan 2007). Humans and elephants have the pdtengtect all vegetation height classes,
with cascading effects on ecosystem function andibersity (humans: Janzen 1988;
elephants: Cumming 1982). For example, humans lepth&nts facilitate the resprouting
response of savanna species through continual starggLuogaet al. 2004) and browsing
(Jachmann and Bell 1985; Rutiegal. 2005) for fuelwood and forage respectively,
potentially increasing the availability of a prefst stem size. Both agents are implicated in
high rates of tree loss (humans: Ramankutty 20@@hants: Laws 1970) and shrub layer
increases (humans: Archetral. 1988; elephants: Jachmann and Bell 1985).

Both elephant- and human-mediated effects on sagaaue confounded by additional

factors, including fire, heterogeneous resourctildigion, the abiotic context, and land
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management and policy. Although associated witherfice ignitions, increased human
population density results in greater landscapgnfientation and lower grass fuel loads, with
smaller burned areas as a consequence (Archebald2009). Humans intentionally burn
savanna vegetation to encourage seasonal growlirdstock grazing or clear vegetation for
croplands (Hall 1984). However, widespread firegapsion and overgrazing have been
implicated in shrubland encroachment (Arcaeal. 1995; Roquest al.2001). In contrast,
protected areas are the most burned land-use thesouAfrican savannas (Archibadd al.
2010). Fire acts synergistically with elephant bstripping to increase tree mortality
(Moncrieff et al. 2008; Vanalet al. 2012). Elephant-fire contributions to large treertality,
together with tree seedling suppression in the tiiap’ €enswHigginset al.2000) and
cascading interactions with seedling herbivorediffaet al. 2005), have contributed to a
reduction in large trees (Barnes 1983; Eckhatdtl. 2000).

Elephant foraging varies seasonally (Western andday 1984; Cerlingt al. 2006), often
centered around resource availability, particularfter (Western 1975; Chamaille-Jammes
et al.2007), but is also mediated at different scalesdiynutrients (Asner, Leviclet al.
2009). In contrast, human-associated wood hangptitterns are affected by the perceived
ease of access to wood resources, as well antdwsdale socio-economic status of each
household and “rural production system” contextiu&an 1988; Doviet al. 2004).
Nevertheless, despite different drivers of wooduese use, both elephant and human
associated effects on woody vegetation are dedsjigndent (humans: Vitousekal. 1986;
Bucini & Hanan 2007; elephants: Trollopeal. 1998; Skarpet al.2004).

Woody canopy structure and composition reflectab@ogical context of multiple spatial
and temporal processes (Watt 1947; Vastakl. 2012; Scholtzt al.2014), complex
interactive effects with other species (Dedial. 1999; Sankaraat al. 2005), humans
(Turneret al.2007; Ellis and Ramankutty 2008), and ecosysterngsses (Belsky 1994;
Treydteet al. 2007). Research on tree canopy dynamics has fndgudecused on elephant
impacts, but less so on humans as determinants@dywcover resulting from a paucity of
data on rates and spatial patterns of human-meldiegefall. In most of African elephants’
range, humans and elephants coexist (van Aetrdé 2008), making inferences about treefall
drivers unclear. However, in South Africa elephanttly exist in fenced conservation areas,
often bordered by rural, impoverished communitedgnt on local natural resources. South
Africa also contains nature reserves fenced offiftmth elephants and humans, creating a

macroscale experimental opportunity for investiggtihe factors associated with savanna
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vegetation dynamics in the exclusive presence hadrece of two major disturbance agents.
These results will augment valuable field-baseéassh on elephant- (e.g. Shanmbral.
2008) and human-mediated treefall (e.g. Lueal. 2002) by providing a landscape scale
geospatial context, especially when combined wétaited tree height specific information.

Here we use ‘experimental’ landscapes, utilize@ilyer humans, elephants, or neither,
combined with repeat high resolution, airborne LtiDetection and Ranging (LiDAR)
technology to quantify the relative impact of humamd elephants on height-specific treefall
rates and to explore the following questions: 1)tto the rates and spatial patterns of
treefall differ between human- and elephant-medié&adscapes, and what affects these
differences? 2) What is the relative importancetbkr factors (e.g. fire, geology, hillslope,
human-settlement specific differences) in influagdreefall within and between these sites?
The insights provided by these questions will inygrour understanding of anthropogenic
contributions to savanna woody dynamics and hag@thential to refocus questions on

woodland sustainability.

5.3 Methods

5.3.1 Study area

The study sites were located in Mpumalanga provind¢ke north-eastern portion of South
Africa. This area is a multi-use conservation lanage with a graduated scale of land-use
intensity across the subregion (Coetzeal. 2014). Summer rainfall averages 750 mm p.a.
in the northern study sites and 650 mm p.a in ththseastern extent, with mean daily
maxima of 31 °C (minima 20 °C) and 26 °C (minim&(3 for summer and winter,
respectively. The terrain is gently undulating #mel geology is dominated by granite with
local Timbavati gabbro intrusions. The vegetat®&Granite Lowveld dominated by
Terminalia sericea, Combretum zeyhandC. apiculatunon the sandy, dystrophic uplands
andAcacia nigrescens, Dichrostachys cineega Grewia bicoloron the deep, clayey, high
sodium lowlands with dense standsTofericeadelineating the seep zones (M. C.
Rutherfordet al. 2006). Localized Timbavati gabbro intrusions draracterized by Gabbro
Grassy Bushveld, a more open savanna with fewdtesed trees on dark clay soils which
swell and shrink (M. C. Rutherfoet al. 2006).
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Municipality in South Africa’s northeast corner.

Our LIiDAR survey sites were two communal lands usgttumans (hereafter referred to as
Communal langd and Communal larg, a private nature reserve containing elephants
(Reservg), and a nature reserve fenced off from both hunaadselephants which served as
a “control site” (Reseng (Fig. 1, Table 5.1). The two communal lands hagraximately

the same human population densities at the tintieeo$urveys (‘density’ here defined as
human population relative to available communatilarea) (Table 1) and are state-owned,
tribally-managed, former Apartheid ‘homelands’. Thanan settlements that use Communal
landy and Communal lardhave the inherent socio-economic characterisiss@ated with
their former ‘homeland’ status of extensive unempient, low education levels, high
population densities dependent on migrant laborsaathl grant remittances (Thornton
2002), coupled with a reliance on natural resou(€esne et al. 2003). Communal lands
communally utilized by the settlement of Justida@(humans per communal land ha) and
Communal langis used by Welverdiend (2.2 humans per communal k&) (Table 5.1).
Communal langd is adjacent to the privately-owned game reserabj Sand Wildtuin (SSW:
Reservg) established in 1898 (Mabundgal. 2003) with an elephant density of 2.55
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elephants ki in 2011 (de Boeet al.2015) (Fig. 1, Table 5.1). SSW is an association o
separately managed farms with a joint focus onisgoubased conservation
(http://www.sabisand.co.za). In 1961 a fence wasted between Kruger National Park
(KNP) and SSW and removed in 1993, followed by dold increase (1992-2011) in
elephant densities (de Bastral. 2015), entering from KNP during winter (Hiscocl&99).
Communal langl neighbors state-owned Andover Nature Reserve (R&¥ea nature
reserve with no elephants and fenced off from thac@nt communal land (Fig. 1). Giraffe
are present in Resegyéut have not been implicated in treefall eveBishpleset al. 2003).

Table 5.1. Study site details with elephant and huan densities.

Elephant LiDAR Amount
Human density
Site Name density survey of site
Site Name (humans ha'
Abbreviation (individuals coverage | surveyed
communal land
km?) (ha) (%)
Sabi Sand Wildtuin Reserye 2.55 0 2101 61
Justicia communal land Communal land 0 2.0° 1699 61
Welverdiend communal land Communal lang 0 2.2° 603 20
Andover Nature Reserve Reseyve 0 0 1674 27

2de Boeret al.2015

P Population estimates based on the 2011 Southakfiéensus and the ongoing MRC/WITS
Rural Public Health and Health Transitions Reseaheit demographic surveillance surveys
(see Kahret al. 2007).

5.3.2 Airborne LIDAR mapping

Time series data from airborne LIDAR campaigns e@kected in April 2010 and 2012
using the Carnegie Airborne Observatory systemsqC# 2000 m AGL with an effective
laser point density of 4 laser shot¥ ffior technical details see: Asnetral. 2007; Asneet

al. 2012). The CAO LIDAR systems have an integrateab@l Positioning System-Inertial
Measurement Unit (GPS-IMU) providing accurate |lonadl data for each laser return in the

point cloud. The surveys were conducted at theoéitide wet, summer season before
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deciduous savanna trees lose their leaves to mexiaigetation height return accuracy.
LiDAR returns were differentiated between thosd telected off the vegetation canopy or
subcanopy and those that penetrated through tretatemn and reflected off the ground
surface. The last laser returns (ground returnsg weerpolated to create a digital terrain
model (DTM); the first returns (top-of-canopy retsy were used for producing a digital
surface model (DSM). The difference between the Tl the DTM provided a canopy
height model (CHM) at 1m spatial resolution.

5.3.3 Individual tree identification

Although the LIDAR campaigns were conducted inghme month, variation in phenology
between years could compound errors in a pixelédasalysis. In addition, the purpose of
the research required monitoring individual treesrdime. Thus, we delineated individual
tree crowns from the CHM using an object-orientgdraach. A crown segmentation method
was used with Gaussian kernel smoothed data (tenmmexwhole-crown detection) and
transformed to maximize object identification inltharown canopies (for details see: Asner
et al. 2015). All crowns >1m in height were consideredes’. The centre point of each tree
was geotagged with coordinates and the changée imaximum height of each individual
tree crown was monitored over time. Here, ‘treéfadls said to have occurred=¥5% of the
original object-based crown height in 2010 was bys2012. This method does not detect
partial canopy and branch loss (like that assogiatiéh pollarding and herbivory).

5.3.4 Treefall analysis

As this study was a ‘comparative mensurative’ expent on a regional scale with no
replicates per ‘treatment’ (e.g. reserve with/withelephants), the study is inherently
pseudoreplicated (Hurlbert 1984). Thus, definiidntifying drivers of differences seen
between sites would be irresponsible (Hurlbert 1984 applied a holistic approach to this
landscape study, explicitly acknowledging the uhadeg heterogeneity and made inductive
conclusions, within the bounds of certain assummgtigiargrove and Pickering 1992).
Recognizing the pre-existing confounding varialilesveen treatments (e.g. pre-existing
differences in tree density), we reported both hlteand relative change and the
combinative analysis of these patterns alludesit@i$ of landscape-scale change,

148



contributing hypotheses which can then be testeurezally in future studies. Treefall was
reported as biennial loss in absolute numbersdmal as a percentage halative to the
baseline number of standing trees in 2010. Treefadhot be solely attributable to elephants
and humans, but the relative contributions of ogants - such as wind (Spinage and
Guinness 1971), frost (Childes and Walker 1998d)@ther herbivores (e.g. Yeaton 1988) -
to treefall and subsequent coppice dynamics wekaawn, but were assumed to be equal

between sites.

Monthly fire data (2000-2012) were derived from ceaty sensed MODIS burned area
product (MCD45A1-V051) at 500 m resolution. Thisguct was validated in South African
savannas and accurately detected 85% of true bamea@d Royet al. 2005), although it is
less efficient at identifying smaller burns (<50 (iBselaet al. 2014). The data were binned
into burned/unburned area and summed per year treng (R Core Team 2013) packages:
sp, rgdal and raster. For the purposes of thisysthe data were divided into ‘historical
burns’ (number of times burned p.a. from 2000 th®G&nd ‘recent burns’ (humber of times
burned p.a. from 2010 to 2012). Communal land egterere manually digitized using a
series of aerial images (50 cm resolution; yedd8922012; www.ngi.gov.za). Upland and
lowland locations were generated from relative aliewn models generated in SAGA GIS
(SAGA User Group Association 2010) using the Terdanalysis toolset. Ripley’s multi-
distance spatial cluster analysis was run in SAG38 &ing 100 m distance bands at 40 m
intervals, with a boundary correction method towdate outer values, measuring treefall
clustering occurrences as the size of the neigldoatichanges (Haase 1995). Ripley’s cluster
analysis tests the observed spatial homogeneisalleh trees for departure from completely
spatial randomness, expressed as regular or adstigstribution. All spatial analysis was
performed in R v3.2.1 (R Core Team 2013). Absadltgefall rates were tested for significant
differences using a non-parametric Kruskal-Wa{fisest with a Tukey Kramer (Nemenyi)
test (with Tukey distance approximation for indegent samples) (R package: PMCMR).
Kolmogorov-Smirnov (KS) tests were used to testdifferences between sampled treefall
height distributions. Treefall height classes wasmpared using ecologically relevant
categories: 1-3m (e.g. Bond and Keeley 2005); 3@ Asner and Levick 2012); 5-10m
(e.g. Dearet al. 1999); and >10m (e.g. Tews al. 2004). A logistic regression model was
used to identify significant variables associateithweefall. The model was run on a
randomly selected sample of tree crowns with aadist constraint (40m) to avoid spatial

autocorrelation (Legendre & Fortin 1989); the dist constraint was calculated from a

149



semivariogram run in SAGA GIS. A fully-additive dpal model was generated from a binary
response variable (treefall occurred = 1, treefiallnot occur = 0) in sites containing
elephants (Reserye humans (Communal lapdnd Communal larg, or neither (Resergge

in relation to various abiotic factors and ecoladjicrelevant interactions. Model selection
was based on Akaike’s information criteria (AlICYgrerformed in R (package: MuMIn)
using the ‘dredge’ tool and ranked in increasinigi®a of AAIC (A;) (Burnham & Anderson
2002). Tests for multicollinearity and overdispersof the models (Logan 2010) raised no
concerns. We used a model averaging approachessatee strength of our best-fit model as
models withA; <2 can be considered not significantly differentnireach other (Burnham &
Anderson 2002; Burnham & Anderson 2004). Model agerg calculates the relative
importance of each variable by calculating eachetisadontribution in proportion to their
Akaike weights @;). Akaike weights can be treated as probabilitred model is the best
model for the dataset (Burnham & Anderson 2004)d&laesults were presented graphically
(R package: biology) where odds ratios indicatectienge in the odds of treefall occurrence
(response variable) per unit increase in a predicaable whilst holding the other predictor
variables constant (Hosmet al. 2013). Odds ratios for each categorical predictorable

were calculated relative to a reference level Gagplementary material Appendix 1, Table
Al).

5.4 Results

5.4.1 Treefall rates

Landscape-scale tree mapping identified 453 68ivinhahl trees >1m in height across the
entire area in 2010, of which 11 740 (2.59%) &% of their original height, ranging
across sites from 1.32% treefall in Resgtee4.18% treefall in ReseryeHuman-mediated
treefall rates were 2.29% in Communal lgaehd 4.74% in Communal lagidexceeding the
elephant-mediated treefall rate. Communal gaaldo contained the lowest total number of
trees surveyed in 2010 (22 295 trees), compar€biomunal lang (116 498 trees),
Reserveg (135 402 trees), and Reseywéhich had the highest number of trees (179 490).
Proportional biennial treefall rates revealed gredisparities between sites than absolute
rates as there was no significant difference betvieservgand both Communal lands
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treefall rates in absolute terms; when controlfimgthe amount of original standing trees

there are significant differences between all ifedle 5.2).

Table 5.2. Average biennial rate of treefall hd + standard deviation. Reporting is in
absolute and relative treefall rates.

Absolute Rate + SD | Relative Rate + SD
Site n (ha)
(treefall ha™) (% treefall ha™)

Reservg 1.32 +2.07 1.45+2.22 1674
Communal lang 1.39 +2.72 3.33+7.28 1699
Communal lang 1.38 + 3.18 5.34 +11.46 603

Reserve 2.33+3.98 7.59 + 12.68 2101

ab guperscript letters mark significant differenfaesabsolute rates between sites using
Kruskal-Wallisx2 test 2 = 158.85, p <0.001, df = 3) with a Tukey Kranmdemenyi)
multiple comparisons test.

ABCD gyperscript letters mark significant differencesspfroportional rates between sites
using pairwise Kolmogorov-Smirnov tests

Reporting proportional rates averaged per hectareated the spatial variability in treefall
between sites. Accordingly, Resestad the fastest biennial treefall rate and highest
variability at 7.6% + 12.6 treefall Hafollowed by Communal lardwith 5.3% + 11.5
treefall ha (Table 5.2).

In Communal langltreefall occurred relatively evenly (+ 3%) acrohaight classes

(Figure 5.2). Communal lapdhows high treefall occurrence (7.03%) in therh-Beight
class. However, tree height classes >3m in Commiand! have very low sample numbers
and low treefall occurrence (Figure 5.2), an intlarathat this communal land has been
heavily harvested in the past. Elephant-mediatsefdil in Reservewas concentrated in the
>3m height classes (Figure 5.2), peaking at >10%erb-10 m height class. However, the 1-
3m height class in Resep@so experienced considerable treefall of 4.6%.
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Figure 5.2. Height class of felled trees (2010-201 2eported as a percentage of standing
trees in each height class per site in 2010. Dateesbased on a random subsample of
trees in each site. Sample numbers for each heigtiass per site are shown above each
bar. The legend denotes height classes of trees2010.

5.4.2 Spatial variation in treefall rates

Treefall in Reserveand Communal landhad the most clustered pattern (Figure 5.3). Net t
treefall clusters were more spatially distributedRieservg(Figure 5.4h) relative to the
communal lands (Figure 5.4d,f). High treefall rateReservewere concentrated in 2 large
clusters in the eastern portion of the study $itgure 5.4g), most of which occurred in
vegetation <3m in height and were likely relatednanaged bush clearing. The two smaller
red (>21 treefall H) patches of high treefall to the west of Resgwere located over
permanent water sources and the yellow (11-15ahd®d") patches dotted in the north east
were along river courses (Figure 5.49). Relatieefall patterns revealed higher proportional
rates in the western gabbro portion of Resgitvan in the eastern granite (Figure 5.4h,

D =0.21, p <0.001; 13.44 + 18.19% gabbro tredfaf, n = 1029; 4.99 + 8.34% granite
treefall ha', n = 1072). The communal lands had discrete aisistitreefall mostly within 1
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km of the settlement (Figure 5.4c-f). There wesmdligh treefall rate hotspots on Communal

landa’s eastern boundary, adjacent to Reserve

— — — Reservg

400 7....... Communalland, L eemememrmt T -
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Figure 5.3. Global cluster analysis of sites usingipley’s K statistic. The L-value is the
difference between observed and expected differerscef treefall (2010-2012) locations.
The L-value = 0 m reference line represents completspatial randomness; L-values >0
m and <O m represents more clustering or dispersatespectively, than that expected
from a random distribution. Elephant-mediated treefall (Reserve) shows clustering at a
wide range of spatial scales, followed by human-meted sites (Communal lang and
Communal landa). The site containing no humans or elephants (Raseg) shows the
least clustered pattern of treefall.

(Figure 5.4c-d). Treefall in Resep/fead the least clustered treefall of all sites (Fegb.3)
and contained no visibly distinct high treefall $fpats (Figure 5.4a-b).

5.4.3 Factors influencing treefall

Treefall was not significantly influenced by histal burns (>10 years), upslope or
downslope location or the 2010 tree height (Appefidible 5.1). However, the odds of
treefall occurring were increased (z = 1.93, pG5Pby recent burns between 2010 and 2012
(Figure 5.5). Fires only occurred once in two yearReservgand Reservg but occurred

more frequently in the communal lands (Appendixulrég5.1). The burned areas in the

communal lands were furthest away from the settfegsn@\ppendix Figure 5.1b-c). It is

153



worth noting the location of the treefall clustarfkeservewere spatially associated with the
location of a contiguous burned area (Appendix fFaduld). Of all the sites, the odds of
treefall increased most if the trees were in Comathland; (z = 4.57, p <0.001) or Resegve

(z =5.65, p <0.001), relative to Resey{ieigure 5.5), thus treefall was best predictedhay
presence of humans or elephants. Treefall occugredds decreased on granite geology
(z=-2.62, p =0.01); the corollary being thaefedl odds increased on gabbro geology
(Figure 5.5). A synergistic interactive effect @ojogy and recent burns was also associated
(z =2.538, p = 0.01) with higher treefall occues (Figure 5.5).

5.5 Discussion

Using large-scale, high-resolution LIDAR measuretaeve tracked the fate of over 450 000
individual trees across 6 812 ha of mixed-useddeages, quantifying treefall rates and
patterns between human- and elephant- mediatedd kitenan-mediated treefall was 2.3 to
3.7 times higher than in the control site, Resg(Vable 5.2). Thus, human-mediated relative
biennial treefall (3 - 5% hY was a significant driver of savanna structuraiatyics,
approaching that of the elephant-mediated landsg&ena'). Background biennial treefall
rates (1.45% treefall Hain areas protected from both elephants and humares
comparable to herbivore exclosure experiments ugkr National Park (KNP), South
Africa, where a site with similar rainfall and gegy to the control site, Resegy@ad 1.9%
background treefall iaver two yeargAsner and Levick 2012). Elephant-mediated treefall
in Reservewas on average 5 times higher than in the cosit®| ReserwgTable 5.2)In
comparison, elephants in KNP resulted in 6 timedddckground biennial treefall rate
outside the exclosures (Asner and Levick 2012)) wgtimated park-wide treefall rates of
12% ha (Asneret al.2015). Although elephant-mediated large tree nligrtearies from 1-
2% yr* over multi-decadal cycles (e.g. van de Vijeerl. 1999), records of up to 20%yr
mortality have been recorded in some localitieg. euchner and Dawkins 1961; Pellew
1983). While there are field-based studies (e.@gn8bnet al. 2008) and landscape-scale
studies (e.g. Asner and Levick 2012) that trackegheant impacts on individual trees over

time, analogous studies for human-mediated treekadt for field-based methods (e.g.
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Figure 5.5. Oddsratio coefficients of the bes-fit logistic regression model (Model 1 ir
Appendix 1, Table Al) of treefall(2010-2012)pccurrence. Boxplot whiskers show 95%
confidence intervals. Site predictor variables were relative to the refeence site
Reserve. The odds of treefall occurrence increased with nie recent burns betweer
2010 and 2012, as well as in sitcontaining humans or elephants, i.e. Communal larg,
and Reserveg. Decreased treefall occurrence was also associateh geology (i.e.
granite as the geology variable is relative to theeference geology, gabbro Treefall
occurrence increased with the snergistic interactive effects of geology and recent burr

Shackleton et al. 2005; Ahrends et al. 2(, but have not been conducted on a b-scale .
Here, we have quantified hun-associated treefall in savannas. Elephantt human-related
patterns of treefall differ spatially as they ré$tom civergent functional process(Watt
1947) We found that elephe-mediated treefall was spatially associated witllsaap-
scale nutrient distribution. Treefall occurred prednantly on gabbro geolog'Figure 5.4-5),
corresponding with other studies recording elephantof vegetation on nutrie-rich soils
(Eckhardtet al.2000; Asner and Levick 201, Shannoret al. (2008)also recorded highe
rates of pushed over trees on gabbro geology, hemiéanaket al. (2012 did not find
higher levels of large tree mortality on theses. Our research also shows elepk-
associated treefall patterngm highly clustered, centering on surface wéFigure 5.4Q).
Permanent surface water concentrates elephanteffiethe landscape, leading to persis

use of \egetation resources in these areas, ranging frgtigiide vegetation structur:
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change in wet years (e.g. Kalwij al. 2010) to severe during droughts (e.g. Napier Bak a
Sheldrick 1963). Although treefall in Resegue all height classes was markedly higher than
background treefall, the 5-10 m height class wastdid that in the control site (Figure 5.2).
While our results do not show an elephant utilatffect proportional with abundance like
that in Shannoet als (2008) transect study, we also do not have a ciephant trap’ in

the 5-9 m height as per Asner and Levick’s (20ir#Jihgs. However, treefall in all height
classes in our study was highest in the elephaxdiiatesl site.

In contrast to elephant-mediated treefall assodiaiiéh abiotic factors, the rate and pattern of
treefall in communal lands was influenced by samonomic factors and ease of access.
Treefall in the communal lands was less clumped tephant-mediated treefall patterns
(Figure 5.3), with high treefall rates (i.e. >18dfall h&') coalescing adjacent to settlements
(Figure 5.4c,e) — areas being clear-cut for settl@rassociated expansion (Coetzeal.

2013) — or on communal land boundaries to reinftand ownership under perceived land
claim threats. Communal lagid treefall occurred in the low height class (Figbr2), an
indication that shortages of trees >3 m are pladisgroportionate harvesting pressure on the
lower height classes. The high market-share of élonigls purchasing wood in this area
(Madubansi and Shackleton 2007) supports thisdmddespite both communal lands having
similar human population densities (Table 5.1), @amal land is a highly utilized area,
accessible to other settlements as it borders a mnad and neighbors the more urbanized
sections of Bushbuckridge where communal lands baea subsumed by settlement
expansion (Coetzat al.2013). Communal lands a rare example of exclusive use by one
settlement as it is fenced on two boundaries aadoaitation is, relatively, remote. This is
reflected in the height-specific treefall whichsgread evenly across all height classes at

relatively low levels compared to background ratethe control site, Resery@-igure 5.2).

Fire frequency emerged as an important factoreeféll, but secondary to both elephant and
human influence (Figure 5.5). In recent work by &t al. (2015), fire frequency was also
found to be a secondary factor to elephant andiabieediation on treefall. Although treefall
may be positively associated with higher fire frengey, tree mortality is not necessarily
higher under frequent fire conditions (Varetkal. 2012), but large tree mortality is
associated with high intensity fires (Bond & KeeRB805; Smitet al. 2016). Savanna woody
vegetation is largely fire-resilient: vegetatiomyguosition is largely unchanged by fire and
individuals rarely suffer mortality, but vegetatistructure is fire-responsive (Higgiesal.

2007; Pellegrinet al. 2015). Lower tree and greater grass biomass oorgajeology drives
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more frequent fire returns in this landscape (Fedgub), facilitating treefall in previously
damaged trees, which substantially increases tortahty (Shannoret al. 2011). This is
particularly pertinent for tree species preferdiyti@mrgeted by elephants, resulting in large
areas with missing size classes of long-lived t(elesm and Witkowski 2012). Indeed, the
association of treefall with a gabbro-fire frequgmbephant nexus supports Varetkal.s
(2012) findings on the strong association betwaendifferential vulnerability of large trees
to mortality and a three-way interaction betweeapkant, fire and landscape type. Though
the magnitude of fire’s effects are dependent mnifitensity (Smiet al. 2010) and tree
characteristics, such as stem diameter (Ryan &akik 2011), due to high spatial
variability fire intensity is difficult to measumeccurately over large scales (Archibatdal.
2013).

Curiously, the presence of recent fires on commlamals was associated with increased
treefall (Figure 5.5). Although increased humanylafpon densities have been associated
with more fire ignitions, but less intense fireeogmaller extents (Archibatt al.2009), we
can only speculate on possible mechanisms fordbeceation with more frequent burns and
increased treefall in the communal lands. Talldnegh hard wood which are difficult to cut
by hand are often burned for clearing agricultfiedtls, which can result in spreading fires
and tree mortality (E J Luoga al. 2000). In addition, patch burning to encouragesgra
regrowth for livestock grazing and cropland clegrisia common phenomenon in African

rangeland systems (Hall 1984).

Elephant- and human-associated treefall rates €T&aB) represent the “mortality ceiling” of
savanna vegetation as fallen trees frequently oespFor example, in an extensive 30-month
field survey in KNP, about 10% of trees in the 3vlleight class were pushed over by
elephants, but of these, 60% survived (Sharet@i. 2008) through coppicing responses
(Jachmann and Bell 1985; Owen-Smith 1998). Repmatde to large trees over 30 months
was reported as 12.5% and 2.6% from elephant amd&spectively, of which 36.6% died
from the damage (Vanak al.2012), demonstrating substantial resilience ofdyoo
vegetation to disturbance. Coppicing responsesiaam-harvested trees have also been
documented (Shackleton 1993; Luagaal. 2004). Fuelwood and charcoal studies in
savannas suggest woody vegetation communitieswsiagr high use scenarios to
ecosystems dominated by resilient species thaticeppadily (Stramgaard 1986; Shackleton
1993). Although this research shows that both elefghand humans are substantial drivers of

treefall in savannas and utilize all height clagfesoody vegetation, tree loper sedoes
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not result in woodland decline unless accompanyelddk of seedling recruitment
(Augustine and McNaughton 1988his occurs directly through loss of mature, seedring
trees and seedling herbivory by elephants or humestock (e.g. elephants: Western and
Maitumo 2004, goats: Hestet al. 2006), or indirectly, by rendering the trees ‘ftiooally
juvenile’ through repeated hedgingdditionally, changes in woodland structure caggder a
cascade of interactions, such as that in Chobefroreg, Botswana, where elephant-induced
shrubland conversion facilitated increased seedigrdivory by expanding impala,
Aepyceros melampusabitat (Rutina et al 2005). Similarly, in humassaciated woodlands,
increased coppice regrowth and bush encroachmemrisfarowsing goats over grazing
cattle.To compound issues of tree seedling survival, hupragence is associated with more
frequent fires, trapping tree seedlings in the layger. Here we have shown that both
elephants and humans, in combination with fire, @w#ize all woody height classes. When
large trees disappear from the landscape, morardesice-related pressure is placed on the
lower height classes, reducing structural compjeaitd compromising ecosystem resilience.
Large-scale studies need to be combined with eethibight-class specific information to
monitor woodlands to preclude woodland unsustalitgbi
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5.8 Appendix

Appendix Table 5.1. Model selection and averagingsults of treefall (2010-2012)
occurrence in sites containing elephants (Reseyehumans (Communal land, and
Communal landg), or neither (Reservg), in relation to various abiotic factors. Models vith
AIC differences (A;) <2 are ranked in order of increasingA; with Model 1 as the best-fit
logistic regression. Variables included in each maa have their p-value recorded. Blank
cells indicate those variables were not included ithe model. Odds ratios of the categorical
variables (Site, Geology, and Catena) are calculateelative to a base level (Reserye
Gabbro, and Lowlands, respectively).

Logistic Regression Models Model
Averaging”

Variables 1 2 3 4 Pip Ojp
Site: Communal land 0.069 0.045 0.063 0.071 0.063

Site: Reserve <0.001| <0.001| <0.001| <0.001| <0.001| 1.00
Site: Communal larg <0.001 <0.00!| <0.001| <0.001 <0.001

Burns 2yr 0.054 0.030 0.065 0.056 0.052| 1.00
Geology: Granite 0.009 0.007 0.008 0.010 0.008| 1.00
Burns 2yr x Geolog 0.011 0.00¢ 0.0¢ 0.011 0.01C| 1.0C
Old burns 0.285 0.286| 0.25
2010 Height 0.362 0.362| 0.21
Catena: Uplanc 0.97( 0.97C| 0.1¢
df 7 8 8 8

A 0.00 0.84 1.18 2.00

o 0.2C 0.1: 0.11 0.0¢

"Akaike weights §;) represent normalized model likelihood values ehgrcan be treated as a
probability that modell is the best model for these data (Burnham & Arale2)04).

” Model averaging relative p valuespjmnd relative weightsd,) are with respect to the global
model and indicate the relative importance of eagfable. Variables are ranked in decreasing
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Appendix Figure 5.1 Number of burns between 2010 ar 2012 for a) Reservy, b)
Communal landa, ¢) Communal lancg, and d) Reserve
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Chapter 6: Conclusion

6.1 Introduction

The essential problem of ‘increasing needs in #ive bf decreasing means’ (Lubcheetal.
1991) is most typified in rural systems where ratuesource reliance is the highest, and
continued unsustainable use can result in coultdpse of both people and the ecosystems
they rely on (World Commission on Environment arel/Blopment 1987; Cervigni & Morris
2016).

As woody vegetation dynamics reflect ecosystemtfanmg (e.g. primary productivity,
biogeochemical nutrient cycling), it is increasingking used to assess vegetation patterns
relative to climatic and topoedaphic gradients.(degCastilhaet al. 2006; Colgaret al.

2012; Dahlinet al.2012) as well as in response to disturbancesDaygton 1978; Chambers
et al. 2004, Frolkinget al. 2009; Shackleton & Scholes 2011). In the contéxural systems
where fuelwood extraction is prevalent, measuriegetation structural change is an

underexploited method of inferring both past woadlase and future sustainability.

This thesis presents an explicit view on vegetastoactural dynamics and biomass over a
landscape utilised communally by a rural/peri-urpapulation heavily reliant on natural
resources. In contrast with traditional biomasslists, | also present concomitant changes of
the vertical vegetation subcanopy (voxel datapteal three-dimensional dynamics (Section
2). It was in this interaction that | anticipated would understand any potential changes in
biomass. | provide an easily implementable metHaghcavelling vegetation dynamics in a
manner that would allow others in the fields of cooms management, sustainable natural
resource extraction and bush encroachment trendsgate. Two dimensional remotely-
sensed biomass estimates do not capture subcanytychanges, particularly in the context
of structurally heterogeneous landscapes and isicigdush encroachment trends in semi-
arid environments (Kgopet al. 2009; Buitenwergt al. 2012; Secadest al. 2014; Fisheet

al. 2015). We reveal that supply-demand models hamsistently underestimated the
adaptive capacity of both humans and provisionsaggstems (Section 6.2). The
comparison of vegetation structural dynamics acdifésrent land-use gradients and in

relation to anthropogenic features provides an tstdeding of humans as agents of change
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in the landscape. By viewing humans as ‘functionagjaherbivores’, we demonstrate that
humans are significant drivers of savanna vegetatimamics and provide a novel lens
through which to assess human impacts (Section lGaBo present the case for using
Bushbuckridge as a model for future African lan@-psessure (Section 6.4). Lastly, | present
the constraints present in this thesis and oppitiesrfor future work based on, and inspired

by, my findings (Section 6.5).

6.2 Underestimated adaptive capacity of social-ecologitsystems

Woody vegetation structure and structural dynararesassociated to disturbance type
(Chapter 5), usage intensity (Chapters 2-5) antdadpacation relative to natural and
anthropogenic factors (Chapters 2 & 4-5). Vegetatesponse to disturbance is height-class
specific with compensatory growth occurring in lbeight classes occurring in heavily
harvested areas (Chapters 2-3). Thus, woody biomassased across all the study sites
between 2008 and 2012 (Chapter 3), contrary tprallious supply-demand models (de
Montalembert & Clement 1983; Banksal. 1996; Wesselst al. 2013) and most field-based
studies (Madubansi & Shackleton 2007; Shackletddckoles 2011; Matsikat al. 2013).
Biomass increases had a strong relationship tcasuipy increases (Chapter 3), with > 60%
of the subcanopy increases attributable to the h&ight class and + 20% to the 3-5m height
class (Chapter 3). This relationship was even rdefmed when looking at the finer-scale
patterns of vegetation dynamics with increasingatiise from roads and settlements
(Chapters 2 & 4). Spatially-explicit representatairbiomass and height-specific subcanopy
structure revealed that increases in both metre&a® woncentrated close to roads and
settlements in high use landscapes, whilst lowlarsgscapes had patterns of change that
were spatially variable (Chapters 2 & 4). Thesagoas represent the complex trade-offs that
people make in their natural resource collectiomf@ecchiniet al.2007). The adaptive
capacity of people to deal with fuelwood shortages been consistently underestimated
(Mortimore & Adams 2001; Thomas & Twyman 2005), thése non-linear responses are
difficult to incorporate into fuelwood supply-demthmodels. The increasing use of vehicles
and wheel barrows for fuelwood collection (Doeieal. 2002; Twine 2005; Madubansi &
Shackleton 2007) means harvesters will increasitogly to communal lands bordering roads
to optimise wood collection gain for effort expedd@&he LIDAR-based vegetation
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monitoring covered a far greater extent than previteld studies and was able to show
patterns which would normally be masked by locallsariation. There have been
documented local increases in forest patches ikE#stern Cape of South Africa as a result
of villages in the area changing from timber-basedrick-based dwellings (C. Geldenhuys
20" Congress of the Association for the Taxonomic $uftthe Flora of Tropical Africa
2014 Stellenbosch, South Africa) and the Makoko rommal lands adjacent to Kruger
National Park have also had biomass increasesi@mner 12' Savanna Science Network
Meeting, Skukuza, Kruger National Park). Howeverstbencroachment has also been
recorded across a span of South African land Baisehwerfet al. 2012), with woody
plants dominating large parts of what was previpoglen savanna and grasslands (Stevens
et al.2015).

The bush thickening trend in our study area idyikecombination of newly established
woody encroachers as well as coppice regrowth framested stems. Indeed, previous
woodfuel supply-demand models have significantlgienestimated the regeneration potential
of savanna woodlands through coppice responsd!;likedihood, this led to an
underestimation of size-specific and annual growaths, as well as the resultant biomass
standing stocks (Chapters 2-3). Shrub level ine@®agere present in all the surveyed
communal lands (Chapter 3) which suggests a bagkgrbush thickening rate. Increasingly,
research is emerging that climate change and atmaspgCQ enrichment is driving bush
encroachment (Bond & Midgley 2012; Buitenwetfal. 2012; Stevenset al. 2015). Usually
cattle farming is associated with vegetation chantfee shifting grazing localities also mean
that the effects of cattle on the landscape (ea@easing soil nutrients through defecation,
increasing moisture availability & lowering fireeljuency through grass removal, and high
grazer selectivity) are widespread (Moleeteal.2002). Bushbuckridge has a historic land
use legacy of commercial cattle farming, as wethas of the current subsistence livestock
husbandry which serves multiple uses for liveli{dovieet al. 2006) could influence
vegetation patterns. Although there is a backgrdursh thickening rate, probably related to
global drivers (e.g. atmospheric gf@rtilisation), the differential rate (Chapter&)d pattern
(Chapter 3) of shrub level increases between attimceommunal lands suggest bush
thickening is enhanced by local level drivers (ite anthropogenic use of the communal
lands for harvesting and livestock grazing). Irstt@gard, | concur with Archet al. (1995)

and Stevenst al. (2015) that woody invasion in semi-arid systemigkely an interactive
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combination of both local and global factors, wihal effects being the direct cause, but

facilitated by global factors.

It is possible that harvesting is acting as a timgmechanism, reducing the competition for
resources between individual plants and fuellirqgeases in size-specific growth rates,
especially in coppice with fully-developed adulbteystems. Dense stands with small trees
yield more woody biomass than stands of fewer gdrges as a result of size-specific growth
rates influencing productivity (Caspersetral. 2011). This has implications for a positive
feedback cycle of more fuelwood harvesting drivimg-height bush thickening and,
potentially, more harvestable wood. However, tlas knock-on effects for plant recruitment
as the coppice may not reach reproductive mathatgre it is harvested. This renders adult
trees ‘functionally juvenile’ (Twine 2005). Fewezegllings in the population reduces the
future population’s survival rate (Lykke 1998). &wtl, both fewer reproductively mature
plants and fewer seedlings were found in harvesteds relative to protected areas in
Bushbuckridge (Neke 2005).

Bush thickening can be seen as a systemic ecosyiéteat is detrimental to ecosystem
functioning (Obaet al. 2000; Meiket al. 2002; Asnekt al.2004), but it can also be seen as
an opportunity. The use of sustainably managediceppgrowth as fuelwood has been
suggested numerous times (Shackleton 1993; Shank2€01; Kaschulat al. 2005a).
Information has been collected about species resptinharvest (Kaschué al. 2005a),
methods (Shackleton 2000a) and location (Kasocbtudd. 2005b) of harvesting. However,
there is little information on growth rates of caggthat would inform harvesting frequency
and long-term sustainability of the woodlands. réhe hope that bush encroachment, the
coppice response, and the interactions with chgngimate and atmospheric composition,
for sustainable coppice harvesting to become thie’dor ecosystems under continued wood
harvesting pressure. The coppice regrowth coulchéeaged through ‘tree thinning’
programmes which will provide bush clearing sersittmaximise grazing, provide
fuelwood and, potentially, the establishment ofistainable, rural, carbon economy which
could be geared towards long-term restoration @lahdscape. Nevertheless, the
repercussions of bush encroachment/thickeningmmaonal lands will have implications for
the direct-use values of ecosystem goods and holasetinerability to shocks (Twinet al.
2003a). The current realisation is that traditianakthods for managing bush thickening (e.qg.

clearing, fires) may no longer suffice and innovativays to deal with this problem are
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needed. This body of work demonstrates that larsédbaesource management needs to be

more nuanced to co-adaptability of human-envirortrsgstems.

6.3 Loss of structural heterogeneity

If the biomass increases reported in this thesistle@n interpreted in the absence of detailed
three-dimensional data, we would have mistakerflyriad from the biomass increases as
well as higher slopes in disturbance gradientsh@ist al. 2012) that the communal lands
were recovering. However, | have demonstratedttieste biomass increases are solely in the
shrub layer, and with the combined influence o§loklarge trees in highly utilised
landscapes (Chapter 5), are indicative of struthomogenisation of heavily utilised
communal lands. Humans can act as ‘functional medpaores’: their impact on savanna
vegetation <5m in height exceeds that of both elafshand fire (Wesseét al.2011) and
their contribution to tall tree loss is substanf@hapter 5). Structural complexity reduction
has also been recorded in east African miombo sesmwhere 50% of the woodlands was
lost with an accompanying 599% increase in busldasda result of communal land use
(Luogaet al.2005). Based on the findings in this thesis,dipa relationship between
intensity of natural resource use, vegetation dyosuand structural heterogeneity with
repercussions for ecosystem and human resiliescgel as biodiversity and ecosystem
function (Figure 6.1). At low levels of natural oesce use, both height-specific gains and
loss of vegetation structural metrics are low amngcsural heterogeneity of the vegetation is
maintained (Figure 6.1). As usage intensity inagsaso do losses in vegetation structural
metrics; fairly obvious as vegetation is being acted. However, there are height-specific
gains in some vegetation metrics as compensatorythgroccurs with increasing harvesting.
Intermediate use scenarios may contain increasetiMersity (Shackleton 2000b; Smatt

al. 2005). The paradoxical relationship strengthenb wicreasing usage intensity, resulting
in a situation of high growth metrics, predomingmtl the shrub layers (Figure 6.1). Under
such high intensity, loss metrics decrease as Hrertess tall trees to remove. Structural
heterogeneity collapses and loss metrics decresibeige are fewer trees to harvest (Figure
6.1, 6.3b). This relationship demonstrates the mamee of height-specific data collection in
vegetation monitoring in social-ecological systefsceptions to this hypothesised

relationship of vegetation gains and losses edéegiending on the strength of tribal control of
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the communal land. Remote, low use intensity comahlamds and nature resen
experience hard wood poaching with h-axes and chainsaws, particulaPterocarpus
angolensigpers. obg, which would affect structural metrics. Conveyséh high use
communal lands, culturally important trees, Sclerocarya birrea may be conserved f
non-timber uses (Shackletehal 2003), which would result in a liodal structural profils

of a homogeneous shrub layer, and conserved lees.

high

— heterogeneity

vegetation
structural
dynamics
metric

low

low intermediate high

land usage level

Figure 6.1 Conceptual change in vegetation structural metrig in relation to a natural
resource extraction gradient. Increasing natural reource use decreases vegetati
structural heterogeneity, butvegetation structural dynamics show varying heigt-class
specific responses. Corresponding conceptual links resilience, biodiversity, ecosyster
(ES) function and ecosystem service (ESS) functi@me shown in relation to usage
intensity.
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This paradoxical phenomenon, of high growth undgih vood extraction scenarios,
contradicts the ‘fuelwood crisis’ narrative thahtres on energy-deforestation links. This
thesis demonstrates that the crisis narrativejtarmbntemporary echoes (e.g. Chambers &
Conway 1991), is misplaced and unconstructive vwgtedying natural resource reliant
communities. A more nuanced view of sustainabiitgmerging in the current literature (e.g.
Conway et al. 2015) which acknowledges that natiand regional resilience to shocks may
be compromised, but this manifests unevenly asg coramunities and informal sector
economies are more flexible and adaptable to shddiescontinued focus on woodfuel
extraction driving woodland collapse obscures ## threats (e.g. uncontrolled settlement
expansion) behind ecosystem degradation, puttingpaiponents of the social-ecological
systems at risk, and further delaying construativgagement on mitigation of the ‘real’
threats, as well as undervaluing crucial adaptogsgstem responses to human-mediated

disturbance.

6.4 The future of African land-use pressure

Studies on Bushbuckridge Municipality, an eleatdfiarea, which maintains extensive
reliance on natural resource use, can assist ttiqga way forward for future African land-
use pressure. Here, we have examined Bushbuclsalgal-ecological systems as part of a
rural livelihood framework, but Bushbuckridge igfiieasingly becoming more urbanised and
serves as a snapshot of the future of African laselpressure (Figure 6.3, 6.4). By 2050,
urban sprawl is projected to increase >12 timeg@Aet al. 2011). Most of these increases
will be a reclassification of rural areas as peliam as a result of burgeoning human
population densities (McHalkt al. 2013). Not only are rural areas in Africa becomingye
urbanised, uncontrolled growth of existing Africaties is subsuming previously rural areas.
For example, Nairobi's average population densityeéased from 12 people hm 1979 to
54.4 in 2010 and is predicted to reach 81.1 pelagiteby 2020 (Adebayo 2012). However,
localised densities can attain 2000 peopl&ih&ibera, a Nairobi slum (Adebayo 2012).
Most sub-Saharan cities have insufficient basi@stfucture. Only 20% of sub-Saharan
African’s population had access to electricity 018, but 53% had access to mobile phones
(AfDF 2012). Low-income urban sprawl is charactedi®y uneducated and unskilled

migrants with low or intermittent levels of emplognt. As a result, these populations are
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heavily reliant on natural resources. Cummatb@l.’s (2014) model describes the rural-urban
transition from a sustainable social-ecologicateysto one which is still dependent on
ecosystem services, but de-coupled from awarerfiess/oonmental degradation. Increasing
industrialisation and human population growth megeiety from a “green loop” (stable,
self-regulating feedbacks between ecosystem useraribnmental degradation) into a “red
loop” (an economy driven by non-ecosystem servif@gmminget al. 2014). With the
increasing human populations (and population dies$jitmany African rural and urban
sprawl areas are on a “green trap” trajectory (Fdgu2) — an unstable system of
environmental degradation and erosion of human-beitg. The challenge is to transition
these areas to “red loop” states, whilst mitigatimg effect on ecosystems by maintaining
current, or decreasing, consumption patterns (Cungetial. 2014). Maintaining ecosystem
service integrity in the face of increasing urbatien will increase human quality of life and
potentially act as mitigation to climate changerggeBushbuckridge, as an increasingly peri-
urban area serves as a baseline to how increasimgral for natural resources affects
provisioning ecosystem services. Our future Afriamdscape threatens to be a
homogeneous layer of impenetrable, low-level shautbegraded landscape unable to provide
ecosystem services (Figure 6.1, 6.3b) in an inarghsunstable climate (political, social and
natural). African slums are already an indictmdrdtate failure. With increasing flows of
fuelwood into low-income urban sprawl areas, crepiustainable urban energy solutions
might be the most effective environmental managemlam for rural areas (Sousseinal.
1990). Compounding local need for natural resouixesing global demand for ecosystem
goods (Figure 6.4f), where developed countriee#estively outsourcing their own
environmental costs. An extreme example is the ch%#ood timber’ extraction from the
Central African Republic (CAR) to luxury Europeaianiets; timber exports during the CAR
civil war exceeded diamond exports, funding pdditistrife (Global Witness 2015).
Moreover, with decreased state GDP tied to pramhstof increased climate change-induced
rainfall variability, it is crucial to buffer theapacity of the coupled social-ecological
systems to serve as a buffer against the comingrveaiergy-food crisis (Conwagt al.

2015). Perhaps management of the Bushbuckridge cotand system could serve as a
viable approach for sustainable development inroflfiécan cities, one that would buffer the

state’s capacity to provide basic energy needshantan well-being simultaneously.
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,~ Ared trap occurs when
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Figure 6.2. Rural-urban transition states and traps This is a framework for
understanding trade-offs between household wealthnal ecological degradation.
Societies exist in a ‘green loop’ when a sustainabtelationship exists between
ecosystem use and human population size. This isgstble when society is directly
linked to their ecosystem service use and socialedagical feedbacks are clear. If the
population increases without restructuring the so@l-ecological relationship, societies
fall into a ‘green trap’, a cycle of rural poverty and environmental degradation. If
technological advances industrialise society, ikests in a “red loop” — an economy
based on non-ecosystem service based products whererironmental costs are often
externalised — here sustainability depends on ecdizal impacts. A “red loop” society
falls into a “red trap” when unsustainable use preitates ecosystem decline. Dashed
lines indicate avoidable transitions, while the dd&d line is the challenge facing African
societies — moving from a “green trap” into a “redloop” whilst maintaining
sustainability and awareness of environmental depelence. This is the ideal scenario of
improving human well-being and quality of life without compromising that of future
generations. [taken from Cumminget al. (2014)].

175



Figure 6.3. a) Bushbuckridge Municipality is increaingly becoming a peri-urban
landscape. b) High intensity wood harvesting has deiced the structural complexity in
the communal lands. This has implications for contiued ecosystem service provisioning
and ecosystem functioning and compromises the ragihce of the ecosystem and the
communities reliant on it. Photo credits are the athor’s own.
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Figure 6.4. The future of African development is inrsprawling urban landscapes, with
compromised social-ecological systems. a) Uncontied development in Luanda, Angola
has subsumed remaining natural land. b) Major African cities have become
combinations of urban business districts, slums andegraded commons, such as in
Antananarivo, Madagascar and e€) Monrovia, Liberia.The loss of ecosystem provision
in urban areas drives the commodification of fuelwod, expanding the harvesting
footprint in other areas and transported to fuelwoa markets. c) A fuelwood market in
the Democratic Republic of Congo and d) transportaon of fuelwood in Nosy Be,
Madagascar. Developed countries will often outsoueclocal ecosystem services. e)
lllegally traded Pterocarpus angolensis timber is being transported from a sawmill in
Zambia, destined for China. Unless otherwise statedn the image, photo credits are the
author’s own.
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6.5 Opportunities and constraints

6.5.1 Technical constraints

While it is not unprecedented to base LIDAR-deriveadels calibrated against
corresponding field data on subsequent or previddAR-campaigns with no corresponding
field work (Dubayatet al.2010; Huangpet al. 2013; Meyelet al. 2013), ideally the models
would perform better and be more ecologically meghil if separate predictive models were
based on temporal matching of LIDAR data and fieldw This is potentially a method to
mitigate change in leaf area index (LAI) error attuced when comparing canopy cover
change over time. LAl and phenology are under rebed in the LIDAR change detection
literature, but the frequency of LIDAR hits throutjie vegetation canopy will be affected by
leaf presence, as well as orientation. These infles were accounted for as far as possible
by collecting the LIDAR data in the same month dgreach campaign. However, LAl can
also be affected by differential rainfall betweesags or even strong winds (Rgtial. 2012).

It is also likely that vegetation in the shrub lafi@as a higher LAI than tall trees, making LAl
complex across three-dimensional space. Theredwsdrecord of higher numbers of
thinner, taller stems in the study area over tiMatéikaet al. 2012).

The main data set in this thesis is based on thepgaheight model (CHM) which is in turn
derived from the difference between the digitaldier model (DTM) and the top-of-canopy
digital surface model (DSM). Thus, errors in theND@and DSM are propagated through the
CHM. Most DSM and DTM errors are derived from eitfikering points into terrain and
non-terrain points (Kraus & Pfeifer 1998), partady in LIDAR with low hits m? (Wagner

et al. 2004), and interpolation of filtered points int&® and DTM’s. The CAO LIiDAR has
an achieved laser spot spacing of 4 shotsamd up to 4 returns per pulse, ensuring high
accuracy of both point filtering and interpolatigithough different LIDAR sensors were
used between successive surveying campaigns, eéheupd post-processing methods
remained consistent, ensuring that we could compaeavith like by controlling for
algorithmic and processing errors. Errors in thMOwould manifest in the tree height
validation, which was highly accuraté & 0.92, p < 0.01 for the coarsest CHM; Aseeal.
2009). An additional limitation of using two diffemt sensors is the reset time — the minimum
distance between vertical returns that the sersmodtscriminate between. Thus, a sensor
with a shorter reset time will resolve verticallymped vegetation more accurately than a

sensor with a longer reset time. This differengaaigially mitigated by the voxel
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normalisation process, but can pose a differencemmparing fine-scale height changes
between years. The difference in sensor reset treegeen the CAO-Alpha and CAO-2
AToMS sensors was ~0.72m — any chan@&2m could be considered sensor noise. Hence,
the threshold of height change>dim in Chapters 2 and 4 was a conservative onedier ¢o
detect ‘real’ change. In addition, this is lesaafoncern in Chapters 2 and 5 as maximum
vertical height change per tree object is consiieather than a per pixel approach. Ideally,
vegetation structure monitoring should be conduetitd the same sensors, but we mitigated
potential error where possible and have faith ertrsults considering the extremely accurate

outputs of both sensors.

6.5.2 Recommendations

| have identified a number of research gaps andpgaaive opportunities, both stemming
from my literature search on relevant topics andte subregion in general. In addition, the
outcomes of my research have posed more quesgarigularly around the potential
implications of biomass increases in heavily-usadiscapes. | put forward the following

recommendations:

a) Although this thesis contributes significantiytihe body of knowledge of woody
vegetation dynamics in human-modified landscapesetis still a dearth of synthesised
information for these social-ecological systems{¥ia order to implement effective
strategies to deal with the reality of fuelwood,udespite access to electricity. There are a
number of studies, many by our larger researchgyriouthe Bushbuckridge region that span
various spatial and temporal scales, as well assaa number of disciplines (Figure 6.5).
These studies are comprehensive in their specific but have not been integrated in a
meaningful manner to make future policy intervemgi@ffective in these coupled systems.
We do not know if trends occur consistently throtigi scale hierarchy (both temporally and
spatially), or whether a comprehensive transdis@py synthesis would reveal causality of
the patterns seen through the lens of other diseplFigure 6.5). This, yet unexploited,
synthesis opportunity of the Bushbuckridge SES dqubvide an invaluable case study for

understanding other systems under similar pressures

b) Bush thickening in human-utilised systems presid number of concerns (and potential

opportunities) that need further investigation:
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Figure 6.5.A selection of examples of research, associated wiur greater research group, in Bushbuckridge cowing: a) various
spatial scales from the household level to the remial landscape, b) different temporal scales basexh long-term aerial and LANDSAT
imagery from the 1940’s and 1990'’s, respectivelysawvell as repeat household and fieldwork studiesdm the 1970’s onwards and fine-
scale, 3P LIiDAR research. There is research which includetuture predictions on woodfuel supph-demand and lanc-use change. c)
The studies also span various disciplines and hadédferent foci from the social-ecological systerto those that focus on one or more ¢
the following components: natural resource units (IR units, such as timber and no-timber products), the natural resource systems (NF
systems, such as communal land ecosystems), thdss focus on various aspects ohe natural resource users themselves as well asith
socioeconomic context; and the institutional governancand policy frameworks they exist within
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A recent carbon model has shown that vegetatioeases in the southern
hemisphere’s semi-arid systems was the reasohdaetord 2011 terrestrial carbon
sink; the implications being that El Niio—South@scillation (ENSO) swings, could
shift importance from tropical forests to semi-aystems with regard to carbon sinks
(Poulteret al.2014). Moreover, above-ground biomass fluxes wasaas were
associated with vegetation response to rainfalbbdity in water-limited systems

(Liu et al.2015). Thus, knowledge of the carbon storage dycsof semi-arid
systems becomes more urgent in the face of incrgasicertainties of global change.
Additionally, feedbacks between global and locatehs of bush thickening are not
understood well enough to provide meaningful knalgketo terrestrial carbon sinks
in semi-arid systems.

The heterogeneity paradigm emphasises that biciiyemd ecological systems
function across the full spectra of biotic and &biconstituents, as well as across the
complete spatio-temporal hierarchy (Piclegtal. 2003). Thus, heterogeneity is not an
easily defined measurement. However, the KrugeloNak Park is managed for
acceptable levels of heterogeneity using the Tloldshof Potential Concern (TPC'’s)
model (Biggs & Rogers 2003). Fisher (2013) in hmnparison of management
effects on woody vegetation structure across botlage and public protected areas
and communal lands suggested that the succesd®$ T management strategies
could be applied to the communal lands through-igsantified thresholds. Whilst this
is a valuable method of monitoring and managingh&terogeneity, in the context of
woody vegetation heterogeneity, different heightskes operate on different temporal
scales. That is, managing for heterogeneity irptiesent period does not mean
managing for heterogeneity in the future. To effety predict future woodland
structure, we need to add fine-scale data overdoeatents on stage-class survival,
from germination level. For example, differengi@rmination and seedling survival
success has been recently explored across a f¢Bit@ens 2014) and temperature
gradient (Stevenst al. 2014) in key savanna woodland species. The loghhei
classes are crucial to monitor as they determiaduture structure and composition
of the woodland.

Following on from the above, there is a need fé@rimation on size-class specific
growth rate data at different usage levels. Expenial plots to test density-dependent
species and size-class specific growth and mortE@ichmittet al. 1987) would be a

valuable contribution to the implications for bukickening effects, the sustainability
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of harvesting different size-classes and potefdgdbacks on landscape (and global)
scales. These results could then be upscaled WitAR.to provide a monitoring
strategy for long-term sustainable management.e@tly;, bush thickening
monitoring over large areas is only possible witDAR (Secadegt al. 2014).

The opportunities of utilising the increasing vegien in the lower height classes for
sustainable fuelwood are exciting. As mentionetlerathe sustainability of
continued harvesting of this vegetation would neebe studied. However, we also
need to ascertain whether the 1-5m height clagsesde fuelwood of the appropriate
quality or time-efficiency — multi-stemmed coppitay have more wood in total
biomass, but it requires more effort to extract arafe stems are needed to cook with
to derive the same energy. Our study is also netiep specific and we cannot
observe species-specific changes, i.e. if the asge are occurring in the preferred
fuelwood species (e.g.ombretum collinunms a preferred fuelwood species over
Lantana camargShackleton 1993)). In addition, identifying theesies which are
flourishing at the heights this research has ifiedticould determine if these
increases are newly established woody encroacheppicing response from
harvested species, invasive alien plants in thesenunal lands, or various
combinations of these.

Previously, | raised concerns with the effects Af bn LIDAR change detection data
and suggested that differently calibrated biomasdeais could possibly mitigate
some of the differences in LAI. However, | foundyaéttle useful information during
my search on the LIDAR-LAI interaction. There isxsaerable need for LA
comparisons between field and remote sensing ptedoetween the products

themselves and over time.

c) Poverty-traps are shaped by the interactiveiogiship between people and the social-

ecological environment (Clark & Dickson 2003; Fo#teal. 2010), often resulting in a causal

loop of “fixes that fail” (Senge 1990; Cumming 201T hese result from immediate ‘fixes’

to the challenges NR-dependent societies faceingad unintended consequences on the

social-ecological system (SES) that supports tHerthis case, communities’ inelastic

demand for fuelwood (Matsilkat al.2013) and resistance to switching to electridihite et
al. 1997; Madubansi & Shackleton 2007) have drivemtlke harvest live wood from

communal resources unsustainably and led to thelal@went of a fuelwood economy

(Twine et al. 2003b). However, the accompanying bush thickeaimdystructural
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homogenisation (Chapter 2) with attendant land aldgion and reduction in ecosystem
service provision are a slow variable feedbackwSlgnamics are particularly important in
SES as they are responsible for the maintenanasitience and are involved in SES regime
shifts (Cumming 2011). Moreover, the most importzariables in SES interactions should
show some degree of quantifiable decay as proxiatigonnectivity decreases (Cumming
2011) which can be seen in the biomass and vegetsiiucture disturbance gradients around
roads and settlements (Chapter 2,4). Althoughrdssarch demonstrates the slow dynamics
consequences of the “fixes that fail”, we do ndlyfunderstand the form of this bush
thickening (e.g. coppice response, newly germinateody species), likely interactions and
consequences between different types of land-ugelifeestock grazing and wood harvesting
interaction), the relative contribution of globaiwers (e.g. CQfertilisation) and the buffer
capacity of the ecosystem (e.g. woodland regemerasites, functionally juvenile coppice
stands). Considering the fundamental importancao?é dynamics on ecosystem
functioning, the answers to these questions aedyli&ll linked in complex, interactive
feedback systems, but need to be understood iivertdon and mitigation strategies are to be
effective. Understanding the slow dynamics in avsgstem characterised by fuelwood
harvesting could contribute to operationalisingliesce. In this case, the ecosystem’s
‘identity’ can be defined by the nature of the fuebd-harvesting interactions and
components, and the resilience of the SES canfieedeby quantifying this ‘identity’
(Cumming & Collier 2005). This approach could beeleped to ascertain the
Bushbuckridge SES’s potential to change its fuelivbarvesting/supplying identity to a
different identity, such as one where woodland megation above 5m in height ceases,
providing reduced fuelwood services and grass bssmBhis system could be classified as a
novel ecosystem with a different functional suki®pbset al.2014). For example, goat

herding becomes more profitable than cattle herafiregich a scenario.

d) Although fuelwood is acknowledged as a predomtieaergy source in South Africa,
despite electrification, and that dependence ohwiued is actually expected to grow in the
future, there is little real action from the polieyel to address this. The South African
government deems unsustainable fuelwood harveatingcessary evil” if it contributes to
human well-being (Ministry of Water Affairs and lestry 1997); but not enough emphasis is
being placed on the increasing vulnerability ofunaltresource dependent people in the face
of ecosystem service failure in which both peomgeimunities and the environment face a

coupled-collapse. Although the National Forests (Axi. 84 of 1998) specifies monitoring
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and management of woodland resources, there kafdandscape scale data (let alone
detailed 3-D data for bush thickening monitoringy) the current or future status of the
woodlands. These are significant challenges whecfuire considerable attention from
national and provincial government, and more imguty, discernible action.
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