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ABSTRACT

Land degradation is widely considered to adversshect soil fertility, soil quality,
constrain productivity, subsequently leading tcealithe in soil organic carbon (SOC) and
nutrients in soils, yet little is known about thdocks, environmental controls,
destabilization mechanisms and carbon sequestratitamtial of degraded grassland soils.
The aim of this dissertation was to evaluate (&)ithpact of land degradation on SOC and
nitrogen (N) stocks, distribution and SOC qualityelucidate the environmental controls,
in a communal rangeland with varying intensities defgradation, (2) to examine the
rehabilitation potential of the same rangeland #8)assess the spatial variability and
replenishment potential of SOC and N stocks inpecslly degraded grassland catchment.
A meta-analysis was conducted to provide a quagtaeview of the impact of land
degradation on SOC stocks in grassland soils, wadel Subsequently, the impact of
degradation on SOC and N stocks and organic mgtiatity was investigated in a
communal rangeland in the KwaZulu-Natal provinceyt® Africa with varying intensities
of degradation. Thereafter, different rehabilitatitechniques were applied in the same
communal rangeland to replenish SOC and N stocksaAtage was also taken of 23 ha
degraded grassland catchment to assess the spatiability, carbon replenishment

potential of SOC and N and to elucidate the mainrenmental controls.

Degradation resulted in a significant depletior8QIC stocks in grassland soils, both in the
meta-analysis and field experiment. The meta-ammlgdicated that the depletion of SOC
stocks as a result of degradation was more promalunt sandy acidic soils under dry
climate than clayey soils under wet climate. Tleddfiexperiment showed that degradation
significantly depleted SOC stocks by 89% and Nlstdry 76% in sandy acidic soils at the
study site. The reduction of the stocks due to al#gion was accompanied by an increase
in soil bulk density, a decrease in soil aggrega#bility and concomitant decrease of
macro and micronutrients (e.g, Ca by 67%; Mn, 7T, 66% and Zn, 82%). SOC and N
stocks decreased sigmodially with a linear decr@aggass aerial cover. After two years,
the “Savory and fertilization techniques increase@C stocks by 6.5% and 3.9%,
respectively. At catchment level, degradation kedhigh spatial variability of SOC and N
stocks controlled primarily by soil surface chaeaistics, including grass cover, soll
surface crusting and secondarily by topography. G&don replenishment potential of

iv



degraded grassland catchment was estimated to6be @.ha', with clay-rich Acrisols
having a greater capacity to replenish SOC stdwds sandy Luvisols and Gleysols.

In conclusion, the results of this dissertationigate that degradation results in high
depletion of SOC and N stocks. However, rehabititathas the potential for carbon
sequestration and can lead to more sustainablslgnasecosystems.
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CHAPTER 1
1. INTRODUCTION

Soil organic matter (SOM) for which soil organicrlman (SOC) constitutes a major
proportion is at the heart of key functions in teerestrial ecosystem. SOM serves as a
source of energy for soil microorganisms. By bregkiown fresh SOM, soil organisms
input essential nutrients to soils that enhancatptaoductivity (Wardle et al., 2004).
Moreover, SOM serves as a filter and buffer fornsloal and biological contaminants in
the soil, thus controlling the quality of surfacedaground waters (Palm et al., 2007).
Lastly, SOM constitute a major reservoir of carlied500 Gt of SOC), three times as
much as in the atmosphere and in the terrestrgéte¢éion (Houghton, 2007). SOC plays
an important role in the global carbon cycle argbamted climate change. In this context,

any loss of SOC will have dramatic consequencescosystem functioning.

Grassland soils, which occupy about 40% of the dwrlland surface and store
approximately 10% of the global SOC (Suttie et 2005) are threatened by intensive
degradation (Lal, 2004). It is estimated that uB@8% of grasslands have already been
affected by degradation (Suttie et al., 2005). €hsrevidence that degradation results in
significant losses of stocks, especially in thestop(Daily, 1995; Lal, 2004), but this still
remains unexplored. For instance, in a Chinesealgrassland Wu and Tiessen (2002)
reported that degradation decreased SOC stocks3%y ®&hile a more recent study by
Dong et al. (2012) showed a decrease of 90%.

Yet, there is little information on the rate, fast@nd mechanisms controlling the depletion
of SOC stocks by degradation in grassland soilth w&ihost of key research questions
which remain to be answered:

- What is the impact of grassland degradation anghs in SOC and soil organic nitrogen
(SON) stocks and the quality of OM in degraded gjeas] soils?

- How best can the degraded grasslands be reladddito replenish associated soil stocks

and improve ecosystem functioning?

This thesis aimed to investigate these researcltiqus in the South African context,

while giving a broader perspective to improve ouderstanding of the effects of land
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degradation on SOC and nutrient dynamics, to eftteithe environmental controls and to
inform on grassland rehabilitation and soil stoglenishment.

For many smallholder farmers in South Africa, gi@asds make a significant contribution
to food security by providing part of the feed regments of livestock used for meat and
milk production (O’ Mara, 2012). However, large tgaof the communal rangelands,
especially in the foothills of the Drakensberg Mtains are being degraded (Figure 1.1)
due to an increase in the anthropogenic pressutBeoland and to poor land management
(Suttie et al., 2005). Figure 1.1 shows a degradeshmunal grassland in Potshini,
Drakensberg where there is no rotation of grazimga® In this study, the term
‘degradation’ refers to the depletion of SOC antriant stocks due to soil disturbances
including grazing, livestock trampling, soil erasiand land mismanagement, ultimately
impairing the soil fertility, productivity and coegquently reducing the capacity of
grasslands to carry out their key ecosystem funst{@aily, 1995; UNEP, 2007). The loss
of grass cover on these steep Drakensberg Mousitgies has resulted in the reduction of
soil water infiltration, increased runoff, soil arBlOC erosion (Everson et al., 2007;
Dlamini et al., 2011; Mchunu and Chaplot, 2012). #isch, grassland degradation is
jeopardizing both the environment and the econatewelopment of the rural livelihoods
because smallholder farmers not only lose landdbakd be used for crop production, but

also for livestock production (Everson et al., 2007



Figure.1.1 A picture of a communal rangeland in the Potsbaichment in the KwaZulu-
Natal Province, South Africa, showing differentdashegradation intensities.
The following four chapters in this thesis will adds these knowledge gaps and research

qguestions.

Chapter 2 provides a quantitative review to elueidhe impact of grassland degradation
on changes in SOC stocks and the main environmepotatols, worldwide. This was
based on a comprehensive meta-analysis conduadtagl 2& studies, with 630 soil profiles
from 131 temperate, sub-tropical and semi-aricssite compare SOC stocks in the topsoil
of non-degraded and degraded grassland soils.cHaigter which aimed at assessing the
Impact of degradation on SOC stocks and its maitofa of control has been submitted for

publication in Agriculture Ecosystem and Environinen

In chapter 3, the issue of land degradation impactSOC depletion is investigated in
South Africa in the Potshini communal rangelandthe foothills of the Drakensberg
Mountains in the KwaZulu-Natal province. The maibjeztive was to evaluate the
consequences of grassland degradation, i.e. threaserin grass aerial cover, on SOC and

SON stocks. The depletion in stocks was investiy&be grass aerial covers from 100%
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(Cov100, corresponding to a non-degraded grasslamd)0-75% (Cov75), 25-50%
(Covh0) and 0-5% (Cov5, corresponding to a headdgraded grassland). This chapter

has been accepted for publication in Geoderma.

Chapter 4 investigates the effect of grassland bigtaion techniques on the same
communal rangeland and the replenishment of botl® 8@d SON stocks. A technique
(“Savory”), which involves short-duration (5 daysay’), high intensity grazing (1200
cows h&) and followed by livestock exclusion for 362 dawss compared to five
common grassland rehabilitation strategies: (1dlitienal communal free grazing; (2)
livestock exclosure; (3) livestock exclosure + wipsllage; (4) livestock exclosure + NPK
fertilization (2:3:3, 22 at 2 t hY; (6) annual grassland burning. This chapter is in
preparation to be submitted for publication in Ceoaa.

Finally in chapter 5, the spatial variation of b@hand N stocks due degradation and its
replenishment potential were assessed in an gntyr@zed catchment. This chapter has
been submitted for publication in Geoderma.

During the course of this work, additional informoat was collected at the study site in
which accrued results have been published in thlewimg peer reviewed scientific
publications (Appendix):

Dlamini, P. Chivenge, P. Manson, A. Chaplot, V. 20lland degradation impact on soil
organic carbon and nitrogen stocks of sub-tropluainid grasslands in South Africa.
Geoderma235-236:372-381.

Dlamini, P and Chaplot, V. 2012. On the interpaatiof volumetric water content in
research catchmen®hysics and Chemistry of the Ear80-52:165-174.

Dlamini, P. Orchard, C. Jewitt, G. Lorentz, S. f@h, L. Chaplot, V. 2011. Controlling
factors of sheet erosion under degraded grasslarttie sloping lands of KwaZulu-Natal,
South Africa.Agricultural Water Managemen®8:1711-1718.



CHAPTER 2
2.  ASSESSMENT OF THE IMPACT OF GRASSLAND
DEGRADATION ON SOIL ORGANIC CARBON STOCKS AND
CONTROLLING ENVIRONMENTAL FACTORS: A META-
ANALYSIS

Abstract

Grasslands occupy about 40% of the world’s lanéasarand store approximately 10% of
the global soil organic carbon (SOC) stock. ThisCS@ol, in which a larger proportion
(ca 60-70%) is held in the topsoil (0-0.3 m), igosgly influenced by grassland
management. Despite this, it is not yet fully ustl@od how grassland soils respond to
degradation, particularly for the different envinoental conditions found globally. The
objective of this review was to elucidate the intpafograssland degradation on changes in
SOC stocks and the main environmental controls,ldwade. A comprehensive meta-
analysis was conducted using 29 studies with 630psofiles from 131 temperate, sub-
tropical and semi-arid sites, to compare SOC stackhe topsoil of non-degraded and
degraded grassland soils. Grassland degradatiaiiisamtly reduced SOC stocks by 16%
in dry climates (<600 mm) compared to 8% in wemeies (>1000 mm). The depletion of
SOCstock induced by degradation was more pronouncednay (<20% clay) soils with a
high SOC depletion of 10% compared to 1% in cla@ge82% clay) soils. Furthermore,
grassland degradation significantly reduced SOQ4#% in acidic (pH< 5) soils, while
SOC changes were negligible for higher pH. Degiadataused SOC losses of up to 14%
in C3 grass species compared to 4% pgéasses. Given that 30% of grasslands worldwide
are degraded, the amount of SOC likely to be lostulds be 4.05 Gt C with a 95%
confidence between 1.8 and 6.3 Gt C (i.e. fromt®.2.2% of the whole grassland soil
stock). There is, therefore, considerable potemiiat changes in SOC stocks induced by
grassland degradation will have a significant impgat SOC dynamics in such soils with
positive feedbacks to the atmospheric C pool. Theselts have implications for grassland
management and underscore the need to establisictiesf rehabilitation strategies
especially in heavily degraded grasslands where S0¢ks are highly vulnerable to SOC
depletion.



Keywords: SOC stocks; spatial variation; controfjirfactors; grasslands; grassland
degradation



2.1 Introduction

Soll is the third largest reservoir of carbon (@xnto the lithosphere and the oceans.
Globally, soil contains about twice the amount ah@he atmosphere and more than three
times in above-ground biomass (Batjes, 1996; Batjes Sombroek, 1997; Jobbagy and
Jackson, 2000). Historically, terrestrial C poolsave been largely depleted by
anthropogenic activities such as deforestatiolage@ and overgrazing (Lal, 2004). It has
been widely argued that a shift in land use or lara@hagement in agroecosystems could
potentially sequester as much as 30 to 40% organiack into the soil (Lal, 2004). A
meta-analysis of 74 studies by Guo and Gifford 20€eported that conversion of
croplands to grasslands could result to SOC gdiri®%, while a global analysis of 115
studies by Conant et al. (2001) estimated much id&®@C gains varying from 3 to 5%.
Under degraded croplands in the Highveld regionSotith Africa characterized by a
temperate climate, with 6 to 8 months dry spelleger et al. (2010) indicated that
consideration of the initial level of degradatioasnmportant, as they observed 30% SOC
stock gains (i.e. 300 kg C hayr') when less degraded croplands were converted to
grasslands to as much as 70% (i.e. 500 kg ©yhd) for heavily degraded croplands. The
variable response of SOC stocks to shifts in lasel may be related to environmental
factors including precipitation as shown by Guo &ifford (2002), who reported greater
SOC gains in areas receiving low mean annual ptatgn (<500 mm) than in areas

receiving high mean annual precipitation (>500 mm).

The cessation of tillage practices in agroecosystbéas been shown to increase SOC
stocks. Six et al. (2002) found that the no-tillageroplands increased SOC stocks by an
average of about 325+113 kg C*ha™ irrespective of the climatic conditions (tropical
temperate). A review of 140 comparative studiesremang the impact of tillage on SOC
stocks by Baker et al. (2007) similarly found sfgraint enrichment of SOC in no-tilled
soils, but only in the 0-0.3m topsoil layer. Intiegly, there were no significant
differences in SOC stocks between tilled and reetitoils when the entire soil profile (top
1m of the soil) was considered. Indeed, it has besgued that because of such
discrepancies in the results, the actual SOC saaqties potential of soil remains largely

uncertain (Powlson et al., 2011).



Grasslands cover about 40% of the world’s landaserf(Suttie et al., 2005) and store
approximately 10% of the global SOC stock of 1,580 (Lal 2004; Batjes, 1996).
Grasslands are an essential component of the hibgeucal cycle and provide key
ecosystem goods and services (Suttie et al., 2008, 2010). Grasslands including both
pastures and rangelands support biodiversity amdised extensively for the production of
forage to sustain the world’s livestock (Asner ket 2004; Bradford and Thurow, 2006).
Not only is the SOC pool in grassland soil critidal climate change, but it yields
important feedbacks to soil fertility, plant prodivuity, soil aggregate stability, water

holding capacity and overland flow regulation (Soadk et al., 1993; Lal, 2004).

It is estimated that up to 30% of grasslands waddwhave been affected by grassland
degradation (Suttie et al., 2005). So far, thetinadaeffect of degradation on SOC stocks
has been difficult to predict because of the pgueftdata (FAO, 2010), particularly in
grassland soils. Because a greater proportion §e€2066) of the SOC stock is held in the
top 0.3 m of the soil (Gill et al., 1999), it hasem postulated that grassland soils could be
highly sensitive to, and strongly vulnerable to sgtand degradation than previously
thought.

Interestingly, depletion of SOC stocks in grasslaais has been shown by many studies
to be largely affected by grazing. However, grazffgcts on SOC stocks have been found
to be highly variable with some studies showingegrdase in SOC with grazing, for
example, Martinsen et al (2011) found that SOCkstateclined by 84% after 7 years of
grazing in Norway, with 0.76 kg C frin ungrazed compared to 0.64 kg G in heavily
grazed grasslands. Steffens et al. (2008) found 3Bayears ofgrazing in semi-arid
Mongolian grasslands resulted in a 55% decreas®0i€ stocks, with 0.64 kg C fin
grazedcompared to 1.17 kg Cfrin ungrazed grasslands. Franzluebbers and Stuedeman
(2009) observed that 44% of SOC stocks were last &P years of grazing, with 0.051 kg
C m? in heavily grazed compared with 0.117 kg G mnder ungrazed grasslands. In
contrast, some studies have shown that grazingtsesu an increase in SOC stocks
(Smoliak et al., 1972; Bauer et al., 1987; Franklet1995 and Derner et al., 1997), while
others have reported no difference in SOC stodies gfazing (e.g. Johnston et al., 1974;
Domaar et al., 1977). These contradictory findirdgsmonstrate that the underlying

processes affecting the response of SOC stockgasslgnd degradation are not well
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understood. Thus, there is a need to study grasslagradation over a wide range of

environmental and management conditions.

SOC losses due to degradation are dependent omteghire. A number of studies have
shown that fine-textured soils relatively have ¢re&OC stocks than coarse textured soils
(Hassink, 1992; Hassink, 1997; Bird et al., 2008 Bnye and Kuric, 2003). However, the
effect of grassland degradation in soils differimgtexture is largely unknown. In a
previous study, Parton et al. (1987) using 560 pwfiles showed that SOC stocks and
soil texture were correlated, with SOC stocks great fine textured soils than sandy
textured soils. Across two degraded grassland sotls contrasting texture in the USA,
Potter et al. (2001) found that grassland degradateduced SOC stocks by 41% in
coarse-textured than fine-textured soils. Clayelg $@mve a greater stabilizing influence on
SOC than sandy soils, probably due to a large smrbaea, which form stable organo-
mineral complexes that protect C from microbialateposition (Feller and Beare, 1997,
Six et al., 2000). Soil texture may interact andcbaefounded with other environmental
factors such as climate, which may profoundly affe©C depletion in grassland soils
(Feller and Beare, 1997). Climate can impose caimf on the processes that control
SOC stabilization, which may result in differentadges of SOC under different
environmental conditions (Virto et al., 2012). Ireview of 12 studies totalling 22 data
points, Conant and Paustian (2002) identified maanual precipitation (MAP) as the
main factor controlling C sequestration in degradeaksslands. Since the publication of
this review, studies covering a wider range of emwnental conditions have become
available, thus allowing a robust evaluation of impact of not only climate, but also,
altitude and soil properties, time and grass typevé C,) and their likely interactions on

SOC dynamics.

Because the response of soils to grassland degradsexpected to vary from site to site,
the main objective of this review was to assessl|ével of SOC stock depletion in

grassland soils worldwide and to identify the manvironmental factors of control. This
study considered analytical data from 621 soil ifgefgathered from 55 studies in tropical,
temperate and semi-arid grasslands globally.



2.2 Materials and Methods
2.2.1 Literature search and database construction

An exhaustive literature search was conducted usiniine search engines (Google
Scholar, I1SI Web of Knowledge) and electronic lmghaphic databases (Science Direct,
Springerlink). The key words that were used to deahe literature were SOC, C
sequestration, soil C storage, C depletion, graamdgrasslands. The studies had to meet
specific criteria to be included in the data sed arclude those that, i.e.: (1) reported the
concentration of SOC expressed as percent of thegoil mass (%) or g C Kgand the
soil bulk density §y); (2) reported SOC stock, which is the quantitgafbon per unit area
expressed in kg C fror kg C h& (Equation 1); (3) determined SOC by dry combustion
using the C and N elemental analyzer or the Walklay Black oxidation method.

SOG, = X, X X, XX, (1—%) (1)

where S@; is the C stock (kg C #); x1 is the C concentration in the <2 mm soil material
(g C kg" soil); x, is the soil bulk density (kg 1); xs is the thickness of the soil layer (m);

X4 IS the proportion (%) of fragments of > 2mm.

A quantitative database was then established ielexased on the published literature
(Table 2.1). The following environmental site chaeasistics were, when available,
extracted from the research papers: altitude akeadevel: Z; mean annual precipitation:
MAP; mean annual temperature: MAT; latitude: LATLAY, SILT, SAND: clay, silt,
sand content in the topsoil; bulk densipy:and sampling depth. When not reported, the
information was gathered from global assessments) as the WORLDCLIM database
with a spatial resolution of 30 arc seconds (appnaxely 1 km) for MAP and MAT
(Hijmans et al., 2005), and the global digital eleen model of the U.S Geological Survey
with a spatial resolution of 30 arcs seconds forrrate morphology
(http://eros.usgs.gov/#Find_Data/Products_and_Datail#ble/GTOPO3p The global

land cover database (Figure 2.2) of the Internati@eosphere Biosphere Program at 1 km

x 1 km spatial resolution was used for the classiion of grassland areas globally (IGBP,
1998).
Environmental conditions were summarized by the Ibemof categorical variables as

described in Table 2.6: Degradation intensity whksssfied into three classes: lightly
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degraded (exhibit a small decline in grassland pebdty and retaining full potential for
recovery), moderately degraded exhibiting a reduactin grassland productivity and
amenable to restoration), heavily degraded (exhipia substantial reduction in grassland
productivity) following Daily et al. (1995). The deadation classes are roughly
comparable to those defined in the soil surveyamhesite. Degradation intensity refers to
the level of disturbance as specified by the astlufrthe source literature, which were
classified into three categorical degradation éaskeavy moderate and light. Soil texture,
which was classified into three categorical teXtatasses: sand (<20% clay), loam (20-
32% clay) and clay (>32% clay) based on the tekttrrangle (Shirazi and Boersma,
1984). Soil pH which was classified into three gatécal pH classes: strong acidib|,
weak acidic to weak alkaline (5-7) and strong atlea>7). MAP, which was divided into
three precipitation classes: dry (<600 mm), inteti@e (600-1000 mm) and wet (>1000
mm) following FAO guidelines for agro-climatic zowy (Fischer et al., 2001). Grass type,
which refers to the type of grasses dominant inctvamunity, was classified into three
categories: g C, and mixed G-C,depending on the authors’ classification (McSharmg
Ritchie, 2013). Studies were classified into shertn (<10 years) and long-term (>10

years) according to the duration of the study psnted in the literature.

Given that various studies reported SOC for difiemoil surface layers (e.g. from 0.05m,
Dlamini et al., 2011, to 0.30 m, Maia et al., 2Q089pG; data were transformed into SOC
density (SO@) (Equation 2) following Sombroek et al. (1993) aBdtjes (1996) to
facilitate comparison among the results. The amahss further restricted to the 0.30 m
topsoil layer since that depth increment contaims highest (70%) stock of SOC in
grassland soils (Gill et al., 1999), and potentidlas the strongest response to grassland
degradation. SOgin kg C m® allowed for comparison of SOC stocks in horizond soil

layers with different depth increments (Equation 2)

The density of SOC in the topsoil was calculated as

1
= X — (2)
SOG =SO0G X,

where SOG is the SOC density (kg CH SOG is the SOC stock (kg C finand x is the

thickness of the soil layer (m).
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The database on SOC stocks in grasslands conté@R&data points from 45 study sites
across the world originating from semi-arid, tengper and tropical grassland
environments. The geographical distribution of da¢a was as follows. A majority of the
studies came from North America (38%), Europe (22&6)d only a few from Africa
(16%), South America (7%) and New Zealand (4%). §hegraphic distribution of the
study sites included in the review is depicted iguFe 2.1. The database consisted of
SOG;, SOG, MAP, MAT, Z, LAT, LONG, py, SAND, SILT and CLAY. The grassland
sites exhibited a wide range of environmental comas (Table 2.2). Mean annual
precipitation ranged from 240 to 2000 mm, with arerage of 960 mm, while MAT
ranged from -1.6 to 22°€, with an average of 1. Altitude ranged between 10 and
2721 m, with an average of 847 m. Soil texture leixddl substantial variations with CLAY
ranging from 3 to 85%, while SILT and SAND rangeoni 3 to 73% and from 2 to 81%,

respectively.
2.2.2 Determination of grassland degradation impact on SG stock

In order to investigate the potential change in §@@uced by grassland degradation, a
subset of studies that examined SO both degraded and non-degraded grasslands were
extracted from the original database of 628 SOQ dmtints. In this study, the term
‘grassland degradation’ refers to the depletionS@IC stocks due to soil disturbances
including grazing, livestock trampling, soil erasiand land mismanagement, ultimately
impairing the soil fertility, productivity and coegquently reducing the capacity of
grasslands to carry out their key ecosystem funsti@aily, 1995; UNEP, 2007). It was
necessarily assumed that all “non-degraded grasslaeferred to in the source literature
are largely grasslands that had experienced minimab soil disturbance, although it is
recognized that non-degraded grasslands are likelge genuinely pristine. Degraded
grasslands include grasslands disturbed by grazaigerosion and land mismanagement.
The effect of grassland degradation on SOC stoas @ompared among the studies by
using the change in the SOC stock as a resultadstand degradation relative to initial

value of the SOC stock. This variable (S§¥was calculated as follows:

- SOCD—ND B SOG—D xloo (3)
SOC-ro

SOGc
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where SOGc is the change in SQC SOG.np is SOG in the non-degraded grassland
grasslands and S@G is SOG in degraded grasslands. An assumption was matéhea

level of degradation considered in these studies wmaaccordance with what was
commonly found in the site. Since this variable (®Pcan now be compared between
different sites, a meta-analysis was performedciwimcluded other environmental factors
(mean annual precipitation, mean annual temperasoietexture, grass type, soil pH and
grazing intensity). Twenty-nine studies met thestemga, representing 218 comparative

sites reporting SOC stocks in both degraded todegraded grassland soils.

2.2.3 Statistical analysis

Statistical analysis was performed on the 628 data First, the basic statistics was
computed and this included minimum, maximum, meaedian, variance, standard
deviation, skewness, 9Fuartile and 78 percentiles, kurtosis, standard error (SE) and
coefficient of variation (CV). Second, a correlatimatrix was applied to the data set to
identify the univariate relations between the SQGclss in grassland soils and the
environmental factors. Third, a principal componanalysis (PCA) was applied to the
data to identify the multiple relationships betweS©®C stocks and the controlling
environmental factors using STATISTICA 7.0 (StatSdfc., Tulsa, OK). A PCA is a
statistical tool for data analysis, a dimensiogalieduction technique that identifies
structure in large sets of correlated multivariata (Webster, 2001). Beyond that,
multiple regression analysis was applied to thea datmodel and spatially display the
influence of grassland degradation on $@@d SOGc.

2.2.4 Meta-analysis

The data was analyzed using MetaWin 2.1 softwarséRberg et al., 2000). The meta-
analysis was used to determine the mean effeataskiand degradation on SOC stocks in
grassland soils. The natural log (InR) of the resgoratio was used as an effect size for
the meta-analysis. The natural log linearizes thagrim by treating deviations in the
numerator and denominator the same and also pvidge normal sampling in small
samples (Hedges et al., 1999). The response ra® calculated as the ratio of SOC

between degraded and non-degraded grasslandsthsifglowing equation:
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r = Xel Xc (4)

Where Xe is the mean for the treatment and Xc & ittean of the control group
(Rosenberg et al., 2000). A resampling based orP 48%btstrap samples was used to
generate the mean effect size of each categoraréhle and 95% confidence intervals.
The bootstrapping technique was used to generatfiddeace intervals on the mean effect
size of the whole data set and for each categovenragdble. The number of iterations used
for bootstrapping was 4999 (Rosenberg et al., 20G0@assland degradation effect on a
response variable was considered significant i confidence interval did not overlap
zero. The means of categories were consideredisamtly different if their 95 confidence
intervals did not overlap 0 (Hedges et al., 1999¢ta-analysis was performed using a
non-parametric weighting function and confidenctenvals (Cls) were generated using
bootstrapping. Effect sizes were weighted by replon. For ease of interpretation the
response ratio was transformed to percentage. Theszentages represent the mean

percentage change for a given site that has begadkd.
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2.3 Results and Discussion
2.3.1 Global distribution of SOC stocks in grassland sod

SOC content (SO ranged between 0.2 and 293 g C'kygith a coefficient of variation
(CV) of 115%. The average SQGn the topsoil of both degraded and non-degraded
grasslands worldwide computed from 625 observatieas 34.9 g C Késtandard error ()
1.6 g C kg' (Table 2.3). SOC stocks (S@Canged between 0.1 and 38.8 kg G, with

an average of 5.0+0.2 kg C‘mSOC density (SOE) ranged from a minimum of 0.7 kg C
m3, reported by Baisden and Amundson (2002) for sdadsy grassland soils under a
Mediterranean climate (hot, dry summers and coet, winters) in USA to a maximum of
194.0 kg C nf reported by Schipper et al. (2007) under a tentpecimate, with a
latitudinal gradient of 36-46 in New Zealand grassland soils. The average ;S@&
32.2+ 1.3 kg C i with a CV of 88%, suggesting that SOC stocks gaially highly

variable in grassland soils worldwide.

SOG were found to be highest in temperate regionsufei@.3). This trend of greater
SOC stocks in temperate climates can be explaigetid lower average temperatures in
this region, which slows the rate of decompositibance accumulating SOC as pointed
out by Davidson and Janssens (2006). SOC stocke alsp found to be high in the
lowland areas of the humid tropics. Greater SOCkston humid tropics could be
explained by generally faster turnover of soil miganatter and enhanced decomposition
due to the higher moisture regimes (Trumbore, 19883t et al. (1982) observed that the
higher annual precipitation in the humid tropicgdars high biomass production which in
turn increases C inputs into the soil. The lov&3C stocks were observed in arid to semi-
arid grassland soils. This trend of lower SOC stoak semi-arid to arid grassland
environments may be explained by the low rainfalloants which decrease biomass
production and organic matter decomposition, theducing C inputs into the soil
(Amundson et al., 1989; De Deyn et al., 2008).
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2.3.2 Relationship between SOGtocks and selected environmental factors

MAP and MAT

The climatic variables, MAP and MAT explained muchthe variability of SOg in
grassland soils worldwide. Correlation matrix (Teahk2.4) showed that SQ@Cwas
correlated positively with MAPr(= 0.20; P < 0.05), LONG ( = 0.39;P < 0.05) and
correlated negatively with LATr (= -0.20;P < 0.05) and Zr(= -0.20;P < 0.05). Further
insights on the relationship between SQfe selected environmental factors was explored
using a PCAFigure 2.4). The first two axes of the PCA gerstatising data from non-
degraded grasslands only (Figure 2.4A), explaingi of the total data variation within
the data set. The first PCA axis (Axis 1), whiclt@amted for 41% of the variance was
positively correlated with MAP and MAT and negatiweorrelated with LAT. Axisl was
thus, interpreted as an axis“tfopicality” which is defined as “the quality characteristic
of the tropics”, with MAP and MAT increasing as LAJecreases. The second PCA axis
(Axis 2) which accounted for 31% of the varianceswaorrelated with Z, and was
interpreted as an axis of elevation. While S{eemed to be somewhat slightly correlated
to altitude, indicating that there was a tendenoy $O0y to increase asropicality
increased and altitude decreased. This sugges$tS®@ia, was greater in the lowland areas
of the humid tropics. The other scatter diagramwshm figure 2.4B which accounted for
Axis 2 and Axis 3 revealed that SQ@as opposed to MAT, suggesting that there was a

tendency for SOgto increase as MAT decreases.

Such an impact of climatic factors (MAP and MAT) the spatial variation of SQCn
grassland soils is consistent with classical stuti@sed on soil-forming factors (Jenny,
1941). Based on a comprehensive analysis of 27D@mdiles, Post et al. (1982) found
that SOG increased with increasing MAP and decreasing MBiKewise, Jobbagy and
Jackson (2000) found that S@dncreased with precipitation and decreased with
temperature. Therefore, climate exerts a strongrabon the amount of SOC stocks in

grassland soils.
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Altitude.

The distribution of the SOCin grassland soils was also found to be related @® = 33, p

< 0.01). The complementary multivariate analysisciwrexplained 72% of the variability
of SOC stocks in grassland soils showed that tissiendency for SOpto increase as the
altitude decreased (Figure 2.4). This increasinfjepa of SOC stocks at low altitude
grassland regions is corroborated by results oti@dfausas et al. (2007) in the Pyrenees
mountain grasslands of Spain, who reported high@C Sstocks at lower altitudes
compared to lower SOC stocks at higher altituddseyTsuggested that the lower SOC
stock at higher altitudes was a result of the lo&TVconditions ranging between -6
and 5C, which limited net primary productivity. Along aaltitude gradient varying
between 1665 and 2525 m.a.s.| across a Swiss ajpassland, Hitz et al. (2001) found
that C inputs and root turnover times decreasdh, mtreasing altitude.

The direct interactions between cold temperatusaser logging conditions and substrate
quality, the combination of which favours soil ongamatter accumulation (Hobbie et al.,
2000; Grosse et al., 2011; Baumann et al., 20085tl¥; the low temperatures in the high
latitude cold regions slows the rate of decompasjtthus accumulates C into the soil.
Secondly, the poorly drained soils in altitude o&gi restrict the decomposition of organic
matter due to the lack of oxygen for soil organisifisirdly, grassland regions contain a
substantial fraction of substrate quality that deposes slowly, making it not to be readily
incorporated into the soil (Hobbie et al., 2000).

Soil texture

SOG in grassland soils were found to be significarghysitively correlated with soil
texture, specifically CLAY(r = 20, P < 0.05). This observation accords with results
obtained from other studies that have shown tinat textured soils have a greater capacity
to stabilize SOC than coarse textured soils. H&sgif92) in the topsoil layer of various
grassland sites in the Nertherlands found thateglapils had on average higher SOC (101
g kg") compared to 60.2 g Kgin sandy soils. For similar neighbouring Dutchsgtand
soils, Hassink (1997) soils found higher SOC (&) in fine-textured soils (<10 g Ky
than in coarse textured soil. Garcia-Pausas €2@07) found higher SOC (93.9 gKgin
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silty loamy soils compared to 60 gkin sandy soils in the Pyrenees mountain grasslands
of Spain. Bird et al. (2000) found on average aftlbincrease in SOC in clayey soils
compared to sandy soils in a tropical grasslantliisaZimbabwe (19.7%s 7.26 g k).

Brye and Kucharik (2003) across two grassland sapbchronosequences in the USA
found in average higher SOC (26.4 g'kdn fine textured soils compared to 8.9 g'kg
coarse textured soils. Greater SOC stocks in értuted soils compared to coarse textured
soils has been corroborated by (Parton et al., )128W is attributed to the interaction of
SOC polymers with clay surfaces and the effectiadibzation of SOC by clay and silt
content, consequently protecting organic mattemfiiecomposers (Six et al., 2002). In
addition, SOC is generally retained much more iffity in clayey soils because of their

higher nutrient and water holding capacities (Sl et al., 1996).
2.3.3 Degradation impact on SOC stocks

Overall, the mean effect size of changes in SOCkstinduced by grassland degradation
for all 131 direct comparisons from 29 studies v, with a 95% confidence interval of

-14% to -4% (Figure 2.5). The meta-analysis rewkdtat changes in SOC stocks were
affected by the intensity of degradation, with S&Qcks being significantly reduced when
the grassland was heavily degraded. Grassland digra significantly reduced SOC

stocks by 13% in heavily degraded soils and by @%ghtly degraded ones (Figure 2.5).

Such a result suggests that minimizing the intgnsit degradation can decrease the
depletion of SOC stock by 6%. The initial leveld#gradation has been shown to affect
the C sequestration potential of grassland soifsa ltemperate soil, characterized by
different intensities of degradation, Preger et(2010) found SOC stock gains of 30%
after the conversion of lightly degraded croplandsgrasslands and up to 70% when

heavily degraded croplands were converted to gradsl
2.3.4 Impact of controlling factors on SOC stocks depletin
Grassland degradation reduced SOC stocks in gnassails, although the effect size

varied with degradation intensity, soil textureil g, climatic factors (MAP and MAT),

duration and grass type.
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MAP, Changes in SOC stocks induced by grassland degradatere found to be
significantly correlated with MAP (Figure 2.8), witareas receivingc600 mm MAP
showing a greater decline in SOC stocks (-16%) #raas receiving 600-1000 mm MAP
(-1%). These results are also corroborated by Binpga and Diaz (2010) who
investigated the soil degradation level at eighessi(469 topsoil samples) along a
Mediterranean precipitation gradient varying fro#020 1100 mm yt in southern Spain.
They found that grassland degradation significargiyuced SOC stocks by 18% in dry
climates compared to wet climates. The higher S@Cks in areas receiving high MAP
(1100 mm yr') was shown to be related to higher carbon inpsts aesult of increased
aboveground plant biomass which enhanced ecosystaimlity by mitigating soil
degradation. Below a threshold MAP value of 550 giih they found that plant biomass
was no longer associated with higher soil moisttwatent, but was dependant on the
chemical and physical properties of the soil. Tésults of this meta-analysis are also in
agreement to an early review of 22 studies examitiie SOC sequestration potential of
degraded grasslands worldwide by Conant and Paug®02), who observed that mean
annual precipitation was the main factor contrgllsoil carbon sequestration in degraded
grasslands. Similar to the results obtained in thita-analysis, Conant and Paustian
(2002) found that grassland degradation led tceatgr depletion of SOC stocks under dry
climates (<333 mm). In contrast, they reportedeatgr SOC sequestration potential of up
to 93% for grassland sites in wet climate$§00 mm yi'). Greater SOC stocks under wet
climates can be attributable to the high produstiaf grasslands in wet environments,
which allocate a high proportion of C below groy@uo and Gifford 2002; Jobbagy and
Jackson, 2000). On the other hand, grasslandisadsy climates do not receive adequate
C inputs owing to the low precipitation to repldnithe SOC lost through grassland

degradation.
Solil texture

Meta-analysis revealed that grassland degradatash &h significant negative effect on
coarser textured than clayey textured grassland @eigure 2.6). On average, grassland
degradation resulted to a 12% decline in SOC stotksamy soils (20-32% clay), 10% in
sandy soils (<20% clay) and there was a negligiffiect (1%) in clayey soils$>G2% clay).

A comparable response of loamy and sandy soilsokasrved, however, the difference
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was not significant. The correlation of SOC and sexture corroborates most previous
studies on grassland soils, which have indicatatl ghassland degradation depletes SOC
more in coarse textured soils. For example, Petted. (2001) who examined the impact
of grassland degradation on SOC stocks across égrmaded grassland soils with strongly
contrasting soil textures in the USA found that rdelgtion significantly reduced SOC
stocks by 41%, with 56.7 t Han coarse textured compared to 95.7 t mafine-textured
soils.

Not only can intensification of degradation leadsignificant depletion of SOC stocks, but
it can induce shifts in the distribution of soiktere. A recent study examining the effects
of grassland degradation on soil quality in thedDaa-Tibetan Plateau in China by Dong
et al. (2012) found that grassland degradatiortdeal shift in soil texture from loamy soils
(40% sand, 40% silt and 20% clay) towards sandgnjoaoils (60% sand, 30% silt and
10% clay) along a degradation gradient from nonaded to heavily degraded grasslands.
One possible mechanism explaining such a shifbihtexture could be large amounts of
the nutrient-rich surface material being removediarnheavily degraded soils, thus
exposing the subsoil. They postulated that thist sbivards more sandy textured soils

induced reductions in the C storage capacity oktie

The limited effect of grassland degradation ondbpletion of SOC stocks in clayey soils
can be explained by several reasons. Clay parte$ssciate with organic compounds,
thereby contribute to the formation of stable omamneral complexes (Six et al., 2002).
These stable complexes are an important mechahasieiads to the stabilization of SOC
through physical protection against decompositiamn (Lutzow et al., 2006). Clay-sized
particles also have greater reactive surface avdash provide greater capacity to
chemically stabilise SOC and form building blocks figgregates, thereby increasing
physical protection of SOC by occlusion in aggregaespecially micro-aggregates (Feller
and Beare, 1997; Six et al., 2000). Furthermorés sath high clay content have been
shown to have better water holding capacity andtration rates, which might stimulate
biomass production and consequently increase Ctsnpto the soil (Burke et al., 1989;
Schimel et al., 1994). The greater depletion of SDCks in coarse textured soils may be
related to that the initial SOC levels are low lege soil conditions such that grassland

degradation causes greater proportional losse®@f. S
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Soil pH

Across all comparisons, changes in SOC stocks gresaer in strongly acidic soils (that is
soils with a pH<5). On average, grassland degralateduced SOC stocks by 14% in
acidic soils (Figure 2.7)Several studies have shown that soil pH influersmekcarbon
dynamics via decomposition of soil organic mattotavalli et al., 1995; Andersson and
Ingvar Nilsson, 2001; Aciego Pietri and Brookes)&0as well through the hydrolysis and
protonation processes. The protonation procesdategusolubilization and complexation,
which affect the stability of soil carbon via sagot and desorption of SOC on mineral
surfaces (van Bergen et al., 1997). The level o€3bcks at low pH is due to a number
of factors, including microbial activity and assateid rates of organic matter
decomposition (Andersson and Ingvar Nilsson, 208diego Pietri and Brookes, 2008).
Motavalli et al. (1995) suggested that under acsdits the decomposition rates of freshly
added organic material is reduced, which might &xpihe lower SOC stocks. According
to Janssens et al. (2010) soil acidification issidered to be a stabilization mechanism
because it reduces decomposition of plant littek smil organic matter. Given that soil pH
is crucial to enzyme functioning, soil acidificaticcould have detrimental effect on

microbial activity and thus decomposition of SOMr{dsens et al., 2010).

Another possible explanation could be that at loW gH, base cations such as Ca, K and
Mg are weakly bound to the soil (Berthrong et a009). Jobbagy and Jackson, (2003)
found that a greater decline in pH was associatdtlasses of exchangeable base cations,
particularly Ca. Under heavily degraded grasslandzhina, Wu and Tiessen (2002) found
that grassland degradation significantly reduces dation exchange capacity (CEC) by
18% and a decline in CEC could trigger irreverst®e{@C and nutrient losses (Jobbagy and
Jackson, 2003). The loss of SOC lowers nutrientlawlity and CEC, this could then
lower biomass production (lower vegetative growthijch, overtime may lower organic

inputs thereby lowering SOC.

Interestingly, there was no significant effect dfanges in SOC induced by grassland
degradation stocks faoils with a pH ranging between 5 andThe limited impact of
grassland degradation on SOC stocks in soils wiiHaranging between 5 and 7 is in

agreement with Dong et al. (2012) who found thaisgland degradation did not alter the
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SOC stock of soils with pH varying from 6.5 to T0a Chinese grassland soil. However,
Mchunu and Chaplot (2012) found that grasslandatkgion reduced SOC stocks by 63%
in acidic soils (pH = 3.84) of a South African daded grassland.

Study duration

The effect of grassland degradation on SOC stocks faund to be greater in the short
term (<10 years) than in the long term (>10 yeatsidies. In the short term studies,
grassland degradation induced a 12% reduction i@ Stocks compared to 5% in long-
term studies (Figure 2.9). Such a difference irrtshind long term changes in SOC stocks
could reflect a situation where the system equilior has not been attained in the short

term while in the long term the equilibrium has heeached.

Grass type

The depletion of SOC stocks were found to be rdldatethe different photosynthetic
pathways of @ grassegadapted to cool-season conditions) andgfasseqgadapted to
warm-season conditions). Grassland degradationfisemtly reduced SOC by 14% inzC
grasses and by 5% in,Grasses (Figure 2.10). This is consistent withcamereview by
McSherry and Ritchie (2013) which found that grgzsmgnificantly reduced SOC by 18%

in C3 grasses.

The main factor responsible for the different resmof Gand G grasseso SOC losses is
grazing intensity (McSherry and Ritchie, 2013). fimg strongly affects SOC loss in
grassland through defoliation (Bargett and Ward@)3). The influence of grazing on the
C cycle has been shown to be greater where hegbikias induced changes in the
functional composition of plant communities (Chapinal., 1997). Grazing may modify
the functional group composition by altering théatige abundance of £and G grass
species. Grass species with these distinct phatostyn pathways differ markedly with
their functional attributes, including C, nutrierdnd water use characteristics.
Consequently, the relative proportion afddbd G grasses has the potential to influence the
amount and dynamics of SOC stocks because of ttebudy in the quality and quantity
of their C inputs, and SOC losses (Derner et 8062 De Deyn et al., 2008).
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Grass species characteristics regulate SOC sttmagentrolling C assimilation, transfer
and storage in belowground biomass and its reldaseigh soil respiration (De Deyn et
al., 2008). The depletion of SOC in degraded gaasid is largely influenced by the
difference between inputs via plant litter and éssghrough decomposition, and therefore
is expected to differ significantly between grapscies. Using isotope signature '8¢,
Frank et al. (1995) investigated the effect of gemin grass species from gtasses to £
grasses in moderately and heavily degraded grakslan increase in total SOC of
approximately 20% was observed fof gtass species in moderately degraded grasslands,
while C, grasses in heavily degraded grassland were assoeigih an increase of 24% in
total SOC. They suggested that the dense shallotvsystem of ¢grasses increases C

inputs belowground, and thus maintains high SOE€l&w the soll.

Derner et al. (2006) found that the above-groumuniaiss of @grasses was 44% lower in
degraded than in non-degraded grasslands, whileeatpound biomass of {grasses was
76% lower in degraded than in non-degraded gragslah higher aboveground biomass
should therefore generate higher SOC inputs oriigigdrom the plant litter. Grass species
that have a higher aboveground biomass have aegreaidency to sequester SOC in the
soil, which may contribute to better maintenanceeobsystem services such as plant
productivity, soil fertility and increased soil aggation (Conant et al., 2001). The
preservation of SOC stocks in grassland soil igiafbbecause increased SOC stocks will
limit soil degradation and ensure long-term sustaiiity of grasslands (Conant et al.,
2001).

In loamy soils of the Qinghai-Tibetan Plateau inir@h Dong et al (2012) found that
grassland degradation resulted in an increase grassesl(. Virgaureg and a decrease in
C, grassesKobresia capillifolig. This change in grass species composition reded
accumulation in the soil. {&and G grassesave different C allocation strategies, therefore,
an increase in £grasses and a decrease ingtasses will result to lower SOC stocks
because £grasses have a higher root-to-shoot ratio andeyrét@nsfer of photosynthate
belowground (Frank et al., 1995; Reeder et al.4200

In grasslands, the intensity of degradation calsss of grass species diversity which

ultimately affects C storage in the soil, and thechanism of this loss has been explained
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by Klumpp et al. (2009), who proposed that depemdin the intensity of soil disturbance
grasslands ecosystems tend towards two contrasystgms that differ in soil C storage.
On the one hand, degraded grasslands are usuafiyaled by fast-growing plant species
that produce high quality litter (low/ ratio and lignin content), which is quickly
decomposed by bacteria. As a result, C storagbdset productive systems is relatively
low (C-releasing ecosystem). On the other hand, degraded grasslands are dominated
by slow-growing plants species and fungi, thus leixhiarger C storage (C-storing

ecosystem) and lower above-ground net primary poibdty.
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2.4  Conclusion

In this study of 630 soil profiles from 131 tempetasub-tropical and semi-arid sites our
main objective was to quantify the impact of grasdl degradation on SOC stocks and to
identify the main environmental factors of contnehrldwide. Two main conclusions can
be drawn. The first one is that the worldwide agergrassland SOC stock depletion was
9% with values ranging between 13% for heavily ddgd to 7% in lightly degraded soils.
The second conclusion is that grassland degradatidra more pronounced impact on the
reduction of SOC stocks under dry climates, on gaacidic soils, compared to wet

climates and clayey soils.

Given that 30% of grasslands worldwide have bet&stidd by grassland degradation, the
amount of SOC likely to be lost is estimated a$ 430 C with a 95% confidence between
1.8 and 6.3 Gt C (i.e. from 1.2 to 4.2% of the vehgtassland soil stock). This implies that
a similar amount of atmospheric C could be potéptisequestrated in soils through
grassland rehabilitation. These results on the anpé grassland degradation on SOC
stocks have implications for grassland managemedttley are expected to inform the
international community on the regions where paléicattention should be expended for
the development of adapted protection measuregfictent land rehabilitation strategies
to mitigate grassland degradation. Global carbodetsocould also benefit from this newly

acquired knowledge.
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Table 2.1 Compilation of references included

in the databdse analysis

of the factorcontrolling SOC stocks

in grasslands.

Author (s Countn Sample siz  MAP _ MAT YA LONG LAT SOCc SOCs SOG CLAY

n mm _mm mas. - Dearex a C kc? kaCnoe ooeed ka C n—m %

Mear _ Min Max Mear Min Max Mear Min Max

Abril and Bucher (199¢ Argentine 2 55C 22.7 217 -62.7  -23.5  33. 22.t 45.C 6.€ .E 8.2 34z 27t 41C 17.€
Baisderand Amundson (200 USA 2€ 30C 16.C 1591  -117.¢ 37.¢  13.7 0.7 60.t 1.€ 0.2 5.1 14.2 0.7 52.C 17.€
Bauer et al. (198 USA 2 53¢ 3.4 67( -101.C  46.C 2.2 2.C 2.2 1.2 1.1 1.2 2.€ 2.4 2.8 26.t
Bird et al. (200C Zimbabwe 41 63C 17.7 140( 28.2 -20.z  12.¢ 3.8 45.£ 1.1 0.2 2.C 16.4 4.¢ 40.C 20.C
Chuluun et al. (199 Chine 4 307 2.€ 116¢ 112.¢  44: 61.1 7.6 82.¢ 3.c 0.t 5.2 65.4 8.2 88.2 10.2
Conant et al. (200 USA 8 107t 13t 84 -77.€ 37.¢ 6.5 4.€ 8.6 4.4 3.2 6.C 8.6 6.4 11.¢ 10.2
Covaleda et al. (201 Mexico 1 844 16.¢ 167¢ -100.6 19.€ 48.€ 48.€ 48.€ 2.4 2.4 2.4 242 245: 24 34.¢
Cui et al. (200t Chine 8 35C 0.2 125t 116.7 43t 12« 7.€ 16.7 3.c 3.t 4. 14.2 8.€ 19.£ 21.C
Don et al. (2001 German 1C 60C 8.C 267 10.4 51.C 112 0.c 44.2 1.€ 0.t 2.¢ 1£.7 1.z 57.¢ 26.¢
Dong et al. (201 Chine 2C 57C -0.€ 420(¢ 100.2 34t 54 14.z  164.( 5.€ 21 15z 52«4 13z 137.¢ 20.C
Frank et al. (199! USA 12 404 4.4 57¢ -99.2 46.6 22.C 11.¢ 36.1 4.7 3.8 6.1 29.7 154 48.1 10.C
Franzluebbers and Stuedemann (2 USA 12 125( 16.F 152 -82.€ 3324  13.2 4.2 24.1 3.2 1.8 4.¢ 18.2 6.1 32.¢ 10.C
Fynn et al. (200: South Africe 5¢ 79C 17.€ 228( 29.2 -29.6  34.1 27.1 58.C 2.2 0.6 5.¢ 39.f 314 67 33.C
Ganjegunte et al. (20C USA 3 384 15.C 193( -104.C 411 22z 19.¢ 260 1.z 1.1 14 237 21 27.¢ 35.C
Garcie-Pausas et al. (20( Spair 2€ 159t 2.€ 1461 -0.€ 42.¢  85.C 38.C 165.C 13.¢ 56 234 521 26.( 97« 31.¢
Gill (2007, USA 2C 932 1.2 160C -110.t 39.2 334 16.4 53.2 5.4 3.8 10t 357 217 69.¢ 24.7
Gill et al. (199) USA 5 321 8.2 62€ -103.2  49.6 5.t 1.7 15.¢ 0.7 04 14 5.t 2.C 14.C 19.£
Hafner et al. (201. Chine 6 582 1.7 344( 99.¢ 35.f  28.( 10.1 62.1 3.1 2.1 4.2 27z 11.c 52.: 25.C
Hassink (1997 Netherland 14 75C 8.C 67 5.€ 51.1 37.2 15.C 60.7 3.7 1t 6.1 372 15.C 60.7 8.C
Hiltbrunner et al. (201; Switzerlant 9 125( 6.C 160( 7.2 46.6 24.c 6.4 51.¢ 2.2 14 3.2 20.7 7.2 38.C 52.¢
Ingram et al. (200t USA 9 42k 15.C 193( -103.1 41z 14t 7.7 26.1 1.€ 1.1 2.2 17.¢ 111 27.€ 10.C
Kaye et al (200: USA 1C 382 10.1 118¢  -103.1 40.7 11.€ 7.¢ 20.€ 3.2 2.1 5.t 16.C 10.e 27.3 28.7
Leifeld and Kége-Knabner (200t German' 2 83: 7.t 462 11.2 48.5  31.7 24.€ 38.¢ 8.t 8.1 8.¢ 149.6 29.7 270.( 18.C
Maia et al. (200¢ Brazil 63 195( 15.1 171 -49.7 -9.1 13.C 4.1 30.C 3. 14 7.t 14.¢ 4.7 34.2 18.C
Manley et al. (199! USA 2 384 13.C 193( -103.1 41z 14.¢ 14.C 15.1 5.7 5.7 5.7 18.¢ 18.¢ 19. 10.C
Manson et al. (200 South Africe 4 138( 10.C 1841 29.2 -29.C  94.¢ 77.C 114( 6.€ 3.2 9.4 577 47.C 65.C 61.2

Martinsen et a (2011 Norway 6 100C -1t 1211 7.¢ 60.6 247.6 209.C 293.( 0.€ 0.t 0.€ 12.2 10z 15 3.C
Masiello et al. (200: USA 1€ 100C 12.C 58( -123.7 41 48 34 82.1 12.t 22 31L& 531 4.7 82.1 17.€
Mchunu and Chaplot (201 South Africe 2 684 13.C 130( 29.¢ -26.7 8.2 4.1 12.2 0.2 0.1 0.2 10.2 5.t 15.C 16.€
Mediné-Roldan et al. (201 Englanc 2 184( 2.8 40( 2.4 54.z 193.z 163.6 222.¢ 6.1 5.¢ 6.2 30.5 295 31z 10.C
Mestdagh et al. (200 Belgium 6 78C 9.6 13 3.7 50.¢  29.¢ 13.¢ 54.2 5.2 2.7 8.t 28.€ 175 46.t 12.2
Mills and Fey (200¢ South Africe 2 105(C 15.1 171¢ 29.t -28.2 34t 22.C 47.C 4.1 2.7 54 40.8  27.C 54.( 19.C
Mills et al. (2005 South Africe 2 105¢C 15.1 171¢ 29.t -28.2 34t 22.C 47.C 4.1 2.7 5.4 40.8 27.C 54.C 19.C
Mufioz Garcia and Faz Cano (2) Bolivia 1€ 50& 4.t 167 -67.t  -13.5 527 30.C 91.7 1.t 0.t 3.6 32.¢ 5.C 76.C 16.C
Naeth et al. (199 Canad. 7 35k 4.C 74£ -112.C  51.C 40.1 31.2 49.2 5.1 4.C 6.2 51.2  40.C 63.C 15.¢

Neff et al. (200& USA 3 207 11.7 150C -109.¢ 38.c 2.2 1.1 3.€ 0.2 0.2 0.t 3.2 £ 5.C 4.€
Percival et al. (200! New Zealan 22 1191 12kt 136¢ 1728 424 41t 17.C 83.C 7.€ 3.2 15¢& 394 16.z 78¢ 24.2
Pifieiro et al. (200! Uragua 6 110C 17.c 11C -56.¢  -32.C 23.€ 15.¢ 30.2 9.2 6.C 11.& 307 20.C 39.: 25.t
Potter et al(2001 USA 4C 84z 17.C 243¢ -97.2 34z 11z 4.7 27.1 1.6 0.2 4. 16.2 7.4 33.2 23.2
Preger et al. (201 South Africe 9 641 15.t 145¢€ 27.2 -26.4  14.t 6.C 29.7 1.€ 0.c 2.2 18.2 9.C 41.€ 19.2
Raiesi and Asadi (20C Iran 3 86( 6.7 250( 51.C 31.6 211 19.£ 23.¢ 7.C 6.4 8.C 234 21t 26.1 50.C
Reeder and Schuman (20 USA 7 34z 15.C 193( -104.C 411 123 9.€ 17.2 5.C 3.7 6.7 16.8  12<4 22¢ 10.C
Schimel et al. (198! USA 8 31C 8.5 123¢ -103.z  40.t 5.¢ 0.6 20.¢ 1.z 0.t 2.1 8.C 1.z 26.2 23.2
Schipper et al(2007 New Zealan 31 1266 12.€ 10 175.¢ -36.z 121z 62.€¢ 204z 23.C 11.¢ 38.f 11571 59.t 194.( 24.2
Shi et al. (201: Chine 6 353 -04 103¢ 106.« 40.t 36.1 12.€ 68.4 3.6 14 7.2 34z 16.2 57t 25.C
Sinoga et al. (201 Spair 1C 59¢ 16.1 90z 2.2 37.t 133 34 32.4 1.€ £ 3.t 16.1 3.6 35.C 19.7
Smoliak et al. (197: Canad. 4 55C 1.2 92¢ -109.8 491 12 11.C 13.¢ 1.kt 14 1.6 15.z  14.C 17. 15.¢
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Steffens et al. (200 Chine 4 34z 127(¢ 116.7 43.€ 241 17.C  31.C 1.C 0.c 25.¢ 21t 28¢ 15.C
Teagui et al. (2011 USA 6 82( 31¢ -32.7 981 411 245 56.2 8.4 6.C 39.6 26.C 51/ 30.C
von Litzow et al. (200: German' 3 80:< 462 11 48.t  31.7 28.C 38.( 9.4 8.2 47.z 417 56.€ 14.C
Wiesmeier et al. (201 Chine 4 35C 126( 116.7  43.€ 17.C 13.7 21.: 1.¢ 1.7 18.€ 17t 20.C 20.¢
Wood and Blackburn (198 USA 1C 624 31¢ -98.€ 34.C 331 23.C 45« 1t 1.2 51.1 41.<4 61z 30.C
Wu and Tiessen (20C Chine 3 41¢€ 294( 102.¢ 37z 677 37.C 85.( 7.4 4.1 49.: 27.C 63.: 27.2
Yong-Zhong et al. (200! Ching 3 36¢€ 36( 120.7  43.C 24 2.1 2.8 0.t 0.t 3.8 2.¢ 3.7 2.t
Zimmermann et al. (200 Switzerlant 2 133i 165¢ 8.5 46.z  35. 27.2 43¢ 10.t 8.1 52.2 404 64.. 26.C
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Table 2.2 Statistical summary of the site environmental abtristics: mean annual
precipitation (MAP); mean annual temperature (MARtitude (Lat); longitude (Long);
altitude above sea level (2); soil bulk dengpy) and clay content (CLAY) from the global

data set.

MAP MAT Z LONG LAT CLAY Pb

mm °C m.as.| ---degree---- % gcém
Minimum 207 -1.6 10 -124 -42 2.0 0.14
Maximum 2000 22.7 4200 175 98 70.4 1.90
Mean 898 11.4 1248 -11 15 21.9 1.16
Median 790 14.3 1365 -1 34 18.9 1.16
Variance 248290 39 984789 7783 1160 127 0
Standard deviation 498.3 6.3 992.4 88.2 341 11.3 0.3
Skewness 1 -0.7 1 1 0 1.2 -0.52
Quartilel 550 6.0 171 -97 -20 15.0 1.00
Quartile3 1149 17.0 1841 29 41 30.0 1.34
Kurtosis 0 -1.0 1 -1 -1 2.3 1.58
CVv 56 55 80 -805 234 51 23
SE 19.9 0.3 39.6 35 1.4 0.4 0.0
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Table 2.3 Statistical summary of soil organic carbon cont8M®C:); soil organic carbon

stocks (SO and soil organic carbon density: S@@m the global data set.

SOC: SOGs SOG
gCkg' kgCni® kg Cm°®

Minimum 0.2 0.1 0.7
Maximum 293.0 38.8 194.0
Mean 34.9 5.0 32.2
Median 22.9 3.1 25.2
Variance 1602 35 807
Standard deviation  40.0 5.9 28.4.
Skewness 2.9 2.9 2.5
Quartilel 11.0 1.6 12.8
Quatrtile3 42.6 5.5 41.7
Kurtosis 10.8 10.3 9.1
CVv 115 120 88
SE 1.6 0.2 1.1
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Table 2.4 Correlation matrix of soil organic carbon conté80C:); soil organic carbon
stocks (SOE); soil organic carbon density (S@Cand selected environmental factors:
altitude (Z); mean annual precipitation (MAP); meamual temperature (MAT); longitude
(LONG); latitude (LAT), clay content (CLAY) and ddiulk density fy).

Z MAP MAT LONG LAT CLAY Pb
SOC: 0.10* 0.16* -0.34* 0.47* -0.17* -0.16* -0.73*
SOCs -0.30* 0.27* 0.16* -0.05 0.08* 0.11* 0.06

SOCG, -0.10* 0.20* 0.01 0.39* -0.23* 0.11 -0.23*
*Significant correlation aP < 0.05
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Table 2.5SOC and environmental characteristics of A horizZendoth degraded and non-degraded grasslandsp.§61€the SOC density for
non-degraded grassland A horizons; $@@ the SOC density for degraded grassland A hosizon

Reference Country Location Sample size  MAP MAT Z Gy SOG.anp SOG.p
n mm_ _ °C m % - kg C m3-------
Abril and Bucher (199¢ Argentine Salte 12 55C 227 217 17.¢€ 41.C 27.5
Bauer et al. (198 USA North Dakot: 6 53¢ 34 67C 26.t 2. 2.4
Chuluun et al. (199 Chine Mongolie 14 307 2.€ 116t 10.: 88.c 8.2
Cui et al. (200% Chine Inner Mongoli 29 35C 0.2 125t 21 17.€ 11.C
Dong et al. (201: Chine Qingha-Tibetar 21 57C -06 420C 20.C 137.¢ 13.2
Frank et al. (199! USA Mandan, N.[ 2 404 4.4 57  10.C 48.7 15.¢
Franzluebbers and Stuedemann (2 USA Georgi: 10 125C 16.5 15 10« 32.C 6.1
Ganjegunte et al. (20C USA Cheyenn 28 384 15.C 193C 35.C 21.€ 21.¢
Gill (2007, USA Utat 11 932 1.2 160C 24.t 50.2 21.7
Hafner et al. (201. Chine Qingha-Tibetar 25 582 1.7 344C 25.C 41.C 11.2
Hiltbrunner et al. (201. Switzerlanc  Fribourg 16 125(C 6.C 160C 52.¢ 32.C 7.2
Ingram et al. (200 USA Cheyenn 18 42t 15.C 193C 10.C 21.¢ 111
Manley et al. (199: USA Cheyenn 3 384 13.C 193C 10 18.¢ 19.C
Martinsen et al. (201 Norway Burskerud Count 7 100C -1t 1211 3.C 13.¢ 10.2
Mchunu and Chaplot (201 South Africe Bergville 15 684 13.C 130C 16.€ 15.C 5.E
Medine-Roldan et al. (202) Englanc Yorkshire Dale 20 184( 2.8 40C  10.C 29.t 31.2
Naeth et al. (199 Canad Alberte 13 35¢ 4.C 745 15.¢ 55.C 40.C
Neff et al. (200E USA Utat 19 207 117 150C 4.¢ 5.C 1kt
Pifieiro et al. (200! Uragua Rio de la Plat 23 110C 17.z 11C 25t 36.2 23.C
Potter et al. (200. USA Oklahom: 26 842 17.C 243t 23.: 33.2 7.6
Raiesi and Asadi (200 Iran Shahrekor 27 86( 6.7 250C 50.C 26.7 22.2
Reeder and Schuman (20 USA Cheyenn 5 342 15.C 193C 10.C 19.¢ 12.t
Smoliak et al. (197: Canad Alberte 1 550 1.2 92¢ 15. 14.C 14.¢
Steffens et al. (200 Chine Xilinhot 8 343 0.7 127C 15. 28.¢ 21.t
Teague et al. (201 Texa: USA 22 82C 18.1 31t 30 50.€ 26.C
Wiesmeier et al. (201 Chine Inner Mongolic 9 35C 0.7 126C 20. 20.C 18.1
Wood and Blackburn (:84) USA Texa: 4 624 17.Cc  31€ 30.C 55.¢ 46.¢
Wu and Tiessen (20C Chine Tianzht 17 41€ -0.8 294C 27.c 57.¢ 27.C
Yong-Zhong et al. (200! Chine Naiman Count 24 36¢€ 6.5 36C 2.t 3.7 2.6
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Table 2.6List of the categorical variables describing theinmental conditions.

Category Class Definition
Degradation intensity Heavy
Moderate
Light
Soil texture Low <20% clay
Medium 20-32% clay
High >32% clay
Soil pH Strong acidic <5
Weak acidic to weak alkalines-7
Strong alkaline >7
Mean annual precipitation (MAP)Low <600 mm
Medium 600-1000 mm
High >1000 mm
Grass type (9
Cs4
Mixed C3-C4
Duration of study Short-term <10 years
Long-term >10 years
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Figure 2.2 The global extent of grasslands. The global lansgec database of the
International Geosphere Biosphere Program at 1 Kk spatial resolution was used for

the classification of grassland areas globally (FGB998).

33



Il 15-25 g, -

Figure 2.3 Map showing the spatial variation of SOC stock®ulghout grassland soils

worldwide.
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Figure 2.4 Principal component analysis (PCA) scatter diagrdon soil organic carbon
content (SOE) and density (SO§) on the one hand and selected environmental f&cior
the other hand. A: scatter diagram with the twetflPCA axes; B: scatter diagram with
Axes 2 and 3.
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Degradation intensity
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Changes in SOC stocks induced by land degradation (%)
Figure 2.5 Influence of degradation intensity on changes@CSstocks. Values are mean

effect sizes with 95% confidence intervals (Cl)significant response is when the Cl does

not overlap 1. The number of observations in ed&$sds shown in parenthesis.
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Clay content
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Changes in SOC stocks induced by land degradation (%)

Figure 2.6 Influence of soil texture on changes in SOC stotkslues are mean effect
sizes with 95% confidence intervals (Cl). A sigedfint response is when the CI does not

overlap 1. The number of observations in each étaskown in parenthesis.
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Soil pH
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Changes in SOC stocks induced by land degradation (%)

Figure 2.7 Influence of soil pH on changes in SOC stocks.uéalare mean effect sizes
with 95% confidence intervals (Cl). A significamsponse is when the CI does not overlap

1. The number of observations in each class is showarenthesis.
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Figure 2.8 Influence of climatic factors: mean annual preefion (MAP) on changes in
SOC stocks. Values are mean effect sizes with 9%#fidence intervals (Cl). A

significant response is when the Cl does not opetlarhe number of observations in each

class is shown in parenthesis.
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Figure 2.9 Influence of duration on changes in SOC stocksu®alare mean effect sizes
with 95% confidence intervals (Cl). A significamsponse is when the CI does not overlap

1. The number of observations in each class is showarenthesis.
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Figure 2.10 Influence of grass type on changes in SOC sto¢khies are mean effect

sizes with 95% confidence intervals (Cl). A sigodiint response is when the CI does not

overlap 1. The number of observations in each etassown in parenthesis.
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CHAPTER 3
3. GRASSLAND DEGRADATION IMPACTS ON SOIL ORGANIC
CARBON AND NITROGEN STOCKS IN THE POTSHINI
CATCHMENT, SOUTH AFRICA

Abstract

Land degradation is recognized as a main envirotah@noblem that adversely depletes
soil organic carbon (SOC) and nitrogen (SON) stpektsich in turn directly affects soils,
their fertility, productivity and overall qualitywhile it is expanding worldwide at rapid
pace, quantitative information on the impact ofdlategradation on the depletion of SOC
and SON stocks remains largely unavailable, lirgitine ability to predict the impacts of
land management on the C losses to the atmosphdréha associated global warming.
The main objective of this study was to evaluai ¢dbnsequences of a decrease in grass
aerial cover on SOC and SON stocks. A degradedslgras showing an aerial cover
gradient from 100% (Cov100, corresponding to a degraded grassland) to 50-75%
(Cov75), 25-50% (Covb0) and 0-5% (Cov5, correspogdio a heavily degraded
grassland), was selected in South Africa. Soil dasmpere collected in the 0.05 m soil
layer at 48 locations along the aerial cover gratdaand were subsequently separated into
the clay + silt (2-20 um) and sand (20-2000 pmgtioas, prior to total C and N analysis
(n=288). The decline in grass aerial cover from%@0 0-5% had a significanP€0.05)
impact on SOC and SON stocks, with losses by asimsd..25 kg i for SOC and 0.074
kg m? for SON, which corresponded to depletion rates8®fand 76%, respectively.
Furthermore, both the C:N ratio and the proporiadr5OC and SON in the silt + clay
fraction declined with grass aerial cover, whichswadicative of a preferential loss of not
easily decomposable organic matter. The staggekotine in SOC and SON stocks raises
concerns about the ability of these acidic sandyni@oils to sustain their main ecosystem
functions. The associated decrease in chemicalegienfe.g., Ca by a maximum of 67%;
Mn, 77%; Cu, 66%; and Zn, 82%) was finally usedligscuss the mechanisms at stake in
grassland degradation and the associated stocletaeplof SOC and SON stocks, a
prerequisite to grassland rehabilitation and stegkenishment.

Keywords carbon cycle, pasture; rangeland; climate changmsystems
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3.1 Introduction

Grasslands occupy about 40% of world’s land surtawk store approximately 10% of the
global soil carbon (C) stock of 1500 Gt (Suttieakt 2005). Consequently, grasslands are
considered to have greater potential to seques@C, Sdepending on management
strategies (Franzluebbers and Doraiswamy, 2007kjngahem an important component
of the global C cycle. Additionally, grasslands\pde key ecosystem goods and services
by supporting biodiversity, and serving as rangdsafor the production of forage to
sustain the world’s livestock (Suttie et al., 20680, 2010; Asner et al., 2004; Bradford
and Thurow, 2006). However, land degradation sdyenepacts on the productivity of
grasslands (UNEP, 2007).

Grassland degradation, defined here as the reduictithe capacity of grasslands to carry
out their key ecosystem functions, is commonlyilaited to disturbances including
overgrazing livestock trampling, and soil erosid®aily, 1995; UNEP, 2007). For instance
a recent study by Kotzé et al. (2013) investigatedimpacts of rangeland management on
the properties of clayey soils along grazing gnatsien the semi-arid grassland biome of
South Africa. They found that continuously grazesmmunal farms were generally
depleted of nutrient stocks, and nutrient depleti@merally increased with increasing
grazing intensity. Grassland management practicéstantially influence the amount,
distribution and turnover rate of soil organic matand nutrients in soils (Blair et al.,
1995). Moreover, because the larger proportior6@®&a@0%) of SOC and nutrient stocks in
grassland soils is concentrated in the top 0.3 ith éGal., 1999), any external disturbance
is likely to cause dramatic soil fertility and SQiepletion, which in turn will constrain
grassland productivity, including biodiversity lomsd forage production (Ruiz-Sinoga and
Romero Diaz, 2010; Dong et al., 2012).

Yet, contradictory results have been reported @nitthpact of grassland degradation on
SOC stocks with some studies showing a decreaS©@ with overgrazing (Martinsen et
al., 2011; Steffens et al., 2008), some no chadgénston et al., 1971; Domaar et al.,
1977) whereas some show an increase (Smoliak B982; Derner et al., 1997).
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For instance, SOC stocks declined by 15% afterrsgrears of grazing in Norway, with
0.76 kg C nf in ungrazed compared to 0.64 kg C?rim heavily grazed grasslands
(Martinsen et al., 2011). Steffens et al. (2008)ni that 30 years of overgrazing in a semi-
arid Chinese grassland resulted in 50% decrea&Oi@ stocks, with 0.64 kg C min
grazed compared to 1.17 kg C?rin ungrazed grasslands. A similar depletion rass w
found in the USA, where Franzluebbers and Stueden{a@09) observed that heavy
grazing reduced SOC stocks to 0.051 kg €after 12 years of grazing, compared with
0.117 kg C nf on ungrazed grasslands. Wu and Tiessen (2002)teepthat land
degradation reduced SOC and N by 33% and 28%, ceesplg in a degraded Chinese
alpine grassland. Finally, Dong et al. (2012) foamdextreme SOC depletion rate of 90%

in a degraded Chinese grassland.

In contrast, grazing increased SOC stocks undeerakenvironments (Smoliak et al.
1972; Bauer et al., 1987; Frank et al., 1995 andh&reet al., 1997), by rates ranging from
14% to 91%. However, in the latter, moderate gigam reported to be beneficial to

grassland soils rather than contributing to thegrddation.

While the studies focusing on grassland degradatewe reported associated losses in
SOC, little is known on the impact of different dagation intensities on SOC stocks, with
the underlying research question being at whastiolel of grassland degradation do SOC

stocks dramatically decrease?

To further improve the understanding of grasslaegradation impact on SOC losses from
soils, more work needs to be done on the mechanisom$rolling organic matter
destabilization. As such, the changes in organid¢tenajuality as a consequence of
grassland degradation could be early indicatoiS@E stock depletion in both natural and
agricultural ecosystems, as suggested by Chrigtesisal. (2001). Furthermore, a better
understanding of the rates of SOC and N depletioth the associated destabilization
mechanisms are expected to enhance efforts tonowent land degradation and accelerate
the recovery of degraded soils (Schmidt et al.,120dvhilst maintaining a viable forage
production for livestock and supporting biodiveygital, 2004).

44



For many smallholder farmers in Africa, grasslangske a significant contribution to food
security by providing part of the feed requiremeoiftdivestock used for meat and milk
production (O’ Mara, 2012). However, many of thagglands are in poor condition and
showing signs of degradation due an increase ihr@pbgenic pressures on marginal
lands, overgrazing and the associated problemsibemosion (Suttie et al., 2005). As a
consequence, this is jeopardizing both the enviemtrand the economical development of
rural livelihoods.

In this study of a communal rangeland in the uptamd the Drakensburg region,
KwaZulu-Natal Province, South Africa managed by Kimeéder farmers, our main
objective was to evaluate the consequences ofraeakexin grass aerial cover on SOC and
N depletion rate and the associated organic mattality. Grass aerial cover was used as

an indicator of grassland degradation.
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3.2 Materials and methods

3.2.1 Site description

The study area is located in the Potshini catchpdghkm north of the Bergville district in
the KwaZulu-Natal Province of South Africa (Lon@@°21’; Lat: -28 48’). This area has a
sub-tropical climate, characterized by cold drytefra and warm rainy summers (October
to March), with a mean annual precipitation of 68#4n, a mean annual potential
evaporation of 1600 mm and a mean annual temperaud$C (Schulze, 1997). The
altitude ranges from 1080 to 1455 m.a.s.| and therage slope gradient is 8%. The
underlying geology is sandstone and mudstone, hadsobils are classified as Acrisols
(WRB, 2006). The vegetation in this area is donaddiy Moist Highveld Sourveld (Camp
and Hardy, 1999). The dominant vegetation spediddast Highveld Sourveld include
Hyparrheniahirta andSporobolusafricanus

3.2.2 Experimental design and sampling strategy

A degraded grassland site with a surface area@® % (30m x 50 m) and homogeneous
soils was selected in the uplands of the Drakemshkegion of South Africa (Figure 3.1).
This site was selected because it exhibited a lgradslegradation gradient varying from
highly degraded areas with bare soils in the ntothreas fully covered by grass in the
south. Such areas are a common feature of many ooalmangelands in this part of
South Africa. For the purposes of this study, oghass aerial cover was used as an
indicator of grassland degradation. Grass aerigéices defined here as the area of the
ground covered by the vertical projection of thaaeortion of the plants (USDA, 1996).
Aerial cover was measured by placing a 1 x 1 m folohe at fixed intervals along each
corresponding aerial cover category, while aer@lec of the plants in the plot was
recorded as an estimate of the % total area (Dawipen1959). For soil sampling, four
categories of grass aerial cover were identified amaluated in the site, i.e. 75-100%
(Cov100), 50-75% (Cov75), 25-50% (Cov50), and 0{&26v5). At each cover category,
three sampling points were randomly selected. oh eselected sampling position, four
replicate soil samples were collected in the 0®.G®il layer 1-m apart in a radial basis

sampling strategy to yield twelve samples per aategrhe sampling resulted in a total of
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48 soil samples. Furthermore, for each categorgitiadal soil samples for bulk density
were sampled using a 0.075 m diameter metallicndyical core (height, 0.05 m)
following similar sampling strategy. The surfacgdawas intensively sampled because the
effects of land degradation on SOC and nutrientkstchave been shown to be more
pronounced in this soil layer (Snyman and du Pr@ép5; Dong et al., 2012). For the
analysis of SOC and N stocks, with depth, additieed samples were collected at depth
increments of 0-0.05 m, 0.05-0.15 m, and then e®@et$ m down to 1.2 m using a hand
shovel from the face of a1l m x 1 m x 1.2 m sdil priplicate soil bulk density samples
were also collected in the different depth incretsesf soil profiles using 220.89 ¢in
metal cylindrical cores (height 0.05 m, diametéf50m). Soil samples for bulk density
were taken to the laboratory, immediately ovenaiaé 105C to determine the oven dry
weight using the gravimetric method (Blake and Beyrt1986). Once in the laboratory, the
field moist samples were passed through an 8-mue 9§ gently breaking apart the soll
along lines weakness for soil aggregate stabgityst The remaining soil samples were air-
dried and ground to pass through a 2 mm sieveuidhdr soil analysis. The penetration
resistance (PR) of the soil, a proxy for soil cootjmm was measured in the field using a
cone penetrometer (Herrick and Jones, 2002). Thed&Revaluated by randomly selecting
fifteen positions in each grass aerial cover catedor penetration readings of the soil
surface. The PR measurements were taken beforsotheurface was disturbed for soll

sample collection from the 0.05 m soil layer.

3.2.3 Soil physical and chemical analysis

The particle size distribution was determined by #ieve and pipette method (Gee and
Bauder, 1986). The soil pH was measured in a 110%) to 1 M KCI (25 mL) suspension
using a Calimatic pHM766 pH meter. Exchangeable I@g,and exchangeable acidity
were determined by extraction in 1M KCL while P,Zq, Mn and Cu were determined by
extraction in Ambic 2 - extract containing 0.25M MHCO;, with detection by atomic
absorption spectrometry (Manson and Roberts, 200@®).concentration of P and K were
determined by inductively-coupled plasma opticalissmon spectrometry (ICP-OES).
Effective cation exchange capacity (ECEC) was dated as the sum of extractable
cations and some rapid measure of exchangeablétyacichile the percentage acid

saturation was calculated as the exchangeableyaeidiOO/ (Ca + Mg + K + extractable
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acidity). Total C and N were measured in the buolk ssing LECO CNS-2000 Dumas dry
matter combustion analyzer (LECO Corp., St. Joskih,

3.2.4 Particle size fractionation

Physical fractionation was applied to the soil skmms a proxy of soil organic matter
mineralization potential (Feller and Beare, 19950il samples were separated into two
size fractions; sand (20-2000 um) and clay+silttfom (2-20 um) by combining wet
sieving and sedimentation, following Schmidt et (4999). Twenty grams of soil were
dispersed in 25 ml of distilled water using ultrasd (LABSONIC B1510), with a power
output of 600 W and an output-energy of 22 3 mthich was below the energy threshold
that may disrupt coarse sand sized soil organidem@melung and Zech, 1999). The
dispersed suspension was then wet sieved to otitairsand fraction (> 53-2000 pm),
while the remaining material containing the siltartay fractions (<53 pm) was separated
by wet sieving following the standard pipette metl{Gee and Bauder, 1986). Thereafter,
the fractions were oven-dried at°@) ground to <0.5 mm and analyzed for total C and N
in triplicate using a LECO CNS-2000 Dumas dry nrattembustion analyzer (LECO
Corp., St. Joseph, MI).

Particular attention was undertaken to ensure ttenpial losses during the particle-size
fractionation procedure did not induce bias. Teedeine the recovery efficiency, the mass
and organic C content of whole soil was compardt thie sums of mass and C content in

the two fractions to (%). The recovery efficiendytained was on average 105%.

3.2.5 Aggregate stability

Aggregates 3- 8 mm in size were obtained by brep&oil aggregates by hand along lines
of weakness after air-drying them in the laboratatyoom temperature. The stability of
soil aggregates was measured on the 3-8 mm aggee@@aitowing the 1SO standard
method (ISO/DIS 10930:2012) described by Le Bisat1(1996). The fast wetting, slow
wetting and stirring of pre-wetted aggregate testse applied for each soil sample
analysed. They correspond to a specific disaggmgatechanism,viz, slaking,
differential clay swelling and mechanical breakdowespectively. For the fast wetting

test, aggregates (10 g) were immersed in 50 millldisd water for 10 minutes. For the
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slow wetting test, aggregates were placed on tdpayh humidified with water for 1 hour.
For the stirring test, aggregates were first immeérs ethanol, then in water and gently
shaken up and down 10 times. The weight of aggesgatllected on each sieve (sizes: 2
mm, 1 mm, 0.5 mm, 0.2 mm, 0.1 mm and 0.05 mm) wdssexjuently measured and
expressed as the percentage of the initial samplendss to compute the mean weight
diameter (MWD), which was calculated as follows:
MWD = 2 (exw) (1)

10C
wherex, is the mean inter-sieve size amglthe percentage of fragments retained by the

sievei. The greater the MDW the more resistant to diseggfion the aggregates are.
3.2.6 Calculation of SOC and N stocks

The SOC and N stocks were calculated using thevimilg equation by (Batjes, 1996):
X
Cs = X X5 Xg (1_ 1_(;(.') xb (2)

whereCs is the C stock (kg C 1); x1 is the C concentration in the <2 mm soil mate(ggal
C kg soil); x, is the soil bulk density (kg /); xs is the thickness of the soil layer (m);

is the proportion (%) of fragments of > 2mm.
3.2.7 Calculation of changes in SOC and N stocks inducday land degradation

The effect of land degradation on SOC stocks wasraened by using the change in the
SOC stock along the degradation gradient relativitial value of the SOC stock under

Cov100. We assumed that 100% aerial cover repesdennon- degraded grassland. The
change in SOC stock was calculated as follows:

SOG-wo ~“SO0Go %100 3)
SOGsno
where SOGc is the change in SOC stocks (SpGSOG.npis SOG in the non-degraded

soils and SOgpis SOG in degraded soils. The same equation was used socks. The

SOG:~

change in SOC stocks induced by degradation isdbas¢he premise that the loss of SOC
stocks from non-degraded soil is of a less conssmputhan the loss of the same amount of
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stocks from a soil already depleted of SOC. Thhe, more a soil is depleted of SOC
stocks the more difficult it is to rehabilitate é8 et al., 1995).

3.2.8 Statistical analysis

A correlation matrix was generated to determine timévariate relationship between
changes in SOC and N stocks and selected soil giiregpel he data was analyzed using the
software packages Sigma Plot 8.0 (Systat SoftwareRichmond, California, USA) and
STATISTICA 7.0. (StatSoft, Inc, Tulsa, OK)ean separations were done using the SAS
statistical package (SAS Institute, 2003) and weresidered to be significant at P <0.05.
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3.3 Results
3.3.1 General soil characteristics of the degraded grasshd site

The soils (Acrisols) are characterized by a darbwor (7.5YR 4/4) 0-0.3 m thick A
horizon, with a weak sub-angular blocky structdreis horizon is underlain by a reddish
(5YR 4/6) B-horizon 0.3-0.7 m. Underlying this tmon is the C horizon 0.7-1.2 m
characterized by sandy saprolite showing signs ethess. Sand content ranged between
49% in Cov5 and 73% in Cov75, silt content rangetiveen 13% in Cov75 and 17% in
Cov5 and clay content ranged between 14% in Conds34% in Cov5 in the 0.05 m soil
layer (Table 3.1). The soil pH is acidic with vadue the 0-0.05 m layer as low as 3.74 in
Cov5 to 3.94 in Cov75. Effective cation exchangpacity (ECEC) ranged between 2.36
cmolk kg™t in Cov50 and 5.35 cmekg® in Cov5, while acid saturation ranged between
26% in Cov100 and 77% in Cov5 (Table 3.1).

3.3.2 Impact of aerial cover on SOC and N stocks

The SOC content and stocks in the 0.05 m soil ldgereased with decreasing grass aerial
cover in the following order: Cov100 (19.87 g¥%dL.39 kg nf) > Cov75 (11.19 g Kg
0.79 kg nf) > Cov50 (5.17 g K§ 0.40 kg nf) > Cov5 (1.73 g kJ; 0.14 kg nf), with
differences significant at P<0.05 level (Figure)3.3imilarly, N content and stocks
decreased with decreasing grass aerial cover lasviolCov100 (1.53 g kY 0.106 kg rif)

> Cov75 (0.95g kg; 0.068 kg nif) > Cov50 (0.48 g kg 0.037 kg rif) > Cov5A (0.39 g
kg 0.032 kg nf). SOC and N stocks varied greatly along the dexjianl gradient
decreasing sigmodially in non-degraded grasslanid $6ov100) to heavily degraded
grassland soils (Cov5) (Figure 3.2). Thus, C:Nosatdecreased with decreasing grass
cover, from an average of 13.0 at Cov100 to 11.8a@t75 to 10.6 at Cov50 and 4.4 at
Covb.

On average, land degradation resulted to a decne&®®C stocks of 79% for Cov5, 42%
for Cov50 and a negligible effect for Cov75 (Figid8). Similarly, degradation led to a
decrease in N stocks of 48% for Cov5 and 39% for500 This result suggests that the

critical grass aerial cover threshold for which @e&@tion greatly affects SOC and N
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stocks is 50%. While, there were significant défieces in SOC and N stocks in the 0.05 m
soil layer, no significant differences were foundhwdepth.

3.3.3 SOC and N distribution in the particle-size fractions

Results of land degradation impact on $Qsbanges in the different soil fractions are
presented in Figure 3.4A. Soil organic C in thedstraction decreased from around 6.09 g
C kg* fraction in non-degraded soils (Cov100) to 0.3 §g* fraction in degraded soils
(Covbh), which corresponded to a 94% decrease,fmignt atP<0.05. Concentrations of
SOC in the silt + clay size fraction decreased f@it g C kg fraction in non-degraded
soils to 2.82 g C K§ fraction in degraded soils, which correspondea @6% decrease,
significant atP<0.05.

As a proportion of total soil carbon, SOC in thadgéaction decreased from 19% in non-
degraded soils to 11% in heavily degraded soilguif@ 3.4B). In contrast, SOC in the silt
+ clay fractions varied little from 84% in non-daded soils to 78% in heavily degraded
soils. Nitrogen in sand fraction decreased fromuado0.43 g N kg fraction in non-
degraded soils to 0.26 g N kgraction degraded soils, which correspond to a 40%
decrease, significant at P<0.05 (Figure 3.5A). @atrations of N in the silt + clay sized
fraction decreased from 5.31 g N kdraction in non-degraded soils to 0.91 g N'kg
fraction in degraded soils, which corresponded &8% decrease, significant B&0.05.
As a proportion of total N, the N in the sand fractvaried relatively little from 17% in
non-degraded soils to 22% in heavily degraded gbilgure 3.5B). Nitrogen in the silt +
clay sized fraction varied from 84% in non-degradeds to 78% in heavily degraded

soils.
3.3.4 Impact of grass aerial cover decrease on soil phygsil and chemical properties

Changes in soil physical properties were obsen@uyahe grassland degradation gradient
(Table 3.1). The sand distribution was similar,hwitl%, 73%, and 72% for Cov100,
Cov75 and Covbh0, respectively, while, the sand emnfor Cov5 was 49%. The silt
distribution was almost similar along the degraatagradient. The clay content was higher
(34%) in Cov5 and similar for Cov100 (15%), Cov7BA%) and Cov50 (15%). The

aggregate stability decreased with decreasing gm@sal cover from 1.36 mm in Cov100
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to 0.71 mm in Cov5. This pattern was consistentpenetrometer resistance (PR), with
16.8 kg cnf in Cov100, 18.63 kg cfin Cov50 and 19.47 kg chin Covs.

Potassium varied along the degradation gradienty woncentrations ranging between
143-167 mg kgin Cov100 and Cov75, then declined to about 62 gitirkCov5. Calcium
decreased from around 226 mg™ky non-degraded soils to 75 mg g degraded
grassland soils (Table 1). Magnesium decreased &oout 104 mg k§in Cov100 to 31
mg kg* in Cov50, then increased to 80 mg'kig Cov5. Phosphorus decreased from 5.25
mg kg'in non-degraded soils to 2.17 in degraded soils. af Mn, respectively
significantly decreased with decreasing grass lkaeower in the following order: Cov100
(1.67 mg kg"; 14.3 mg k&) > Cov75 (0.77 mg K§ 10.6 mg k&) > Cov50 (0.22 mg kg
4.08 mg k@) > (0.29 mg kg; 3.25 mg kg). In contrast, acid saturation increased with
decreasing grass aerial cover from around 26% mdegraded soils to 78% in degraded
soils. ECEC also varied relatively little along #hegradation gradient from 3.18 crykag™*

in non-degraded soils to 5.35 crikdin degraded soils.

3.3.5 Other environmental factors controlling SOC and SONstocks

A correlation matrix (Table 3.2) revealed that dpesin SOC and N stocks induced by
degradation were significantly positively correthtt®# mean weight diameter (MWD), a
measure of soil aggregate stability£r0.67;P < 0.05) and negatively correlated with clay
(r* = -0.54;P < 0.05), soil bulk densitypf) (> = -0.40;P < 0.05), penetration resistance
(PR), a proxy of soil compaction®@ -0.29;P < 0.05) acid saturation (Acid satf & -
0.74;P < 0.05), ECEC @r= -0.36;P < 0.05), exchangeable acidity (Exch acid)=r0.66;

P <0.05).
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34 Discussion

3.4.1 Impact of land degradation on the depletion of SOGnd SON stocks

In this study, the decrease in grass aerial cogsulted in a greater depletion in SOC
stocks of 89% in the surface layer. This depletainSOC stocks is relatively high
compared to what has been reported in other stuBa@sexample, Snyman and du Preez
(2005) found that land degradation decreased SQL MNrstocks by 22% and 13%,
respectively in fine sandy loamy grassland soildeura semi-arid climate in Bloemfontein,
South Africa. Wu and Tiessen et al. (2002) foundt tland degradation reduced SOC
stocks by 33% and N stocks by 28% in a Chinesealgiassland. Interestingly, the higher
SOC depletion rate of 89% found at our study sitefisimilar magnitude to those reported
by Dong et al. (2012), who found that land degradasignificantly reduced SOC stocks
by 90% in loamy soils under a continental climateChina. Similarly, Wen et al. (2012)
found that land degradation led to a 89% declin8@T stocks for sandy grassland soils in
China.

The greater depletion of SOC and N stocks in tleihedegraded grassland soils may be
due to a number of reasons. First, the soils atsdarare characterized by coarse texture
(up to 73% sand). The greater SOC loss in sucls seitlue to the lack of the physical
protection of organic matter (Feller and Beare, 7)9%econdly, the soils are acidic (pH
<3.9). Previous studies have shown that in acidils,sbase cations such as Ca, K and Mg
are weakly bound to the soil (Berthrong et al., D0@ausing weak interactions with
organic matter in the soil. In this study, it wasirfid in the heavily degraded grassland
soils, Ca was reduced by 67%, K by 56% and Mg ZBB&. loss of SOC lowers nutrient
availability and cation exchange capacity, and then lowers biomass production, which
overtime, may lower organic inputs thereby lowerBQC. The third reason involves the
removal of the nutrient rich A horizon by water @om. Indeed, as shown by Dlamini et al.
(2011) in the same study site, water erosion piatient soil losses at rates up to 13 t ha

-1

yr.
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3.4.2 Impact of grass aerial cover decrease on soil orgenmatter quality

The decrease in grass aerial cover was accomphgiaddecrease in the C:N ratio and in
the proportion of the organic matter present ingaed fraction of the soil. Such a shift in
organic matter quality towards less proportion oésh and easily decomposable
compounds, can be explained by the decrease inas®production and residue inputs to
the soil. The fact that sorption is the main predésit preserves organic matter to mineral
surfaces (Christensen, 2001, Kaiser and Guggenh&@@3) in the silt + clay fraction of
the soil, suggests that the SOC remaining in thleasthe greatest degradation intensity is
likely to be preserved from biological decompositio

3.4.3 Mechanisms of SOC and SON stocks depletion

Several mechanisms are likely to explain the depieof SOC and SON stocks as a
consequence of the decrease in grass aerial cbvem the available literature, the
reduction in grass aerial cover and associatedrn#egt biomass production is likely to
have a direct effect on soil stocks through thdideof organic C inputs to soils. Not only
can the reduction in grass aerial cover directlgant soil stocks, but also indirectly. The
loss of grass aerial cover can indeed influence dixeamic nature of the plant-soil
interactions through, for instance, the modificatmf the water cycle and the fluxes of
other elements. Hiltbrunner et al. (2012) in Swsg-alpine grassland observed an
increase in soil bulk density by as much as 20%h associated changes in soil functions
such as biomass production. The associated chamgesl porosity tend to decrease soil
infiltration by water, thus potentiating, SOC andI losses by water erosion.
Podwojewski et al. (2011) and Mchunu and Chapl6i2) by using rainfall simulation at
the same site found that the decrease of grasa aexier from 100 to 5% decreased soil
infiltration from 21.6 to 6 mm HY, with an associated increase in SOC losses by 213%
from Cov100 to Cov5, lost via erosion processespamticulate forms (Mchunu and
Chaplot, 2012).

The disruption of soil aggregates through the mead either water erosion or trampling
by the livestock constitutes another likely meckamiof SOC and SON stock depletion.

Soil aggregates undeniably serve as physical grotefor organic matter through a range
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of interactions from inclusion to sorption (Tisdalid Oades 1982; Jastrow, 1996; Torn et
al., 1997; Baldock and Skjemstad, 2000; MasielloD£ Mikutta et al., 2006). The
disaggregation process results in SOC losses froifla sither through organic matter
decomposition and associated £€missions to the atmosphere as more SOC becomes
unprotected, or through preferential SOC erosioving to the light nature of soil organic
matter. Similarly, the release of the hitherto gstdated organic material can follow the

mechanical breakdown of aggregates during tramingattle.

According to the conceptual model of Kinnell (200dater erosion can breakdown soil
aggregates through (1) the physical action of r@pdmpact (splash); (2) the combined
action of splash and shallow runoff on the soiface, which increases the disaggregation
efficiency of raindrops; (3) the action of the daed flow. While previous studies
performed under clayey soil conditions, for insgnay Brunet et al. (2004, 2006) pointed
to the absence of preferential SOC erosion. Studmeder sandy soil conditions by
Boegling et al. (2005) and by Mchunu and Chapl®l@ at the same site demonstrated
preferential SOC erosion, with an SOC enrichmerthefexported soil material relative to

the bulk soil, increasing by a factor greater than

Another potential mechanism of SOC and SON stoghedien consecutive to the decrease
in grass aerial cover lies into the alteration loé tocal micro-climate. Under similar

grassland conditions in South Africa, Mills and F&004) showed that grassland
degradation is accompanied by an increase in@wipérature, which in turn increases the

rate of organic matter mineralization.

While the depletion of SOC and SON stocks can seguential to the decrease in grass
aerial cover, whose origin might either be overgrgor other land mismanagement, there
remains the possibility for internal soil processesnduce the depletion of stocks. Not
only can disaggregation be physical, but it can hks chemical and biological. Tisdall and
Oades (1982) postulated that primary particles (g% can be agglomerated to form
micro-aggregates (20-250 um) by persistent bindiggnts such as oxides, polyvalent
metal cation complexes and aluminosilicates; thesero-aggregates being in turn,
agglomerated into macro-aggregates (>250 um) blodpmal binding agents such as

hyphae and roots. The biological agents tend tmiyadecompose, and when not replaced
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as the root density decreases, aggregates tendreakdown, thus releasing the
encapsulated SOC and SON. Leaching of oxides, roatains and aluminosilicates could
constitute a natural disaggregation mechanism isicasandy soils (Rienks et al., 2000),
leading to SOC and SON losses with consequencedesuiacks to soil fertility and
grassland degradation.

The present study by pointing to a sharp decreaga iconcentration at the initial stages
of grassland degradation, highlights the importanéemicronutrients in the overall
grassland ecosystem functioning. Because Zn issaen#ial micronutrient required by
plants, any depletion below a certain thresholdide®m a considerable decrease in plant
productivity (Alloway, 2009), potentially explairgnthe decrease in grass aerial cover.
What could then explain the sharp initial decraasén in the study soils? The decrease in
nutrients could be caused by high grazing interey its accompanied depletion of plant
cover and litter input as well as trampling of #wl (Zhou et al., 2010; Kotzé et al., 2013).
The nutrient losses could also be the result ofieroand low nutrient input of plants
(Snyman and du Preez, 2005; Tefera et al., 20bQhd case Zn ions, which exist in the
soil primarily as stable complexes with proteingl anucleic acids (Alloway, 2009). Soil
acidification, a natural process in the region (Reeet al. 2000) has been suggested to be
the main mechanism promoting breakdown of Zn cowrgde leading to Zn leaching
(Cakmak et al., 1997). Therefore, the depletiorfSOIC and nutrient stocks could be the
result of the initial and internal leaching of nmoutrients, resulting in the decrease of both
the protective grass cover and the soil aggregatalisy, which in turn potentiates soil
erosion by water and its known consequences on & SON stock depletion as

previously shown by Mchunu and Chaplot (2012) atgame site.
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3.5 Conclusion

In this study of a degraded grassland in SouthcAfrour main objective was to quantify
the impact of grassland degradation on the depletio SOC and SON stocks and to
evaluate some of the associated mechanisms fodratios purposes.

The present study revealed a sigmodial decreag®pgoil SOC and SON stocks with the
linear decrease in grass aerial cover, with depietates up to 89 and 76%, respectively
The stock depletion was accompanied by an incrieasal bulk density, a decrease in soill
aggregate stability, a preferential enrichmenttabiized organic matter and a decrease in
chemical elements such as Ca, Mg, K, Mn, Cu, ands&ential for soil aggregate stability

and plant growth.

While little evidence exists on the mechanisms oasjble for the decrease in SOC and
SON stocks, the sharp decline in micronutrientshsas Zn, at the initial stages of
grassland degradation, suggest that leaching oéskential aggregate binding and plant
growth elements is the main cause of grasslandadagon as well as the associated losses
of SOC and SON. Further research is needed todaltecisuch mechanistic linkages in
order to establish effective grassland rehabititatstrategies that could replenish the

depleted SOC and nutrient stocks.
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Table 3.1 Characterization of soils with the different grassers in the 0.05 m soil layer

of a degraded grassland in Potshini, South Afridata are means (£SE; n = 48).

Soil property

Grass aerial cover (%)

100 50-75 25-50 0-5

Sand, % 71+1.43b 73+2.81b 72+1.10b 49+0.87a
Silt, % 14+0.93ab 13+1.71a 14+0.58ab 17+0.38b
Clay, % 15+0.74a 14+1.15a 15+0.75a 34+0.95b
SWC, % 14.72+0.62a  12.31+4.10a  9.38+0.99a 10.32#D.2
P, mg kg' 5.25+0.22b 5.08+0.29b  1.92+0.15a  2.17+0.32a
K, mg kg* 143.17+6.97c 167.33+8.2688.17+11.95b 62.42+2.14a
Ca, mg kg 225.83+10.61c 170.17+9.76b 82.67+8.71a 75.25+5.27a
Mg, mg kg* 103.67+5.02c  67.08+4.79b  30.83%4.32a 79.83+7.45b
Exch acidity, cmqkg®  0.83+0.06a 0.65%0.06a 1.47+0.11b  4.16+0.12c
ECEC, cmakg™ 3.1840.11b 2.48+0.13a  2.36+0.08a  5.35+0.11c
Acid sat, % 25.83+1.51a 26.33+2.35a 62.25+4.43b 58%0.96¢

pH (KCI) 3.81+0.02b 3.94+0.02d  3.88+0.02c  3.74+@.00
Zn, mg kg* 1.67+0.20c 0.77+0.09b  0.22+0.06a  0.29+0.06a
Mn, mg kg* 14.33+1.12c  10.58+1.00b  4.08+0.43a  3.25+0.68a
Cu, mg kg 1.34%0.10b 0.58+0.03a  0.98+0.23b  0.45+0.07a
MWD, mm 1.36+0.06b 1.35+0.10b  0.89+0.06a  0.71+0.08a
PR, kg cnif 16.77+0.81b  11.30+0.72b  18.63+1.22b 19.47+1.33a

Values indicate mean * standard error. Sand co8artd), silt content (silt), clay content

(clay), soil water content (SWC), phosphorus (Bjapsium (K), calcium (Ca), magnesium

(Mg), exchangeable acidity (Exch acidity), effeetication exchange capacity (ECEC),

acid saturation (Acid sat), soil pH in KCI (pH KChinc (Zn), manganese (Mn), copper

(Cu), mean weight diameter (MWD) and penetrativ@stance (PR). Statistical analyses

were performed for comparisons between the difteegmial grass covers. Within each

grass cover class, values followed by a differetiet are significantly different & <

0.05.
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Table 3.2Correlation matrix between changesSOCand N stock induced by land degradation and selextig properties.

Nchang Cov Clay P K Cs Mg Exacidity Totca Acidsa pH n Mn Cu BD SOC SON MWD PR
SOCchanc 1.0C
SONchang 0.97 1.0C
Cov 0.67 0.6 1.0C
Clay -0.5¢ -0.4< -0.8¢  1.0C
P 0.77 0.77 0.6¢ -0.4: 1.0C
K 0.5t 0.5¢ 0.r¢ -0.61 0.7 1.0C
Ce 0.87 0.8¢ 06€¢ -047 081 07 1.0C
Mg 0.47 0.5¢ 0.0C 0.17 05t 03C 061 1.0C
Ex acidity -0.6¢ -0.57 -0.9¢ 0.9¢ -0.6C -0.7¢ -063 0.0C 1.0C
Tot ca -0.3¢ -0.2¢4 -0.8¢ 094 -0.28 -051 -0.2¢ 041 0.9C 1.0C
Acid sa -0.74 -0.71 -0.8¢ 0.7¢ -0.81 -0.91 -0.8¢ -0.4C 0.8t 0.57 1.0C
pH 0.0t -0.0¢ 06t -0.7z 0.2z 057 011 -0.34 -0.6¢ -0.71 -0.5¢ 1.0C
n 0.81 0.8C 0.4t -0.3¢ 067 04¢ 084 0.6z -0.4¢ -0.11 -0.6% -0.0c 1.0C
Mn 0.8¢ 0.8¢ 0.6¢ -04¢4 08C 06: 09z 0.5z -0.5¢ -0.2¢ -0.7¢ 0.0¢ 081 1.0C
Cu 0.4¢ 0.4¢ 027 -03: 02¢ 01t 03t 0.1z -0.3¢ -0.2¢ -0.2¢ -0.01 05C 0.37 1.0C
BD -0.4C -0.3¢ -0.4¢ 03¢ -04¢ -05z -0.4¢ -0.31 0.4¢ 0.3z 0.5¢ -0.2C -0.4z -04t -0.1: 1.0C
SOC 0.9¢ 0.9¢ 0.6¢ -0.5: 0.8C 05¢ 08¢ 0.5C -0.6¢ -0.3¢ -0.7¢ 0.0t 08: 0.8¢ 04t -05C 1.0C
N 0.9¢ 0.9¢ 0.6z -0.4t 08C 06C 091 0.57 -0.6( -0.2¢ -0.7¢ -0.01 08z 0.9C 047 -04t 097 1.0
MWD 0.67 0.64 0.6¢ -04¢ 0.71 05t 0.6&¢ 0.1f -0.6(C -0.42 -0.67 0.17 05¢ 071 0.2z -0.3: 0.6¢ 0.6¢ 1.0C
PR -0.2¢ -0.3C -0.5¢ 03¢ -0.51 -0.57 -0.4C -0.1% 0.4t 0.3z 0.5z -0.3¢ -0.11 -0.3t 0.2¢ 03t -0.3C -0.31 -0.3C 1.0C

*Significant correlation aP < 0.05

SOC change, changes in soil organic carbon; SONgehahanges in soil organic nitrogen; Cov, grasei; Clay, clay content; P, phosphorus;
K, potassium; Mg, magnesium; Ex acidity, exchantgeabidity; ECEC, effective cation exchange capadicid sat, acid saturation; pH; Zn,
zinc; Mn, manganese; Cu, copper; BD, soil bulk @¢gnSOGC, soil organic carbon content, N, nitrogen contdfityD, mean weight diameter;

PR, penetration resistance.
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Figure 3.1 Mosaic of pictures showing the different land @detsation intensities or grass
aerial cover from 0-5% in the north to 100% in Hoeith along a degraded grassland site
Potshini, South Africa.
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Figure 3.2 Mean + standard error of (A) soil organic carbontent (SOG); (B) soil bulk
density (BD); (C) soil organic carbon stocks (SAD) nitrogen (N) content; (E)
nitrogen stocks (§ and (F) carbon to nitrogen ratio. Values arertiegan + standard error

of four replicate soil samples along the four categs of grass aerial cover (n=48).
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Figure 3.3Influence of land degradation on changes in (A)@ganic stocks (SO§ and
(B) N stocks (N) in the upper 0.05 m soil layer along the degriadagradient. Values for

SOC and N are the mean * standard error of fodicegp soil samples from 50-75, 25-50

and 0-5 grass aerial covers, relative to 100% gaassl cover values.

63



60
50
40 A
30
20

10

Soil arganic earbon (g C kg fractiom

100 | 50-75 ‘ 25-50 ‘ 0-5
Sand

100 | 50-75 | 25-50 0-5
Silt+clay

100 - B
90
80 -
70 -
60 -
50 -
40 |
30 -
20 1
10 -

% of total SOC

100 | 50-75 | 2550 | 05 100 | 50-75 | 2550 | 05

Sand Silt+clay

—_ = M
(SRR == R =}
L L |
O

Soil arganic carbonig C kg soil)
SN -

100 50-75 | 25-50 | 0-5 100 | 50-75 | 2550 0-5
Sand Silt+clay

Figure 3.4 Relative distribution of SOC stored within the damd silt + clay particle size
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CHAPTER 4
4. DOES GRASSLAND REHABILITATION LEAD TO C AND N
SOIL STOCK REPLENISHMENT?

Abstract

Grassland degradation results in significant lossesoil organic carbon (SOC) and
nutrient stocks, thus reducing the capacity of geasl soils to provide key ecosystem
services such as forage production and C sequestr&@rassland rehabilitation has thus
emerged as an important strategy for replenistiaddst stocks of SOC and nutrients. The
main objective of this study was to determine tffece of grassland rehabilitation on a
communal rangeland in South Africa. A techniquea{/&y”), which involves short-
duration (5 days), high intensity cattle (1200 cdwid) grazing and followed by livestock
exclusion for 362 days was compared to five comm@ssland rehabilitation strategies:
(1) traditional communal free grazing; (2) livedtoexclosure; (3) livestock exclosure +
topsoil tillage; (4) livestock exclosure + NPK fération (2:3:3, 22 at 2 t hY; (5) annual
grassland burning were applied from 2011. ChangeSOC and soil nitrogen content
(SON) were assessed in 2013 along with selectestlgrad characteristics. A total of 540
soil samples were collected in the 0.05 m soil ge the six treatments between 2011
and 2013. After two years, SOC and SON stocks & Q05 m surface layer were
significantly increased under “Savory” and fertliion treatment, by an average of 6.5%
(0.091 kg C nf) and 3.9% (0.055 kg C fi), respectively for SOC, which corresponded to
significant differences aP<0.05. Livestock exclosure, tillage and burninguestd SOC
stocks by 1.4%, 3.5% and 6.9%, respectively. A maxn SOC repletion rate of 14.8%
was observed for Savory for moderately degradeld ssithe land was re-vegetated, but
no gains were observed for the heavily and nonatkgt grasslands. The time controlled,
short-duration and high intensity grazing of caitieSouthern Africa seem to be a viable
strategy for grassland rehabilitation comparedumimg, tillage and livestock exclosure.
While only a few years might be required to re@&nSOC stocks under moderately
degraded grasslands, more is to be done to acelgrassland rehabilitation and thus
SOC replenishment on the heavily degraded grassiairs

Keywords:grassland, degradation, rehabilitation, grazing
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4.1 Introduction

Grassland soils store approximately10% of the dlsbihcarbon (C) stock of 1500 Gt, but
there is evidence that over the last few decaddddlge amounts of C have been lost from
grassland soils through degradation and poor gmadsmanagement practices (Daily,
1995; Lal, 2004; Conant et al., 2001). For instaMe and Tiessen (2002) reported that
grassland degradation reduced SOC stocks by 33@hinese alpine grassland, while a
more recent study by Dong et al. (2012) showeddhessland degradation decreased SOC
stocks by 90% in a Chinese grassland. The deplefid®OC stocks in grassland soils is
exacerbated by poor grassland management pra@@oeant et al., 2001). As a result, one
of the major implications of such SOC losses isrdthiced capacity of grassland soils to
provide key ecosystem services such as forage ptioduand C sequestration (FAO,
2010).

Grassland rehabilitation - defined here as the g@®oof assisting the recovery of an
ecosystem that has been degraded (SER, 2004)ebkasposited as a strategy that could
potentially sequester more C in soil, thus imprdke functioning of grasslands and
mitigate grassland degradation (FAO, 2010). Onethef prerequisites to rehabilitate
degraded lands is to increase soil C stocks (L@D42 It has been suggested that if
rehabilitation measures are appropriately applediégraded soils, SOC and nutrient
stocks can be maintained or enhanced (Follet, 200d¢ed, effective rehabilitation can be
achieved through the adoption of appropriate mamagé practices, which are considered
as part of a strategy to reduce C loss from gradstails by increasing residue inputs and

reducing decomposition rates (Paustian et al., 26A0, 2010).

Rehabilitation of grasslands has been shown toreghplant species diversity (Smith et
al., 2008). Some studies have showed that grasstahdbilitation improves soll
aggregation (An et al., 2013) and increases SOCkst(Dong et al., 2012), especially in
the uppermost surface layer of the soil. Therefgrassland rehabilitation needs to be
promoted to stabilize erodible soil, improve saiktity and sequester atmospheric carbon
(Lal et al., 1999; Post and Know, 2000).

The SOC sequestration potential of the world’s gJeasls is approximately estimated to be
0.01-0.3 Gt C yedr(Lal, 2004), and is hypothesized to be achieveolh rehabilitation
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practices such as fertilization, grazing excludigrfencing, tillage and burning have been
shown to be important for grassland rehabilita(iBruce et al., 1999; Conant et al., 2001,
Potthoff et al., 2005; Smith et al., 2008;). Thesleabilitation strategies have been widely
implemented to improve ecosystem services in grads(Feng et al., 2013). Nitrogen
fertilization has been used as a management sgrabegnhance primary production, to
improve the forage quality and ground cover, thgrebomoting the rehabilitation of
degraded grasslands (Conant et al.,, 2001; Bai .et28l10). In addition, nitrogen
fertilization has been shown to inhibit soil micrabrespiration (Ramirez et al., 2010).
Nitrogen additions have also been reported to Bugmtly increase the decomposition of
light soil carbon fractions, with decadal turnovienes, while it has been shown to further
stabilize soil carbon compounds in heavier minasslociated fractions, with multidecadal
to century lifetimes (Neff et al., 2002). As a riésapplication of nitrogen fertilizer is often
recommended to increase SOC, particularly on degrddnds that have experienced
significant losses of SOC. The application of appiaie grazing regimes in degraded
grasslands is seen as an ecologically viable soidbr their rehabilitation (Papanastasis,
2009). Grazing plays a critical role as a distudgamechanism that opens up swards and
enables seeds to germinate in the gaps createdo¢Buet al., 1995; Kotenen, 1996;
Bekker et al., 1997). Over the past years, exclytirestock through the establishment of
fences has become a common grassland managemategtfor the rehabilitation of
native vegetation (Spooner et al., 2002). Steffengl. (2008) found that 25 years of
grazing exclusion in a semi-arid grassland in InMongolia dominated byeymus
chinensisincreased SOC stocks by 82%, while fencing of gratked alpine grassland in
China decreased SOC by 25% (Li et al., 2013).

Fire is another common management practice in lgrads that is used regularly by
livestock farmers and wildlife managers, especiadlfrican savanna to regularly control
bush encroachment and to remove dead and dyindgategethat has low forage quality
and is unpalatable to animals (Tainton, 1999). btming of grasslands to remove dead
and dying vegetation often results in grass grogdHier in the growing season, which

increases dry-matter production (Ojima et al., 994

While many studies have considered strategies habibtate grasslands (Smith et al.,
2000; 2002; 2003; 2008), only a few have reporteddonsequences of rehabilitation on
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SOC and SON stocks (De Deyn et al., 2011). Infoionatdn effective stock replenishment
through rehabilitation for different environmenssindeed crucial to refine the worldwide
stock replenishment potential of grassland soilsrédver, research efforts are needed to
identify the underlying mechanisms controlling gragcovery as well as C and N
replenishment in soils, especially those that witrease C input to the soil and reduce C
losses (De Deyn et al., 2008).

Smallholder farmers in South Africa and in manylangs have no access to fertilization,
fencing and mechanization. The objective of thiglgtwas to investigate how a shift in the
cattle management by smallholder farmers can leadrassland rehabilitation and C
sequestration in soils. In this study, the “Savadnglistic management technique (Savory
and Parsons, 1980; Savory, 1983), which involvesrtsturation, high intensity cattle
grazing and followed by livestock exclusion was lempented. Several common grassland
rehabilitation strategies were also applied for panson and to further improve
understanding of the mechanisms involved in grasslaehabilitation and stock

replenishment.
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4.2 Materials and methods

4.2.1 Site selection and description

The grassland site is located in the Potshini cagstt, which is 10 km north of the
Bergville district in the KwaZulu-Natal Province 8buth Africa (Long: 2921’; Lat: -28
48’). This area has a temperate climate, with coidwinters and warm rainy summers, a
mean annual precipitation of 684 mm, most of whadls in the summer months (October
and March), a mean annual potential evaporationt@d0 mm and a mean annual
temperature of & (Schulze, 1997). The altitude ranges from 1082465 m.a.s.| and
the average slope gradient is 8%. The vegetatiothis area is classified as a Moist
Highland Sourveld (Camp, 1999). The dominant vdageteof Moist Highland Sourveld
species includelyparrheniahirta andSporobolusafricanus

Soils on this site are acidic (pH 3.78-3.86 in KQAgrisols characterized by a high sand
content (60%) derived on sandstone and mudstondRB(W2006). Kaolinite is the
dominant clay mineral in these Acrisols. The saite characterized by a dark brown
(7.5YR 4/4) 0-0.3 m thick A horizon, with a weakbsangular blocky structure. This
horizon is underlain by a reddish (5YR 4/6) B-horiz20.3-0.7 m. Underlying this horizon
is the C horizon 0.7-1.2 m characterized by sarajydite showing signs of wetness.
Effective cation exchange capacity (ECEC) rangetivéen 1.86 and 5.86 cmokg’,
while acid saturation ranged between 11 and 83%I¢€TH).

4.2.2 Experimental design of rehabilitation treatments

The experimental site was established in July 20ithin a communal degraded grazing
rangeland in the KwaZulu-Natal Province, South &driThe site consists of a 50 m x 30
m plot, which exhibits clear shifts in aerial grasser from non-degraded grasslands ,with
grass aerial cover (Cov) of 100%) to heavily degohgrasslands where Cov was as low as
0%. The plot was further sub-divided into six 5 nb& m plots, showing the different
intensities of degradation. The rehabilitation tmeants were (1) traditional communal free
grazing; (2) “Savory” technique, which involves ghduration (5 days), high intensity
cattle (1200 cows R grazing and followed by livestock exclusion fo23days (2)
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livestock exclosure; (3) livestock exclosure + wipsllage; (4) livestock exclosure + NPK
fertilization (2:3:3, 22 at 2 t ig; (5) annual grassland burning were applied fr@hi2

In brief, the treatments were as follows: In thatecol treatment, the livestock are allowed
to continuously graze as is common practice indbmmunity. The Savory treatment is
based on the idea of the Savory holistic managemetthod (Savory and Parsons, 1980;
Savory, 1983). This holistic method entails mangdivestock on the land, in such a way
that they can be used to reverse the degradatigrasklands with or without fencing.
Such an intervention is based on the hypothesislittestock grazes and tramples on the
grass and in so doing enhances litter cover antuidtes their growth as sunlight reaches
the low-growing parts. The cows then cycle the ddadts back to the soil surface through
deposition of dung and urine. In so doing they @eckahe organic matter and porosity of
the soils while keeping water in the system (Sawny Parsons 1980; Savory, 1983; Fynn,
2008). In the Savory treatment, 38 Nguni cattlenfrthe local community were left
overnight for 5 days, in the 2011-2012 and 2012328&asons. The fenced treatment
includes fencing to exclude livestock. In the dlleeatment, the soil was tilled by hand-
hoeing to a depth of 0.1 m. The fertilized treatmircluded livestock exclusion and
fertilization with nitrogen (N), phosphorus (P) ambtassium (K) combined +NPK
fertilizer (2:3:3, 22 at 2 t h. The fertilizer was decided based on what is comgused

in the community. The burned treatment includeduahmgrassiand burning in the 2011-
2012 and 2012-2013 seasons. Burning is an imporartagement practice that is
commonly used in African savanna by both livestteminmers and wildlife managers to
regularly control bush encroachment and to remaadddying vegetation that has low
forage quality and is unpalatable to animals (TaintL999). The monitoring of the all the
rehabilitation techniques started in August 20Xbugh to October 2013.

4.2.3 Soil sampling

Soil samples were collected in July 2011 to esthblhe baseline conditions in selected
soil properties before the implementation of thdfedent rehabilitation treatments.

According to Sanderman and Baldock (2010) withdet baseline at the inception of the
experiment, it is not possible, for instance, tdedmine whether or not the current

measured SOC between treatments has resultedeinsaquestration of GOIt is from the
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baseline that the impact of the applied rehahiditatreatments on changes in SOC and
SON stocks was calculated.

For soil sampling, four categories of grass aartaler or intensities of degradation were
considered, i.e. 75-100% (Cov100), 50-75% (Cov25)50% (Cov50), and 0-5% (Cov5).
This factorial design of treatments allowed fotites of changes in SOC and SON in soils
of varying degradation intensities. At each catggthree sampling points were randomly
selected. For each selected sampling positione tteglicate soil samples were collected in
the 0-0.05 m soil layer 1-m apart in a radial basisipling strategy to yield nine samples
per category. The sampling resulted in a total 6f sbil samples per rehabilitation
treatment. Soil samples were also collected athgept 0.1, 0.25, 0.45, 0.6, 0.9 and 1.2 m
layer using a 220.89 thmetallic cylindrical cores (height 0.05 m, diamie®e75) (Table
1). The site was re-sampled in the August of 2a&® years after the onset of the
rehabilitation strategies to detect differencesvieen treatments and to monitor changes in
SOC and SON overtime. Soil samples were returnedeidmately to the laboratory where

roots and stones were removed by hand.
4.2.4 Assessment of plant basal cover

To address potential changes in both plant abowegrobiomass and basal cover
composition across rehabilitation treatments, whithy help explain changes in SOC, a
vegetation survey was carried out on a monthht.vidie plant basal cover was estimated
using metal wire square sub-divided into 0.5 m % ®. quadrats, which were placed in
exactly the same position over each plot and tlogpagtion of the surface covered by
vegetation was recorded in every other quadrat twer following the four categories of

grassland aerial cover. Moreover, pictures werenakvery 2.5 m x 2.5 m to produce a

vegetation map of the baseline conditions befockadter the treatments were applied.
4.2.5 Above-ground biomass

Above-ground biomass was harvested once a yeaugugt 2012 and 2013 to coincide
with the grass cutting regimes in the communityo¥d-ground biomass was collected
from each treatment using systematically positiod&dm x 0.5 m quadrats by clipping all

shoot material above the soil surface to the crawen-dried at 61C and weighed. The
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dry mass of all living plants per quadrat was agedaover 15 replicates to estimate above-
ground biomass. In the field, the harvested abowvergl biomass was removed from the
six treatments by rake and hand, which resultedlnmost no standing biomass. For each

grass aerial cover class and treatment, above-gro@mass was monitored over time.

4.2.6 Leaf areaindex

Leaf area index was measured using an AccuPAR D-Beptometer and photosynthetic
active radiation sensor. Leaf area index allows detimation of biomass production
without destroying the plant. Each treatment wasddd into five quadrants and in each

quadrant five replicate measurements were taken.

4.2.7 Basal cover

Basal cover was determined using the method of Hardl Tainton (1993), with 100
sample points per site located by lowering a skpike every 1-m in a radial basis, and the
distance to the nearest tuft and diameter of thfatwere measured. The percentage basal
cover was then calculated using the empiricallyiveéer equation of Hardy and Tainton
(1993). This gives the basal cover of grasses.d~oobtribute very little to basal cover in

these grasslands, hence were not included in gessiment.

4.2.8 Species diversity index

The number and frequency of grass species at eeatmient was determined using the
Simpson’s diversity index (Simpson, 1949). The namtf species present per ecological
category (decreaser, increaser |, increaser lirrdaser Ill species) and the abundance of

each species were determined.

4.2.9 Aggregate stability

The aggregate stability of the soil samples wassoreal on the 3-5 mm aggregates
following the method described in Le Bissonnais9@)9 Briefly, three procedures that

distinguish various mechanisms of breakdown wereduslaking due to fast wetting

73



(treatment 1), micro-cracking due to slow wettitrggtment 2) and mechanical breakdown
by stirring of pre-wetted aggregates (treatment T¥)e stability of each breakdown
mechanism was expressed using the resulting fragulistribution of the six classes
ranging from <0.1 mm to 2-5 mm. The mean weighinditer (MWD), which is the sum of
the mass fraction of soil remaining on each siefter aieving multiplied by the mean
aperture of the adjacent meshes was calculatedtirerfragment size distribution.

4.2.10 Soll physical and chemical analysis

The soils were air-dried and sieved to pass thraughmm mesh. Particle size distribution
was determined by the pipette method (Gee and Bad®®&6). Total C and N were
determined on air dried soil by complete combustisimg a LECO CNS-2000 Dumas dry
matter combustion analyzer (LECO Corp., St. Josépl, The soil bulk density was
determined by the gravimetric method (Blake andtdégr 1986). The soil pH was
measured in KCI and J@ using a Calimatic pHM766 pH meter, whereby a tsmturatio

of 1:2.5 was used (10 g soil: 25 mL solution). Exuteable Ca, Mg and extractable
acidity were determined by extraction in 1M KCI VeéhiP, K, Zn, Mn and Cu were
determined by extraction in Ambic 2 - extract camtsg 0.25M NH4HCOS3, with
detection by atomic absorption spectrometry anductidely-coupled plasma optical
emission spectrometry (Manson and Roberts, 200f@@ctive cation exchange capacity
(ECEC) was calculated as the sum of extractablersatand some rapid measure of
exchangeable acidity, while the percentage acidirg@dn was calculated as the
exchangeable acidity x 100/ (Ca + Mg + K + ‘extadde acidity’).

4.2.11 Calculation of in soil organic carbon and nitrogenstocks

The SOC and N stocks were calculated using thevimllg equation by (Batjes, 1996):

C, = XX, X (1—£) xb
10C 2)

where G is the C stock (kg C 1); x, is the C concentration in the <2 mm soil materigl (

C kg-1); % is the soil bulk density (kg ); xs is the thickness of the soil layer (m); i

the proportion of fragments of >2mm in percent; bnd a constant equal to 0.001.
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4.2.12 Statistical analysis

Above-ground biomass, SOC, N, S§Ns, soil bulk density and MWD data were
subjected to an analysis of variance using the PRAIXED procedure of SAS software
(SAS Institute, 2003). Above-ground biomass, SOCSRNG;, Ns, soil bulk density and
MWD were considered as fixed effects, whereas rireat, vegetation cover and season
were considered as random effects. Differencesdmtwneans were tested with the DIFF
option of LSMEANS statement with a significancedeaf P < 0.05.
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4.3 Results
4.3.1 Effect of treatments on leaf area index, specieswdirsity and basal cover

After two years of rehabilitation, the “Savory” étenent significantly increased LAI by
274% from an average of 0.38 £ 0.11 in the corttedtment to 1.42 + 0.50 in the Savory
treatment (Figure 4.1A). The fertilized treatmergngicantly increased LAl by 321%,
with an average of 1.60 + 0.63 compared to the @.88L1 in the control treatment. Both
the fenced and tilled treatments significantly eazed LAI relative to the control by 134%
and 89%, respectively.

Plant species diversity, measured using the Simpsdex was lower in the “Savory”
treatment (0.25) and fertilized treatment (0.22npared to the control (0.25). The plant
species diversity was greater in the tilled (0.d49l burned treatments (0.34) compared to
the control, while there was no significant diffiece between the control and the fenced

treatment (Figure 4.1B).

The percentage of basal cover in the “Savory” meatt (12.6%) and fertilized treatment
(12.7%) was higher compared to the control treatni#d.6%). The basal cover in the
burned treatment (3.8%) was significantly lower pamned to the control. There were no
significant differences between the fenced (10.8%4) tilled treatments (10%) relative to
the control (Figure 4.1C).

4.3.2 Effect of rehabilitation treatments on above-groundbiomass

Repeated measure of ANOVA of above-ground biomasmsg rehabilitation treatment,
grass cover and season, and all interactions ag-factors, showed that the effects of
grass cover, treatment and season were highlyfisigmi and that all interactions were also
highly significant (Table 4.2).

After one year of rehabilitation, in Covb, “Savoryeatment significantly increase® g
0.05) above-ground biomass production from 7.3 Kgimthe control to 18.4 kg ) 19.5

kg m? in the control to 26.1 kg hin Cov50, 22.8 kg ffiin the control to 50.5 kg thin
Cov75 and. 22.5 kg tin the control to 40.1 kg fin Cov100(Fig 4.2A). Fertilization
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significantly increased above-ground biomass frognkg mi in the control to 64.6 kg
in Cov5, 19.5 kg i in the control to 128.8 kg Thin Cov50, 22.8 kg fin the control to
92.7 kg nf in Cov75 and 22.5 kg thin the control to 143.2 kg fin Cov100. Burning
significantly decreased above-ground biomass fra8rkg m? in the control to 5.2 kg i
in Cov5, 22.8 kg i in the control to 4.6 kg fhin Cov50 and 22.5 kg Hin the control to
18.5 kg n¥ in Cov75. No significant differences were obserbetiveen the tilled, fenced
and the control.

After two years rehabilitation, “Savory” treatmesiginificantly increasedR<0.05) above-
ground biomass production from 7.2 k¢ fim the control to 27.3 kg Hin Cov5, 23.3 kg
m? in the control to 122.9 kg in Cov50, 13.0 kg f in the control to 107.9 kg tin
Cov75 and 34.7 kg tin the control to 132.8 kg fin Cov100(Fig 4.2A). Fertilization
significantly increased above-ground biomass prodadrom 7.2 kg rif in the control to
120.6 kg nf in Cov5, 23.3 kg M in the control to 129.0 kg fin Cov50, 13.0 kg fin
the control to 88.8 kg hin Cov75 and 34.7 kg tin the control to 135.5 kg in
Cov100. Burning decreased above-ground biomass Tr@rkg n¥ in the control to 2.5 kg
m?in Cov5, 1.8 kg rif in the control to 26.1 kg thin Cov50, 13.0 kg fiin the control to
7.8 kg m¥ in Cov75 and 34.7 kg thin the control to 82.0 kg ™ No significant
differences were observed between the tilled, feéree the control.

4.3.3 Effect of rehabilitation strategies on changes in SC and SON stocks

After two years, the “Savory” treatment increasedCSstocks by 6.5% relative to the
baseline SOC stocks, while +NPK fertilization iresed SOC stocks by 3.9%. In contrast,
livestock exclosure, tillage and burning decreaS&iC stocks by 1.4, 3.5, and 6.9%

respectively (Figure 4.3).
After two years, no significant differences wereselved for SON stocks between the

“Savory” treatment and the control. Fencing, tiladertilization and burning slightly
decreased SON stocks by 1.5, 3.8, 1.9 and 1.3%ecteely (Figure 4.4).
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4.3.4 Effect of rehabilitation on soil aggregate stabiliy

Within each rehabilitation treatment, the mean Wweigiameter, a measure of soil
aggregate stability among the four grass aeriatiowas different in the following order:
100 > 50-75 > 25-50 > 0-5%. After two years of tahtation, “Savory” significantly
increased R < 0.05) and fenced treatments resulted in a sligirtease in soil aggregate
stability compared to the control (Figure 4.5), éfiect not significant a < 0.05.
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4.4 Discussion

The carbon sequestration potential of the grasslandur study site, with rehabilitation by
the “Savory” technique was 0.046 kg C'iyi* and 0.028 kg C iy ™ through fertilization.
This SOC accumulation rate within the short-terimat@litation was similar to the 0.049
kg C m? y* reported by Steinbeiss et al. (2008) in Germar§5® kg C nif y* reported
by Fornara et al. (2013) in UK grasslands and @6 m? y* estimated by Janssens et al.
(2005) for European grasslands but significanthydp than that of 0.317 kg C fny*
reported by De Deyn et al. (2011) in UK grasslands.

4.4.1 Effect of “Savory” on changes in SOC stocks

In this study of a degraded communal rangelandsstaad rehabilitation through short-
duration, high intensity cattle grazing signifidgnncreased SOC stocks in the 0.05 m soil
surface layer. The increase in SOC stocks undewdiya may be attributed to the
deposition of manure and urine by cattle, which rowpd the soil fertility and thus
increased biomass production. The deposition ofjdiyncattle on the soil surface provides
a continuous supply of carbon and nutrients that sustain micro organisms (Bardgett et
al., 1998). The retention of nutrients provides imrportant ecosystem service. The
efficient cycling of nutrients sustains plant growtAs a consequence, there was an
increase in biomass production, which results gatgr C inputs to the soil through plant
litter and root production (Smoliak et al., 197R)gh intensity cattle grazing for several
days also opened up the sward canopy, which alleuatight to penetrate to low-growing
grasses and forbs (Savory and Parsons, 1980; S&\888; Menke, 1992, Fynn, 2008). In
addition, high intensity grazing also removed stagdtems, leaving a thick litter layer to
build-up uniformly on the soil surface. Livestockoof action’ or trampling puts dead
material in contact with decomposer bacteria aneriebrates in the soil which speeds
nutrient recycling and litter turnover (Menke, 19930 long as the high-intensity grazing
is infrequent, perennial grass plant carbohydragéabolism is not severely disrupted and

plants are maintained in the community (Menke, 1992

The “Savory” technique also resulted in increadeava-ground biomass and basal cover.

This was probably due to the increased C inputsaking of the soil surface by hoof
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action from the livestock, which allowed the vegetato spread out and light to penetrate
into the soil. In the longer term, it is expectédttthe “Savory” technique will have far
reaching consequences for ecosystem services mgralssland. The continuous increase in
above-ground biomass, basal cover and litter bupdis likely to increase the water
holding capacity of the soil. Increased plant cas@nbined with the litter layer in the bare
patches is also likely to increase water infilwati decrease surface erosion and thus

reduce soil erosion.

After two years of rehabilitation, the “Savory” tetque slightly increased the soll
aggregate stability compared to the control. In ltrg-term, improved soil aggregation
can promote the physical protection of C and Nmgoil. An increase in SOC stocks will
lead to an improvement in soil quality, includingiacrease in the water holding capacity,

soil aggregate stability and nutrient retention.

4.4.2 Effect of fertilization on changes in SOC stocks

After two years of rehabilitation, fertilizationareased SOC stocks in these acidic sandy
grassland soils. A potential mechanism underlyihg taccrual of SOC could be
accumulation of partially undecomposed plant-defidetritus over time that was often
observed in topsoil layers of the fertilized treatmh(Fornara et al., 2013). This observation
is supported by previous studies which have shdwanfertilizer additions, especially of N
reduce microbial mineralization of soil organic [mo effectively slowing down
decomposition (Janssens et al., 2010; Liu and @re2010) and thus promoting organic
C accumulation in the soil. The increase in SOCkstdollowing fertilization could also
be attributed to increases in plant productivitiiek increased C inputs into the soil. The
addition of P and K through the combined +NPK feer could have differently affected
the rates of plant litter decomposition (Kasparalet 2008), thus potentially influencing C

accumulation.

In this study, fertilization significantly increas@bove-ground biomass after two years of
grassland rehabilitation. The increase in biomassdyction is expected to increase
microbial activity and consequently G@oncentration. Fertilization on the other hand

reduced plant species diversity. Previous stud#s talso shown that fertilizer addition
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reduces species richness (Bai et al., 2010). Thehamesms responsible for reduction of
grassland diversity following fertilization couldvolve acidification or the accumulation
of plant litter (Hautier et al., 2009), however, mavork needs to be done to understand

the underlying mechanisms.

4.4.3 Effect of tillage on changes in SOC stocks

Tillage decreased SOC stocks in this short-termabiditation experiment, which is

consistent with the results obtained by Potthotile{2005) in restored perennial grassland
in California, USA. A possible explanation for trezluction of SOC stocks due to tillage is
the mechanical disturbance caused by tillage winicteases the rate of decomposition of
SOC by destroying the physical structure of thé and exposing soil organic matter to
microbial decomposition (Six et al., 1999). Tillagkso increases aeration by breaking
down soil aggregates, which leads to rapid mineatibn of C previously encapsulated

within the aggregates and enhancement of fiQes to the atmosphere (Elliot, 1986).

In this degraded communal rangeland, two yearsadsiand rehabilitation through tillage
increased plant species diversity. The increagdant species diversity may be attributed
to tillage disturbance. A previous study by Fynmalet(2004) suggested that disturbance is
necessary to achieve maximum grass species richgessnoving litter and increasing the
availability of light(Fynn et al., 2004), while, complete protectiomirdisturbance results

in high litter levels on the soil surface, whiclduee seedling germination and emergence
(Fynn et al. 2003).

4.4.4 Effects of burning

In this study, burning resulted in a decrease IfCSMd SON stocks. This is consistent
with previous long-term studies that have similaslyown that fire reduces total soill
carbon, nitrogen and rates of nitrogen mineralra{Ojima et al., 1994; Fynn et al., 2003;
O’ Connor et al., 2004). This is ascribed to reduceganic matter inputs, but most
importantly to an increase in the rate of soil oigamatter mineralization. Increased
mineralization is likely to take place due to gezatoil temperature, an increased number

of wetting and drying cycles, an increase in sélland a possible reduction in microbe-
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inhibiting root exudates (Mills and Fey, 2004). Bung also decreased plant basal cover
and above-ground biomass. Fire dries out the adidse by removing surface litter, which
greatly increases evaporation from the soil surf&wsman, 2002), thus affecting biomass

productivity.
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4.5 Conclusion

In this study of a communal rangeland in South @driwith varying intensities of
degradation, the main objective was to determieeeffect of grassland rehabilitation on a
communal rangeland in South Africa. It can be codetl that the “Savory” and fertilized
treatments increased SOC stocks by an averag&%f @.091 kg C M) and 3.9% (0.055
kg C m?) after two years of rehabilitation. In additiorgth the “Savory” and fertilization
had strong effects on above-ground community ptm@serincreasing basal cover and
biomass productivity. Therefore, these rehabibtattechniques have the potential for C
sequestration and can lead to more sustainable ooalntangelands. Future research
should focus on improving understanding into thechaaisms involved into the

enhancement of C sequestration.
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Table 4.1General soil characteristics of the experimentalt®fore rehabilitation.

Depth Sand Silt Clay BD SOC N SOCs Ns C/N pH(KCI) P K Ca Mg Exch. Acidity Totalcations Acidsat. Zn Mn Cu

LT — L E— gem?®  ----g kgl---  ----kg mZ---- mg kg cmolkg------------ % - mg kg *-----
0-0.05 66 15 20 1.49 949 0.1 0.71 0.06 11 3.84 45 1138 70 1.78 3.3 48 0.7 8 0.8
0.1-0.25 67 16 17 1.45 44 004 09 0.0 11 3.86 49 38 18 1.54 2 77 0 1 0.4
0.25-0.45 66 17 17 1.40 3 0.04 084 0.11 8 3.84 19 326 17 1.49 1.85 80 0 1 0.6
0.45-0.6 67 17 16 1.38 1.7 0.02 035 0.04 9 3.81 a9 27 23 1.66 2.08 80 0.1 1 0.5
0.6-0.9 64 21 14 1.52 1.8 003 082 0.14 6 3.85 15 231 22 1.29 1.68 76 0.1 1 0.4
0.9-1.2 58 24 18 1.59 25 004 119 0.19 6 3.78 10 346 28 1.86 24 78 0.1 1 0.4
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Table 4.2 Repeated measure analysis of variance for abowsdrbiomass using treatment,
grass cover and season, and all interactions asl-8ects after two years of experimental

treatments.
Effect Df F value P
Treatment 5 150.32 < 0.0001
Grass cover 3 45.80 < 0.0001
Season 1 69.51 < 0.0001
Treatment x grass cover 15 4.03 < 0.0001
Treatment x season 5 14.20 < 0.0001
Grass cover x season 3 3.75 0.0135
Treatment x grass cover x season 15 4.63 < 0.0001
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CHAPTER 5
5. SPATIAL VARIATION AND REPLENISHMENT POTENTIAL OF C
AND N STOCKS IN A DEGRADED GRASSLAND CATCHMENT

Abstract

Grassland soils, which hold a major proportionesféstrial carbon (C) stocks, have a potential to
sequester atmospheric C and thus mitigate climhtnge. Despite this, it is not yet fully
understood how the C pool in grassland soils iscééd by degradation. Thus, the objectives of
this study were: (1) to assess the spatial variabb C and N stocks, to investigate their
relationship with soil type, parent material antested terrain attributes (mean slope gradient,
stream power index, compound topographic indexpeslength factor and hillslope curvatures)
of a typical 23 ha degraded grassland catchmetiierDrakensberg foothills, South Africa and
(2) to estimate the replenishment potential of Hgadegraded compared with non-degraded
grasslands. The topsoil (0-0.05m) of a 23 ha degragtassland was sampled regularly at the
nodes of a 20x20 m grid, resulting in 716 data fgoiAdditional, soil samples were collected at
different depths along two catenas from the 0-0.&unface layer to deeper soil layers, from O-
0.3, 0-0.6 and 1 m. Terrain attributes were ex¢édhdtom a 5 m digital elevation model (DEM).
C stocks in the 0.05 soil layer ranged between @8 2.1 kg C M, while N stocks ranged
between 0.02 and 0.19 kg NarDespite the weak univariate correlation betweem@ N stocks
and selected environmental factors, a complemeptangipal component analysis (PCA), which
explained 70% of the data variability, indicate@ttlC and N stocks were higher at concave
hillslopes, specifically in the bottomland areasttod catchment. No significant correlation was
found between C stocks, soil types and parent magtéut there was a tendency for C and N
stocks to decrease with decreasing grass aeriar ¢@ov) and increasing soil crusting (Crust).
Furthermore, the average carbon replenishment patterh the degraded soils was estimated to
be 4.6 t C hd The clay-rich red Acrisols were found to havereater capacity to replenish C
stocks compared to the sandy Luvisols and Gley8alth static (terrain attributes) and dynamic
parameters (soil surface characteristics) mighehstvong repercussions on C and N stocks if

environmental conditions are to become more faverab degradation in the future. These
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results could be used to digitally map the spateiiability of C and N stocks for similar
degraded grasslands environments in order to deegfective rehabilitation measures.

Key words: soil organic carbon, nitrogen, grassladegradation; digital soil mapping; South

Africa.
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51 Introduction

The carbon (C) stored in grassland ecosystems atdou a major proportion of the global
terrestrial C stocks (Suttie et al., 2005). Itssireated that grassland soils contain approximately
10% of the global soil C stock of 1500 Gt (Lal, 2ZDOHistorically, this C pool has largely been
affected by environmental disturbances such as dmgiladation (Daily, 1995). Grassland soils
continue to experience a dramatic decline in C anottient stocks due to increasing soil
degradation exacerbated by poor management andopagenic pressures. The frequent
disturbance of C and nutrient stocks by degradasidikely to affect their spatial distribution in
the landscape.

Naturally, the spatial distribution of soil propged in the landscape is not uniform (Atteia and
Dubois, 1994). Soil properties are highly varialbénging from small to large scales (Cerri et al.,
2004). The spatial variability of soil propertigscluding C and nutrient stocks is dependent on
variety of factors including land use and land ngmmaent (Stenger et al., 2002; Wang et al.,
2010), soil type (Cerri et al., 1999), soil erosi@haplot et al., 2009) and pedogenic processes
(Trangmar et al., 1985), which significantly resmltmarked spatial variation. Furthermore, soil
C and nutrient stocks are highly heterogeneoushénlandscape as a result of the local-scale
variability in the surrounding soil environment ugdd by topography, stoniness, parent material
(Garcia-Pausas et al., 2007). Due to the high apa#riability of C and nutrient stocks it is
mandatory to consider various environmental factorpredict C accurately at catchment scale
(Doetterl et al., 2013). The assessment of soih@ rrutrient stocks at catchment scale is also
important to provide complementary information &alibration, verification and application of
soil landscape models (Thompson and Kolka, 200%¢i&#&ausas et al., 2007).

A few studies have quantitatively investigated ling between the spatial distribution of soil
properties and their surrounding environmental d¢ants. Chaplot et al. (2010) using 3471 soill
profiles in Laos (230 566k showed that C stocks were significantly affedtigdand use, with
greater C stocks in forests and lower C stocks wslditing cultivation. Similarly, Wang et al.
(2010) in a 2.02 kimcatchment in China also found that the spatidhtian of C was influenced

by land use, with higher C stocks under maturesteck land and grassland compared to

93



immature forest land, orchard land and terrace@lanal. Percival et al. (2000) in New Zealand
grassland soils across a range of climatic contitand soils types found C stocks were greater
in allophanic soils (12.8 kg C M compared to semi-arid soils (3.4 kg C*mPercival et al.
(2000) found C stocks were weakly correlated tdlietnperature and rainfall across all soils. In
addition, with regard to soil properties, they fduhat C stocks were weakly correlated with soil
clay content. Chaplot et al. (2009) in a steepslojje in Laos found that C stocks were
significantly influenced by soil erosion, with gteaC stocks at depositional sites (16.2 kg €) m
compared to eroded sites (10.9 kg &)m

Degradation of soil is widespread in South Afriaa,it is in many other dryland regions. Many
studies have reported that the depletion of C istrBouth African soils is caused by the removal
of vegetation cover through frequent burning, iste@ grazing, ploughing and soil erosion
(Mills and Fey., 2003; Le Roux et al., 2007 and@eb et al., 2007). Despite the predominance
of degraded grassland soils in South Africa, lileantitative information exists on the spatial
variation of C and nutrient stocks affected by degtion, especially at catchment scale. In
degraded grassland landscapes, C may be transpantedcerosional to depositional landscapes
resulting in a heterogeneous pattern of the digtieth C stocks (Doetterl et al., 2013). The few
studies in South Africa that have attempted to gfya@ stocks in degraded grassland soils have
been conducted at soil profile level (Snyman andPdeez, 2005). At this scale, the effect of
environmental factors such as topography is usualtyconsidered (Doetterl et al., 2012). Yet, at
the landscape level, both erosion and depositicarcand most of the C and nutrient stocks may
only be translocated and redistributed within #redscape and not lost (Beuselinck et al., 2000,
Steegen and Govers, 2001). Therefore, not consgléne landscape scale in degradation studies
severely biases all attempts to budget net soidCrautrient losses from the soil (van Oost et al.,
2000; Lal et al., 2000). Moreover, in sloping degrd landscapes, erosion and deposition
processes may lead to spatially dynamic patterrS stfocks. Such environments with high soill
redistribution rates induced by degradation, camleaixa large variability in C stocks due to the
burial of C rich topsoil material at foothill pasihs and C depletion at eroding slope positions
due to the removal of C rich solil layers (Doettdrél., 2012).
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Thus, detailed and precise maps of the spatidiiloligsion of C stocks are a prerequisite for the
assessment of the soil quality, adaptation of mamamt practices and to explain how

environmental variables are linked to degradatioocgsses affecting the distribution of C and
nutrient stocks (Doetterl et al., 2013). The mdijeotives of this study were: (1) to assess the
spatial variation of C and N stocks, to investigatr relationship with soil type, parent material

and selected terrain attributes (mean slope grgdseneam power index, compound topographic
index, slope length factor and hillslope curvatyeesd (2) to estimate the replenishment potential
of heavily degraded compared with non-degradedstmads of a typical 23 ha communal

rangeland in KwaZulu-Natal province of South Africaplete with different intensities of

degradation.
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5.2 Materials and methods

5.2.1 Study site description

A 23 ha grassland catchment exhibiting differergsgtand degradation intensities (Figure 5.2)
was selected within the communal rangeland of ihishni Catchment which is situated 10 km
south of the Bergville district in the KwaZulu-NhatBrovince, South Africa (Long: 29.38°;
Lat:28.81°). The mean annual precipitation overghst 30 years is 684mm per annum, with a
potential evaporation of 1600 mm per annum and anna@anual temperature of °C3(Schulze,
1997). This landscape is characterized by a reltigentle relief with a mean slope gradient of
about 15.7 % and an altitude ranging from aboutl1881492 m.a.s.l. The underlying bedrock is
predominantly sandstone with dolerite dolerite ustons (Figure 5.3). Soils vary along the
catchment hillslope from Gleyic Luvisols and Glelgsm the footslope, to deep red Acrisols and
Luvisols midslope, and to Yellow Acrisols or Luvispupslope (WRB, 2006). The vegetation
reflects the intensity of the grassland degradatomwhich most of the area has been subjected to

livestock grazing.

5.2.2 Sampling strategy for C and N stocks

The soil samples for C and N content analysis wegelarly selected at the nodes of a 20x20 m
grid in July 2009 from the 23 ha grassland catchmBme soil samples were taken to a sampling
depth of 0.05 m from the soil surface. This gavé @bservations, the positions of which are
shown in Figure 5.1. Additional, but limited sodmples were collected at different depths from
two catenas in the catchment. Soil samples werkeatet from 10 soil profiles at three
geomorpholocally distinct landform positions of tbatenas: footslope, midslope and upslope.
From each profile, soil samples were collected frin@ 0-0.1 m surface layer to deeper soil
layers, from 0-0.3, 0-0.6 and 1 m. In the fields 8oils of two representative catenas across the
study site were described pedologically (WRB, 200B)e colour of dry soil samples was
determined with the Munsell colour chart. Triplieasoil bulk density samples were also
collected in the different soil horizons of thelsmiofiles using 220.89 cthmetal cylindrical

cores (height 0.05 m, diameter 0.75 m).
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5.2.3 Soil chemical and physical characteristics

The soil bulk density samples were immediately edgad in the laboratory and gravimetric

water content was determined by following Blake &faitge, (1986). Prior to soil analyses, the
soil samples were air-dried and ground to passugiroa (<2 mm) sieve. The particle size
distribution was determined by the pipette methGegg and Bauder, 1986). The soil pH was
measured in both distilled water and KCI using &rtatic pHM766 meter, whereby a solution

ratio of 1:2.5 (10 g soil:25 mL solution). The soilvere analyzed for total C and N dry
combustion using a LECO CNS-2000 Dumas analyzerc@€orp, St. Joseph, MI). The P and
K content were measured by extraction with strontehloride. The concentrations of P and K

were determined by inductively-coupled plasma @pienission spectrometry (ICP-OES).
5.2.4 Determination of soil organic carbon and nutrient $ocks

To estimate C stocks, for the 0.05 m topsoil layed the deeper soil layers, the C concentration
is multiplied with the soil bulk densitypf), and the respective thickness of the soil layer
according to Batjes (1996);

C, = X (1~ ) @
whereC;s is the C stock (kg C 1) of the 0-0.05 m soil layer; is the C concentration in the
<2 mm soil material (g C kb); xz is the soil bulk density (Mg f); xs is the thickness of the soil
layer (m);x4 is the proportion of fragments of >2mm in percent.

5.2.5 Determination of environmental factors
Terrain attributes

To quantify the effect of the terrain attributeshigh resolution DEM with a 5-m mesh was

developed for the study area in which topograptdesh was obtained. This DEM was generated

from 50,000 data points gathered within the catattméth differential global positioning system

(DGPS), with precision in Z of +/- 0.05 m, horizahaccuracy of 0.1m and vertical accuracy of
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0.2, and interpolated using the inverse distancgiag (IDW) interpolation method in
ArcView3.2 (ESRI, 2004). The following terrain @ites were derived from the DEM: mean
slope gradient (S); aspect hillslope curvature Yguplan curvature (Cugy); profile curvature
(Curvy); stream power index (SPI); compound topographéex (CTI) and slope length factor
(SLF). The terrain attributes were estimated usingariety of spatial analyst tools such as the
terrain analysis tool to determine the CTI, SPI &ud and the DEMAT tool to determine S,
Aspect and curvatures in ArcView 3.2 (ESRI, 2004)map for each terrain attribute was
generated for the catchment. According to Moorale(1991; 1993), terrain attributes can be
classified into primary and secondary attributegmBry attributes are directly calculated from a
DEM and include variables such as elevation, slqgp&) and profile curvature, slope length
factor and specific catchment area. Profile cumeaia a measure of the rate of change of the
potential gradient and it is thus important for evaflow and sediment transport processes. Plan
curvature is a measure of the convergence or diveryand hence the concentration of water in
the landscape (Moore et al., 1991). Slope lengttofaaccounts for the effects of topography on
erosion (Wischmeier and Smith, 1978). Secondarnpates entail combinations of the primary
attributes and can be used to characterize theabkpatiability of specific processes occurring in
the landscape (Moore et al., 1993). Secondarybates include the CTI or wetness index and
SPI. The compound topographic index is a usefubdogphic variable that is a guide to water
and sediment movement in landscapes (McKenzie gac,R1999). It is used to characterize the
spatial distribution of surface saturation zoned swmil water content in landscapes (Moore et al.,
1993). Stream power index is a measure of the\ergsower of overland flow (Moore et al.,
1991), which is likely to be a good indicator ofidhdegradation due to water erosion.

5.2.6 Soil surface characteristics

In this study, the influence of soil surface ch&dstics on soil stocks was investigated by
qualitatively assessing the proportion of grasgabeover (Cov) and soil surface crusting (Crust),
two indicators of grassland degradation in the aegiDlamini et al.,, 2011), using a 1x1m
gquadrats, following the method by Auzet et al. @0Metailed information on Cov and Crust
were gathered in the study site in June 2009, arekwefore the soil sampling for C and N stock

estimation. A total of 200 field observations weaadomly selected throughout the catchment,
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with locations captured using the global positigngystem (GPS) with a 0.2 m lateral accuracy.
From the nine main types of crusts defined by Caserand Valentin (1992), only three crust
types were found at the study site: structural droaurface made of coalescing partially slaked
aggregates), erosion (smooth surface made of dessepl of fine cemented particles) and
sedimentary (laminated with layers of differenttte®). The proportion of crusts reported here
corresponded to the sum of the three crust typdS. I&ers for Crust and Cov were then
generated from data points by interpolating usihg ordinary kriging function of ArcMap
(ESRI, 2004), a function adapted for soil properi@nd lower sampling densities (McBratney
and Webster, 1983).

5.2.7 Determining the spatial structure of data

Variograms were computed to determine the spate@lksand strength of C and N pattern across
the 23ha catchment. A variogram is a geostatistbaracteristic used to describe the spatial
structure or spatial dependence of a data setr{goki and Tate, 2000; Kravchenko, 2003). The
variogram is an integral geostatistical tool beeaitiseveals the nature or pattern of topographic
variation of a soil property across a landscapeyugntifying the scale and intensity of the spatial
variation. Furthermore, it provides the essentmtial information for optimal estimation and
interpolation, and can also be used for optimiz&agnpling schemes (Burgess and Webster,
1980; Oliver, 1987; Oliver et al., 1989). Using tkariogram, the spatial structure can be
described by fitting observation data to a modék Shape of the variogram gives an indication
of the spatial structure of the soil property (Vitdhrand Nielsen, 1980).

The first step in assessing the spatial distribufiar C and nutrient stocks was to determine
whether there was a significant spatial struct@edyvaerts, 1999). In order to detect the random
function that caused the spatial structure of thgeovations, an appropriate model was fitted to
the experimental variograms using routines from tandard computer program, GS+7.0
geostatistical software (Robertson, 2007). The data fitted to permissible variogram models
commonly used in practice such as the sphericglprantial, Gaussian which show the spatial
correlation of the data, and the linear variograndet which generally indicate drift in the data

(Gassner and Schnug, 2006). An isotropic distrdrutivas selected and the parameters of the
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directional variogram were determined. The bestditmodel from the geostatistical analysis of
the data was used. Because soil properties doargtisotropically in the landscape, to detect
anisotropy, variograms were analysed for four dioes of @, 45°, 9¢° and 138. Oliver et al.

(1989) recommends that in order to detect direatiaifferences or anisotropy the variogram

should be estimated in at least three directions.

The variogram parameters for characterizing theiapstructure are the nugget variance, sill,
nugget/sill (N/S) ratio and spatial correlationganlt is important to differentiate between these
parameters. The nugget variance represents th@mandriable of the data. Firstly, from the
measurement error, and secondly from the spatiahifity at distances smaller than the shortest
sampling interval. The sill is the plateau whictegvbounded model will reach. The N/S ratio is
defined as the proportion of short-range variapilitat cannot be described by a geostatistical
model based on the isotropic variogram (Kravcher@®)3). The ratio of nugget semi-variance
to sill semi-variance (N/S) was calculated from $iileand nugget values to determine the spatial
dependence within the data. If N/S < 25%, the Wwdeiais considered strongly spatially
dependent; if 25% < N/S < 75%, the variable is @ered moderately spatially dependent and if
N/S > 75%, the variable is considered weakly spatikependent (Kravchenko, 2003). The range
is the distance of spatial autocorrelation at wtitedr model reaches the sill or plateau (Gassner
and Schnug, 2006). It is an indication of the diseaover which soil property data points are
spatially depended on each other (Kravchenko, 2@@&sner and Schnug, 2006). Generally, a
large spatial correlation range and small N/S saitidicate that great accuracy can be achieved in
mapping the variable of interest (Isaaks and Stawas 1989). In this study, prediction accuracy
of various interpolation techniques was tested #edstrongest interpolation techniques were
used to map the spatial distribution of C and Nossrthe 23 ha grassland catchment. Maps
showing the spatial distribution of C and N weragated using ArcView GIS 3.2 (ESRI, 2004).

5.2.8 Replenishment potential of heavily degraded comparkewith non-degraded soils

Following the results of the spatial variation o@d N stocks estimation, we aggregated the soil
C and N stocks derived from heavily degraded anddegraded grassland soils to estimate the

replenishment potential. This was done by takirg ieximum C and N stock values at non-
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degraded and the lowest values at heavily degrgdestland soils (n = 612 data points). This
information was further used to estimate the raplenent potential of C and N stocks in the

catchment.

5.2.9 Statistical analysis

A correlation matrix was generated to identify wamiate relationship between C and N stocks
and the selected environmental factors. A multatarianalysis was applied to the data to find
relationships between C and N stocks, soil chamgtitss such as clay content, as well as

environmental characteristics such as the meare gogdient, compound topographic index, and
stream power index. A principal component analyss used as it has been previously shown to
be well adapted to large sets of variables andeatify the structure or dependence in data sets
(Webster, 2001). The PCA converted the conneawitnto the so-called factors or principal

components, which together explained the totalavee of the data (Jambu, 1991). In this

multivariate statistical tool, the first and secdadtors often explain most of the variance and
therefore most of the information contained in dia¢a. The ADE4 software (Chessel et al., 2004)

was used for this study.
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5.3 Results
5.3.1 Description of soil variations along the catena’s

The soils have been mapped in detail in the 23 fa@stand catchment using catenas and
extensive soil surveys (Figure 5.4; Tables 5.1@a) Luvisols are the dominant soil type, found
mainly in the backslope and footslope positiontwf tatchment. The profiles on these Luvisols
exhibited dark brown (7.5YR 4/5) A horizon, witmé angular blocky structure underlain by
reddish brown (2.5YR 3/3) subsoil horizon, with nusd blocky structure due to the intrusion of
dolerite in this area and a high clay content (>B0¥he footslopes are characterized by deep
(>1.5m) Gleysols and Gleyic Luvisols characteribgddark brown (7.5 YR 3/2) A horizon, dark
grey (7.5 YR 4/1) B horizon, with a high sand cont¢>40%) and redoximorphic features
evident in the entire solil profile (Table 5.1an@)5There is a transition for a few meters (~10 m)
to Acrisols at footslope, which are the second aami soil type. They are characterized by dark
brown (7.5YR 4/6) topsoil horizon, with better drage conditions. Yellow Acrisols and
Luvisols are found in the upslope position of thislope. These soils upslope of the site are
shallow, characterized by dark brown (7.5 YR 4/4hérizon, with medium angular blocky
structure, a yellowish red (5YR 3/3) B horizon, drale a high clay content of 30%. From the

two described catenas it was observed that sothdepreases down the hillslope.
5.3.2 Descriptive statistics of C and N in the 0-05 m sidayer

Soil carbon stocks in the 0.05 m soil layer actbes23 ha grassland catchment ranged between
0.28 and 2.1 kg C i with an average of 1.2 kg Cnand a coefficient of variation (CV) of
27.7%. Nitrogen stocks ranged between 0.02 andky M m?, with an average of 0.08 kg N'm
and a CV of 27.8%. Both C and N stocks were foumdbe positively skewed, with positive
skewness coefficients of 0.03 and 0.35, respegtiifable 5.3).
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5.3.3 Variation of C and N with soil depth

Soil organic carbon content decreased with dep#il aampled soil profiles, from an average of
19.4 g C ki at 0.10 m to 14.8 g C Kgat 0.3 m and 9.1 g C Kgat 0.6 m (Table 5.1 and 5.2;
Figure 5.4). Similarly, nitrogen content decreas#tti depth from 1.36 g N kbat 0.10 m to 1.03

g N kg* at 0.3 m and 0.72 g C Rgat 0.6 m. This pattern was consistent for thetehir soil
profiles along the two catena’s. The soil bulk dgngaried significantly with depth from the
topsoil layer to the deeper soil layers, rendetimg C and N stocks to also vary with depth. C
stocks in the 0.10 m surface layer ranged betwe®h Kg C nf and 3.52 kg C i, with an
average of 2.19 kg C fnIn the 0.3 m soil layer, the C stocks ranged betwl1.31 kg C fhand
4.97 kg C nf, with an average of 3.05 kg C“min the 0.6 m soil layer, the C stocks ranged
between 1.01 kg C fhand 5.27 kg C iy with an average of 2.36 kg C3nN stocks in the 0.10
m surface layer ranged between 0.08 kg Rand 0.24 kg N /i, with an average of 0.16 kg N
m2. In the 0.3 m soil layer, N stocks ranged betw@dnkg N n¥ and 0.33 kg N A, with an
average of 0.21 kg N T In the 0.6 m soil layer, N stocks ranged betwe&7 kg N nt and
0.32 kg N nf, with an average of 0.19 kg N'm

5.3.4 Interpretation of spatial structure and variability

To determine the spatial pattern of C and N actlos®3 ha catchment, directional variograms of
C and N were computed using a generation set ofd@& points (Figure 5.5). The isotropic
variogram for C displays an increase in semi-vaainom 0.5 to 0.7, with an increasing distance
from 25 m to about 230 m. It plateaus after 230whjch marks the limit of the spatial
dependence. There was a marked anisotropy which greatest between the® @nd 138
direction. The N/S ratio was 10.3, which indicatemoderate spatial dependent structure. The
isotropic variogram for N displays an increaseeamsvariance from 0.0.0024 to 0.0028, with an
increasing distance from 25 m to about 100 m, whasls of gradually to 300 m marking the
limit of the spatial dependence. There was a magkesbtropy which was greatest between the
0° and 138 direction. The N/S ratio was 10.3, which indicatesnoderate spatial dependent
structure. This implies that C and N stocks undsgrdded conditions in the catchment have a

significant spatial autocorrelation or dependertbg tendency or likelihood that sampled points
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at neighbouring locations in space are much mondasi to one another than those further apart)
up to a distance of 150 m, and beyond this dist@esd N do not depict a significant spatial

autocorrelation.

As is evident in Figure 5.6, the spatial variapilif C stocks in the 23 ha grassland catchment is
high ranging between 0.35 kg C’nand 3.04 kg C i, with an average of 1.20 kg Cn
Similarly, N stocks varied greatly between 0.03Ngn? and 0.21 kg N M, with an average of
0.08 kg N n. This can be attributed to the landscape beingrbgeneous as result of the
varying intensities of degradation due to the manant practices such as cattle pathways

evident in Figure 5.2.

Beyond analyzing the spatial variability of C andstécks in the grassland catchment, an effort
was made to estimate the replenishment potentighefsoils. Figure 5.6 show the C and N
replenishment potential, calculated by aggregatimg maximum C and N values for non-
degraded soils and subtracting the minimum vala#iseged from the heavily degraded soils. The
C replenishment potential of the degraded soilthencatchment ranged between 0.17 t C ha
(1%) and 12.8 kg t C Ha(78.3%), with an average of 4.6 kg t C'h@8.6%). Higher C
replenishment potential was estimated for the redsals, while a lower potential was estimated
for Luvisols and Gleysols (Table 5.5). The N repament potential of the degraded soils
ranged between 0.0014 t Chi®.8%) and 0.9 t C Ha(78.6%), with an average of 0.3 kgt C ha
%(31.5%). No significant difference in the N repkminent potential was observed for the

different soil types.
5.3.5 Correlation between soil stocks and selected envinmental factors

The spatial distribution of C and N stocks wasteslao parent material, soil type, soil surface
characteristics and selected environmental factee&ing possible explanations of the variation.
Generally, the r coefficients are relatively lomgang between 0 and 0.14 (Table 5.4). However,
owing to the large number of observation data gousted in this study (n=716), C stocks were
significantly correlated with SPI (r=0.10), aspéct0.09), and SLF (r=0.09), while N stocks
significantly correlated with S (r=0.15), SPI (0)E&d SLF (r=0.14).
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Principal component analysis (PCA) was appliedhto data to further examine the relationship
between soil stocks and environmental factors (feigu7). Two PCAs were generated from
auxiliary variables of Cov, Crust, S, SPI, CTI, GQuaind SLF. The first PCA (PCA1) included all
the 716 data points. Its two first axes explain@®o®f the data variation (Figure 5.7A). The first
axis which accounts for 41% of the total data ‘emashowed a trend associated with SLF,
Crust and Cov. Crust was negatively correlatedxiela(x= -0.89), while Cov was positively
correlated (x=0.89). Axis 1 can be interpreted msaais of land degradation. Topographic
variables, SPI and SFL were negatively correlatéd axis 2 (y= -0.76 and -0.69, respectively),
which accounts for 19% of data variance, while slaurvature was positively correlated
(r=0.70). Axis 2 discriminates between hillslopesipions; the lower hillslope positions of high
SPI and SLF and low Curv which is opposed to thghéii hillslope positions. As shown by
Figure 5.7A, higher C and nutrient stocks were tbahlower hillslope positions. In summary, it
can be concluded from this multivariate analysét tiigher C and N stocks in the catchment are
found in bottomland areas under waterlogged camstiwhich are characterised by high soil

surface coverage.

To exclude the effect of waterlogging conditionsl am focus on other processes and factors that
might influence the spatial variation of C and Mcéts across the catchment, another PCA was
constructed which excluded soils with redoximorpfaatures (Figure 5.7B). The first axis of
PCA (PCA 2) accounting for 47% of the data variasbewed a trend associated with slope
gradient and soil surface coverage by vegetatitve. Second axis of PCA 2 which accounts for
20% of data variance showed a trend associated Wldtope curvatures. The weakly convex
and strongly concave areas are characterized blethsoils, which is evident in the soils found
in the footslope of the catchment. Soil stocks o&r@@ N, correlated with axis 1. There was,
however, a slight decrease of C and N stocks asdéoreased and Crust increased. Finally, both
the soil type and the bedrock type (Figure 5.8) adignificant P<0.05) impact on both C and

N stocks. Overall, what is evident from the multigée analysis is that there is no single
environmental factor which seems to override ondcand the other as the main controlling
factor, thus the factors cannot be consideredadlai®n as they are linked with one another. No
one soil forming factor acts in isolation althoulgitally one may exert a stronger influence
(Jenny, 1941).
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54 Discussion
5.4.1 Characteristics of C stocks

The average C stock of 1.2 kg C*fiound in our study site was of similar magnitudettas C
stocks of 1.3 kg C freported by Mills and Fey (2004) in neighbouringsgiand area of South
Africa, but an order of magnitude lower than thetGck values reported by Leifeld et al. (7.5 kg
C m?) in Swiss alpine grasslands, by Rodriguez-Mur(2601) in grasslands of Spain (7.3 kg C
m?), Townsend et al. (1995) in the tropical grasstaofiHawaii (14 kg C ff), by Jobbagy and
Jackson (2000) in temperate grasslands (11.7 k¢f)C by Tate et al. (2000) in pastures of New
Zealand (20.0 kg C 1), and the average C stock of 10.6 kg & maported by Batjes (1996) for
global soils. The lower C stocks in this study nhbayattributable to the acidic (3<pH<5), sandy
(>60%) soil conditions, steep slope conditions 7%). and soil losses of up to 13 t hg
induced by soil erosion (Dlamini et al., 2011) #hd0 t ha t hd y* induced by gulley erosion
(Chaplot, 2013).

5.4.2 Spatial variation of C and N

Using the best interpolation technique, maps shguie distribution of C and N stocks across
the 23 ha grassland catchment were produced (F&uleis evident from Fig 6 that the spatial
dependence in the variogram arises because thengatches in the catchment where C and N
stocks are high and other areas where the stoektoar Seemingly, the spatial variability of
both C and N stocks across the catchment is nefyptandom. Indeed, the C stocks are spatially
highly variable across the catchment. High C staaies found in the lower positions of the
catchment (valley bottom) where waterlogged coadgi are strongly expressed, and also
restricted to crest locations at the midslope @f ¢atchment. Lower C stocks occurred in the

steep slope positions in the east-west directidgh@tatchment.

The higher C and N stocks at lower hillslope possi might be explained by a combination of
two mechanisms: (1). Preferential detachment avandlmpe transport of the more labile, and

lighter, SOC fractions which are typically enrichedSOC relative to the bulk soil (Gregorich et
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al., 1998) and soil erosion, which redistribute® thppermost nutrient-rich material and
accumulates it down the hillslope.

(2) hydromorphic conditions of waterlogged soilstba footslope restricts the decomposition of
organic matter due to the lack of oxygen for soitnmorganisms, thus accumulating nutrient

rich organic material.

5.4.3 Controlling environmental factors

From the correlation matrix, it is evident that ®oof the topographic variables are significantly
correlated with C and N stocks. The low correlatmefficients, especially between terrain

attributes and soil stocks were unexpected. Thomggcal. (1997) in Minesota found soil C

stocks to be significantly correlated to slope grat(r=-0.50) and distance to local depression
(r=-0.56). Under a temperate climate and gentlpeskonditions, Chaplot et al. (2001) found r
coefficients between topographic factors and sost@cks of r=0.08 for slope curvature and
r=0.89 for elevation above the bottomland. Slopadgmt was also found to be the main
controlling factor of C stocks in the silty alluVideposits of South West France (Arrouays et al.,
1999).

The significant correlations between soil stockd &Rl, which is a measure of the erosive power
of overland flow (Moore et al., 1991) and SLF whatcounts for the effects of topography on
erosion (Wischmeier and Smith, 1978) confirms thlevance of mechanism 1. Similar studies
carried out in other parts of the world (i.e. Th@op et al., 1997; Chaplot et al., 2009) found that
C and N stocks increase downslope. The second misamas confirmed by apparent lack of
relationship between soil stocks and terrain attéb when the multivariate analysis was
performed by excluding waterlogged soils. Basedtos and field observations, it seems that
both sets of processes are operative across tblencant, but to differing degrees leading to the
high spatial variability of SOC stocks induced mgchdation.

Following the PCA analysis, higher C and N stodlesfaund at concave areas of the catchment
which correspond to the bottomland, while lowerck& were encountered at convex areas.

Lower C and N stocks were found at higher curvatuvhich corresponded to midslope convex
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areas. In general, stronger convex areas havediis(Heimsath et al., 1997) because of greater
soil erodibility, which has been confirmed at thedy site using in-situ measurements (Dlamini

et al., 2011). Overall, 40% of the variability ofa@d N stocks remained unexplained.

In our study, there was no relationship betweernoCks and soil clay content. This is consistent
with the results presented by Percival et al. (2000temperate grassland soils in New Zealand.
Clay content does not appear to be the only faetgponsible for the stabilization of C in soils. It

is suggested that the stability of C in the soilldaather be linked to soil mineralogy than clay
content only. Some studies have elucidated posiélsionship between soil C and clay content,
especially when other factors such as climate, tatiga and hydrology are similar (Davidson,

1995). This has been attributed to greater C &akibn effect of clay content as a result of the
presence of a large specific surface area capdblerming stable organo-mineral complexes
(Feller and Beare, 1997; Six et al., 2000).

In the study site, C stocks were found to slighlyy with soil type, dolerite derived soils having
greater stocks than sandstone derived ones. Timbn§j even though was less apparent is
consistent with what has been reported elsewhdrerature. For example, Mills and Fey (2004)
in a South African grassland found that stocksadfG in dolerite-derived soils characterized by
reddish colours were greater (16.4 kg G)nthan in sandstone-derived soils (9.7 kg G)m
characterized by greyish colours in the top 0.5aget of soil. In two grassland sites with two
different geologies in Germany, Don et al. (20@)rfd that higher C stocks of 2.9 kg Cin

the 0-0.05 m soil layer of dolerite derived soit$ay rich site) compared to 1.6 kg C?rn
sandstone derived soils (sandy site). The highstoCks in the clayey site were attributed to C
stabilization by clay (Six et al., 2002). While oolbservations were consistent with what has
been found in other studies, the differences betveed stocks from the two geologies were not
significant. The soils in the study site overlieks of varied geological substrate ranging from
sandstone to dolerite intrusions. However, theriglear limit between the two geologies, with
the dolerite intrusions evident in some parts ef¢htchment. The unexplained variability of high
stocks in other areas of the catchment besidebdtiemlands and waterlogged conditions may
probably be explained by the intrusion of the didein those areas. In South Africa, dolerite is

one of the many common basic rocks, which contaimgh percentage of Ca- and Mg-rich
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primary minerals (Buhmann et al.,, 2004). Soil mategy is important in determining the
quantity of C stored in the soil (Torn et al., 1R9Dolerite derived soils tend to have greater
sesquioxide content than sedimentary rocks (Pdretva., 2000), which plays a stabilizing role,

hence the greater C stocks under dolerite derigisl s

Finally, considering the spatial extent of the wasg soil types along the hillslope of the 23 ha
catchment, the obtained data show that the heatraded soils have a high replenishment
potential. The C replenishment potential for thavily degraded grassland soils was 4.6 t €. ha

The main environmental controls that can contribiotehe replenishment of C and N stocks

include increasing vegetation cover to reducesgilace crusting, soil and C losses.
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55 Conclusion

In this study of a 23 ha degraded grassland catchimeSouth Africa the main objective was to
assess the spatial variability of C and N stocl&tarfind the link with several terrain attributes
and soil properties including soil surface crustangl vegetation cover, two indicators of land
degradation in the region. Three main conclusi@mshe drawn from this study:

(1) C and N stocks were highly variable at the catchinbevel (CV of 27.7% for C and
27.8% for N stocks);

(2) The spatial distribution of C and N stocks were oasged primarily to terrain
morphology and secondary to land degradation. Stomitks exhibited low univariate
correlations with the terrain attributes, but ahe@igcorrelation was found with a bean of
attributes, with higher stocks being found in tlb@@ave bottomlands while lower stocks
corresponded to higher landscape convexities;

(3) Surprisingly, there was no significant relationshiypind between C, N stocks and soil
clay content, soils type and geological bedrock;

(4) The study demonstrated that carbon replenishmegatpal of the degraded soils was 4.6
t C ha'. The clay-rich red Acrisols were found to havereater capacity to replenish C

stocks compared to the sandy Luvisols and Gleysols.

More needs to be done to understand the physichbemgeochemical processes controlling soil
C and nutrients stocks. Overall, the spatial pastef C and N stocks at the landscape level was
shown to be controlled by factors which affect thevement of water and redistribution of soil
material movements in sloping landscapes. This estgghe strong impact of soil redistribution
by water erosion and waterlogging mechanisms orsplagial distribution of soil nutrients, two
mechanisms overriding the expression of the otlessical soil-forming factors of the Jenny
model.

The impact of grassland degradation on C and migriestocks requires as well further
investigation. Owing to that 81% of the C stocksha first meter of the soil are found in the O-
0.3 m layer, any increase in soil degradation putsstock inventories at risk. Finally, more is to

be done to integrate this knowledge into digital s@pping: (1) on the integration of both static
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(such as topography) and dynamic (e.g., vegetatower; soil crusting) environmental factors;
(2) for large scale prediction. Despite the higlsgbilities of extrapolating this knowledge to the
whole Drakensberg foothills region (similar terramorphology, land use and soils), the
contribution of other environmental factors likenthte needs to be explored. Overall, such an
understanding of the spatial variability of C andrient stocks is expected to drive policies in
order to develop the best conservation strategesas to effectively manage the soil and

receiving water resources while fostering ecolddigactioning of landscapes.
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Table 5.1Some chemical and physical characteristics offemizons for catena 1 at the site.

Profile  Horizons Deptt pH BD Sanc  Silt Clay C N C/IN Cs Ns  Matrix coloul
cm H,O KClI gen® e L ——— L --kg nr2--

1A Footslcpe
1 0-10 4.t 5.t 1.2¢ 5C 22 28 14.¢ 1.1< 13 1.8z 0.1« 5YR 3/<
2 10-25 4% 5.€ 1.27 48 22 30 12.C 0.91 13 2.2¢ 0.17 5YR 4/
3 25-4C 4.2 5.7 1.3C 48 20 32 8.¢ 0.7¢ 11 1.7¢ 0.1t 5YR 4/¢
4 40-55 4.c 5.7 47 18 35 4.¢ 0.4: 11 2.5YR 3¢
5 55-9C 4.1 5.€ 46 17 37 2.€ 0.32 8 2.5YR3/t
6 90-17C 4. 5.7 41 18 40 0.11 5YR 6/€
7 17C¢-22C 4.C 5.7 41 15 44 0.07
8 22(-28:  4.c 6.1 40 14 47

1B Midslope
10 0-14 4.t 5.7 1.1¢ 53 20 27 12.1 0.9t 13 2.0z 0.1¢ 5YR 3/<
11 14-3C 4.2 5.t 1.27 49 17 34 10.C 0.6< 16 2.0z 0.1< 5YR 3/¢
12 30-4€ 4.z 5.E 1.21 47 16 37 10.2 0.7t 14 2.01 0.1t 5YR 3/
13 46-60 4.1 5.4 1.2¢ 44 16 40 0.31 2.5YR 4/¢
14 60-9C 4.C 5.4 1.22 40 16 43 1.€ 0.4¢ 3 0.5¢ 0.1¢ 2.5YR4/€
15 90-12C 4.C 5.4 40 18 42 0.2 0.14 1 2.5YR4/¢

1C Midslope
16 0-10 4. 5.¢ 0.9¢ 31 29 40 28.¢ 2.0¢ 14 2.7: 0.2C 5YR 3/
17 10-2C 5.C 6.1 1.1C 33 24 43 22.¢ 1.52 15 4.97 0.3¢ 2.5YR 3/:
18 20-45 4.7 5.¢ 34 26 40 17.2 1.1¢€ 15 2.5YR 3¢
19 45-17C 4. 6.C 29 17 54 0.8 0.3t 2 2.5YR 4/t
20 1704 4.c 6.5 65 20 15 10YR 6/¢

1D Upslope
21 0-10 4.1 5.4 0.9¢ 18 29 54 36.7 2.2t 16 3.5z 0.2 5YR 3/¢
22 10-25 4z 5.¢& 0.9¢ 19 24 56 2.5YR 3/t
23 25-5C 4.z 5.1 0.8¢ 19 21 60 9.7 0.51 18 2.1: 0.11 2.5YR 4/t
24 50-14C 41 5.2 0.8¢ 13 22 64 1.C 0.2z 5 0.8C 0.1¢ 2.5YR 4/t

1E Upslope
25 0-10 4C 4.¢ 1.1t 5C 19 30 17.7 1.1¢€ 15 2.0¢ 0.1¢ 7.5YR 4}z
26 10-25 41 4.¢ 1.1¢ 46 19 35 12.¢ 0.7¢ 16 2.2 0.1¢ 7.5YR 4/t
27 25-4C 4.2 5.C 1.0¢ 49 16 35 7.€ 0.5¢ 15 1.2¢  0.0¢ 7.5YR 46
28 40-60 4.1 5.C 46 15 39 3.7 0.7¢ 5 5YR 5/7
29 60-85 4C 5.C 41 20 39 1.€ 0.g 2 2.5YR 4/¢
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Table 5.2 Some chemical and physical characteristics of lsmiizons for catena 2 at the

site.
Profile  Horizons  Deptt pH BD Sanc Silt Clay C N C:N Cs Ns Matrix coloul
cm HO KCl ger® ool Y — --g kg-- --kg -
2A Footslope
1 0-1C 5.7 4. 1.3C 52 21 27 9¢€ 07 14 127 0.0¢ 5YR 4/1
2 10-24 5.¢ 4.4 1.3 55 24 22 22,6 14 1€ 4.2F 0.2¢ 7.5YR 3/t
3 24-60 6.1 4.7 1.5¢ 51 27 21 9t 0Ef 1¢ 527 0.2¢ 7.5YR 3/t

2B Midslope

4 0-1C 5.€ 4.kt 1.1¢ 45 22 33 15«4 1.C 15 1.8z 0.1Z 7.5YR 3/:
5 10-3C 5.¢ 4.: 1.21 52 2E 23 128 0.6 1€ 454 0.2¢ 5YR 5/¢
6 30-4C 5.7 4.5 1.21 43 21 37 9.2 0€ 158 1.11 0.07 5YR 5/€
7 40-8C 5.€ 4.2 1.11 40 21 39 57 0f 11 25 0.2z 7.5YR 4/¢
2C Midslope
8 0-1C 5.€ 4.: 1.14 29 18 54 18.z 12 14 207 0.1t 7.5YR 3/t
9 10-3C 4.¢ 4.: 1.0¢ 28 2C 52 9€ 0£& 12 3.11 0.2¢ 7.5YR 3/2
1C 30-7C 5.1 4.1 1.0¢ 26 23 51 52 0£f 1C 22t 0.2Z 2.5YR 3/«
11 70-14C  5.€ 4.1 1.4z 15 43 42 27 0E 5 2.6¢ 0.5 2.5YR 4/¢
2D Midslope
12 0-1C 5.t 4kt 1.3¢ 41 28 31 20,6 14 18 2.7¢ 0.1¢ 7.5YR 3/:
13 10-22 6.2 4.€ 1.2 38 24 38 8¢ 07 13 131 0.1C 7.5YR 4/¢
14 22-54 6.2 4kt 1.31 36 2€ 39 84 07 12 3.5z 0.2¢ 2.5YR 3/«
15 54-8C 5.¢ 4.7 1.3C 34 2¢ 37 5€ 0f 11 1.8¢ 0.17 2.5YR 4/¢
2E Upslope
1€ 0-1C 5.2 4. 1.17 15 3t 49 6.6 0.7 9 0.77 0.0¢ 2.5YR 4/¢
17 10-32 4.€ 4.C 1.0¢ 26 2E 50 16.z 1.2 14 3.8¢ 0.2¢ 2.5YR 4/¢
18 32-54 4.7 4.C 0.9 31 28 42 4¢ 0.6 8 1.01 0.1z 25YR 4/¢
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Table 5.3 Summary statistics of the soil carbon content (@ypgen content (N), carbon
stocks (&) and nitrogen stocks @\ in the 23 ha catchment of higher sampling density
(646 points).

C N Gs Ns

g kg'---  ---kg mi?--
Minimum 6.6 0.6 0.28 0.02
Maximum 724 52 21 0.19
Mean 29 2 1.2 0.08
Median 285 19 1.2 0.08
Variance 56 0.3 0.110.00053
Standard deviation 7.5 0.5 0.33 0.02
Skewness 0.5 0.8 0.030.35
Kurtosis 27 3.3 0.26 0.99
CV 25.8 254 277 27.8
SE 0.3 0 0.01 0.001
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Table 5.4 Correlation matrix of soil carbon stockssfCnitrogen stocks (§; and SL,
estimated yearly soil losses (SL) and selectedrenwiental factors: grass aerial cover
(Cov); proportion of soil surface covered by cru&sust); mean slope gradient (S); slope
length factor (SLF); Aspect (Asp); Stream PoweredSPI); Compound Topographic
Index (CTI); tangential curvature (Curvt), plan atures (Curvpl); and profile curvature
(Curvpr), for 646 observation data points.

SL Cov  Crust S SLF  Asp SPI CTlI CunCurvy Curyy
Cs -0.12* 0.12* -0.12* 0.06 0.09* 0.09* 0.10* 0.00 -0.05 -0.05 0.03
Ns -0.24* 0.24* -0.24* -0.15* 0.14* -0.02 0.13 -0.09 -0.05 -0.05 0.04

* Significant correlation alP < 0.05.
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Table 5.5Changes in carbon stocksgf@nd nitrogen stocks @Nin the 0.05 m soil layer

of non-degraded versus heavily degraded soils Herdifferent soil types at the 23 ha
grassland catchment.

Soil type Non-degradedHeavily degraded Non-degraded Heavily degraded
Cs Ns

--------- kg C mo---m---- B s N i —
Red Yellow Livisols 1.64 0.85 0.12 0.06
Red Luvisols 1.50 0.69 0.11 0.05
Yellow Luvisols 1.53 0.67 0.11 0.05
Gleyic Luvisols 1.64 0.80 0.12 0.05
Yellow Acrisols 1.64 0.81 0.11 0.05
Red Acrisols 1.82 1.16 0.12 0.07
Gleysols 1.52 1.11 0.10 0.07
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Figure 5.1 Location of the 23 ha grassland catchment, DENh &ibm mesh size, contour
lines at 2m intervals, position of the two cateaad sampling points of soil profiles.
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Figure 5.2 Land degradation features in the 23 ha grasslatahment.
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Figure 5.6 Digital maps at a resolution of 5m by 5m for C ahdtocks and changes in C
and N stocks in the 0-0.05 m soil layer obtainedgithe best interpolation technique.
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CHAPTER 6
6. CONCLUSIONS

This dissertation aimed to better understand thpaoh of grassland degradation and
rehabilitation on soil organic carbon and nutristdcks. The second chapter, based on a
literature review, investigated the impact of glaisd degradation on changes in SOC
stocks and to elucidate the main environmental rots)t worldwide. The third chapter
evaluated the consequences of degradation on S@ACS@MN stocks on a communal
rangeland. The fourth chapter investigated thecefté grassland rehabilitation on the
same communal rangeland. Finally, the fifth chaptsessed the spatial variation of both

SOC stock degradation and its replenishment patieorii an entirely grazed catchment.

Collectively, the results obtained in this thediswed that grassland degradation results in
significant losses of SOC and nutrient stocks. Mgpecifically, the results of chapter 2
showed that the worldwide average grassland SO€k stepletion was 9%, with values
ranging between 13% for heavily degraded to 7%ightly degraded soils, with an
absolute minimum value of 1% and an absolute maxinualue of 90%. Grassland
degradation had a more pronounced impact on théettmp of SOC stocks under dry

climates and sandy acidic soils compared to wetatks and clayey soils.

The maximum SOC depletion rate of up to 89% foumdur site in the Drakensberg
foothills, with sandy acidic soils falls in the wgprange of the results reported in the
existing literature. This is consistent with thectfahat higher SOC losses occur under
sandy acidic soils. The measurements showed a dighdecrease in topsoil SOC and
SON stocks with the linear decrease in grass aenakr. The stock depletion was
accompanied by an increase in soil bulk densitgeerease in soil aggregate stability, a
preferential enrichment in stabilized organic nratted a decrease in chemical elements
such as Ca, Mg, K, Mn, Cu, and Zn essential foraggregate stability and plant growth.
This staggering decline in SOC stocks raises camscabout the ability of these acidic
sandy grassland soils to sustain their main ecesys$tinctions, such as soil fertility for

biomass and food production.

While some authors have reported that grasslanchdatyon is irreversible, even though

grazing exclosure (fencing), chapter 4 showed tbif¢ctive rehabilitation of both
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grassland and soil stocks is possible through asmng cattle management and
fertilization. After two years of rehabilitationgeoil SOC stocks increased by an average
of 6.5% (i.e., 0.091 kg C T) under “Savory” and 3.9% (0.055 kg C3munder
fertilization. These techniques should be consillénethe future to rehabilitate grasslands

in order to replenish SOC stocks.

Finally, the results of chapter 5 informed on thethb the spatial variation and
replenishment potential of a typically degradedsgland catchment in the foothills of the
Drakensberg region, showing typical associationrwbeh degraded and non-degraded
grasslands and variations in soils and topographigigh spatial variability of C and N
stocks in the topsoil layer was demonstrated, watlies ranging between 0.28 and 2.1 kg
C m? for C stocks, while N stocks varied between 0.6@ @.19 kg N rif. The C and N
stocks under degraded conditions in the catchmadtsignificant spatial autocorrelation
up to a distance of 150 m, and beyond this dist&h@nd N do not depict a significant
spatial autocorrelation. The spatial variability©fand N stocks was primarily related to
soil surface characteristics, including grass cavet secondarily to topographic attributes.
Beyond analysing the spatial distribution of stockshe catchment, an attempt was made
to estimate the carbon replenishment potentiahefdegraded soils. The C replenishment
potential of the degraded soils in the catchmemyed between 0.17 t Ch&1%) and 12.8
kgt C ha (78.3%), with an average of 4.6 kg t C'h28.6%). The clay-rich red Acrisols
in our site have a greater capacity to replenisktécks than the sandy Luvisols and

Gleysols.
Limitations and Perspectives

The work presented in this dissertation is impdrthecause there is a paucity of
quantitative information on the actual impact ovieonmental disturbances (in this case of
degradation) on SOC and nutrient stocks in gradstails (UNEP, 2007), limiting our

ability to predict how they will respond to futuemvironmental changes. This work has
also contributed to improved understanding of tmgpact of degradation on SOC and

nutrient stocks in grassland soils and the interganvironmental controls.
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Inevitably, each research work has its limits.Ha tourse of this work, the limitations of
establishing baseline conditions, SOC samplingaralysis, difficulty in tracing the SOC

inputs and outputs (isotopic signature), time, ewst labour became evident.

Furthermore, the two year rehabilitation experimesais short. Short-term experiments
may in some cases have a limited value for undwistg interactions over longer
timescales, because of potential biogeochemicaloarlant compositional shifts that
occur in ecosystems over time that might alter {tmrgy responses to any given
environmental factor (Reich and Hobbie, 2013). et promising results from the short-
term rehabilitation experiment in our site offers apportunity to monitor changes
overtime, and this will improve understanding o fflant-soil interactions and the carbon

cycle.

Unfortunately due to time and financial constrairddew sites were investigated, which
limits their global representatives. At the hedrthe issue lies the question of how much
the rehabilitation potential will be under diffeteanvironmental conditions? Will the
rehabilitation of “Savory” technique be successtuider different conditions? Will
degradation lead to a loss of the stable carbormdidiferent environmental conditions?

How much C can be sequestered through rehabilitatithe long-term?

Soils deliver several ecosystem services includiagoon sequestration and nutrient
cycling, which are of central importance to climatéigation and food production. The
role of soils in the terrestrial global carbon &/tlas now become the front line of global
environmental change research (Schmidt et al., X00Here are still many unknowns,
however, about how soils will respond to future rapes in climate, vegetation and
environmental disturbances such as degradatiomé®d to predict how soils will respond
to environmental changes so that we can betterrstaohel their role in the terrestrial

system and ensure they continue to provide keyystas functions.

Previous studies have presented the SOC stalolizatechanisms and the associated SOC
dynamics. SOC has been shown to be physicallyltadbithrough microaggregation, or
by intimate interaction with silt and clay partisl@nd can be biochemically stabilized

through the formation of recalcitrance SOM compau8ollins et al., 1996; Six et al.,
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2002). However, the mechanisms of SOC destabitimatnd the associated SOC dynamics
have received less attention (Sollins et al., 2@ernik and Skjemstad, 2009), especially
in grassland soils where a greater proportion o€3fbcks is held in the uppermost soill
surface layer. The findings of this thesis addHertinsight into the flip side of the coin -

the destabilization mechanisms of SOC, especialyrassland soils.

The information gathered from the field study or tépatial variability of SOC and
nutrient stocks and quality needs to be integraméal carbon dynamic models (i.e. the
Century, Roth C) to be transmittable to similardseapes. Future research should focus at
regional scale (i.e. Drakensberg region) by idgimg environmental factors which control
SOC stocks and examine how these factors can lzkins& carbon dynamic model to
predict SOC stocks. This will require the availapilof spatial datasets of explanatory
variables at high resolution. The improved proagsderstanding presented in this thesis
might form the basis of the model.

Finally, in the context of sustainable developménis essential to advance collaboration
with social scientists and farmer support groupsdemtify practical ways of promoting

adoption of the effective sustainable managemeatesjies for degradation prevention (i.e.
“Savory” and fertilization) to farmers and policyakers. Payment for ecosystem services

created through C sequestration in the soil isimp®rtant strategy.
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Land degradation is recognized as a main environmental problem that adversely depletes soil organic carbon
(S0C) and nitrogen (SON) stocks, which in turn directly affects soils, their fertility, productivity and overall qual-
ity. While it is expanding worldwide at rapid pace, quantitative information on the impact of land degradation on
the depletion of SOCand SON stocks remains largely unavailable, limiting the ability to predict the impacts of land
managementon the Closses to the atmosphere and associated global warming. The main objective of this study
was to evaluate the consequences of a decrease in grass aerial cover on SOCand SON stocks. Adegraded grassland

g:':‘b?ﬁ;de showing an aerial cover gradient from 100% (Cov100, corresponding to a non-degraded grassland) to 50-75%
Pasture (Cov75), 25-50% (Cov50) and 0-5% (Cov5, corresponding to a heavily degraded grassland), was selected in
Rangeland South Africa. Soil samples were collected in the 0.05 m soil layer at 48 locations along the aerial cover gradient
Climate change and were subsequently separated into the clay + silt (2-20 um) and sand (20-2000 pm) fractions, prior
Ecosystems to total C and N analysis (n = 288). The decline in grass aerial cover from 100% to 0-5% had a significant

(P = 0.05) impact on SOC and SON stocks, with losses by as much as 1.25 kg m~? for SOC and 0.074 kg m~2
for SON, which corresponded to depletion rates of 89 and 76%, respectively. Furthermore, both the C:N ratio
and the proportion of SOC and SON in the silt + clay fraction declined with grass aerial cover, which was indic-
ative of a preferential loss of easily decomposable organic matter. The staggering decline in SOC and SON stodks
raises concerns about the ability of these addic sandy loam soils to sustain their main ecosystem functions. The
associated decrease in chemical elements (e.g., Ca by a maximum of 67%; Mn, 77%; Cu, 66%; and Zn, 82%) was
finally used to discuss the mechanisms at stake in land degradation and the associated stock depletion of SOC
and SON stocks, a prerequisite to land rehabilitation and stodc replenishment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Grasslands occupy about 40% of world's land surface and store ap-
proximately 10% of the global soil carbon (C) stock of 1500 Gt (Suttie
et al., 2005). Consequently, grasslands are considered to have greater
potential to sequester SOC, depending on management strategies
(Franzluebbers and Doraiswamy, 2007), making them an important
component of the global C cycle. Additionally, grasslands provide
key ecosystem goods and services by supporting biodiversity, and
serving as rangelands for the production of forage to sustain the
world's livestock (Asner et al., 2004; Bradford and Thurow, 2006;
FAO, 2010; Suttie et al., 2005). However, land degradation severely
impacts on the productivity of grasslands (UNEP, 2007).

Land degradation, defined here as the reduction in the capacity of
grasslands to carry out their key ecosystem functions, is commonly
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attributed to disturbances including overgrazing, livestock trampling
and soil erosion (Daily, 1995; UNEP, 2007). For instance, a recent
study by Kotzé etal. (2013) investigated the impacts of rangeland man-
agement on the properties of clayey soils along grazing gradients in the
semi-arid grassland biome of South Africa. They found that communal
farms with continuous grazing were generally depleted of nutrient
stocks, and nutrient depletion generally increased with increasing graz-
ing intensity. Grassland management practices substantially influence
the amount, distribution and turnover rate of soil organic matter and
nutrients in soils {Blair et al, 1995). Moreover, because the larger pro-
portion (ca60-70%) of SOC and nutrient stocks in grassland soils is con-
centrated in the top 0.3 m (Gill et al, 1999), any external disturbance is
likely to cause dramatic soil fertility and SOC depletion, which in turn
will constrain grassland productivity, including biodiversity loss and
forage production (Dong et al, 2012; Ruiz-Sinoga and Romero Diaz,
2010).

Yet, contradictory results have been reported on the impact of land
degradation on SOC stocks with some studies showing a decrease in
SOC with overgrazing (Martinsen et al.,, 2011; Steffens et al,, 2008),
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some no change (Dormaar et al,, 1977; Johnston et al., 1971) whereas
some show an increase (Derner et al,, 1997; Smoliak et al,, 1972).

For instance, SOC stocks declined by 15% after seven years of grazing in
Norway, with 0.76 kg C m™? in ungrazed compared to 064 kg Cm ™~ “in
heavily grazed grasslands (Martinsen et al., 2011). Steffens et al. (2008)
found that 30 years of overgrazing in a semi-arid Chinese grassland re-
sulted in 50% decrease in SOC stocks, with 0.64 kg C m—2 in grazed com-
pared to 1.17 kg C m™ in ungrazed grasslands. A similar depletion rate
was found in the USA, where Franzluebbers and Stuedemann (2009) ab-
served that heavy grazing reduced SOC stocks to 0.051 kg C m ™~ after
12 years of grazing, compared with 0.117 kg C m™2 on ungrazed grass-
lands. Wu and Tiessen (2002) reported that land degradation reduced
SOC and N by 33% and 28%, respectively in a degraded Chinese alpine
grassland. Finally, Dong et al. (2012) found an extreme SOC depletion
rate of 90% in a degraded Chinese grassland.

In contrast, grazing increased SOC stocks under several environments
(Bauer et al.,, 1987; Derner et al,, 1997; Frank et al., 1995; Smoliak et al.,
1972), by rates ranging from 14% to 91% However, in the latter, moderate
grazing is reported to be beneficial to grassland soils rather than contrib-
uting to their degradation,

While the studies focusing on land degradation have reported asso-
ciated losses in SOC, little is known on the impact of different degrada-
tion intensities on SOC stocks, with the underlying research question
being at what threshold of land degradation do SOC stocks dramatically
decrease?

To further improve the understanding of land degradation impact on
SOC losses from soils, more work needs to be done on the mechanisms
controlling organic matter destabilization. As such, the changes in or-
ganic matter quality as a consequence of land degradation could be
early indicators of SOC stock depletion in both natural and agricultural
ecosystems, as suggested by Christensen (2001). Furthermore, a better
understanding of the rates of SOC and SON depletion and the associated
destabilization mechanisms is expected to enhance efforts to circum-
vent land degradation and accelerate the recovery of degraded soils
(Schmidt et al., 2011), while maintaining a viable forage production
for livestock and supperting biodiversity (Lal, 2004).

For many smallholder farmers in Africa, grasslands make a signifi-
cant contribution to food security by providing part of the feed require-
ments of livestock used for meat and milk production (O'Mara, 2012).
However, many of the grasslands are in poor condition and showing
signs of degradation due to an increase in anthropogenic pressures on
marginal lands, overgrazing and the associated problems of soil erosion
(Suttie et al, 2005). As a consequence, this is jeopardizing both the en-
vironment and the economical development of rural livelihoods.

In this study of a communal rangeland in the uplands of the
Drakensburg region, KwaZulu-Natal Province, South Africa managed
by smallholder farmers, our main objective was to evaluate the conse-
quences of a decrease in grass aerial cover on SOC and N depletion
rates and the associated organic matter quality. Grass aerial cover was
used as an indicator of land degradation.

2. Materials and methods
2.1. Site description

The study area is located in the Potshini catchment, 10 km north of
the Bergville district in the KwaZulu-Natal Province of South Africa
(Long: 29° 21'; Lat: — 28" 48'). This area has a sub-tropical humid
climate, characterized by cold dry winters and warm rainy summers
(October to March), with a mean annual precipitation of 684 mm, a
mean annual potential evaporation of 1600 mm and a mean annual
temperature of 13 °C (Schulze, 1997). The altitude ranges from 1080
to 1455 m.a.sl and the average slope gradient is 8%. The underlying
geology is sandstone and mudstone, and the soils are classified as
Acrisols (WRB, 2006). The vegetation in this area is dominated by Moist
Highveld Sourveld (Camp and Hardy, 1999). The dominant vegetation

species of the Moist Highveld Sourveld include Hyparrhenia hirta and
Sporobolus africanus.

2.2, Experimental design and sampling strategy

A degraded grassland site with a surface area of 1500 m?
(30 m x 50 m) and homogeneous soils was selected in the uplands of
the Drakensburg region of South Africa (Fig. 1). This site was selected
because it exhibited a land degradation gradient varying from highly
degraded areas with bare soils in the north to areas fully covered by
grass in the south. Such areas are a common feature of many communal
rangelands in this part of South Africa. For soil sampling, four categories of
grass aerial cover were identified and evaluated in the site, i.e. 75-100%
(Cov100, corresponding to non-degraded land), 50-75% (Cov75), 25—
50% (Cov50), and 0-5% (Cov5, corresponding to heavily degraded land).
In this study, grass aerial cover is defined as the area of the ground cov-
ered by the vertical projection of the aerial portion of the plants (USDA,
1996). Aerial cover was measured by placing a 1 m » 1 m plot frame at
fixed intervals along each corresponding aerial cover category, while the
aerial cover of the plants in the plot was recorded as an estimate of the
% of total area (Daubenmire, 1959). At each cover category, three sam-
pling points were randomly selected. For each selected sampling position,
four replicate soil samples were collected in the 0-0.05 m soil layer 1 m
apart in a radial basis sampling strategy to yield twelve samples per cate-
gory. The sampling resulted in a total of 48 soil samples. Furthermore, for
each category, additional soil samples for bulk density were sampled
using a 0.075 m diameter metallic cylindrical core (height, 0.05 m) fol-
lowing similar sampling strategy. The surface layer was intensively sam-
pled because the effects of land degradation on SOC and nutrient stocks
have been shown to be maore pronounced in this soil layer (Dong et al.,
2012; Snyman and du Preez, 2005). For the analysis of SOC and N stocks,
with depth in each grass cover category, additional soil samples were
collected by horizon at depth increments of 0-0.05 m, 0.05-0.15 m,
then every 0.15 m down to 1.2 m using a hand shovel from the face of a
1mx 1 mx 1.2 m soil pit. Triplicate soil bulk density samples were
also collected in the different depth increments of the soil profiles using
220.89 cm ™ metal cylindrical cores (height 0.05 m, diameter 0,75 m).
Soil samples for bulk density were taken to the laboratory, immediately
oven-dried at 105 °C to determine the oven dry weight using the gravi-
metric method (Blake and Hartge, 1986). Once in the laboratory, the
field moist samples were passed through an 8-mm sieve by gently break-
ing apart the soil. The remaining soil samples were air-dried and ground
to pass through a 2-mm sieve for further soil analysis.

2.3. Soil physical and chemical analysis

The particle size distribution was determined by the sieve and pi-
pette method (Gee and Bauder, 1986). The penetration resistance {PR)
of the soil, a proxy for soil compaction was measured in the field using
a hand-held cone penetrometer (Herrick and Jones, 2002). The PR was
evaluated by randomly selecting fifteen positions in each grass aerial
cover category for penetration readings of the soil surface. The PR mea-
surements were taken before the soil surface was disturbed for soil sam-
ple collection from a 0.05 m soil layer. The soil pH was measured in a
1:2.5 (10 g) to 1 M KCl (25 ml) suspension using a Calimatic pHM766
pH meter. Exchangeable Ca, Mg and acidity were determined by extrac-
tion in 1 M KCl while P, K, Zn, Mn and Cu were determined by extraction
in Ambic 2-extract containing 0.25 M NH4HCO,, with detection by
atomic absorption spectrometry (Manson and Roberts, 2000). The con-
centration of P and K was determined by inductively-coupled plasma
optical emission spectrometry (1CP-OES).

Effective cation exchange capacity (ECEC) was calculated as the sum
of extractable cations, with the percentage acid saturation calculated as
the exchangeable acidity = 100 / (Ca + Mg + K + exchangeable acidi-
ty). Total C and N were measured in the bulk soil using LECO CNS-2000
Dumas dry matter combustion analyzer (LECO Corp., St. Joseph, MI).
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Fig. 1. Mosaic of pictures showing the different land degradation intensities or grass aerial cover from 0-5% inthe north to 100% in the south along a degraded grassland site Potshini, South

Africa,

2.4. Particle size fractionation

Physical fractionation was applied to the soil samples as a proxy of soil
organic matter mineralization potential (Feller and Beare, 1997). Soil
samples were separated into two size fractions; sand (20-2000 pm) and
clay + silt fraction (2-20 pm) by combining wet sieving and sedimenta-
tion, following Schmidt et al. (1999). Twenty grams of soil was dispersed
in 25 ml of distilled water using ultrasound (LABSONIC B1510), with a
power output of 600 W and an output-energy of 22 | ml~ !, which was
below the energy threshold that may disrupt coarse sand sized SOM
{Amelung and Zech, 1999). The dispersed suspension was then wet
sieved to obtain the sand fraction (53-2000 ym), while the remaining

material containing the silt and clay fractions (<53 pm} was separated
by sedimentation following the standard pipette method (Gee and
Bauder, 1986). Thereafter, the fractions were oven-dried at 40 °C,
ground to<0.5 mm and analyzed for total C and N in triplicate using a
LECO CNS-2000 Dumas dry matter combustion analyzer {LECO Corp.,
St. Joseph, MI).

Particular attention was undertaken to ensure that the potential
losses during the particle-size fractionation procedure did not induce
bias. To determine the recovery efficiency, the mass and organic C con-
tent of whole soil were compared with the sums of mass and C content
in the two fractions to (%). The recovery efficiency obtained was on
average 105%.

153



P. Dlamini et al. | Geaderma 235-236 (2014) 372-381

2.5. Aggregate stability

Aggregates of 3-8 mm in size were obtained by breaking soil aggre-
gates by hand along lines of weakness after air-drying them in the lab-
oratory at room temperature. The stability of soil aggregates was
measured on the 3-8 mm aggregates following the 1SO standard meth-
od (1SO/DIS 10930, 2012) described by Le Bissonnais (1996). The fast
wetting, slow wetting and stirring of pre-wetted aggregate tests were
applied for each soil sample analyzed. They correspond to a specific dis-
aggregation mechanism, viz, slaking, differential clay swelling and me-
chanical breakdown, respectively, For the fast wetting test, aggregates
(10 g) were immersed in 50 ml distilled water for 10 min. For the
slow wetting test, aggregates were placed on top of foam humidified
with water for 1 h. For the stirring test, aggregates were first immersed
in ethanol, then in water and gently shaken up and down 10 times. The
weight of aggregates collected on each sieve (sizes: 2 mm, 1 mm,
0.5 mm, 0.2 mm, 0.1 mm and 0.05 mm) was subsequently measured
and expressed as the percentage of the initial sample dry mass to
compute the mean weight diameter (MWD), which was calculated as
follows:

i e )

100 ()

where x is the mean inter-sieve size and w; is the percentage of frag-
ments retained by sieve i. The greater the MWD the more resistant to
disaggregation the aggregates are.

2.6. Calculation of SOC and N stocks

The 50C and N stocks were calculated using the following equation
by (Batjes, 1996):

(5 xlx2x3(1—"_“) «b (2)

100

where C; is the C stock (kg C m~?); x; is the C concentration in
the <2 mm soil material (g C kg~ soil}; x; is the soil bulk density
(kg m—3); x5 is the thiclmess of the soil layer (m}); x4 is the proportion
(%) of fragments of >2 mm; and b is a constant equal to 0.001.
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2.7. Calculation of changes in SOC and N stocks induced by land
degradation

The effect of land degradation on SOC stocks was determined by
using the change in the SOC stock along the degradation gradient rela-
tive to an initial value of the SOC stock under Cov100. We assumed
that 100% aerial cover represented a “non-degraded land”. The change
in SOC stock was calculated as follows:

_ $0Csp—50Csp

_ 100
SOCq e

3

where SOCq is the change in SOC stocks (SOCs), SOCs.ap is SOCs in the
non-degraded soils and SOCs_p, is SOCs in degraded soils. The same
equation was used for N stocks. The change in SOC stocks induced by
degradation is based on the premise that the loss of SOC stocks from
non-degraded soil is of a less consequence than the loss of the same
amount of stocks from a soil already depleted of SOC. Thus, the more a
soil is depleted of SOC stocks the more difficult it is to rehabilitate
(Blair et al,, 1995).

2.8. Statistical analysis

A correlation matrix was generated to determine the univariate rela-
tionship between changes in SOC and N stocks and selected soil proper-
ties. The data was analyzed using the software packages Sigma Plot 8.0
(Systat Software Inc., Richmond, California, USA) and STATISTICA 7.0
(StatSoft, Inc., Tulsa, OK). Differences between means were tested
using the DIFF option of the LSMEANS statement, with a significance
level of P< 0.05 {SAS Institute, 2003).

3. Results
3.1. General soil characteristics of the degraded grassland site

The soils ( Acrisols) are characterized by a dark brown (7.5YR 4/4)
0-0.3 m thick A horizon, with a weak sub-angular blocky structure, This
horizon is underlain by a reddish (5YR 4/6) B-horizon 0.3-0.7 m. Under-
lying this horizon is the C horizon 0.7-1.2 m characterized by sandy sap-
rolite showing signs of wetness. Sand content ranged between 49% in
Cov5 and 73% in Cov75, silt content ranged between 13% in Cov75 and
17% in Cov5 and clay content ranged between 14% in Cov75 and 34% in

Table 1
Characterization of soils with the different grass covers in the 0.05 m soil layer of a degraded grassland in Potshini, South Africa. Data are means (£ SE; n = 48).
Soil property Grass aerial cover (%)
100 50-75 25-50 0-5

Sand, % 71 + 143b 73 + 2.81b 72 £ 1.10b 49 + 0.87a
Sile, & 14 4+ 0.93ab 13 +1.71a 14 + 0.58ab 17 + 038b
Clay, % 15+ 0.74a 14 + 1.15a 15 + 0.75a 34 + 0.95b
SWC % 14.72 + 0.62a 1231 £+ 4.10a 9.38 + 0.99a 1032 + 0.29a
P,mg kg™' 5.25 + 0.22b 508 + 0.29b 1.92 + 0.15a 217 4+ 032a
K,mg kg~' 143.17 + 697c 167.33 4 B.26d 88.17 4+ 11.95b 6242 + 2.14a
Ca,mg kg~! 22583 £ 10.61c 170.17 £ 9.76b 8267 £ 871a 7525 + 5.27a
Mg, mg ke~ ! 103.67 = 502¢ G7.08 + 4.79b 3083 + 4.32a 79,83 + 7.45b
Exch acidity, cmolc kg ™' 0.83 + 0.06a 0.65 + 0.06a 147 + 0.11b 416 4+ 0.12¢
ECEC, cmol. kg ! 3.18 + 0.11b 248 4+ 0.13a 236 + 0.08a 535 + 0.11c
Acid sat, % 2583 &+ 151a 2633 £ 2.35%a 62.25 + 4.43b 77.58 + 0.96c
pH (KCly 3.81 &+ 0.02b 3.94 + 0.02d 3.88 + 0.02c 3.74 + 0.00a
Zn, mg kg ! 1.67 4 0.20¢ 0.77 + 0.09b 0.22 + 0.06a 029 + 0.06a
Mn, mg kg ! 1433 + 1.12c 10.58 + 1.00b 408 + 0.43a 325 + 0.68a
Cu, mg kg™' 134 £ 0.10b 0.58 4 0.03a 0.98 4 0.23b 045 + 0.07a
MWD, mm 136 + 0.06b 1.35 + 0.10b 0.89 + 0.06a 071 + 0.08a
PR, kg cm 2 16.77 + 081b 11.30 £+ 0.72b 1863 + 1.22b 1947 + 1.33a

Values indicate mean + standard error. sand content {Sand), silt content (Silt}, clay content (Clay}), soil water content (SWC), phosphorus (P}, potassium (K), calcium (Ca}, magnesium
(Mg}, exchangeable acidity (Exch acidity}, effective cation exchange capacity (ECEC), acid saturation (Acid sat), soil pH in KA {pH KQ), zinc {Za), manganese (Mn), copper (Cu), mean
weight diameter (MWD} and penetrative resistance (PR). Statistical analyses were performed for comparisons between the different aerial grass covers. Within each grass cover, values

followed by a different letter are significandy different at P < 0.05.
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Cov5 in the 0.05 m soil layer (Table 1). The soil pH is acidic with values in
the 0-0.5 m layer as low as 3.74 in Cov5 to 3.94 in Cov75, Effective cation
exchange capacity (ECEC) ranged between 2.36 cmol. kg™ in Cov50 and
535 cmol, kg~ ' in Cov5, while acid saturation ranged between 26% in
Cov100 and 77% in Cov5 (Table 1).

3.2. Impact of aerial cover on SOC and N stocks

The SOC content and stocks in the 0.05 m soil layer decreased
with decreasing grass aerial cover in the following order: Cov100
(1987 gkg™ ' 1.39 kg m~2) = Cov75 (11.19g kg~ 0.79 kg m~2) >
Cov50 (517 g kg™ '; 0.40 kg m™?) = Cov5 (1.73 g kg™ "; 0.14 kg m™ %),
with differences significant at P < 0.05 level (Fig. 2). Similarly, N
content and stocks decreased with decreasing grass aerial cover as
follows: Cov100 (1.53 gkg'; 0.106 kg m—2) > Cov75 (0.95 g kg ';
0.068 kg m~—2) = Cov50 (0.48 g kg~ '; 0.037 kg m~2) > Cov5A
(039 gkg™'; 0032 kg m2). SOC and N stocks varied greatly along the
degradation gradient decreasing sigmoidally in non-degraded grassland
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soils {Cov100) to heavily degraded grassland soils (Cov5). Thus, the C:N
ratios decreased with decreasing grass cover, from an average of 13.0 at
Cov100 to 11.8 at Cov75 to 10,6 at Cov50 and 4.4 at Cov5.

On average, land degradation resulted to a decrease in SOC stocks of
79% for Cov5, 42% for Cov50 and a negligible effect for Cov75 (Fig. 3).
Similarly, degradation led to a decrease in N stocks of 48% for Cov5
and 39% for Cov50. This result suggests that the critical grass aerial
cover threshold for which degradation greatly affects SOC and N stocks
is 50%.

While there were significant differences in SOC and N stocks in the
0.05 m soil layer, no significant differences were found with depth.

3.3.50C and N distribution in the particle-size fractions

Results of land degradation impact on SOC changes in the different
soil fractions are presented in Fig. 4A. Soil organic C in the sand fraction
decreased from around 6.09 g C kg~ ' fraction in non-degraded soils
(Cov100) to 037 g C l(g;’i fraction in degraded soils (Cov5), which
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corresponded to a 94% decrease, significant at P < 0.05. Concentrations
of SOCin the silt + clay size fraction decreased from 61.4 g Ckg™ ' frac-
tion in non-degraded soils to 2.82 g C kg ' fraction in degraded soils,
which corresponded to a 95% decrease, significant at P< 0.05. As a pro-
portion of total soil C, SOC in the sand fraction decreased from 19% in
non-degraded soils to 11% in heavily degraded soils (Fig. 4B). In con-
trast, SOC in the silt + clay fractions varied little from 84% in non-
degraded soils to 78% in heavily degraded soils.

Nitrogen in the sand fraction decreased from around 0.43 g N kg '
fraction in non-degraded soils to 0.26 g N kg~ ' fraction in degraded
soils, which correspond to a 40% decrease, significant at P < 0.05
(Fig. 5A). Concentrations of N in the silt + clay sized fraction decreased
from 5.31 g N kg ' fraction in non-degraded soils to 0.91g Nkg ! frac-
tion in degraded soils, which corresponded to an 83% decrease, signifi-
cant at P < 0.05. As a proportion of total N, the N in the sand fraction
varied relatively little from 17% in non-degraded soils to 22% in heavily
degraded soils (Fig. 5B). Nitrogen in the silt + clay sized fraction varied
from 84% in non-degraded soils to 78% in heavily degraded soils.

3.4. Impact of grass aerial cover decrease on soil physical and chemical
properties

Changes in soil physical properties were observed along the land
degradation gradient (Table 1). The sand distribution was similar,
with 71%, 73%, and 72% for Cov100, Cov75 and Cov50, respectively,
while, the sand content for Cov5 was 49%. The silt distribution was al-
most similar along the degradation gradient. The clay content was
higher (34%) in Cov5 and similar for Cov100 (15%), Cov75 (14%) and
Cov50 (15%). The aggregate stability decreased with decreasing grass
aerial cover from 1.36 mm in Cov100 to 0.71 mm in Cov5. This pattern
was consistent for penetrometer resistance (PR), with 16.8 kgcm 2 in
Cov100, 18.63 kg cm™ 2 in Cov50 and 19.47 kg cm™* in Cov5.

Potassium varied along the degradation gradient, with concentra-
tions ranging between 143 and 167 mg kg™ ' in Cov100 and Cov75,
then declined to about 62 mg kg™ in Cov5. Calcium decreased from
around 226 mg kg™ in non-degraded soils to 75 mg kg™ ' in degraded
soils (Table 1). Magnesium decreased from about 104 mg kg~ ! in Cov100
to 31 mg kg~ ! in Cov50, then increased to 80 mg kg~ ' in Cov5. Phospho-
rus decreased from 5.25mg kg~ ! in non-degraded soils to 2.17 in degrad-
ed soils. Zn and Mn, respectively significantly decreased with decreasing

grass aerial cover in the following order: Cov100 (1.67 mg kg~
14.3 mg kg™ ') > Cov75 (0.77 mg kg~ '; 10.6 mg kg~ ') > Cov50
(022 mgkg ;408 mgkg ') > (0.29mgkg ';3.25mgks ").In
contrast, acid saturation increased with decreasing grass aerial
cover from around 26% in non-degraded soils to 78% in degraded
soils. ECEC also varied relatively little along the degradation gradient
from 3.18 cmol, kg~ ! in non-degraded soils to5.35 cmol, kg~ ! inde-
graded soils.

3.5. Other environmental factors controlling SOC and SON stocks

A correlation matrix (Table 2) revealed that changes in SOCand N
stocks induced by degradation were significantly positively correlated
to mean weight diameter (MWD], a measure of soil aggregate stability
(r* = 0.67; P < 0.05) and negatively correlated with clay (¥ = —0.54;
P < 0.05), soil bulk density (ps) (r* = — 0.40; P< 0.05), penetration re-
sistance (PR), a proxy of soil compaction (> = —0.29; P< 0.05) acid
saturation (Acid sat) (r? = —0.74; P < 0.05), ECEC (r? = —0.36;
P< 0.05), and exchangeable acidity (Exch acid) (r = —0.66; P< 0.05).

4. Discussion
4.1. Impact of land degradation on the depletion of SOC and SON stocks

In this study, the decrease in grass aerial cover resulted in a great-
er depletion in SOC stocks of 89% in the surface layer of degraded
soils. This depletion of SOC stocks is relatively high compared to
what has been reported in other studies. For example, Snyman and
du Preez (2005) found that degradation of the rangeland from
good to poor condition, with species composition and basal cover
used to characterize grassland condition decreased SOC and N stocks
by 22% and 13%, respectively in fine sandy loamy grassland soils
under a semi-arid climate in Bloemfontein, South Africa. Wu and
Tiessen (2002) found that land degradation reduced SOC stocks by
33% and N stocks by 28% in a Chinese alpine grassland. Interestingly,
the higher SOC depletion rate of 89% found at our study site is of sim-
ilar magnitude to those reported by Dong et al. (2012), who found
that land degradation significantly reduced SOC stocks by 90% in
loamy soils under a continental climate in China. Similarly, Wen
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etal. (2012) found that land degradation led to an 89% decline in 50C
stocks for sandy grassland soeils in China.

The greater depletion of SOC and N stocks in the heavily degraded
soils may be due to a number of reasons. First, the soils at our site are
characterized by a coarse texture (up to 73% sand). The greater SOC
loss in such soils is due to the lack of the physical protection of organic
matter (Feller and Beare, 1997). Secondly, the soils are acidic (pH< 3.9).
Previous studies have shown that in acidic soils, base cations such asCa, K
and Mg are weakly bound to the soil (Berthrong et al., 2009), causing
weak interactions with soil organic matter in the soil. In this study, it
was found that in the heavily degraded soils, Ca was reduced by 67%, K
by 56% and Mg 237%. The loss of SOC lowers nutrient availability and cation
exchange capacity, and this then lowers biomass production, which over-
time may lower organic inputs thereby lowering SOC. The third reasonin-
volves the removal of the nutrient rich A horizon by water erosion.
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Indeed, as shown by Dlamini et al.
erosion potentiated soil losses at rates up to 13 tha="yr—

(2011) in the same study site, water
1

4.2. Impact of grass aerial cover decrease on soil organic matter quality

The decrease in grass aerial cover was accompanied by a decrease in
the C:N ratio and in the proportion of the organic matter present in the
sand fraction of the soil. Such a shift in organic matter quality towards
less proportion of fresh and easily decomposable compounds can be ex-
plained by the decrease in biomass production and residue inputs to the
soil. The fact that serption is the main process that preserves organic mat-
ter to mineral surfaces (Christensen, 2001; Kaiser and Guggenberger,
2003) in the silt + clay fraction of the soil suggests thatthe SOC remaining
in the soil at the greatest degradation intensity is likely to be preserved
from biological decomposition.
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E E 4.3. Mechanism of SOC and SON stock depletion
23 ;‘ Several mechanisms are lilely to explain the depletion of SOC and
ity -] SON stocks consecutive to the decrease in grass aerial cover. From the
! &“: available literature, the reduction in grass aerial cover and associated
ow | 8 decline in biomass production are likely to have a direct effect on soil
Zaa|B stocks through the decline of organic C inputs to soils. The reduction
‘ E in grass aerial cover can impact soil stocks not only directly, but also in-
cearal| § directly. The loss of grass aerial cover can indeed influence the dynamic
3335 nature of the plant—soil interactions through, for instance, the modifica-
: E; tion of the water cycle and the fluxes of other elements. Hiltbrunner
o et al. (2012) in Swiss sub-alpine grassland observed an increase in soil
=338 bulk density by as much as 20%, with associated changes in soil func-
M z tions such as biomass production. The associated changes in soil poros-
By E ity tend to decrease soil infiltration by water, thus potentiating SOC and
Saa g SON losses by water erosion. Podwojewski et al. (2011) and Mchunu
& and Chaplot (2012 ) by using rainfall simulation at the same site found
S = in E that the decrease of grass aerial cover from 100 to 5% decreased soil in-
333z 4 filtration from 21.6 to 6 mm h™', with an associated increase in SOC
e E; losses by 213% from Cov100 to Cov5, lost via erosion processes in partic-
oo | R ulate forms.
R R=l ) ; The disruption of soil aggregates through the process of either water
‘ E B erosion or trampling by the livestock constitutes another likely mecha-
P s g nism of SOC and SON stock depletion. Soil aggregates undeniably serve
254 E & as physical protection for organic matter through arange of interactions
! " % from inclusion to sorption (Baldock and Skjemstad, 2000; Jastrow,
gg 1996; Masiello, 2004; Mikutta et al., 2006; Tisdall and Oades, 1982;
E E E il E Tomn et al, 1997). The disaggregation process results in SOC losses
[ E = from soils either through organic matter decomposition and associated
'E 2 €0, emissions to the atmosphere as more SOC becomes unprotected, or
g5d) = g through preferential SOC eresion, owing to the light nature of soil or-
T el E ganic matter. Similarly, the release of the hitherto encapsulated organic
E =1 material can follow the mechanical breakdown of aggregates during
S E % trampling by cattle.
=82 2e According to the conceptual model of Kinnell (2001), water ero-
L = % sion can breakdown soil aggregates through (1) the physical action
R lE lé of raindrop impact (splash}; (2) the combined action of splash and
i onlin g g shallow runoff on the soil surface, which increases the disaggrega-
ez tion efficiency of raindrops; (3) and the action of the overland flow,
e a’f while previous studies performed under clayey soil conditions, for
i I E instance, by Brunet et al. (2006) pointed to the absence of preferen-
2 s tial SOC erosion. Studies under sandy soil conditions by Boegling
- “Ea‘a_g et al. (2005) and by Mchunu and Chaplot (2012) at the same site
E e Sl B demonstrated preferential SOC erosion, with an SOC enrichment of
2% the exported soil material relative to the bulk soil, increasing by a
£1% factor greater than 5.
§ 5 g % “;_l Another potential mechanism of SOC and SON stock depletion con-
lea secutive to the decrease in grass aerial cover lies into the alteration of
S gﬁ the local micro-climate. Under similar grassland conditions in South
II0|EE Africa, Mills and Fey (2004) showed that land degradation is accompa-
H b k- nied by an increase in soil temperature, which in turn increases the rate
o E: £ of organic matter mineralization.
S84 E While the depletion of SOC and SON stocks can be consequential
&2 to the decrease in grass aerial cover, whose origin might be either
E é overgrazing or other land mismanagement, there remains the possi-
wsold s bility for internal soil processes to induce the depletion of stocks.
g33 Ec S Disaggregation can not only be physical, but also chemical and bio-
) E":-_ logical. Tisdall and Oades (1982) postulated that primary particles
P é E g (=20 pm) can be agglomerated to form micro-aggregates (20-250 pum)
238|238 by persistent binding agents such as oxides, polyvalent metal cation
[ %E‘ E complexes and aluminosilicates; these micro-aggregates in turn,
fsg g agglqmerated into macro-aggregates (>250 11n'!} by‘ biological
iy binding agents such as hyphae and roots. The biological agents
a E] :E tend to rapidly decompose, and when not replaced as the root den-
= % o E gl sity decreases, aggregates tend to breakdown, thus releasing the
§ 5" encapsulated SOC and SON. Leaching of oxides, metal cations and
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aluminosilicates could constitute a natural disaggregation mecha-
nism in acidic sandy soils (Rienks et al., 2000), leading to SOC and
SON losses with consequences and feedbacks to soil fertility and
land degradation,

The present study by pointing to a sharp decrease in Zn concentra-
tion at the initial stages of land degradation highlights the importance
of micronutrients in the overall grassland ecosystem functioning. Be-
cause Zn isan essential micronutrient required by plants, any depletion
below a certain threshold leads to a considerable decrease in plant pro-
ductivity (Alloway, 2009), potentially explaining the decrease in grass
aerial cover. What could then explain the sharp initial decrease in Zn
in the study soils? The decrease in nutrients could be caused by high
grazing intensity and its accompanied depletion of plant cover and litter
input as well as trampling of the soil (Kotzé et al., 2013; Zhou et al,,
2010). The nutrient losses could also be the result of erosion and low
nutrient input of plants (Snyman and du Preez, 2005; Tefera et al,
2010). In the case of zinc ions, which existin the soil primarily as stable
complexes with proteins and nucleic acids (Alloway, 2009). Soil acidifi-
cation, a natural process in the region (Rienks et al., 2000) has been
suggested to be the main mechanism promoting breakdown ofZn com-
plexes, leading to Zn leaching (Cakmak et al., 1997). Therefore, the de-
pletion of SOC and nutrient stocks could be the result of the initial and
internal leaching of micronutrients, resulting in the decrease of both
the protective grass cover and the soil aggregate stability, which in
turn potentiates soil erosion by water and its known conseguences on
SOC and SON stock depletion as previously shown by Mchunu and
Chaplot {2012) at the same site.

5. Conclusions

In this study of a degraded land in South Africa, our main objectives
were to guantify the impact of land degradation on the depletion of SOC
and SON stocks and to evaluate some of the associated mechanisms for
remediation purposes.

The present study revealed a sigmoidal decrease in topsoil SOC and
SON stocks with the linear decrease in grass aerial cover, with depletion
rates up to 89 and 76%, respectively The stock depletion was accompa-
nied by an increase in soil bulk density, a decrease in soil aggregate
stability, a preferential enrichment in stabilized organic matter and a
decrease in chemical elements such as Ca, Mg, K, Mn, Cu, and Zn essen-
tial for soil aggregate stability and plant growth.

While little evidence exists on the mechanisms responsible for the
decrease in SOC and SON stocks, the sharp decline in micronutrients
such as Zn, at the initial stages of land degradation, suggests that
leaching of the essential aggregate binding and plant growth elements
is the main cause of land degradation as well as the associated losses
of S0C and SON. Further research is needed to elucidate such mechanis-
tic linkages in order to establish effective grassland rehabilitation strat-
egies that could replenish the depleted SOC and nutrient stocks. One
limitation and therefore research priority is the consideration of
other study sites to further improve understanding of the degrada-
tion mechanisms.
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Digital Soil Mapping (DSM) is widely used in the environmental sciences because of its accuracy and effi-
ciency in producing soil maps compared to the traditional soil mapping. Numerous studies have investi-
gated how the sampling density and the interpolation process of data points affect the prediction quality.

Keywords: While, the interpolation process is straight forward for primary attributes such as soil gravimetric water
Interpolation techniques content (#,) and soil bulk density (g,), the DSM of volumetric water content (¢,), the product of 6, by py,
Geostatistics

may either involve direct interpolations of 8, {approach 1) or independent interpolation of p, and f, data
points and subsequent multiplication of p, and 0, maps (approach 2). The main objective of this study
was to compare the accuracy of these two mapping approaches for f,. A 23 ha grassland catchment in
KwaZulu-Natal, South Africa was selected for this study. A total of 317 data points were randomly
selected and sampled during the dry season in the topsoil (0-0.05 m) for f, by pp, estimation. Data points
were interpolated following approaches 1 and 2, and using inverse distance weighting with 3 or 12 neigh-
boring points (IDW3; IDW12), regular spline with tension (RST) and ordinary kriging (OK). Based on an
independent validation set of 70 data points, OK was the best interpolator for g, (mean absolute error,
MAE of 0081 gem ), while ¢, was best estimated using IDW12 (MAE = 1.697%) and @, by IDW3
(MAE = 1.814%). It was found that approach 1 underestimated f,. Approach 2 tended to overestimate
fl,, but reduced the prediction bias by an average of 37% and only improved the prediction accuracy by
1.3% compared to approach 1. Such a great benefit of approach 2 (i.e., the subsequent multiplication of
interpolated maps of primary variables) was unexpected considering that a higher sampling density
{~14 data point ha~' in the present study) tends te minimize the differences between interpolations
techniques and approaches. In the context of much lower sampling densities, as generally encountered
in environmental studies, one can thus expect approach 2 to yield significantly greater accuracy than
approach 1. This approach 2 seems promising and can be further tested for DSM of other secondary
variables.

Secondary variable
Volumetric water content
South Africa

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Volumetric soil water content (#,) is a key hydrological soil
physical variable that influences the hydrological response of
catchments (Hawley et al., 1983; Jackson, 2006; Robinson et al.,
2008). #, influences the partition between runoff and soil infiltra-
tion. It also controls some of the energy and gases fluxes between
the pedosphere, the biosphere and the atmosphere, which greatly
influence land processes such as soil water denitrification
(Grimaldi and Chaplot, 2000), carbon sequestration, associated
climate change and biodiversity (Asbjornsen et al., 2011). Informa-
tion on d, is thus essential for a better understanding of ecosystem
functioning and for modeling purposes.

There is a wide range of direct and indirect techniques available
for assessing the spatial variability of #, (Robinson et al., 2008;

* Corresponding author. Tel.: +27 0835133413; fax: +27 0332605818.
E-mail address: dlaminiphesheya646@gmail.com {P. Dlamini).

1474-T065/$ - see front matter © 2012 Elsevier Ltd. All rights reserved,
http:/{dx.doi.org/10.1016/j.pce 2012.09.008

Busscher, 2009). Direct methods are those that directly measure
soil water content (#), and the gravimetric method is the only
direct technique for estimating . Even though it is destructive, it
remains the most accurate and reliable standard method of deter-
mining soil water content (Reynolds, 1970a,b,c; Jackson, 2006;
Evett et al., 2008; Busscher, 2009). In this study, we focused on
the gravimetric method which basically involves taking a soil sam-
ple, weighing it before any water is lost, then oven-drying at 105 °C
and reweighing it. The amount of water lost on drying is a direct
measure of the soil water content. The amount of water in the soil
is then expressed into two different ways either on a gravimetric
basis (#,), as a percentage of the oven dry weight of the soil or
on a volumetric basis (#4,), by multiplying by the bulk density of
the soil (Reynolds, 1970a,b,c; Evett et al, 2008). Both of these
variables are related by combining the gravimetric water content
(65 g g~ ") which is calculated using

0 = M,/M, (1)
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then multiplying by the soil bulk density ( ps, g cm™>) which is cal-
culated using

Py =MV, (2)

to give the volumetric water content (#,, cm®cm—>) using this
relation

0y =0 % p, 3)

where M, (g), the mass of water lost upon oven drying; M (g) the
mass of the dry soil; and V, (cm~) the known volume of the soil
samples. Indirect methods are those that do not directly measure
fl, but rely on simple proxies as a surrogate to 6, (Evett et al.,
2008). These include, in situ portable measurement techniques such
as time domain reflectometry (TDR) (Topp and Reynolds, 1998),
ground penetrating radar (GPR) (Davis and Annan, 2002}, electrical
resistivity (Chaplot et al., 2001; Evett and Parkin, 2005) remote
sensing (Schmugge et al, 2002) and wireless sensor networks
which provide time-varying estimates of soil water content (Bogena
et al,, 2010).

Traditionally, the spatial variability of soil properties in the
landscape was displayed on hand drawn maps by interpolating
continuous surfaces through the observation points of soil proper-
ties (Burrough and McDonnell, 1998). Advances in computer tech-
nology and geographic information systems (GISs) have led to the
development of digital interpolation methods such as inverse dis-
tance weighting (IDW), regular spline with tension (R5T) and geo-
statistical methods which are proving to be powerful for
interpolation of soil properties.

Much effort has been expended to test the accuracy of these
techniques to spatially estimate 6. Badossy and Lehmann (1998)
compared the performance of five different geostatistical tech-
niques: ordinary kriging (OK), external drift kriging (EDK), indica-
tor kriging (1K), external drift indicator kriging (EDIK) and Bayes—
Markov updating (BMU) to estimate the spatial variability of soil
water content in a 6.3 km? catchment in southwest Germany, They
found that the largest prediction errors were obtained for OK and
IK and BMU performed reasonably better for ¢. Snepvangers et al.
(2003) compared two interpolation techniques: (1) a method that
only uses observations of ¢ (spatio-temporal ordinary kriging
(ST-OK); and (2) a method that combines soil water content data
with auxiliary information like precipitation (spatio-temporal
kriging with external drift (ST-KED) to spatially predict 229 obser-
vations of ¢ across 120 m? grassland in the south of Netherlands.
They found that ST-KED method performed better than the
ST-OK method. However, the ST-OK method was reported to be
advantageous over ST-KED method because it requires less data
and is simple to use. It is clear from the literature that there is
no ideal interpolation technique applicable to each soil property,
hence both traditional and geostatistical interpolation methods
were evaluated here.

Even though numerous interpolation techniques have been
tested to spatially predict #,, the best way to estimate such a sec-
ondary soil variable still needs to be determined. What is unclear is
whether maps of secondary variables should be generated from di-
rect interpolations between the data points of the secondary vari-
able (e.g., volumetric water content, ¢,} or from the interpolated
maps of its primary variables (i.e., soil gravimetric water content,
t; and soil bulk density, pp).

This study aimed to digitally map soil volumetric water content
(#,), the product of soil gravimetric water content (f,) by soil bulk
density (py) using two mapping approaches: one that directly
interpolates the observation points of @, and the other one that
independently interpolates observation points of p, and ¢, and
then multiplies the interpolated maps of p, and 6, to generate 0,
map. It was hypothesized that approach 2 would yield better
results because interpolation techniques such as geostatistics are

more likely to capture the spatial pattern of primary variables than
of secondary variables that are by nature a combination of pat-
terns. Four interpolation techniques were evaluated here: inverse
distance weighting with 3 or 12 neighboring points (IDWs;
IDW,,), regularized spline with tension (RST) and ordinary kriging
(OK) at a high sampling density. A 23 ha research catchment used
for livestock grazing in KwaZulu-Natal, South Africa, was consid-
ered for this study.

2. Methodology
2.1. Site description

The Potshini Catchment is situated in the Bergville district of
the KwaZulu-Natal Province in South Africa (Fig. 1). The mean an-
nual precipitation over the past 30 years has been 684 mm per an-
num, with a potential evaporation of 1600 mm per annum and a
mean annual temperature of 13 °C (Schulze, 1997). A 23 ha grass-
land catchment was selected within the communal grazing areas of
the Potshini catchment. The geomorphology of the catchment is
characterized by a relatively gentle relief with a mean slope gradi-
ent of about 15.7% and an altitude ranging from about 1381 to
1492 m.a.s.l. Gully erosion incises these sloping slopes by up to
6 m in the central part of the catchment. Bedrock consists of sand-
stone and mudstone of the Tarkastad Formation, Beaufort Group,
shale and sandstone of the Estcourt Formation. Many dykes and
sills of Karoo Dolerite are intruded in these horizontal layers giving
specific weathering features of rounded boulders. The soils vary in
the catchment from Gleyic Luvisols and Gleysols in lower hillslope
positions (valley bottom), to red Acrisols in mid hillslope positions
and Yellow Acrisols and Luvisols in upper hillslope positions (crest)
(WRB, 1998). The site is characterized by grasslands classified as
Northern KwaZulu-Natal moist Grassland (Mucina and Rutherford,
2006), and is predominantly used for livestock grazing.

2.2, Sampling strategy for soil water content

The soil samples for gravimetric water content analyses were
randomly selected and collected in the dry season in July 2009 from
the 23 ha grassland catchment. The samples were taken to a sam-
pling depth of 0.05 m from the soil surface with 221 em® metallic
cylindrical cores (Blake and Hartge, 1986). This gave 317 observa-
tions, the positions of which are shownin Fig. 1. In the field, the soil
samples were prepared following procedures described by Reynolds
(1970a). There were limitations to the sampling strategy due to het-
erogeneity of the landscape and the presence of features such as gul-
lies or dongas and rocks which rendered some of the potential
sampling areas inaccessible. The bulk density samples were ana-
lyzed in the laboratory, where they were oven-dried at 105 °C for
24 h to determine the gravimetric water content.

In this study, the topographic control of soil surface moisture
distribution across the 23 ha catchment was investigated. The fol-
lowing terrain attributes were derived from the 5-m grid-based
digital elevation model (DEM) (Fig. 1): mean slope gradient (5); as-
pect (Asp); stream power index (5P1); compound topographic in-
dex (CTI); slope length factor (SLF); plan curvature (Curvy) and
profile curvature (Curvy,).

2.3. Description of spatial interpolation technigues

There are a wide variety of interpolation techniques available for
interpolation and mapping of soil properties and they have been
widely reported. A more detailed review of the various interpolation
techniques is given by Goovaerts (1999) and Mitas and Mitasova
(1999). The interpolation techniques that were used in this study
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possible (Mitas and Mitasova, 1999). It is therefore, flexible
through the choice of the tension parameter which controls the
properties of the interpolation function and the smoothing param-
eter which enables noise filtering (Mitas and Mitasova, 1999). A va-
lue of 0.1 and 12 points was chosen to determine the weight from
the distance of the neighboring data points.

2.3.3. Kriging

Kriging is a general term that embraces several kriging ap-
proaches. The kriging method utilizes the concept of the regional-
ized variable theory developed by Matheron (1963). Oliver et al.
(1989) provide an in-depth discussion of the theory of regionalized
variable underpinning geostatistics. The kriging principle entails
the determination of the weights of the variable values in neigh-
boring data points, to estimate the soil property at a specific point
(Gassner and Schnug, 2006). The kriging approach takes into ac-
count both the distance and the degree of variation between
known data points { Mitas and Mitasova, 1999). The weight of each
point is determined from the variogram. The great merit of the kri-
ging method compared to other spatial interpolation methods is
that its estimates are unbiased and have minimum variances (it
is an exact interpolator), i.e., the kriged value at a sampling point
is the measured value there and the variance is zero (Burgess
and Webster, 1980; Oliver et al., 1989). The strength of kriging lies
in the statistical quality of its predictions and the ability to predict
the spatial distribution of uncertainty (Mitas and Mitasova, 1999).
In contrast to spline, kriging is flexible and also adapts to the
quantity and quality of spatial dependence exhibited by the data
(Matheron, 1963). The reliability of kriging depends on how accu-
rately the variation is represented by the selected spatial model
(Webster and Oliver, 2001). In this study, ordinary kriging was
evaluated. The choice of a variogram model is a prerequisite for or-
dinary kriging (Isaaks and Srivastava, 1989). Ordinary kriging (0K}
uses a spatial continuity model to describe the statistical distance
between sampled points and relies on the spatial correlation struc-
ture of the data to determine the weighting values (variogram). It
takes into account the correlation between data points to deter-
mine the estimated value at an unsampled location.

Variograms were computed to determine the spatial scale and
strength of , pp, and ¢, pattern across the 23 ha catchment, A
variogram is a geostatistical characteristic used to describe the
spatial structure or spatial dependence of a data set (Atkinson
and Tate, 2000; Kravchenko, 2003). The variogram is an integral
geostatistical tool because it reveals the nature or pattern of topo-
graphic variation of a soil property across a landscape, by quantify-
ing the scale and intensity of the spatial variation. Furthermore, it
provides the essential spatial information for optimal estimation
and interpolation, and can be used for optimizing sampling
schemes (Burgess and Webster, 1980; Oliver, 1987; Oliver et al,,
1989). Using the variogram, the spatial structure can be described
by fitting observation data to a model. The shape of the variogram
gives an indication of the spatial structure of the soil property
(Warrick and Nielsen, 1980).

The first step in assessing the spatial distribution for volumetric
water content was to determine whether there was a significant
spatial structure (Goovaerts, 1999). In order to detect the random
function that caused the spatial structure of the observations, an
appropriate model was fitted to the experimental variograms using
routines from a standard computer program, G5 + 7.0 geostatistical
software (Robertson, 2007). The data was fitted to permissible
variogram models commonly used in practice such as the spheri-
cal, exponential, Gaussian which show the spatial correlation of
the data, and the linear variogram model which generally indicate
drift in the data (Gassner and Schnug, 2006). An isotropic distribu-
tion was selected and the parameters of the directional variogram
were determined. The best fitted model from the geostatistical

analysis of the data was used. Because soil properties do not vary
isotropically in the landscape, to detect anisotropy, variograms
were analysed for four directions of 0°, 45°, 90° and 135° Oliver
et al. (1989) recommends that in order to detect directional differ-
ences or anisotropy the variogram should be estimated in at least
three directions.

The variogram parameters for characterizing the spatial struc-
ture are the nugget variance, sill, nugget/sill (N/S) ratio and spatial
correlation range. It is important to differentiate between these
parameters. The nugget variance represents the random variable
of the data, Firstly, from the measurement error, and secondly from
the spatial variability at distances smaller than the shortest sam-
pling interval. The sill is the plateau which every bounded model
will reach. The N/S ratio is defined as the proportion of short-range
variability that cannot be described by a geostatistical model based
on the isotropic variogram (Kravchenko, 2003). The ratio of nugget
semivariance to sill semivariance (N/S) was calculated from the sill
and nugget values to determine the spatial dependence within the
data. If N/S < 25%, the variable is considered strongly spatially
dependent; if 25% < NJS < 75%, the variable is considered moder-
ately spatially dependent and if N/S > 75%, the variable is consid-
ered weakly spatially dependent (Kravchenko, 2003). The range
is the distance of spatial autocorrelation at which the model
reaches the sill or plateau (Gassner and Schnug, 2006). It is an indi-
cation of the distance over which soil property data points are spa-
tially depended on each other (Kravchenko, 2003; Gassner and
Schnug, 2006). Generally, a large spatial correlation range and
small NJS ratios indicate that great accuracy can be achieved in
mapping the variable of interest (Isaaks and Srivastava, 1989).
The spatial interpolation techniques described above were used
to map the spatial distribution of #,, ; and py across the 23 ha
grassland catchment. Maps showing the spatial distribution of soil
water content were generated using ArcView GIS 3.2 (ESRI, 2004).

2.4. Statistical analysis

Descriptive statistics including mean, median, variance, stan-
dard deviation (SD), skewness, coefficient of variation (CV) and
standard error (SE) were computed for d,, py, and #, using 317 data
points. Correlation matrix relating the soil surface variation of ¢, to
terrain attributes was computed using STATISTICA 7.0 (StatSoft,
Inc., Tulsa, OK).

2.5. Mapping procedure for soil water content

The mapping procedure was done in four steps (Fig. 2). Estima-
tion of the observation points following two approaches (step 1).
Interpolation of the observation points using the different interpo-
lation techniques and following the two approaches (step 2): Map
generation following the two approaches: approach 1 that entailed
directly interpolating between the 247 observations of #, and the
second approach which involved independently interpolating the
247 observations points of pp and ¢y and then multiplying the
interpolated maps of p;, and 0, to generate a map of ¢, (step 3). Val-
idation of the maps was done to produce final product (step 4).

2.6. Accuracy assessment

The sampled 317 data points were split into two subsets: (i) 247
data points which was used for map generation, and (ii) the
remaining 70 data points were used to independently validate
the maps. Validation was performed to evaluate the prediction
accuracy of the interpolation techniques in spatially estimating
gy Py and 6. The performance of the different interpolation tech-
niques was assessed by comparing the mean error (ME) and the
mean absolute error (MAE) values propagated during the testing
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Fig. 2. Overview of mapping approaches used for estimating volumetric water content in the 23 ha Catchment.

procedure. The ME which is a bias estimator and the mean absolute
error which is an accuracy predictor were used to determine how
well estimated values obtained using the interpolation techniques
compared to the observed values. The spatial interpolation tech-
niques were then ranked to find which technique performed well
in interpolating data for the primary variables ), p; and the sec-
ondary soil variable #,. The ME and MAE values were computed
as follows:

ME= 23 (2(x) - 200) @)

1 4
WAB=g > SBSTAS)~ 2} (5)

where Z(x;) is the predicted value at location i, z(x;) is the measured
value and n is the number of samples. Notably, ME values closer to
zero indicate that the interpolation technique is unbiased. The
nearer the MAE values to zero the more accurate the interpolation
technique.

3. Results and discussion

3.1. Descriptive statistics of the soil variables

The summary statistics of the soil variables are presented in
Table 1 and Fig. 3 shows the distributions for py, 6, and #, com-
puted from the 317 observations. The mean soil bulk density (pp)
in the 23 ha grassland catchment was 0.83 g cm >, The mean gravi-
metric water content (f,) and volumetric water content (f,) were
0.16 g g 'and 0.13 cm® cm 3, respectively. Soil bulk density exhib-
ited a coefficient of variation (CV) of 15% and ¢, and ¢, had a CV of
about 28%, two times higher than that of p,. Bulk density had a
standard deviation (SD) of 0.12 g cm— while ; and &, had an SD
of 0.05g g~ and 0.04 cm® cm > respectively. Additionally, g, was
found to be negatively skewed with a skewness coefficient of
—0.25 and both 6, and @, were found to be positively skewed with
almost similar skewness coefficients of 0.64 and 0.61, respectively.

Table 1
Summary statistics of soil bulk density (p5), gravimetric soil water content (¢}, and
volumetric soil water content (#,} calculated using 317 data points.

Pb rrg iy

gem? gg!t % am® em %
Mean 0.83 0.16 16 013 13
Median 0.84 Q.16 16 013 13
Variance 0.01 0.00 20 0.00 13
Standard deviation 012 0.05 4 0.04 4
Skewness —0.24 0.64 1 061 1
Kurtosis —0.45 1.94 2 216 2
cv 15 28 28 28 28
SE 0.01 0.00 025 0.00 021

3.2. Interpretation of spatial structure

To determine the spatial pattern of py, #, and 0, across the 23 ha
grassland catchment directional variograms of py, 0y and 0, were
computed using the map generation set of 247 data points
(Fig. 4). Table 2 summarizes the main parameters of the vario-
grams. The isotropic variogram for p, displays an increase in semi-
variance from 150 to 200 and shows a steady increase from lag
distance 25 to about 230 m. It plateaus after 230 m, which marks
the limit of the spatial dependence. There was no marked anisot-
ropy between 0° 45° 90° and 135° direction. The N/S ratio was
50.1% which indicates a moderate spatially dependent structure.
The pattern of the variograms for &, and 6, is almost similar. The
isotropic variogram for 0z depicts an increase in semivariance from
12 to 22, with an increasing lag distance from 25 to up to 150 m. It
plateaus after 150 m which depicts the limit of the spatial depen-
dence. Furthermore, there was marked anisotropy which was
greatest between the 90° east-west directions which correspond
to steep slopes. The NJS ratio was 26.8 indicating a moderate spa-
tially dependent structure. The isotropic variogram for &, exhibits
an increase in semivariance from 13 to 22 with an increasing lag
distance from 25 to up 150 m. It flattens after 150 m, which marks
the limit of the spatial dependence. The N/S ratio was 29%
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Fig. 3. Histograms depicting the distribution of soil bulk density {ps), gravimetric soil water content (i) and volumetric soil water content {#/,} computed using 317 data

points,

indicating a moderately spatially dependent structure. This implies
that volumetric water content under driest conditions in the
catchment has a significant spatial autocorrelation or dependency
(the tendency or likelihood that sampled peints at neighboring
locations in space are much more similar to one another than those
further apart) up to a distance of 150 m, and beyond this distance
#, does not depict a significant spatial autocorrelation.

3.3. Performance of interpolation technigues in spatially estimating
mapping py, 0, and 0,

The ME and MEA values used to evaluate the performance of the
interpolation techniques in spatially estimating ps, 6, and 0, are
shown in Table 3. The lowest prediction errors for p, were ob-
tained by ordinary kriging (ME = —0.004; MAE = 0.081), inverse
distance weighting for #, (ME=0.377; MAE=1. 697) and @,
(ME= 0.180; MAE = 1.814), respectively.

While significant improvement in the interpolation of densely
disposed observations can be achieved by using an optimal inter-
polation technique and a high sampling density, a question
remains: how accurate are the maps generated either using low
density networks or using models? One response that came from
this study is that any attempt of mapping such a soil hydro-
pedometric property (i.e., volumetric water content) should con-
sider a minimum sampling density to draw pragmatic conclusions.

3.4. Comparison of the two approaches for mapping volumetric water
content

The results of estimating the volumetric water content using
both approaches 1 and 2 are shown in Fig. 6. As evident in Fig. 6
by the deviation of the estimated values from the 1:1 line, it was
found that the volumetric water content values estimated using
approach 2 were generally underestimated by all the interpolation
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Fig. 4. Directional variograms of gravimetric soil water content ({/;), soil bulk density (), and volumetric soil water content (f,) computed using 247 data points.

Table 2

Variograms parameters, nugget, sill and range of fitted variogram models for soil bulk
density (pp) soil gravimetric soil water content (0}, and volumetric soil water
content (6, ), computed using 247 data points.

Table 3

Comparison of the mean error (ME, bias estimator} and mean absolute error (MAE,
accuracy predictor) for g, f; and #y, calculated using the different interpolation
techniques and mapping approaches (#:; approach 1 and fh2; approach 2). The ME
and MAE values were computed from the 70 validation data points,

Variable n Model Nugget Sill Nugget/sill  Range r
ratio 0K IDW,, 1IDW, RST

oo 247 Exponential 1448 289  50.1 1368 089 P ME -0.004 —-0.006 -0.006 -0.003

By 247 Exponential 6.1 228 268 138 0.96 MAE 0.081 0.081 0.081 0.088

f, 247  Exponential 39 137 285 937 094 Rank 1 2 2 3

g ME 0528 0.377 0490 0937

techniques and those estimated using approach 1 were generally MAE 1810 1.697 1.654 1.982
overestimated by all four interpolation techniques. To further Renk 3 1 2 4
assess the performance of the two mapping approaches two ] ME 0.469 0182 0.180 0.540
sampling densities were investigated {20 and 50 data points were :::i ;‘908 ;‘9“ :‘SM 1‘853
randomly selected from the 317 initial observation points). By
using approach 2, the prediction bias was decreased by an average s miE ?ggg ?gg (1}?7%2%9 ?;g;
of 37% compared to approach 1 and the prediction accuracy was Rank a 7 i 3

only improved by 1.3% compared to approach 1.
3.5. Spatial variation of soil water content

Using the best interpolation technique for each variable and fol-
lowing the two mapping approaches, maps showing the distribu-

tion of p, and 6, across the 23 ha catchment were produced
(Fig. 5). It is evident from Fig. 4 that the spatial dependence in
the variogram arises because there are patches in the catchment
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Fig. 5. Spatial distribution of soil bulk density and volumetric water content in the 23 ha grassland catchment. Maps computed using the different interpolation techniques
and the two mapping approaches {f},; approach 1 and f; approach 2},

where #, is high and other areas where it is low. It seems that that across the catchment even under dry conditions (Fig. 5). High &,
the variation of #, in the 23 ha catchment is not purely random. were also found in the lower positions of the catchment (valley
Indeed, volumetric water content was spatially highly variable bottom) where waterlogged conditions are strongly expressed
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Fig. 6. Scatter plots of estimated versus observed volumetric soil water content. The plots refer to prediction by the different interpolation techniques using both approach 1
{denoted by black dots) and approach 2 {denoted by white dots) using a validation set of 70 data points. Solid lines refer to perfect estimation (1:1 lines).

and also restricted to crest locations at the mid-slope and upslope
positions of the catchment. Low ¢, occurred in steep slope posi-
tions in the east-west direction of the catchment (Fig. 5). The spa-
tial distribution of #, was related to topography seeking possible
explanations of the variation. Topography plays a key role in the
hydrological response of a catchment and has a major impact on
the hydrological processes active in that landscape (Moore et al.,
1991). Among the different topographical attributes, only plan cur-
vature which is a measure of the convergence or divergence and
hence the concentration of water in the landscape was found to
be significantly correlated to volumetric water content (Table 4).
It seems that the effect of topography on the spatial variation of
o, is fairly weak under drier conditions. This finding is in accor-
dance to Burt and Butcher (1985) who found topography to be
an important component describing the spatial variation i ¢, when
the soil is wet and somewhat poorly correlated during drier
conditions.

Table 4
Correlation matrix of ¢, and topographical variables,
WVariable ) Asp SP1 CTl1 SLF Curvy, Curvy,
% m!
thy —0.02 0.01 —0.04 0.02 —0.01 —0.18" 011

S, slope gradient; Asp, aspect; SPl, stream power index; CTl, compound topographic
index; Curvy, plan curvature; Curvy,, profile curvature.
" Marked differences significant at p <0.05.

4. Conclusions

In this study of a 23 ha research catchment in South Africa, the
objective was to assess the spatial variation of ¢,, a secondary var-
iable mainly used in hydrological modeling (@, = p x fl;), using
commonly used interpolation techniques, and by evaluating two
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mapping approaches: one that directly interpolates observation
points of #,, as is common in practice (approach 1) and the other
that independently interpolates observation points of pp and 8,
and then multiplies the interpolated maps of p» and 0, to generate
@, map (approach 2). It was hypothesized that approach 2 would
yield better results because interpolation techniques such as
geostatistics are more likely to capture the spatial pattem of
primary variables than of secondary variables that are by nature
combinations of patterns. Two main conclusions can be drawn
from this study.

Ordinary kriging was found to be the better interpolation tech-
nique for soil bulk density and inverse distance weighting was the
better interpolator for gravimetric water content and volumetric
water content, respectively.

It was found that approach 1 underestimated ¢,. Approach 2
tended to overestimate (,, but reduced the prediction bias by an
average of 37% and only improved the prediction accuracy by
1.3% compared to Approach 1.

Although previous studies have shown that the prediction qual-
ity of soil properties can be obtained by (1) using high sampling
densities and selecting (2) an optimal interpolation technique.
What is unclear in the case of secondary variables is whether maps
should be generated from direct interpolations between the data
points of the secondary variable (e.g., volumetric water content
(#,) or from the interpolated maps of its primary variables (i.e.,
gravimetric water content (¢,) and soil bulk density (p.). Approach
2 seems very promising altermnative for improved DSM of ¢, and
will need to be tested further for other secondary variables.
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The current increase in the global demand for food and fresh water and the associated land use changes
or misuses exacerbate water erosion which has become a major threat to the sustainability of the soil
and water resources. Soil erosion by rainfall and runoff is a natural and geologic phenomenon, and one
of the most important components of the global geochemical cycle.

Despite numerous studies on crop lands, there is still a need to quantify soil sheet erosion (an erosion
form that uniformly removes fertile upper soil horizons) under grasslands and to assess the factors of
the environment that control its spatial variation. For that purpose, fifteen 1 m? micro-plots installed
within a 23 ha catchment under pasture in the sloping lands of KwaZulu-Natal (South Africa) were mon-
itored during the 2007-2008 rainy season to evaluate runoff (R) and sediment losses (SL). Soil losses
computed from the 37 rainfall events with soil erosion averaged 6.45 ton ha ! year—with values from 3
to 13 tonha~! year—!. SL were significantly correlated with the proportion of soil surface coverage by the
vegetation (P<0.01) whereas the slope gradient, and soil characteristics such as bulk density or clay con-
tent were not correlated. R and SL increased as the proportion of soil surface coverage decreased and this
trend was used to predict the spatial variatiens of sheet erosion over the 23 ha catchment. Greater sheet
erosion occurred at the catchment plateau and at the vicinity of gully head cuts probably in relation to
regressive erosion. Mitigating sheet erosion would require an appropriate management of the soil cover
through appropriate management of cattle grazing, especially at places where "natural” erosion is likely
to oceur.
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1. Introduction

Soil erosion by water is one of the main mechanisms of land
degradation worldwide (Wischmeier and Smith, 1978). Sheet ero-
sion, through the action of raindrops and shallow running water
induces the uniform removal of a thin layer or sheet' of the fer-
tile upper soil horizon. This erosion form, long been thought to be
very slow acting, is now recognised to be a major threat to the
sustainability of natural ecosystems (UNEP, 1994).

Sheet erosion is thus responsible for direct and indirect conse-
quences on ecosystems, threatening soil functions such as (1) the
production of food; (2) the regulation of water flow in the land-
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scape; (3) the function of chemical buffering and transformations
of inorganic and biochemical compounds; (4) the habitat for soil
organisms such as micro-organisms. Sheet erosion may also pro-
mote a greater occurrence of floods, a decrease of groundwater
recharge, an increase in eutrophication of surface waters, water
pollution by heavy metals and pesticides, and sedimentation in val-
leys and reservoirs. Overall, these consequences may potentially
impact negatively on the economic development of society.

Sheet erosion involves the combined interaction of two major
processes, namely, detachment of soil material by the impact of
raindrops and transport of the resulting sediments by overland flow
(e.g., Lado and Ben-Hur, 2004). Along with rainfall characteristics,
sheet erosion is influenced by topographic conditions, soil proper-
ties and vegetation cover. For a given rainfall event, slope gradient,
surface cover, vegetation canopy and vegetation density directly
affect the detachment of soil material (Chaplot and Le Bissonnais,
2003; Chaplot et al., 2007; Le Bissonnais et al., 2005). The main
soil properties that affect sheet erosion are soil structure, texture,
clay mineralogy and organic matter content, They affect both soil
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detachability by distributing erosive forces, and waterinfiltrationin
soil. The way soil properties affect water movement and infiltrabil-
ity is mainly through a control of crust formation and development
(Sharma, 1996; Mermut et al., 1997; Bryan, 2000; Terrence et al.,
2002).

Understanding the link between sheet erosion, its spatial varia-
tions and the environmental factors of control is a key issue for soil
erosion remediation. But so far, despite numerous studies, quanti-
tative approaches on the relationship between spatial aspects of
sheet erosion and the factors of the environment are still to be
developed (Lal, 2003). This is especially true at large scale (from
hundreds of m? to several hectares) where the high spatial vari-
ability of sheet erosion cannot be explained by varying rainfall
conditions.

In South Africa it is estimated that 85% of the country is
threatened by land degradation and desertification (Archer, 1994).
Furthermore, annual soil losses by water erosion have been esti-
mated at approximately 400 million tons (Whyte, 1995). The focus
of much erosion research in South Africa particularly in KwaZulu-
Natal has been on linear erosion (Beckedahl, 1996; Rapp, 1998),
the second form of water erosion that involves soil detachment
by concentrated runoff. Gullies or dongas (South African term for
gullies) the result of linear erosion, have been extensively studied
because they are predominant features of erosion in the hilly areas
of KwaZulu-Natal. The extensive occurrence of dongas generally
associated with overgrazing poses serious problems on agricultural
land by rendering arable and grazing land inaccessible and unus-
able (Rienks et al., 2000). But less attention has been given to what
is perceived as less a severe mechanism of erosion, namely sheet
erosion {Le Roux et al,, 2007).

In South Africa, asin many areas of the world, the evaluation and
prediction of soil erosion has often been conducted using the Uni-
versal Soil Loss Equation (USLE) method (Fox and Bryan, 1999). It
is the most widely used method and often described as the classi-
cal soil erosion equation. In terms of the effect of slope on early
USLE formulations, soil erosion was predicted as a power func-
tion of slope gradient (Fox and Bryan, 1999). In general, there is
no apparent distinction between the different forms of water ero-
sion, between sheet erosion and rill erosion. This is highlighted by
Torri (1996), who explains that in the past, studies on water erosion
were grouped together, which led to incorrect conclusions. More-
over, the USLE was generated in the United States of America and
in other countries it has been found that the USLE over-predicts the
soil loss from an area (Torri, 1996). Such is the case in areas which
have differing climates characterized by sloping lands of varying
gradients, which is especially true for South Africa.

Thus, it is important to evaluate the relationship between sheet
erosion and the factors affecting it. Furthermore, various interac-
tions exist between the rainfall intensity, the slope gradient, the
slope length, land use and soils and these affect the runoff features
for sheet erosion.

Only few studies in South Africa gathered quantitative data
on sheet erosion (Snyman and Van Rensburg, 1986; Stern, 1990;
McPheeet al., 1983) and more is to be done on this field of research
and especially on the understanding of the environmental factors
of control of sheet erosion (Laker, 2004; Le Roux et al., 2007, 2008).

In the sloping lands of the KwaZulu-Natal, cattle constitute an
important part of the rural smallholders’ livelihood and because it
is important cultural asset, the quantity of cattle heads nowadays
tends to sharply increase (Dovie et al., 2006). From preliminary
investigations, this combined with highly acidic soils of low pro-
ductivity, seem to have serious consequences for soil degradation
(e.g., Mills and Fey, 2003; Rienks et al., 2000) and sheet erosion.

In this context, the main objectives of this study were to (1)
quantify soil sheet erosion; and (2) assess the impact of some
selected environmental factors on sheet erosion. This study was
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conducted within a small agricultural catchment of 23 ha charac-
terized by variations of topography, soils and land management
but assuming no spatial variations of the characteristics of rainfall.
Fifteen 1m? runoff plots installed on different soils, topographic
locations and proportions of soil surface coverage by the vegetation
were surveyed over an entire rainy season. By quantifying sheet
erosion and its correlations to some environmental factors, this
study is intended to contribute towards prioritizing and focusing
intervention options that can help address important soil degrada-
tion concerns at the catchment level, Results were obtained at the
Potshini catchment in the KwaZulu-Natal province, South Africa
under the umbrella of the Smallholder System Innovations (5SI)
project (Rockstrém et al., 2002) which mainly aims at improving
management of soil and water resources for small holder farmers.

2. Materials and methods
2.1. Climate, geology and soils

The study area is located within the KwaZulu-Natal province,
South Africa (Fig. 1). The area is a 23 ha catchment (longitude:
29.36°; latitude: 28.82°) localised in the north sloping lands of
the upper Thukela basin (30,000km?). The climate is sub-tropical,
humid and with a summer rainfall pattern (October-March)
(Schulze, 1997). At Bergville, located 10 km to the east of the study
site, the mean annual precipitation over the past 30 years has been
684 mm per annum, with a potential evaporation of 1600 mm per
annum and a mean annual temperature of 13 °C (Schulze, 1997).

At the Potshini study site, altitude ranges from1381 to
1492 m asl. The reliefis relatively gentle with amean slope gradient
of about 15.7% but with steep slopes of 50-70% found in the lower
part of the catchment whereas in the vicinity of the catchment
outlet and on the plateau, the topography is relatively flat. Soils
are formed from the Karoo Supergroup and Beaufort Group parent
materials. The geology exhibits a horizontal, alternating, succes-
sion of fine-grained sandstone, shale, siltstone and mudstone (King,
2002). Amain dyke from the Karoo Dolerite isintruded in these hor-
izontal layers in the upper catchment giving specific weathering
features of rounded boulders.

Soils developed from sandstones and dolerites are Acrisols (IS55
Working Group, 1998) and Inanda sail form (Soil Classification
Working Group, 1991). Within hillslopes, deep Acrisols (~2m)
characterize footslopes and bottomlands. Bottomlands exhibit fea-
tures of waterlogging such as a surface dark grey (2.5YR4/1) A

Fig. 1. Landscape morphology at the Potshini catchment of the KwaZulu-Natal
province {South Africa) and water erosion features,

171



P. Dlamini et al. { Agricultural Water Management 98 (2011)1711-1718

Table 1

1713

Characteristics of soil horizons from soil profiles at different landscape position ID: identification of soil profile and number of horizon from soil surface todepth; depth (cm):
depths of above and below horizon limit; clay: soil clay content (%); fine silt content (%); coarse silt content; sand content; pH KCI; pH water; C: soil organic carbon content;

N: nitrogen content; S: sulphur content; g, : soil bulk density.

D Depth {cm} Clay (%) Fine silt (%) Coarse silt (%) Sand (%) pHKCI pHwater € %) N{%) C/N 5({%) o6
F1 0-10 278 153 69 500 4.5 5.5 1.48 011 135 0.01 1.23
F2 10-25 2959 148 73 48.0 4.3 5.6 1.20 0.09 133 0.00 1.27
F3 25-40 319 138 6.6 4717 4.3 5.7 0.89 0.08 1.1 0.00 13
F4 40-55 359 120 59 46.8 4.3 5.7 049 0.04 123 0.00

F5 55-90 36.6 105 6.5 46.3 41 5.6 0.26 0.03 87 0.00

F6 80-170 40.2 12.1 6.2 41.5 4.0 5.7 0.00 0.01 0.00

F7 170-220 443 7 A 7.0 412 4.0 5.7 0.00 0.01 0.00

F8 220-285 46.7 72 6.5 39.6 4.3 6.1 0.00 0.00 0.00

Fa 285-300 289 145 8.7 48.0 4.6 5.5 0.00 0.00 0.00

Mi 0-14 274 136 6.4 526 4.5 57 121 0.10 i2.1 0.01 LS
M2 14-30 342 124 46 48.8 4.2 5.5 1.00 0.06 16.7 0.00 1.27
M3 30-46 36.9 104 5.8 46.9 4.2 5.5 1.04 0.08 13.0 0.18 1.21
M4 46-60 398 106 55 44.1 4.1 54 048 0.06 8.0 0.00 1.23
MSs 60-90 43.4 124 38 40.5 4.0 54 0.16 0.05 32 0.00 1.23
M6 90-120 42.1 12.7 49 403 4.0 5.4 0.02 0.01 20 0.00

T1 0-10 398 248 39 315 4.9 5.9 284 021 g o= 0.02 0.96
T2 10-20 42.7 19.6 49 325 5.0 6.1 226 0.15 15.1 0.01 1.1
T3 20-45 402 220 40 338 4.7 5.9 1.73 a12 144 0.01

T4 45-170 54,5 135 35 286 4.8 6.0 0.08 0.04 20 0.00

T5 170+ 153 155 45 648 43 6.5 0.00 0.00 0.00

5D1 0-10 539 221 64 176 4.1 5.4 3.67 0.23 16.0 0.01 0.96
sD2 10-25 564 172 72 19.1 4.2 58 232 014 177 0.02 0.94
SD3 25-50 60.3 143 6.2 192 4.2 5.1 0.97 0.05 194 0.00 0.88
sD4 50-140 64.4 152 7.0 134 4.1 52 0.10 0.02 5.0 0.00 0.89
551 0-10 305 12.1 73 502 4.0 4.9 1.77 012 14.8 0.01 15
552 10-25 350 106 8.1 46.3 4.1 4.9 1.26 0.08 158 0.00 1.18
583 25-40 35.1 89 75 48.5 4.2 5.0 0.79 0.05 15.8 0.00 1.09
554 40-60 387 105 49 459 41 5.0 037 0.08 4.6 0.00

555 60-85 385 116 8.5 414 4.0 5.0 016 0.08 20 0.00

horizon, enriched in organic matter and the presence of redoxi-
morphic features (Soil Survey Staff, 1999) from the soil surface to
2m depth (Table 1). These soils show a massive structure. Horizons
are compact (1.4 <BD < 16), except the A horizon with a BD of 0.8.
At the footslope position, the soils are well drained. The humifer-
ous A horizon is dark reddish brown (5YR 3/3), blocky and friable.
The Bw horizon, from 0.4 to 0.9 misdarkreddish brown (2.5YR3/4),
massive and clayey. A sandy saprolite is reached at about 1.7m. The
midslope position exhibits a similar soil profile but much shorter,
the Bw being found between 0.3 and 0.6 m and the saprolite from
0.9 m. The soils at the terrace (T) and the shoulder (SD) developed
from dolerites. Both soil profiles show a dark reddish brown (5YR
3/3) A horizon with a clear fine angular blocky structure. The Bw
is red (2.5YR 4/6) and is 0.9 m thick (0.5-1.4m) at T and 1.25m
thick(0.45-1.7m)atSD. A sandy red( 10R4/8) saprolite was reached
below followed by a brownish yellow (10YR 6/8) at about 2 m deep.
The T situation differs from the SD by a high proportion of blocks
from the A horizon to the saprolite. Finally, the SD situation shows
a 0.1 m brown (7.5YR 4/4) friable humiferous horizon with a sub-
structure fine angular blocky. The Bw horizon found from 0.5 to
1.4m is yellowish red (5YR5/7), friable and massive. It exhibits a
sharp limit with a cohesive saprolite of sandstones.
Determination of soil bulk density (p,) was performed just
before the rainy season. The sampling was performed adjacent to
each of the 15 micro-plots in order to avoid disturbance of the
micro-plot soil surface. Three soil sample replicates per micro-plot
consisting of undisturbed soil cores (250 ml) were collected within
a radius of less than 1 m. Samples were oven-dried at 105~C for
24h for SW and BD determination while a composite sample was
collected and sieved to obtain the clay fractions (<2 um; AFNOR,
1983). The particle size distribution was determined by the pipette
method (Gee and Bauder, 1986). The pH was measured in both dis-
tilled water and KCl using a Calimatic PHM766 pH meter, using a

solution ratio of 1:2.5 (10 g soil: 25 ml solution). Finally, the cation
exchange capacity (CEC) and the exchangeable cations (Ca**, Mg*™,
Na*, K* and AP*) were determined by exchange with cobalthex-
amine cation at natural soil pH (AFNOR, 1983).

2.2. Evaluation of topographic conditions and soil surface features

The 15 micro-plots were installed at different positions within
the study catchment. The topographic information (altitude, mean
slope gradient) was derived from a DEM with a 5-m resolution
with a vertical precision of 0.05m. This DEM has been generated
using 20,000 data points gathered within the 23 ha catchment with
a differential GPS and interpolated by using the inverse distance
weighting function of ArcView3.2 (ESRI, 2004). From this DEM the
altitude above sea level of each micro-plot was extracted using the
DEMAT function of ArcView3.2. The mean slope gradient of the
eight cells surrounding each plot was estimated using the same
ArcView function.

The study catchment is predominantly grazed grassland. Cattle
are seen as an important cultural asset and in good times, commu-
nity members, both those living in the catchment and those who
work and live in the major cities, invest in cattle, leading to increas-
ing herd sizes. This, combined with the highly acidic low productive
soils, rapidly leads to overgrazing with decreasing proportion of soil
surface coverage by the vegetation and associated increase of bare
soils.

The proportion of the soil surface covered by the vegetation at
each micro-plot has been characterized visually in the field by qual-
itative assessment using a 1 m? grid with 100 cm? cells (e.g., Auzet
etal.,2004), The proportion of the soil surface with crusts has been
also considered because of its recognised impact on runoff genera-
tion and sheet erosion (e.g., Casenave and Valentin, 1992). Casenave
and Valentin (1992) using studies from semi-arid and arid Africa
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indicated that surface crusts significantly decrease water infiltra-
tion in soils. From the nine main types of crust they identified only
three types, i.e,, structural (rough surface made of coalescing partially
slaked aggregates), erosion (smooth surface made of a single seal of
fine cemented particles) and sedimentary (laminated with layers of
different texture) types were observed at the study site, Following
the field methodology of Casenave and Valentin (1992) the type of
crust has been recognised in the field using a knife and a magnify-
ing glass and its proportion on the soil surface was evaluated using
the 1m? grid. The proportion of each crust type was afterwards
summed to obtain the proportion of the seil surface with crusts.

A total of 200 field observations were performed throughoutthe
catchment. Information was obtained at the 15 micro-plots and
at 185 randomly selected points whose location was captured in
the field using the differential GPS with a 0.2 m lateral accuracy.
GIS layers for the proportion of soil surface coverage and crusting
were afterwards interpolated using ArcMap and ordinary kriging
which is well adapted for lower sampling densities (McBratney and
Webster, 1983).

2.3. Evaluation of in situ sheet erosion

Fifteen 1 m? runoff plots were installed within the catchment
atdifferent topographical positions, soil type and intensity of over-
grazing with three micro-plot replicates per sample site (Fig. 2).
These included deep Acrisols at footslope (F); shallow Acrisols at
midslope (M); shallow Acrisols at terrace (T); deep reddish Acrisols
at shoulder under dolerite (SD); and deep yellowish Acrisols at
shoulder under sandstone (SS).

The metal borders surrounding the micro-plots were inserted
to a depth of 0.1 m in the soil. Field measurements were carried
out from September 15th 2007 (the first rain of the season) to
April 1st 2008 (the last seasoned rainfall event). Measurements
were assumed to occur under conditions of steady-state soil losses
because no significant soil cracking or features of linear erosion
were observed within the micro-plots. After each rainfall event, the
total runoff volume (R) from each micro-plot replicate and collected
in a collector (Fig. 2) was measured with a measuring cylinder.
The precision was +10ml for total runoff volumes between 10 and
2000 ml and +10 ml at higher runoff volumes. A runoff sample of
800 ml was taken for each event and oven-dried to estimate sed-
iment concentration (SC) in the runoff. The total sediment losses
(SL) from the micro-plot was calculated as the product of R by
SC.

During this study, a total of 555 samples were collected from
37 rainstorm events. Rainfall event characteristics such as rainfall
amount and maximum and average rainfall intensity were esti-
mated using an automatic rain gauge with a 6-min step counter
located at the study site.

3. Results
3.1. Quantification of sheet erosion

The rainy season was characterized by 37 rainfall events causing
sheet erosion with a cumulative amount of 766 mm of the total
yearly amount of 850 mm.

The average runoff coefficient (R) computed from the 37 erosive
rainfall events and the 15 micro-plots was 23%. R which exhibit an
average between 16.5 and 32% significantly (P level < 0.05) varied
between micro-plots (Table 2). Lower R occurred at the terrace (T),
at the footslope (F), and at the shoulder on dolerite (SD), whereas
greater R occurred at the midslope (M) and at the shoulder on
sandstones (SS).
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Fig. 2. Digital elevation model (DEM) with a 5-m mesh of the study catchment
showing linear erosion features (in black lines) and location of 1 m? micro-plots (in
white squares) for the evaluation of sheet erosion. Location of the five sites under
study—F: deep Acrisol at footslope; M: shallow Acrisols at midslope; T: shallow
Acrisols at terrace; SD: deep reddish Acrisols on dolerite at shoulder; SS: deep yel-
lowish Acrisols on sandstones at shoulder, (For interpretation of the references to
colour in this figure caption, the reader is referred to the web version of the article.}

The sediment concentration in runoff (SC) varied between
23gl" at 5D to 5.6gl~! at M with an average at 4.1g1"!. Sig-
nificantly higher SC occurred as well at T (5.0g1"!). These were
followed by SS (4.0g1~!) and F (3.4gl~'). It is interesting to note
that greater SC corresponded to high R, except at position T where
a high SC was found despite low R (Table 2).

Average soil losses (SL) were on average 20.8 gm~2 event ! with
values between 9.4 and 35.7 gm~2 event~!. SL were the greatest at
M position followed by SS (26.9gm 2 event™!), T and F (respec-

Table 2

Average runoff (R), sediment concentration {5C), and soil losses {SL) for the differ-
ent sites (F: deep Acrisol at footslope; M: shallow Acrisols at midslope; T: shallow
Acrisols at terrace; SD: deep Acrisols at shoulder under dolerite; SS: deep Acrisols
at shoulder under sandstones). Data computed from the 37 rainfall events of the
2007-2008 rainy season,

Treatment R sC{gl") SL{gm~?)
ml %
F 4242 17.7 3.4 144
M 6328 30.4 5.6 357
il 3547 16.5 5.0 17.7
sSD 4050 17.8 28 9.4
Ss 6770 32.6 4.0 269
Average 4988 23 4.1 208
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Table 3
Mean (n=3) slope gradient (S}, proportion of crust (Crust), soil surface coverage
{Cov), 0-05m soil clay content {Clay), and 0-05 m soil bulk density (o).

Treatment S(%) Crust{Mgm—) Cov Clay P

F 25 11.7 88 278 1.24
M 26 123 74 274 1.32
i 23 1.0 85 39.8 1.13
SD 18 8.0 87 539 1.02
S5 19 15.0 83 30.5 1.12
Average 22 9.6 84 359 117

tively 17.7 and 14.4gm~2 event~'). Finally, with an average of
9.4gm~2 event™!, SL was 3.8 times lower at SD than at M, which
was significant at the P<0.05 level.

The resulting yearly losses of sediments would range between
335 and 1300gm~?year~!, for 5D and M, respectively with
an average at 645gm~?year~! (ie., 6.45tonha~!'year~! or
0.64 mmyear~!).

3.2. Relationship between soil sheet erosion and environmental
factors

The average slope gradient of micro-plots was 22% with values
between 18 and 26% (Table 3). M plots were on the steepest slope
and plots on the shoulder were on more gentle slopes. The average
proportion of the soil surface under crusting (Crust) was 9.6%. Crust
varied between 1% at T to 15% at 55. Lower Crust values occurred
on dolerite, both at the shoulder and terrace positions whereas a
much higher occurrence of soil surface crusting characterized soils
developed from sandstones at F, M, and S5 positions (Table 3).

The average soil surface coverage by the vegetation (Cov) was
84%. Greater Cov occurred at F (88%) and SD (87%). With 85 and
83%, T and 55 were of intermediary Cov values. Finally, M was the
situation with the lowest Cov (74%).

5D plots showed highest clay content (Clay) but lower soil bulk
density (o, ) whereas M and F plots were significantly more com-
pacted (pp, of respectively 1.32 and 1.24 Mg m~2) and exhibited the
lowest clay content among micro-plots (Table 3).

Table 4 revealed that R significantly correlated with Cov and
Py With a Pearson r coefficient of —0.68 with Cov and —0.71 with
Py, Rincreased as Cov decreased and py, increased. In contrast, the
correlation between R and 5, Crust and Clay was not significant.
Consideration of the relationship between SL and the environmen-
tal factors under study indicated that Cov and py, were significantly
correlated with SL. But S, Clay, and Crust had no significant impact
on SL. Cov appeared to be more highly correlated to SL (r=-0.87)
than it was to R (r=-0.68). Such a strong relationship between SL
and Cov modeled by Eq. (1) is displayed in Fig. 3:

SL= —45.84 x Cov+4613, r2=10.76 (1)

Table 4

Correlation matrix between erosion variable and environmental factors with R:
runoff coefficient; SL: soil losses; S; slope gradient; Crust: proportion of crusting
on the soil surface; Cov: proportion of soil surface coverage by the vegetation; Clay:
soil clay content; and py: soil bulk density (n=37). Significant correlations at P <0.05.

R SL s Crust Cov Clay O
R 1.00
SL 0.81 1.00
5 049 0.45 1.00
Crust 044 0.43 0.24 1.00
Cov —0.68 —0.87 -0.34 -0.87 1.00
Clay —0.50 —0.52 —0.88 -0.36 0.40 1.00
Py 0.71 070 0.89 0.45 —0.62 0.16 1.00
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Fig. 3. Relationship between annual soil losses due to sheet erosion (SL) and the
proportion of soil surface coverage (Cov) from the 15 micro-plots.

The observed data revealed that SL significantly decreased from
about 10tonha~!year™! for Cov=60% soil coverage to less than
Gtonha~!year™! at Cov=93%.

The two first axes of the principal components analysis (PCA)
between 5, Crust, Cov, Clay, and py, as variables for the analysis,
explained 98% of the variability in data (respectively 75% for axe 1
and 23% for axe 1). From this PCA displayed in Fig. 4 it is noted that
the two variables most highly correlated to axis 1 are Cov (con-
tribution to this axis of 0.91) py, (r=—-0.83) and Crust (r=-0.64).
From this axis with a trend associated with soil surface degradation
and soil compaction it is concluded that as Cov decreases and Crust
increases,SC and SLincrease. Ris correlated with axis 1 (r=0.68) but
also with the second PCA axis (r=0.73) with a trend associated with
Clay. Finally as shown by the PCA, § had only a small contribution
to the two first axes.
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Fig. 4. Principal components analysis {PCA) scattergram of ‘factor scores' for the
different environmental factors under study: S, slope gradient; Crust, proportion of
crusting on the soil surface; Cov, proportion of soil surface coverage by the vegeta-
tion; Clay, soil day content; and py, soil bulk density. Position of the centroids for R,
runoff coefficient; SC, sediment concentration; and SL, soil losses (n=37).



1716
4. Discussion
4.1. Rate of soil material displaced by sheet erosion

The average soil losses computed from the micro-plots was
6.45tonha~!year~!, It is important to compare data of sheet ero-
sion from the sloping lands of the KwaZulu-Natal region with those
obtained countrywide. Losses at our study site were much higher
that the 3 tonha~! year~! estimated by Whyte (1995).

Moreover, this rate was lower than those observed in the slop-
ing lands of Asia, where losses of between 6 and 24 tonha~! year~!
were measured in Laos (Chaplot et al., 2007) and between 6 and
33tonha~'year~! in Thailand (Janeau et al,, 2003). However, it
must be noted that these results were obtained under generally
steeper slope conditions with an average slope gradient of 45% in
Laos (Chaplot et al,, 2007).

Considering that an erosion rate of 645 tonha™! year~! corre-
sponds to an ablation rate of 0.64 mmyear~' - is such an ablation
rate going to significantly change soil thickness over time? To
respond to that question, the changes in soil thickness over time
depend not only on the ablation rate but also on the produc-
tion of soil from the weathering of bedrock and soil replacement
through natural surface erosion. The available literature suggests
that rock weathering rates for similar bedrocks may range from
0.0036 to 0.077 mmyear ' for sandstones of the Tennesse val-
ley (Heimsath et al., 1997) and the pacific North West of the US
(Dethier, 1986), respectively. Weathering rates for basalts, a parent
material with similar characteristics than dolerites might average
0.0003 mm year~' (Pillans, 1997). Considering that and assuming
soil replacement to be close to zero at the landscape level, the
net average yearly soil ablation would be of 0.49 mmyear~! for
F, 1.28 mmyear~! for M, 0.65 mmyear~! for T, 0.34 mm year~'for
SD and 0.95 mmyear~! for SS. Thus, net ablation due to sheet ero-
sion ranges from 13 x 10% to 21 x 10% times higher than the natural
soil formation. After 100 years the thickness of the soil would be
reduced by 0.03-0.13 m. This amount may seem relatively low but
should be considered in that the context that the few centimetres
of the soil at the surface contain most of the soil organic matter and
nutrients.

4.2. Controlling factors of sheet erosion

In this study, we showed the predominant impact of soil sur-
face coverage by vegetation on soil losses, and found no correlation
between sheet erosion and slope gradient and some of the other
soil characteristics under study.

As expected, sheet erosion decreased with increasing soil
surface coverage. Thisis because as root density increases, soil infil-
tration increases. In addition, as the vegetation density increases on
the soil surface, the protection of soil aggregates from slaking and
transport may increase, thus reducing sheet erosion (Wischmeier
and Smith, 1978). The results of this study thus confirm previous
work by Gafur et al. (2003) in Banglade sh who recorded a sheetero-
sion rate of 3 tonha~! year~! under fallow and 18 tonha~! year~!
under bare soil conditions.

This investigation found no correlation between slope gradient
and soil loss. Generally, the relationships were either positive or
negative, but it is seldom reported that slope gradient has no effect.
Experiments where sheet erosion increased with increasing slope
gradient are numerous. For instance, De Ploey et al. (1976), Sharma
et al. (1983) and Djorovic (1980) attributed such an increase to a
decrease in depressional storage and ponding depth. Very few stud-
ies have shown that sheet erosion decreases with increasing slope.
For instance, Govers (1990) reported that slope had a significant
negative effect which was attributed to differential soil cracking,
Poesen (1984) to a thinning of the crust, Bryan and Poesen (1989),
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Fig.5. Spatialvariations of annual soil losses due to sheeterosion in2007-2008 esti-
mated using Eq. (1), Location of linear erosion features { in black lines} and location
of 1 m? micro-plots (in white squares).

and Slattery and Bryan (1992) to the erosion of low conductivity
crusts, and Janeau et al. (2003) to differential soil crusting.

In line with Lal (1976) and Mah et al. (1992) this study did not
find any significant effect of slope gradient on runoff and this is
probably best explained by the low range of slope gradients inves-
tigated (about 10%).

The apparent lack of impact of soil clay content on sheet erosion
was also unexpected.

Soils with low clay content generally generate more runoff due
to weaker aggregates leading to the formation of a surface crust of
lower infiltration (Valentin and Bresson, 1992). Although crusted
surfaces induce more runoff, they usually reduce soil sheet ero-
sion due a lower particle detachment associated with an increased
hardness(e.g., Valentin and Bresson, 1992). This crust may also pro-
tect the soil from further soil detachment as result of lower surface
roughness and greater bulk density (Valentin and Bresson, 1992).
In this context, soil surface coverage by vegetation plays a key role
in the control of sheet erosion and thus this factor overrides the
effect of the other environmental factors.

4.3. Spatial variations of sheet erasion

Considering soil surface coverage (Cov) explained 76% of the
variance in sheet erosion. The map of Cov generated using the 200
field observations was used to evaluate the areas of the catchment
where erosion might be the more severe and thus where remedi-
ation efforts should be focused. Lower SL in 2007-2008 are likely
to have occurred in the lower catchment, within the bottomland
area where almost 100% of soil surface coverage by the vegetation
is found (Fig. 5). In contrast, greater SL (>4 ton ha~! year~!) might
have occurred on the upper slopes of the catchment, and especially
in the vicinity of gully head cuts, probably in relation to regressive
erosion. Overall, the soil erosion over the catchment estimated from
Eq. (1) would amount to 64.17 tonnes in 2008 which corresponds
to 2.8 tonha ! year~!. This amount is significantly lower than that
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obtained from the micro-plot average and might be explained by
an over sampling of micro-plots in degraded areas. Extrapolating
the result of relatively few 1 m? micro-plots to an entire catchment
should thus be performed with caution.

5. Summary and conclusions

In this study, our main objective was to quantify water sheet
erosion (i.e., erosion by splash and shallow runoff) within a grass-
land catchment subjected to overgrazing and to evaluate the
main controlling factors. The results obtained on 1 m? micro-plots
installed at different topographical positions, soils and intensity
of overgrazing showed an average soil loss of 0.645kgm~2 that
would correspond to 6.45 tonha~! year~!, When extrapolating SL
obtained at the m? level to the whole catchment using a regression
model that explained 76% of the variability in data, SL would reduce
t0 2.8+ 0.67 tonha ! year~1,

This amount is almost similar to the USDA tolerable soil loss rate
in cropping systems of 2.5 tonha~! year~' (USDA, 1995). However,
the net ablation due to sheet erosion is from 13 x 102 to 21 x 104
times higher than the estimated natural soil formation through
bedrock weathering. Moreover, because soils are shallow and are
under pasture, most of the nutrients and organic matter accumu-
late in the surface layer of the soil. Projections for the next 100
years, indicate that from 3 to 13 cm of the fertile-A horizons will
be removed and this constitutes a major threat to the soil resource
and the sustainability of agriculture.

The second conclusion is that sheet erosion was shown to be
highly correlated to the proportion of the soil surface covered by
vegetation. Mitigating sheet erosion might thus be obtained by
a greater soil surface coverage. By contrast, any further decrease
of soil surface coverage would dramatically increase sheet ero-
sion. For instance, the decrease of the soil surface coverage from
an actual observed average value of 94% by 10% would increase
sheet erosion by 280% (7.7 tonha~! year~! vs. 2.8 tonha~! year1).
Decreasing soil surface coverage to 50% would result in soil losses
of 23tonha~!year~!, i.e., a 900% increase. The direct consequences
of on-site soil degradation can easily be predicted, as can off-site
impacts, such as, increased linear erosion, floods, water pollution
and silting in aquatic ecosystems.

These results suggest that a proper control of overgrazing that
is common on these sloping land areas typical of the headwaters
of rivers in KwaZulu-Natal by appropriate management of cattle
grazing is crucial and critical to protect soil and water resources.
These results are thus particularly important to consider in the
development of grazing and livestock management strategies in
these areas and similar areas of South Africa. Appropriate mitiga-
tion measures are needed where soil degradation and erosion are
a threat to sustained agricultural production.

Finally, further research studies need to be performed. Firstly,
processes of sheet erosion besides splash and shallow runoff that
take place on micro-plots, such as rain-impacted flow (Kinnel,
2001), which longer runoff plots may be used to quantify, have to
be considered. Secondly, longer term experiments need to be per-
formed with a special focus on other environmental factors such as
cattle density and parent material, and thirdly the statistical rela-
tionships obtained in this study could be used to validate existing
erosion models or integrated with existing predictive tools of sheet
erosion that consider rainfall characteristics.
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