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Abstract

This study examines the spatial patterns of soil parameters to test the hypothesis
that shrub encroachment initiates a change in scale of soil heterogeneity, which
consequently influences a landscape’s biotic and abiotic interactions and thus the
susceptibility of soil to erosion. Grassland, shrubland and badland sites were
established in two semi-arid environments; the Karoo, South Africa and the
Sevilleta National Wildlife Refuge, New Mexico, U.S. 108 soil samples from each
of the eleven 60m x 60m plots were analysed for bulk density, shear strength,
texture, aggregate stability, organic matter content, pH, conductivity and available
sodium, calcium, magnesium, potassium and phosphorus content. Geostatistical
analyses determined that, at a scale representative of the vegetation community,
the grassland landscape appeared relatively homogenous in its distribution of soil
parameters. Shrublands, however, demonstrated an increase in heterogeneity of
all soil parameters. Periodicity in the semi-variograms indicated that regular
patterns across the landscape were evident for all parameters and thus likely to
represent the differences between shrub and intershrub regions. Due to the
complex plant-soil interactions, and the interactions amongst the soil parameters
themselves, the cyclic patterns represent areas of high and low erodibility. More
pronounced patterns were identified in the badlands. This indicates that, if the
conditions are right, changes in plant-soil interactions caused by soil parameter
redistribution in shrubland landscapes can exacerbate erosion leading to further
degradation in the form of badlands. Comparisons between the two semi-arid
regions suggest that although local variations in soil type and different species of
vegetation will affect the intensity of the spatial response, the underlying patterns
are similar at both locations and hence, potentially, at a global scale.
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CHAPTER ONE

Introduction

1.1 Overall aim

1.2 Changing landscapes: the concept of desertification
1.2.1 Shrub encroachment and vegetation dynamics
1.2.2 Vegetation and soil property interactions
1.2.3 Badland development

1.3 Structure of thesis

1.1 Overall aim

Land degradation and vegetation change are concurrent processes commonly
associated with semi-arid regions. Vegetation change in these areas is
predominantly in the form of a grassland-shrubland transition, a process that
exacerbates soil erosion and can result in irreversible degradation known as
desertification. Evidence of such transitions can be found at a global scale,
documented in areas such as the Mediterranean (Martinez-Mena et al., 1999;
Bochet et al, 1999; Maestre and Cortina, 2002), the American southwest
(Buffington and Herbel, 1965; Gibbens ef al., 2005) and in many parts in Africa
(Kraaij and Milton, 2006; Dean et al., 1995; Hoffman et al., 1999). This research
has been undertaken to further the understanding of the changing landscapes in
semi-arid environments through a detailed assessment of plant — soil feedback
mechanisms. As well as being of scientific importance, this research area has
social, economic and cultural context (Warren, 1998); loss of productive grassiand
to less palatable woody shrubland can have a severe impact on the economies of
‘marginal’ semi-arid lands. In general, these regions rely heavily on livestock
-1-
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farming due to constraining climatic conditions and the low nutrient status
associated with semi-arid landscapes. Consequently, from the agricultural
viewpoint, vegetation change is often seen as a detrimental landscape process
impacting on the sustainability and economic potential of land. Thus, vegetation
change as a precursor of soil erosion is a subject that is becoming increasingly
predominant in both research circles and public awareness.

Many studies have been undertaken in order to explain degradation processes
ranging from determining rates of erosion and causal factors to building erosion
prediction models. The over-simplified paradigm stating that landuse and climatic
variability control vegetation cover and vegetation cover controls erosion still
dominates in the approach of addressing land degradation issues (Thornes, 2005).
However, juxtaposing climate change and overgrazing as causal factors of
increased erosion rates is problematic as it compounds the complexity of the
controlling mechanisms, making it hard to differentiate between allogenic and
autogenic drivers.

As a consequence of the spatial and temporal variations in climate and land use
across dryland regions, quantifying and‘determining the rate of degradation is an
ambiguous task. However, irrespective of the causes of degradation, a
comprehension of the underlying processes is essential if land degradation and
desertification in dryland systems are to be fully understood. Schlesinger et al.,
(1996) propose an alternative method of measuring desertification by comparing
soil nutrient heterogeneity between different vegetation structures based on the
presumption that grasslands indicate a fine-scale distribution of soil resources and
shrub ecosystems indicate a coarse-scale distribution. Whilst the spatial patterns
of soil nutrients in drylands are well documented (Charley and West, 1975; Hook
et al.,, 1991; Tongway and Ludwig, 1994; Schlesinger et al., 1996; Schlesinger
and Pilmanis, 1998), as well as the effect of vegetation change on the physical
properties of soil (Abrahams et al., 1995; Parsons et al., 1996; Wainwright et al.,
2000; Maestre and Cortina 2002) few have attempted to link both aspects of the
process.
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Undeniably, the mechanisms surrounding plant-soil interactions are such that the
understanding of the relationship between the susceptibility of soil to erosion and
vegetation change is complex. However, this research aims to address this issue
by comparing the spatial patterns of the physical and chemical properties of soil
between grassland, shrubland and badland areas, observing their interactions and
assessing their influence on the susceptibility of soil to erosion.

1.2 Changing landscapes: the concept of desertification

Increasing environmental awareness has raised the profile of desertification, a
phenomenon commonly associated with the world’s semi-arid regions. Drylands
cover more than 50% of the land’s surface (Asner and Heidebrecht, 2005) and
support approximately 78% of the worlds grazing capacity (Asner et al., 2004).
The degradation of drylands is therefore an issue of global concern impacting on
the most extensive form of landuse on the planet. Approximately one third of the
earth’s surface is thought to be affected by desertification (UNCDD, 2006)
impacting more than one billion people in dryland regions throughout the world
(UNCDD, 2006). The concept of desertification, however, is the subject of much
debate (see Dean et al., 1995) questioning not only the definition of the term but
the causal factors and of more topical interest, the true extent of the phenomenon.

The multifaceted nature of desertification depicts that multidisciplinary approaches
are used when addressing the problem. The implications of this are that both
biophysical and socioeconomic use of the term encompasses a broad spectrum of
definitions that cover a range of spatial and temporal scales. The term
desertification portrays images of barren, desert-like conditions, consequently it is
used as a driving force to increase the perception that the rate of environmental
change is escalating in order to promote policy development (Thomas and
Twyman, 2004). However, desertification was defined 1994 by the United Nations
Convention to Combat Desertification (UNCCD) as ‘land degradation in arid, semi-
arid and dry subhumid areas resulting from various factors including climatic
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variation and human activities’. Consequently, desertification is a general term
used to describe land degradation ranging from a change in vegetation structure
through to an expansion of desert areas. On the other hand, it is argued that a
landscape cannot be described as ‘desertified’ unless the extent of degradation is
such that recovery is not possible (Schlesinger et al., 1990). The rationale behind
this argument is that natural climatic cycles are evident throughout history in the
form of alternating cycles of drought and rainfall, therefore a loss of productive
agricultural land through drought cannot be classed as desertification if it
recuperates after a rainfall cycle. Figure 1.1 summarises the desertification
process characteristic of semi-arid environments, the photographs depicting some
typical stages of degradation emphasise the dramatic landscape change that can
be witnessed in dryland regions.
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Figure 1.1 A summary of the desertification process characteristic of some semi-
arid environments.
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1.2.1 Shrub encroachment and vegetation dynamics

Evidently, vegetation change is an instrumental factor in the desertification
process, however, it should be classed as an intermediate stage indicating land
degradation that may or may not recover rather than full-scale desertification.
Notwithstanding the notion that vegetation change perhaps does not necessarily
represent a uni-directional process, conceptual models of desertification consider
this as a fundamental element. Schlesinger et al., (1990) proposed that the
framework surrounding the understanding of the semi-arid to arid transition should
be based on changing spatial and temporal distributions of soil resources
associated with shrub encroachment. It was hypothesised that various
degradation processes could result in a change in the distribution of soil
resources, from being relatively uniform in grassland systems to being more
heterogeneic in nature thus increasing the potential for shrub invasion and
exacerbating soil erosion.

Changes in the ecological status of dryland regions have been well documented
(see Wiegand and Jeltsch, 2000). Conclusively, a series of similarities can be
identified on a global scale both in the causal factors and in the changes of
vegetation dynamics. A key study by Buffington and Herbel (1965) provides a
comprehensive synopsis of vegetation change in the American Southwest over the
past 150 years, noting the invasion of shrubs in areas previously dominated by
productive grasslands. This study not only describes the observed transition of
vegetation but also evaluates the factors likely to have induced the changes.
Buffington and Herbel established that five main factors are accredited as
influential mechanisms of vegetation change; climate change, grazing by domestic
livestock, the effect of rodents, suppression of grassland fires and species
competition. It was concluded, however, that the main instigating mechanism was
not one attributable factor rather a complex combination of grazing practices and
relatively short-term climate variations in the form of periodic droughts. A
comparable study by Hoffman ef al., (1999) assesses the land degradation
processes prevalent in the semi-arid regions of South Africa. Again, spatial and

temporal variations in climate combined with detrimental grazing practices are
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regarded as imperative in the disappearance of productive grasslands. Parallels
can be drawn between these two studies emphasising the global importance of
understanding this characteristic form of degradation in dryland regions.

1.2.2 Vegetation and soil property interactions

Based on earlier work by Schlesinger et al., (1996) on the spatial distribution of
soil nutrients in desert ecosystems, Schlesinger and Pilmanis (1998) attempted to
disaggregate plant-soil interactions. This study looked specifically at the spatial
distribution of nutrients in a shrubland area and the subsequent development of
high nutrient concentrations or ‘islands of fertility’ under shrub canopies.
Geostatistical analyses showed that the distribution of nitrogen, phosphorus and
potassium in the soil was strongly associated with the presence of shrubs.
Hence, it is thought that once a shrub has established itself it becomes, to a
certain extent, self-sustaining. A characteristic of these ‘islands’ is the build up of
sediment under the shrub canopy, thought to form through a number of both
physical and biological processes. Parsons et al., (1992) attributed the formation
of these mounds to differential rainsplash. An accumulation of sediment occurs
under the shrub canopy as there is insufficient energy to remove the sediment
deposited under the shrub (Wainwright et al., 1999). In contrast, the exposed
surrounding inter-shrub areas are further eroded. Combined with this effect is the
build up of leaf litter, which accumulates under the shrubs. This net accumulation
of litter gives rise to the so-called ‘islands of fertility’, as the subsequent decay
redistributes nutrients back into the soil. Figure 1.2 illustrates the processes
involved in the development of islands of fertility.
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Figure 1.2 The basic interactions between vegetation, water movement and erosion on hillslopes,
showing differences between shrub-dominated landscapes (upper) and grass-dominated

landscapes (lower).

Source: Wainwright et al. (2000) p.2922

Although these islands of fertility have been considered an instrumental factor
concerning the decline in grasslands and exacerbation of soil erosion through the
production of areas of preferential fertility and protective cover, largely neglected is
the preferential distribution of other physical and chemical properties of soil that
could be assumed to accompany a change in nutrient status. It is widely
documented that soil structure, hence soil stability, is controlled by many factors
(Gyssels and Poesen, 2003), therefore, only by investigating these other
properties can the true effect of vegetation change on soil erodibility be
understood. A study by Rietkerk et al, (2002) touched this issue when
investigating the fine-scale spatial distribution of plants and resources in the Sahel.
It was hypothesised in this study that the distribution of annual plants would be

spatially autocorrelated and thus, positively linked with the spatial patterns of
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erodible soil particles, organic matter and nutrients. The conclusion was that the
spatial distribution of plants and nutrients are highly dependent on soil surface
characteristics and dynamic soil surface processes, thus also supporting evidence
from Schenk et al, (2003) who found a relationship between substrate
characteristics and the spatial distribution of Ambrosia plants.

In an attempt to disaggregate the complex relationships that exist between
vegetation and different physical and chemical properties of soil, a conceptual
model (figure 1.3) has been developed from the existing literature. This model
depicts some of the main soil property relationships, however, it is by no means
exhaustive. This project endeavours to recognise the factors intrinsic to the
erosional process and thus will utilise the conceptual model to identify the most
appropriate parameters to investigate the effect of vegetation change on the
susceptibility of soil to erosion.
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Figure 1.3 A conceptual model depicting some of the main interactions among some physical
and chemical properties of soil and their effect on erosion.

1.2.3 Badland development

This research endeavors to add another dimension to the vegetation change - soil
erosion understanding. Although it is widely accepted that a grassland to
shrubland transition is a form of land degradation, it is often presumed that when
shrubs are established the dryland ecosystem has reached its climax or stable
state. Ecological studies generally limit their focus to the processes preceding this
‘threshold’ in contrast to geomorphologists who consider this as part of the primary
stages in the erosional process. Based on the idea proposed by Friedel (1991),
this research intends to integrate the two disciplines, thus investigating changes in
soil properties from the view that two process thresholds exists: the dominance of
shrubs in an initially grassland landscape and a potentially irreversible change in
the physical and chemical properties of soil leading to extensive degradation and

desertification.
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The most severe type of land degradation that can occur in semi-arid regions is
the development of badlands. Badlands are highly eroded landscapes, sparse of
vegetation and consisting of a complex network of gullies, rills and interrill areas.
This type of degradation is predominantly found on colluvial footslopes with gullies
developing in valley bottoms (Boardman et al., 2003). The characteristic hydrology
of these landscapes will be discussed in chapter 2.

Extensive studies have been conducted in order to understand the processes that
may generate new badlands (Kirkby and Bull, 2000; Nogueras et al., 2000) whilst
others have investigated the effect of interactions between soil erosion, soil
forming processes and vegetation in relation to badlands (Guardia et al., 2000;
Rienks et al., 2000; Regues et al., 2000; Torri et al., 2000). Vegetation change
has been attributed as one of the primary causal factors in the development of
badlands, as rill and gully erosion often accompany the replacement of grassland
by shrubland communities (Boardman et al., 2003). However, the focus of many
geomorphological studies of badlands tends towards the change in hydrological
response as a factor of vegetation cover rather than how the autogenic response
of plants may influence the susceptibility of soil to erosion through a change of soil
resources. This research therefore considers not only how the physical and
chemical properties of soil dictate the erosional response in badlands, but
analyses the spatial patterns of soil properties. As a result, a continuum of data on
the changing spatial patterns of soil characteristics will be achieved, starting at a
grassland landscape and encompassing the transitions that finally lead to a
desertified landscape. In addition, this data will provide a better understanding of
badland systems as relatively little is known about the detailed spatial patterns of
soil properties in this environment.

A detailed knowledge of the spatial distribution of physical and chemical properties
of soil in badlands would be beneficial for a nhumber of reasons, particularly for
modelling purposes. Essentially these factors control the hydrological response of
soil particles therefore the understanding of soil properties is considered a key
theme of this research.
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1.3 Structure of thesis

The thesis is divided into nine chapters; the following section presents a brief
summary of the structure of the thesis and its content.

The literature review presented in chapter two discusses the main concepts
surrounding land degradation and desertification processes in semi-arid regions.
This chapter provides a detailed account of the mechanisms involved in the
erosional process and explains the complexity of plant-soil interactions. Essential
to the understanding of this research is knowledge of how soil properties influence
the susceptibility of soil to erosion; the interface of both physical and chemical
properties with soil erodibility is reviewed and subsequently linked to the impact of
vegetation change introduced in chapter one. In addition, this chapter introduces
the concept of soil heterogeneity in relation to vegetation type by evaluating the
differences in spatial patterns of soil properties across grasslands and shrublands.
Central to this research is the argument concerning the influence of scale on soil
heterogeneity; this chapter therefore discusses the initial evidence for this
assumption and provides the rationale behind the research question, highlighting

the need for an improved understanding of the mechanisms behind soil erosion.

A description of the study sites and analysis methods are given in chapter three.
Firstly, an overview of the specific study areas and data requirements is
presented, included is a description and geographical justification of the two study
sites — the main study area, which is located in the Karoo region of South Africa
and the secondary study site situated in the Sevilleta National Wildlife Refuge in
New Mexico. The sampling strategy used to assess the spatial distribution of soil
properties across the different vegetation communities is outlined and
subsequently, a description of the field techniques and laboratory methods
undertaken. Finally, an explanation of the statistical and geostatistical analysis
used to quantify the spatial relationships of soil properties is provided.
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Chapters four, five and six follow exactly the same structure themed around the
grassland, shrubland and badland landscapes respectively. This layout is justified
as it is hypothesised that the mechanisms underlying the erosional process, as a
consequence of vegetation change, are characteristic of all semi-arid regions.
Hence the spatial patterns in the Karoo should, in principle, mirror those in New
Mexico. The validity of this hypothesis is considered a separate aspect of the
research question and will therefore be discussed in detail in chapter seven.
Chapters four to six are divided into eight main sections each one depicting a
different soil property. In turn, each soil property is analysed statistically and
spatially, the results are then summarised at the end of each section.

Aithough chapters four to six establish the spatial patterns of soil properties
associated with each vegetation community, chapter seven attempts to integrate
these findings. The effect of vegetation type on the spatial distribution of the
physical and chemical properties of soil is discussed. These findings are
advanced by discussing the idea of changing soil heterogeneity and debating the
concept of scale. A comparison is made between the spatial patterns evident in
the Karoo with those in New Mexico, thus putting the research into a more global
context. This evidence is then put in context with respect to the main research
question in chapter 8. An assessment of the impact of changing soil parameters,
as a result of the aforementioned vegetation change, on the susceptibility of soil to
erosion is made. The consequences of the findings on the future development of
erosion prediction models and their global applicability are then discussed.

The final chapter provides a synopsis of the main findings of this research. The
aim is reiterated and the associated conclusions stated. An evaluation of the
global applicability of this research is provided with recommendations for future
applications and development.
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CHAPTER TWO

Understanding the complexities of vegetation
change on soil properties and their effect on land
degradation

2.1 Brief overview: the importance of vegetation

2.2 The physical and chemical properties of soil and their
influence on the susceptibility of soil to erosion

2.3 The implications of changing spatial patterns of soil

properties on soil erosion

2.3.1 The concept of heterogeneity

2.3.2 Implications of spatial heterogeneity on the erosional
response of the landscape

2.3.3 A function of scale?

2.4 Summary and formulation of objectives

2.1 Brief overview: the importance of vegetation

Vegetation change, as an intrinsic factor in the semi-arid erosional process, has
been introduced in the previous chapter; this literature review considers the
implications of this process by establishing the significance of relationships that
exist between vegetation, surface soil characteristics and soil stability.

Plant-soil interactions have been briefly introduced in chapter one, explaining
mainly the development of fertile mounds commonly found under shrubs in dryland
regions, however, it is also important to look at processes on a larger scale and

-14 -



Chapter Literature Review
thus by taking a holistic approach scientists have associated more general
landscape characteristics with different vegetation types.

There is much literature documenting the significance of vegetation on the
susceptibility of soil to erosion (Abrahams et al., 1995; Prosser et al., 1995;
Parsons et al., 1996; Schlesinger and Pilmanis, 1998; Havstad et al., 1999;
Kosmas et al., 2000; Neave and Abrahams, 2002; Peters and Havstad, 2006),
particularly in semi-arid environments where fragile boundaries exist not only
between vegetation and erosion but also between the two dominant vegetation
types, grasses and shrubs.

Evidence suggests that the hydrological response of semi-arid hillslopes is largely
controlled by plant cover (B6hm and Gerold, 1995; Snelder and Bryan, 1995;
Gutierrez and Hernandez, 1996; Rietkerk et al., 2002). Vegetation type is
therefore considered one of the most significant controlling variables of interrill
runoff in semi-arid regions and as such, has been the focus of many studies
(Abrahams et al., 1995; Parsons et al., 1996; Wainwright et al., 2000).

Through comparisons of interrill runoff these studies have shown that shrublands
display higher runoff coefficients than grasslands and as a result, erosion rates are
increased. Abrahams ef al.,, (1995) and Parsons et al., (1996) attributed these
findings to a number of factors: 1) greater quantities of overland flow are attained
in shrubland areas and achieve higher velocities in comparison to grasslands; 2)
discontinuous canopy cover in shrub-dominated landscapes result in poor
protection against raindrop impact in intershrub areas; and 3) shrubland soils may
potentially be more susceptible to frost action due to the greater proportion of
exposed soil. As a result, certain characteristics are associated with shrublands
including an eroded A horizon, the formation of a desert pavement and the
development of rills (Abrahams et al., 1995). However, semi-arid grasslands are
characteristically ‘patchy’ themselves, displaying mosaics of grassy tussocks and
bare patches to varying degrees. Research has shown that within predominantly
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grass landscapes there is preferential erosion in bare areas compared to high
infiltration and low runoff rates within the vegetation patches (Cerda, 1997).

Runoff and interrill erosion are associated with a critical level of plant cover and
although disparities exist in defining this value e.g. 70% proposed by Lang (1979),
60% by Orr (1970) and 50% by Gifford (1985), aboveground biomass is
considered an important factor in reducing the erosive impact of overland-flow
(Gutierrez and Hernandez, 1996). Gyssels and Poesen (2003) found that an
increase in shoot density resulted in an exponential decrease of runoff erosion
rates. However, they also argue that the effectiveness of plant cover in reducing
erosion by runoff is dependent on a number of factors including; plant canopy
height and continuity, plant density, and the density of ground cover (Morgan,
1995) and therefore the effectiveness can vary significantly amongst species. This
is particularly significant with respect to the difference in responses of grasslands
and shrublands. In general, vegetation cover is greater in shrublands rather than
grasslands in semi-arid environments (Wang, 2000). This implies that grasslands
may display other vegetation characteristics that influence the erodibility of these
landscapes and produce the lower erosion rates as found by Abrahams ef al.,
(1995) and Parsons et al., (1996).

Gyssels and Poesen (2003) argue that while the impact of aboveground biomass
on surface hydraulics and sediment movement has been well documented, equally
important is the belowground biomass. Notwithstanding the fact that root systems
are acknowledged as being beneficial to soil stability by providing mechanical
reinforcement, only recently has the importance of root systems been investigated
with respect to overland-flow induced erosion. Gyssels et al., (2005) have
compiled a review of the impact of plant roots on the erodibility of soil, in which the
importance of root networks on soil properties are highlighted with specific
reference to aggregate stability, infiltration capacity, bulk density, texture, organic
matter content and chemical composition. Although roots provide the binding
agents and organic matter needed to create stable aggregates, it is argued that

the dominant erosion-reducing component is the dense root network or mat
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associated with grass cover (Prosser et al., 1995; Gyssels et al., 2005). Evidence
of this is provided by de Baets ef al., (2005) who confirmed the effectiveness of
grass roots in reducing soil detachment rates through a quantitative study,
emphasising the importance of a dense uniform root network and its positive
influence on soil strength. This research builds on the suggestion by Gyssels and
Poesen (2003) who state that fibrous lateral roots, a characteristic of grasses, are
more effective at reducing erosion than shrub tap roots which cover a small
surface area of the soil.

Gyssels et al.,, (2005) summarise the relationships between vegetation cover,
roots and erosional processes in figure 2.1. This diagram highlights that both
cover and roots are important although their impact varies both spatially and
temporally with respect to hillslope erosional processes. Scaling issues are
therefore associated with vegetation-erosion interactions in semi-arid
environments; the implications of this are discussed further in section 2.2.3.

Reduction of soil loss by
COVER
Reduction of soil loss by
ROOTS

—

-

splash interrill rill eph. gully
Erosion process

Figure 2.1 Structural model, indicating the relative importance of vegetation cover and plant roots
in controlling the intensity of several water erosion processes.

From: Gyssels et al., (2005) p. 214

Despite the importance of the structural support provided by different vegetation
communities on the stability of the landscape, complex plant-soil property
interactions are such that they cannot be ignored in relation to the susceptibility of

-17 -



Chapter Literature Review
soil to erosion. In order to fully understand the impact of vegetation change on
erosion, an understanding of the behaviour of the underlying physical and
chemical soil properties is needed.

2.2 The physical and chemical properties of soil and their
influence on the susceptibility of soil to erosion

Erodibility, a concept first formalised by Middleton (1930) is a generic term applied
to the combination of soil properties thought to influence a soil's susceptibility to
erosion. Since then, many studies have attempted to refine and develop the
parameters thought to impact on a soil's erodibility (reviewed by Smith and
Wischmeier, 1962) with the objective being to ascertain universally applicable
indices (Bryan, 2000). Inasmuch as existing research has application in
agricultural land practices and management, Bryan argues that, to date, research
has provided little insight into hydrologic and geomorphic processes. Before the
recent utilisation of ‘naturally vegetated’ experimental small-scale plots (Abrahams
et al., 1992; Parsons and Abrahams, 1992; Parsons et al., 1996; Wainwright et al.,
2000), the majority of detailed soil erosion data was derived from studies on
agricultural soils. A number of problems are associated with using this type of
data to interpret processes occurring on naturally vegetated, undisturbed land. To
a certain extent agricultural soils display artificial characteristics, for example, as a
result of ploughing the soil profile will be homogenised and macropores destroyed,
thus impacting on soil bulk density and consequently infiltration - a factor known to
be a key controlling mechanism of overland flow behaviour. Plough-induced
surface conditions significantly alter the hydrologic response of a landscape and
when combined with the potential deterioration of soil structure and nutrient status,
exaggerate the impact of particle detachment and transport.

As a result, the concept of soil erodibility, as defined from investigations conducted
on agricultural land, provides an unrepresentative and unrealistic indicator of the
susceptibility of soil to erosion on naturally vegetated hillslopes. In contrast,

-18 -



Chapter Literature Review
quantitative soil data taken from the natural environment, representing both a
variety of vegetation types and scales, would be invaluable to the understanding of
the dynamics and influence of soil characteristics on the erodibility of soil in semi-
arid environments. The subsequent discussion will outline the importance of
different soil properties in relation to erosion, dealing with the physical properties
of soil and chemical properties respectively.

Although conclusive evidence has provided a foundation for the widely accepted
view that relationships exists between the susceptibility of soil to erosion and its
physical and chemical nature, results indicate that no single soil property can be
attributed as a dominant factor in the erosional response of a landscape. It can be
argued that almost any soil property can have an influence on soil erodibility,
whether it is direct or indirect, due to the complex interactions indicative of the

natural environment.

As there is no single, measurable soil property available to fully represent a soil's
erodibility, an assessment must be based on a number of different properties.
Bryan (2000) states that due to the initial importance of the response of soil to
rainfall, three properties are more influential than the others: soil aggregation,
consistency and soil shear strength. Bryan argues that these properties override
the significance of others due to their combined influence on “water movement, the
distribution of erosive forces, and resistance to entrainment” (p11). This statement
is the subject of debate, however, as Franzluebbers (2002) attributes soil organic
matter as a key indicator of soil quality due to the subsequent influence it has on
soil aggregation and infiltration. Both statements are essentially true, although
Franzluebbers has attributed the primary soil condition as the controlling
mechanism rather than the resultant secondary property. This type of
inconsistency has implications on the development of spatially and temporally
inclusive models of soil erosion (as described in section 2.3). Consequently, in
order to fully explain the influence of physical properties of soil on erosion, basic
soil-structure controlling properties need to be examined.
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The term ‘soil structure’ encompasses a number of intrinsic soil properties but
ultimately describes the arrangement and stabilisation of soil particles and pores
formed by a variety of physical and biological actions (Rowell, 1994). Structure
describes the porosity of the soil both between and within clustered soil particles,
known as aggregates, and plays an instrumental role in determining a soils
response to water through infiltration behaviour. Whereas variables such as
porosity and soil bulk density can be used as indicators of structure, factors that
influence soil structure include texture and organic matter content.

Soil texture is determined by the particle-size distribution associated with it and is
a basic but fundamental characteristic of soil. The significance of texture can be
attributed to the effects it has on the behaviour of soil by influencing other physical
and chemical properties. For example, drainage and moisture content are
dependent on not only the arrangement of particles (linked to soil structure) but
also on the type of constituent particles. Fine textured, or clay-dominated soils do
not transmit water well due to small pore sizes; on the other hand, they retain
more chemicals than other textures due to surface properties of the clay particles.
Coarse textured soil such as sand-dominated soils behave in the opposite way,
displaying high transmission rates and water holding capacities although

characteristically exhibit a low nutrient status.

Soil organic matter (SOM) content and texture are closely associated with respect
to the structure of soil and its erodibilty. The importance of organic matter
accumulation with respect to vegetation patterns has been highlighted in chapter
one regarding the development of ‘islands of fertility’ under shrubs (Parsons and
Abrahams, 1992; Schlesinger and Pilmanis, 1998; Bochet ef al., 1999; Wainwright
et al., 1999; Wainwright et al., 2000). Notwithstanding the obvious beneficial effect
SOM has on soil fertility, there are many other favourable conditions induced by a
high organic matter content, including; an increase in porosity and water-holding
capacity, lower bulk density, increased cation exchange capacity, greater
aggregation and increased aggregate stability (Christopher, 1996). Nevertheless,
the stabilising effect of organic matter is not unbounded; thresholds have been
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shown to exist as all soils have a limited ability to accumulate organic matter
(Allison, 1973; Boix-Fayos et al., 2001). These thresholds vary with soil type;
poorly structured soils generally show a greater increase in stability with the
addition of organic matter compared to well-structured soils. Although semi-arid
soils are commonly associated with low SOM values, usually under 2% (Rowell,
1994), the stabilising qualities of organic matter may have a significant influence
on spatial variability of soil stability in dryland landscapes. Due to the nature of the
physio-chemical processes that are influenced by SOM, it can be hypothesised
that if organic matter is spatially heterogeneous then the associated stabilising
properties of soil will be equally heterogeneous.

Arguably one of the most important properties controlled by SOM, in relation to
erosion, is soil aggregate stability. Although ultimately this can be classed as a
physical property of soil, it is in fact the chemical properties of SOM and their
interaction with soil particles that determine the stability of the aggregates. A
conceptual model of the relationship between organic matter and aggregate
stability was proposed by Tisdall and Oades (1982), three types of binding agents
were attributed as responsible for the stability of aggregates; 1) transient agents of
microbial and plant-derived polysaccharides, 2) temporary agents such as roots
and hyphae and 3) persistent agents of aromatic humic materials which affect
amorphous Al and Fe compounds and polyvalent cations (Christopher, 1996).
The former two agents are thought to be responsible for the stability of macro-
aggregates whereas the latter is thought to influence the stability of micro-
aggregates.

The influence of aggregate stability on erosion was inferred by the splash and
runoff entrainment relationships presented by Hjulstrom (1935) and Poesen
(1981), indicating that aggregate size plays a critical role in soil erodibility. Bryan
(2000), however, argues that the relationship was derived from material that was
of uniform specific gravity where size and mass are directly related. Instead,
Bryan argues that composite aggregates will display more complex relationships
resulting in much greater variation in soil stability behaviour.
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Boix-Fayos et al., (2001) investigated this further through a study on the influence
of soil properties on aggregation, using aggregate size and stability as indicators
of land degradation. The results of this study indicate that the water stability of
microaggregates is positively correlated with clay content whereas the stability of
macroaggregates is dependent on organic matter content. However, this was
found to be true only in soils where the SOM was greater than 5 or 6%, below this
threshold aggregate stability displayed a more significant correlation with the
carbonate content of the soil. Also emphasised was the care needed when
interpreting aggregate size with respect to soil structure, stating that local
characteristics must be considered as the presence of large aggregates does not
always indicate an improved soil structure. The conclusion reached from this
investigation indicates that although aggregate size distribution and stability
cannot be considered as a unique erosion-determining parameter, it can be used
as an indictor of land degradation.

Christopher (1996), however, suggests that when relating aggregate stability to
organic matter content caution should be exercised as SOM behaviour can be
diverse and can actually cause the dispersion of clay particles (Oades, 1984,
Mbagwu et al., 1993). Instead Christopher proposes that other factors such as soil
pH should also be considered before direct inferences are made. Despite this, the
applicability of aggregate stability as an indicator of a soil's susceptibility to runoff
and erosion has continued to be investigated. One such study has been
undertaken by Barthés and Roose (2002). The rationale behind this research was
derived from the debate surrounding the degree of applicability of laboratory-
based experiments; the argument being that relocated, sieved soil may not provide
an accurate representation of the field phenomenon, a common problem in
geomorphology. Through comparisons of top-soil aggregate stability and field-
assessed soil susceptibility, Barthés and Roose validated aggregate stability as a
relevant indicator of soil erodibility and provided evidence that laboratory-derived
data correlates with those obtained from field investigations.
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Léonard and Richard (2004) utilise this relationship albeit by a different approach
to assess the susceptibility of soil to erosion. This research investigated soil shear
strength as a means of estimating the critical shear stress of soil. As aggregate
stability affects the cohesion and frictional resistance of soil, this, in addition to
many other properties such as texture, organic matter content and bulk density
have been related to critical shear stress values (Gilley ef al., 1993). Léonard and
Richard present a synopsis of existing shear stress studies, drawing attention to
gross inconsistencies evident throughout the datasets. Due to the variability of
shear stress over a short-term temporal scale it is suggested that rather than using
the aforementioned soil parameters to determine critical shear stress, mechanical
properties of soil would present a more relevant method of assessment. However,
results suggest that rather than total shear stress, a relationship exists between
saturated soil shear strength and critical grain shear stress. This has implications
for erosion prediction modelling as the majority of existing models deal only with
total shear stress measurements.

Nevertheless, soil strength has been linked to a humber of erosional processes
including soil detachment (reviewed in Bouma and Imeson, 2000), rill initiation
(Parsons and Wainwright, 2006) and surface sealing (Bradford et al., 1992; Zhang
et al.,, 2001). Through an investigation of the applicability of a new method of
shear strength measurement, in order to explain the processes of soil erosion and
surface sealing, Zhang et al., (2001) evaluated the influence of soil bulk density
and soil moisture content on surface shear strength. The results indicated that
bulk density and soil moisture have a significant impact on soil strength. The
findings complement those presented by Nearing et al., (1991), who stated that
the tensile strength of soils decrease with decreasing bulk density and increasing
water content. Huang et al., (2002) on the other hand, focused on how hillslope
position and moisture condition affect the generation of runoff and sediment
production, but similarly attributed surface soil moisture as a controlling
mechanism of erosion. In a study of the relationships between field indicators and
erosion processes on badland surfaces, Bouma and Imeson (2000) also highlight
the significance of soil moisture. The shear strength and vertical resistance of soil
were found to be strongly reliant on the quantity of infiltrated water, thus it was
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concluded that the relationship between soil moisture change and the behaviour of
sediment concentration could potentially be used as a direct indictor of soil
erodibility.

Bouma and Imeson’s study also discusses the importance of chemical and
mineralogical soil properties on erodibility. Although soil chemistry has obvious
implications with respect to plant-available nutrients, soil solutes also play an
instrumental role on the swelling and dispersive behaviour of clay particles. In
studies where vegetation change is the focus, most are only concerned with plant-
limiting nutrients and therefore do not interpret erosion by the direct effect of a
redistribution of chemicals. Instead, they determine how the spatial
discontinuation of nutrients affect the distribution of vegetation and subsequently,
how this controls erosion through changes in the hydrological response of the
landscape.

In contrast, the pronounced impact of soil chemistry on badland landscapes has
been recognised by many (Bouma and Imeson, 2000; Rienks et al., 2000;
Vandekerckhove et al., 2000). Two of the four major cations are largely
responsible for the behaviour of clay particles, sodium ions (Na*) which cause clay
particles to disperse thus exacerbating particle detachment, and calcium ions
(Ca?") which promote flocculation by providing a polyvalent bridge between clay
particles and organic matter (Christopher, 1996; Wild, 2001). The two other major
cations, potassium (K*) and magnesium (Mg?*) are also thought to influence the
erodibility of soil although their effect is less clear. However, it is generally
accepted that dispersibility decreases in the following order: Na, K, Mg, and Ca
(Dexter and Chan, 1991).

The electrical conductivity (representing the soil salinity) and cation exchange
capacity of a soil are commonly used as soil quality indicators, however, the
sodicity of a soil is often considered a more relevant parameter to investigate with
respect to erosion due to the dispersive nature of sodium ions (Pons ef al., 2000;
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Mamedov et al., 2002). Sodicity occurs when sodium salts accumulate, increasing
the amount of exchangeable sodium. This is normally expressed as an
exchangeable sodium percentage (ESP), which is a percentage of the total cation
exchange capacity. A sodic soil is deemed as having > 15 per cent ESP (Rowell,
1994). Unlike salinity, the sodicity directly affects the structure of the soil (Pons et
al., 2000; Wright and Rajper, 2000; Mamedov et al., 2002). An ESP measurement
of between 10 and 15 is known to make clay particles swell and disperse thus
causing a deterioration of the soil structure (Rowell, 1994; Pons et al., 2000).
Sodic soils are also alkaline, further adding to the deterioration of soil through the
dispersal of soil organic matter. However, the damage caused by sodicity varies
amongst soils, the sensitivity of the soil depending on many factors including: clay
content, clay mineralogy, sesquioxide content, organic matter content, bulk
density, exchangeable cations (particularly sodium), the soil solution concentration
and pH (Rowell, 1994). A recent study by Vaidya and Pal (2002) also suggests
that microtopographic differences influence the development of sodicity. However,
the main implications of a high Na* content with respect to erosion is demonstrated
through comparisons of non-sodic and sodic soils by Mamedov ef al., (2002). This
investigation found that sodic soils produced runoff levels and velocities high
enough to initiate rill erosion, which in association with raindrop detachment could
significantly increase erosion.

The preceding discussion on the influence of the physical and chemical properties
of soil is by no means exhaustive, however, it attempts to emphasise not only the
importance of these properties but the complicated interactions that exist amongst
them. Most studies conclude that it is inappropriate to use a single parameter as
an indicator of soil erodibility and often highlight that anomalies in their data could
be explained by investigating other soil properties.

Although the significance of vegetation on the structural stability of the soil has
been shown (Prosser et al., 1995; Gyssels et al., 2005; de Baets ef al., 2005), the
link between shrub invasion and an increase in erosion can be attributed to the
complex relationships amongst the soil properties previously discussed.
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Although they cannot be classed as discrete systems, shrub and intershrub areas
display significantly different erosional response characteristics. These are largely
controlled by edaphic factors, which in turn, are a consequence of plant-soil
feedback mechanisms. Chapter one discusses the idea that shrubs are self-
perpetuating systems that develop through the preferential accumulation of
nutrient-rich litter. A brief outline of the distinctive hydrologic response involving
rainsplash and the concentration of flow into intershrub areas is also provided.
However, in order to fully understand why preferential erosion occurs in intershrub
areas, further explanation is needed specific to the edaphic factors previously
shown to affect a soil’'s susceptibility to erosion.

The microenvironments created by individual shrubs show an improved physical
and chemical soil status in comparison to intershrub areas. These include: larger
amounts of organic matter and nutrients, greater cation exchange capacities and
aggregate stability, and lower pH, bulk density, penetration resistance and
carbonate content values (Bochet et al., 1999). These factors combine to increase
the infiltration capacity of the soil under the shrub canopy thus decreasing runoff
and improving the nutrient status of the soil by allowing the accumulation of litter
and subsequently the leaching of available nutrients to the root zone. The
improved soil chemistry also affects the erodibility of the soil by interacting with the
increased quantities of organic matter thus producing more water stable
aggregates.

In contrast, intershrub areas become increasingly susceptible to erosion through a
lack of biotic activity (Schlesinger and Pilmanis, 1998). Overland flow, raindrop
impact and an increased susceptibility to wind erosion (Okin et al., 2006) combine
to strip the A horizon from the intershrub areas, creating swales and gravel lags
that constitute the desert pavement (Abrahams et al., 1995). The surface crust is
responsible for decreasing the infiltration capacity, increasing surface sealing and
thus intensifying overland flow. The problem is exacerbated as the intershrub soil
becomes more depleted of nutrients through increased runoff (Schlesinger and
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Pilmanis, 1998; Schlesinger et al., 1999; 2000) making it progressively more
difficult for other vegetation types to become established.

An alternative explanation for the spatial variability of soil stability in semi-arid
shrublands can be construed from the knowledge that a redistribution of nutrients
accompanies vegetation change. Although nutrient patterns have been well
documented in the literature with respect to shrubs and the development of
‘islands of fertility’, few have considered how this change in soil chemistry may
directly affect a soil's susceptibility to erosion. An interesting observation was
made by Bochet et al, (1999) in their study of islands of fertility in southeast
Spain. Significant levels of calcium ions were measured (due to gypsum in the
region) in the intershrub areas. Due to its known flocculation-inducing abilities, the
calcium content was attributed as the reason why aggregate stability values from
under shrub canopies were similar to intershrub values. Schlesinger and Pilmanis
(1998) on the other hand reported that sodium, among other nutrients, were found
more frequently between shrubs. Such information implies that the redistribution
of nutrients, calcium and sodium in particular, should be monitored not only with
respect to plant availability but also in relation to the flocculation and dispersal
behaviour of clay particles. In addition, Bochet et al., (1999) state that under plant
canopies soils are generally richer in sand and poorer in clay content, this would
again imply that if both sodium content and clay content are concentrated in
intershrub areas, increased erosion in these areas could be accounted for by
augmented clay dispersal. It should be noted, however, that although the nutrient
distribution of soil is controlled by a number of factors, it is primarily dictated by
parent material, therefore regional differences will be evident both in grasslands
and shrublands and thus should be taken into consideration when interpreting the
results.

It can be argued that although soil chemistry, with regards to soil dispersibility, is
considered significant in badland studies, shrubland investigations have largely
ignored this aspect of the erosional process in preference to soil fertility studies. It
is well documented that further degradation of shrublands can lead to the

=27 -



Chapter Literature Review
formation of badlands thus it seems nonsensical that the consequences of a
redistribution of nutrients with regards to soil chemistry-stability interactions has, to

date, been largely overlooked.

2.3 The implications of changing spatial patterns of soil
properties on soil erosion

2.3.1 The concept of heterogeneity

Shrubland landscapes are commonly described as heterogeneous in nature due to
the development of intershrub and shrub units. As discussed previously, these
areas display different characteristics in both their hydrologic response and
physio-chemical nature. Conversely, grassland landscapes were initially regarded
as relatively homogeneous, not only in plant cover but in all aspects relevant to
erosion, including soil properties and overland flow characteristics. However, this
perception has subsequently been re-evaluated as a result of fine-scale studies of
grassland ecosystems (Hook ef al., 1991). It is currently proposed that rather than
the simultaneous development of spatial heterogeneity with shrub encroachment,
as initially suggested by Schlesinger et al., (1990), it is thought that soil properties
in grasslands also display spatially heterogeneous characteristics albeit at a micro-
scale (Tongway and Ludwig, 1994; Schlesinger et al., 1996).

The spatial patterns of soil properties, particularly in shrubland systems, have
been of interest to multiple disciplines ranging from geomorphologists to
ecologists. Whereas ecologists may be more interested in the effects on plant
competition and diversity (Schenk et al, 2003), the main motive for
geomorphologists is the association between an increase in soil heterogeneity and
the exacerbation of erosion potential of intershrub areas (Maestre and Cortina,
2002; Rietkerk et al., 2002). In such studies the identification and quantification of
spatial patterns is problematic as a result of the complex interactions and highly
variable controlling factors. For example, Rango et al, (2006) highlight the
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importance of the precipitation regime on runoff in the Chihuahuan Desert, stating
that topography and elevation in addition to local weather conditions are all
accountable for the spatial distribution across the basin. These factors, in
conjunction with the variations within and between soil and vegetation, result in a
complex, multi-layer system of spatial patterns that make the disaggregation of
independent variables very difficult.

The previous sections have highlighted the importance of aboveground and
belowground biomass on the structural stability of a landscape as well as the
interactions of soil parameters and their influence on the susceptibility of soil to
erosion. This study therefore proposes that the significance of vegetation change
on the potential degradation of the land can be linked to an increase in
heterogeneous vegetation cover, and consequently, the spatial reorganisation of
soil parameters. The hydrological processes and response of the landscape will
reflect this spatial heterogeneity.

2.3.2 Implications of spatial heterogeneity on the erosional response of the
landscape

Chapter one briefly introduced the concept of the self-sustaining units or ‘islands of
fertility’ evident in shrubland landscapes, emphasising the fundamental role
vegetation plays in the hydrologic response of a landscape through its effect on
rainsplash, overland flow and soil property redistribution. However, further
explanation is necessary in order to understand the significance of the changing
spatial patterns that accompany vegetation change and influence the susceptibility
of soil to erosion. The importance of understanding the spatial patterns of soil
properties at scales representative of vegetation communities is also highlighted
with respect to the development and applicability of erosion prediction models.
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A key component of the degradation process is the characteristic erosional
response of semi-arid environments. Although many hillslope processes are
prevalent in dryland landscapes two mechanisms are attributed as the main
erosive agents responsible for instigating sediment detachment and transport,
namely rainsplash and overland flow. In geomorphic terms, dryland erosional
processes are commonly divided into two distinct components, interrill processes
and rill erosion, which are primarily controlled by rainsplash and runoff respectively
(Bryan, 2000). A conceptual model derived from the work of Meyer and
Wischmeier (1969) recognises these mechanisms, dividing soil erosion into four
sub-processes 1) soil detachment through rainfall; 2) transport by rainfall; 3) soil
detachment through overland flow and 4) transport by overland flow. It is evident
therefore, that the integration of hydrological and geomorphic concepts is
necessary to explain the processes involved in land degradation and
desertification.

The importance of overland flow has long been recognised in hillslope
geomorphology. The key processes and interactions involving overland flow in
semi-arid regions are summarised in figure 2.2. Two types of overland flow occur
on hillslopes, saturation overland flow and Hortonian overland flow. Seasonal
high-intensity rainfall events are responsible for Hortonian overland flow; a
phenomenon that occurs when rainfall intensity exceeds soil infiltration capacity
resulting in sheet erosion, this type of response is the most prevalent in semi-arid
environments. Many overland flow studies focus on the importance of this process
on soil erosion, or more specifically, its influence on rill initiation.
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Figure 2.2 Causal diagram summarising the erosion process in semi-arid environments

Adapted from: Abrahams et al., (1995) p.47

There is debate surrounding the instigating mechanisms of rill development. The
question of causal factors was prominently raised by Horton (1945); after
investigating the behaviour of runoff generation he concluded that an essentially
uniform layer of water occurs on the slope surface thus simultaneously creating a
uniform layer of erosion. Thus Horton concluded that rills would develop in areas
where accidental concentrations of sheetflow occur. However, as Parsons and
Wainwright (2006) argue, this statement contradicts Horton’s own description of
rills, where he states that they are “usually relatively uniform, closely spaced and
nearly parallel” (p. 331), a regularity that would not be expected if the initiating
mechanism is accidental. This problematic explanation has encouraged further
investigation of rills although inconsistent results persist to impinge on progress. A
significant discovery questions Horton’s ‘uniform sheetflow distribution’ theory.

Alternatively, this theory suggests that overland flow in fact consists of
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anastomosing threads of deeper, faster flow (Parsons and Wainwright, 2006).
This revelation prompted a study by Abrahams et al., (1989) who undertook a
quantitative investigation on the variability of overland flow depth. This research
provided evidence of a negative exponential distribution for many of the observed
distributions of depths. This evidence provided the basis of the idea that rill
development could be explained by an increase in depth of overland flow where
the shear resistance of the soil is undermined by the increased shear stress
exerted on it through an increased flow depth.

An observation made by Parsons et al., (1996) provided contradictory evidence to
the initial findings of Abrahams et al., (1989). Parsons et al. noted that shrubland
hillslopes in the Walnut Guich Experimental Watershed developed rills yet
grasslands did not. The significance was that mean depths of flow in interrill
areas, measured in a study of flow hydraulics on grassland and shrubland plots
(Abrahams et al., 1995), was shown to increase downslope on grasslands but not
shrublands. This observation is exactly the opposite of what would be expected if
the previous conclusion was correct (Parsons and Wainwright, 2006). The
influence of overland flow on rill initiation has been acknowledged, however, with
Parsons and Wainwright summarising four factors responsible for the activation of
rills: 1) the probability of suitable conditions for turbulence in a distribution of flow
depths; 2) the probability that the local soil shear strength will be exerted by the
shear stress of a turbulent burst event; 3) the spatial distribution of soil shear
strength and 4) the correlation between raindrop detachment and flow
detachment.

Determination of the spatial patterns of soil properties can therefore be of
significant importance in identifying areas that are sensitive to the potential
initiation of rills.

One of the implications of the debate surrounding the mechanisms of rill initiation
and development is that accurately predicting erosion through process-based
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models is difficult. Existing prediction models, for example the Water Erosion
Prediction Project (WEPP) (Lane and Nearing, 1989) and the European Soil
Erosion Model (EUROSEM) (Morgan et al., 1993) calculate the contributions of rill
and interrill erosion separately, thus acknowledging that different mechanisms
control particle detachment and transport in these areas. Nevertheless, some
fundamental flaws are associated with models based on this conceptual
framework. In particular, the assumption that rills are pre-existing and remain
static throughout time is made. The consequence of ignoring the impact of rill
development and the associated contribution to erosion is that total soil loss can
be grossly underestimated (Favis-Mortlock et al., 2000).

In contrast, Baird et al., (1992) argue that the ability to develop models that can
accurately predict erosion relies on the recognition that both rill and interrill areas
are not separate entities, rather they represent inter-related parts of a dynamically
evolving landscape. Therefore, in order to model erosion by overland flow and
accurately be described as process-based, Parsons et al., (1997) state that the
possibility of dynamic changes from interrill to rill erosion must be incorporated into
the model, thus accounting for the spatial variability of interrill overland flow.

An attempt to overcome such issues has been made through the development of
distributed parameter models (Goodrich et al., 1991; Moore and Grayson, 1991;
Scoging et al.,, 1992). The spatial variability of parameters are represented by
applying a cell matrix over the runoff-producing area and employing a set of rules
which dictate the path of flow, usually governed by topography (Parsons et al.,
1997). This approach was undertaken by Scoging (1992), who recognised that
three key sets of decisions were fundamental to the development of a model
representing hillslope erosion by overland flow. The first set of decisions establish
the runoff generation through rainfall, surface materials and infiltration interactions;
the second set deal with the flow path of water thus represent the hydraulics,
temporal distribution and spatial concentration; and thirdly those which address
the applicability of converting flow characteristics into erosion mechanics. Scoging
(1992) and Scoging et al., (1992) focused on the issues surrounding the first two
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sets of decisions, highlighting the importance of scale, both spatially and
temporally and ultimately the difficulty in producing models which are applicable to
multiple scales. Nonetheless, the results derived from the developed model
accurately predicted spatial variability in interrill flow, validated through
observations made at the experimental runoff plots in the Walnut Gulch
Experimental Watershed, Arizona. However, Grayson and Moore (1992) draw
attention to a number of problems associated with distributed, physically based
models stating that inasmuch as the models “provide us with an enormous amount
of information and have the theoretical potential to provide a universal tool for the
representation of hydrologic response...they are somewhat removed from reality”

(p171).

Although modellers acknowledge the complexity of hillslope processes, the
expectation that every process and hillslope characteristic could be incorporated
into a process-based model is unrealistic. Baird (2004) emphasises the difficulties
in conceptualising ‘real’ hillslope processes, demonstrating the inappropriate use
of laboratory simulations and the problems associated with scale. However, it can
be argued that without an understanding of the underlying mechanisms and
characteristics, deterministic, process-based models will never be able to
realistically represent the hydrologic response of a hillslope or accurately predict
erosion.

An example can be drawn from Scoging’s (1992) model of overland flow; although
acknowledging the fact that many factors influence overland flow, the model is
only based on three key control variables: surface properties that influence
infiltration and roughness; slope to determine flow route and a dynamic friction
component. As a result of field-testing the model, Scoging et al., (1992) identified
that infiltration parameters derived from 1m by 1m plots did not represent
infiltration processes at the main site, thus implying spatial variability and/or
scaling issues. It seems relevant to highlight here that some of the most important
controlling factors of infiltration and associated surface sealing are soil properties,

for example, texture, porosity, soil moisture and structure (Franzluebbers, 2002).
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Notwithstanding the fact that many authors have attempted to incorporate these
factors into their models (de Lima, 1992; Lane et al., 1992; Poesen, 1992,
Schmidt, 1992) the intent appears to be on establishing knowledge of the overall
spatial (and temporal) variations of overland flow characteristics and rill initiation
rather than initially focusing on, and understanding, the distribution of the
underlying variables, for example, those which control infiltration.

This issue was, to a certain extent, considered in a recent study of scaling
approaches to modelling water, sediment and nutrient fluxes in semi-arid New
Mexico (Miller, Unpublished thesis). Soil property measurements were taken
from both grassland and shrubland plots at a number of different scales. The
study considered the impact of the spatial variability of controlling soil parameters,
concluding that this variability is significant in the scaling of hydrological/sediment
transport models. The implications of this research highlight the need for a larger
database of spatial data, over a variety of different scales as well as soil and
vegetation types. Not only would this allow improved development of predictive
models but a means of testing their applicability and accuracy.

It is important to gain an understanding of basic processes before attempting to
explain the complex ones. This research therefore endeavours to gain a more
comprehensive knowledge of the spatial patterns of soil properties and their
influence on soil erosion. Although incorporating the findings of this work into a
model is beyond the scope of this project, the potential application in the
development of future process-based models may be significant.
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2.3.3 A function of scale?

Imperative to the identification and understanding of spatial patterns in a
landscape is the recognition of the impact of scale. Although early studies of plant
communities have acknowledged the presence of spatial patterns e.g. (Greig-
Smith, 1952; Kershaw, 1957), the realisation that the understanding of interactions
between pattern and process depends on characterising spatial heterogeneity
over a variety of scales is a relatively recent development (Wu et al., 1997,
Wainwright et al., 1999; Wu et al., 2000). This has been largely driven by the
need to understand multi-scale processes for modelling purposes. Qi and Wu
(1996, p39) stress the importance of scale issues by stating that, “pattern and
scale are inseparable in theory and in reality. Pattern occurs on different scales,
and scale affects pattern to be observed”.

Due to its multi-faceted nature, scale multiplicity plays a fundamental role in the
understanding of land degradation processes. Recognition of scaling issues has
now disseminated across many research areas, the three main disciplines with
relevance to soil erosion being: geomorphology, hydrology and ecology. Although
scientists have attempted to link spatio-temporal scale factors between
geomorphic features and hydrologic processes, until recently, the integration of all
three disciplines has been largely ignored. It is clear that a comprehensive
understanding of vegetation change, as a mechanism of the degradation process,
relies on interdisciplinary resolve over the dominant processes involved and the
scaling issues associated with them.

Vegetation dynamics, soil property heterogeneity and erosional processes, the
three key systems under investigation in this study, inherently operate on a
number of levels and thus have encouraged the development of a hierarchical
spatial framework. Although acknowledging that a continuum of scales is
possible, Peters and Havstad (2006) identified five levels of hierarchy operating in
semi-arid environments. The smallest unit of scale identified is at the plant —
interplant level. A number of interacting processes operate at this scale, including:
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the spatial redistribution of nutrients in shrublands resulting in the development of
islands of fertility (Schlesinger et al., 1990; Schlesinger et al., 1996; Titus et al.,
2002); the preferential concentration of water under shrub canopies through
mechanisms such as stemflow and throughfall (Rango et al., 2006) and improved
infiltration rates under canopies due to a reduction in raindrop impact and
compaction (Schlesinger et al., 1999; Wainwright et al., 1999; Wainwright et al.,
2000). Following the plant-interplant level is the patch scale, used to describe the
dynamics of a group of plants and their associated interplant zones. Such patches
are usually characterised by several dominant species and can vary in size from
several individuals to several hundred individuals. In Peters and Havstad's
hierarchical framework the third scale of interest, patch mosaics, describe groups
of patches dominated by different dominant species and inter-patch areas.
Edaphically controlled ecological units, or groups of patch mosaics, combine to
form the fourth scale, a landscape unit. Interacting landscape units form the final
scale, defined as the geomorphic component. Parent material and landscape
position are commonly the controlling factors at this scale.

Interactions within this spatial hierarchy are instrumental in controlling landscape
dynamics. Connectivity factors interact across scales creating threshold behaviour
and thus explain the variable and nonlinear spatial and temporal responses
evident in semi-arid systems. Peters and Havstad (2006) suggest five connectivity
factors are responsible for the redistribution of essential plant resources, both
spatially and temporally, and thus influence the patterns and behaviour of
vegetation in dryland regions. These factors are: 1) historical legacies, a term
used to describe natural and anthropogenic impacts that have long-term
consequences on ecosystem patterns and interactions; 2) the dynamic template,
which portrays the spatial context and patterns inherent in ecological variables; 3)
the redistribution of resources; 4) the feedbacks evident among vegetation,
animals and soil; and 5) transport mechanisms including; fluvial, aeolian and

animal influences.
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In order to detect and interpret controlling mechanisms of vegetation dynamics in
arid regions, Bestelmeyer ef al., (2006) highlight the need for the synthesis of
spatially explicit, multi-temporal data. This study emphasises the dangers of
potential misinterpretations of measurements taken at inappropriate scales. At too
fine a scale, trends unrelated or opposite to those observed at a broader scale
may be evident, whereas, at too coarse a scale significant fine-scale
soil/vegetation changes may be missed, thus having a detrimental impact on
remediation efforts. In response, Bestelmeyer ef al., propose that a classification
of vegetation transition patterns can be used to aid the prediction of vegetation
change at broad scales. This approach addresses the problems of scale and
connectivity by basing the classifications on observations made at multiple scales
of vegetation and soil patterns as well as considering cross-scale interactions.
The mechanisms of vegetation change identified in their study of the Chihuahuan
Desert are summarised in table 2.1. Although these are specific to one area, the
general trends should, in principle, be transferable to similar semi-arid

environments.
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Table 2.1 Mechanisms of vegetation dynamics (bold italics) and their variants (indented)
recognized in a study of the Chihuahuan Desert. Adapted from: Bestelmeyer at al., (2006) p.300

Class Criteria

Stability e Minimal change in size/cover or spatial position of

plants over the time series.

Size oscillation

Full size oscillation e Both reduction and growth of canopy cover

observed in the series. At least some of a plant's

initial ramets maintain their spatial position over a

time series, and initial ramets are the source for
vegetative colonization of formerly or newly

occupied areas.

Growth or decline e Only one trend, either increase or decrease in plant

canopy cover observed (e.g., a partial oscillation due

to insufficient time).

Loss- reestablishment

Full loss-reestablishment | e Death of individuals within a species or functional
group is followed by or coupled with colonization by
individuals of the same species or functional group in
distinct spatial positions.

Establishment o New propagules of existing species/functional
groups appear in a field of view devoid of grasses,
presumably due to colonization by seed or perhaps
stolon for certain species.

Death (potential reestablishment)
e Plants die with no recruitment observed. This may
be loss—reestablishment or loss- replacement
pattern, but if there is no evidence of soil degradation
or replacement, then loss—reestablishment is
assumed.

Loss- replacement
Full loss—-replacement e Death of individuals within a species or functional
group that is followed by/coupled with colonization by
individuals of a different functional group.

Death (little potential for
reestablishment)

e Plants die with no recruitment. This may be loss—
reestablishment or loss—replacement pattern. If there
is evidence of soil degradation (i.e., erosion), then
loss—replacement assumed.

Patch reorganization e Death of individuals within a species or functional
group that is coupled with colonization by individuals
of the same or different species or functional group in
other patches (i.e., coupled dynamics occur within an
area44 m2). The coupling should indicate
redistribution of resources. Usually detectable only
with time sequences of landscape or aerial photos.
Cascading transition e Death of individuals appears to be due to sand
deposition from adjacent sites. Context indicating a
cascade is apparent in aerial photographs or space-
based imagery.
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2.4 Summary and formulation of objectives

The mechanisms surrounding plant-soil interactions are such that the
understanding of the relationship between the susceptibility of soil to erosion and
vegetation change is complex. By comparing the spatial patterns of the physical
and chemical properties of soil between grassland, shrubland and badland areas,
this research aims to provide a more comprehensive understanding of the
influence of vegetation dynamics on the susceptibility of soil to erosion.

In pursuit of understanding the mechanisms of land degradation geomorphologists
have recognised that commonly, concurrent with shrub encroachment is the
exacerbation of hillslope erosion. This process and its extent are dependent on a
number of factors including soil type and surface conditions. This has promoted
an inter-disciplinary approach to the investigation of land degradation and
desertification in semi-arid environments. Although the instigating mechanisms of
vegetation change are not yet fully understood, it is well recognised that the
hydrological and erosional responses of a landscape are largely defined by
vegetation type and structure. Consequently, grasslands, shrublands and
badlands, the three dominant landcovers in semi-arid environments, each display
distinct erosional characteristics.

Grassland landscapes may be less susceptible to erosion as a consequence of
the more uniform structure of above and belowground biomass. Despite the
percentage cover generally being higher in shrublands, the root and shoot
structure of grass is a significant factor in semi-arid landscapes (Gyssels and
Poesen, 2003; Gyssels et al., 2005). In particular, the structural support provided
by dense, fibrous root networks characteristic of grasses, in contrast to the tap
roots of shrubs, has been shown to effectively reduce soil detachment rates
(Gyssels and Poesen, 2003; de Baets, 2006).
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Due to feedback mechanisms that exist between plant-soil systems, the pattern of
vegetative cover is also associated with a similar distribution of plant resources
(Schlesinger et al., 1996; Schlesinger and Pilmanis, 1998; Ludwig et al., 1999;
Rietkerk ef al., 2002). In semi-arid environments grasslands are commonly
deemed as having superior soil quality, this includes for example: higher organic
matter content, greater aggregate stability and lower bulk densities. A uniform
distribution of beneficial soil resources not only promotes better growing conditions
for vegetation but also reduces soil erodibility by increasing infiltration capabilities.
Interrill erosion is therefore reduced as a result of better surface conditions,
reduced levels of runoff and lower runoff velocities. In addition, grasslands also
discourage spatially concentrated flow thus rill initiation and development are
minimised.

Plant-soil interactions become more pronounced during grassland to shrubland
transitions. The self-perpetuating nature of shrubs promotes the spatial
heterogeneity of soil resources, resulting in two inter-related but distinct systems:
shrub and intershrub units. It is recognised that the hydrological response of these
systems are significantly different and are thus treated as separate entities in most
process-based erosion prediction models. Fine-scale studies of shrub ecosystems
have shown that shrubs are, to a certain extent, self-sustaining. The discovery of
the spatial autocorrelation of plant-limiting nutrients under shrub canopies initiated
use of the term ‘islands of fertility’ (Schlesinger and Pilmanis, 1998). Although this
mainly refers to the concentration of beneficial plant nutrients under the shrub
canopy, it also encompasses other physical and chemical resources that support
the growth and regeneration of shrubs. Improved soil qualities include: larger
amounts of organic matter and available nutrients, greater cation exchange
capacities and aggregate stability, lower pH, lower bulk densities and lower
penetration resistance (Bochet et al., 1999). These factors combine to increase
the infiltration capacity of the soil under the shrub canopy thus decreasing runoff
and improving the nutrient status of the soil by allowing the accumulation of litter
and subsequently the leaching of available nutrients to the root zone.
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Conversely, intershrub zones become increasingly susceptible to erosion through
a lack of biotic activity (Schlesinger and Pilmanis, 1998). Overland flow, raindrop
impact and an increased susceptibility to wind erosion combine to strip the A
horizon from the intershrub areas thus aiding the development of a desert
pavement (Abrahams et al., 1995). As a result of the desert pavement, increased
surface sealing and decreased infiltration intensifies overland flow and further
exacerbates the erosion potential of intershrub areas.

Rather than instigating the spatial heterogeneity of soil resources, it is suggested
that shrub encroachment simply amplifies fine-scale heterogeneity already present
in grasslands (Hook et al., 1991; Tongway and Ludwig, 1994; Schlesinger et al.,
1996; Ludwig et al., 1999). This chapter has therefore introduced the concept that
the spatial heterogeneity commonly associated with shrublands is, in reality, a
function of scale (Schlesinger et al., 1996). The importance of scale on pattern
recognition in landscape dynamics is increasingly being emphasised, studies have
been conducted on scales ranging from fine-scale at the plant-interplant level to
broad-scale, which describes landscape and geomorphic units. Investigations to
aid the understanding of broad-scale processes are largely driven by the
economical needs of agricultural management, however, a comprehensive
understanding of a landscape is impossible without considering the interactions
within and between multi-scales characteristics. Wu et al., (2000) highlight the
ecological implications (thus also applicable to soil erodibility) of scale multiplicity,
stating that: 1) landscapes may exhibit a scale hierarchy; 2) the scale of
observation is significant, landscapes display distinctive spatial patterns at
different scales as a result of different processes; 3) single scale observations are
potentially inaccurate as the understanding of landscape dynamics relies on
multiple-scale characterisation of spatial patterns and processes; and 4) models
developed at a particular scale are unlikely to be applicable at other scales.

The feedbacks that exist between plant-soil characteristics suggest that in order to
understand land degradation in semi-arid regions, firstly, the influence of soil
properties on the susceptibility of soil to erosion should be understood. Secondly,
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the effect of plant dynamics on soil must be investigated. This chapter has
discussed the hydrologic responses of semi-arid landscapes under different
vegetation covers and has provided a detailed discussion of the effects of different
soil properties, both physical and chemical, on soil erodibility. The review of
existing literature highlights the need for a broader understanding of erosion,
linking vegetation change with not only soil properties of importance to plant
sustainability but also to the erodibility potential. Although plant dynamics are
known to vary both spatially and temporally, this study will focus on the spatial
aspects of vegetation change and erosion; however, the study acknowledges the
temporal aspect by investigating sites that represent different stages of the
degradation process.

The aim of this research is therefore to investigate the relationships that may exist
between vegetation change and land degradation. In order to address these
issues three main objectives have been identified:

1) To identify the spatial patterns of physical and chemical properties of soil in
grassland, shrubland and badland landscapes.

2) To assess the impact of the spatial patterns on the susceptibility of soil to
erosion.

3) To determine the importance of scale of measurement on the spatial
patterns attributed to a landscape.
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CHAPTER THREE

Description of the Study Area and Analysis
Methods

3.1 Specific study areas requirements

3.2 Description of the study area: The Karoo, South Africa
3.3 Description of the study area: Sevilleta, New Mexico

3.4 Sampling strategy for field studies

3.5 Physical Soil Properties: Field and laboratory techniques
3.6 Chemical Soil Properties: Field and laboratory techniques
3.7 Statistical and geostatistical methods

3.8 Summary

3.1 Specific study area requirements

Whilst the drivers of land degradation, such as climatic and anthropogenic
influences, have been investigated with respect to changes in the distribution of
degraded land over time (e.g. Keay-Bright and Boardman, 2006), the intermediate
processes of degradation have received little attention. This study proposes that
vegetation change, induced by the aforementioned drivers, is significant in
influencing the soil's susceptibility to erosion and thus plays an important role in
the distribution of severely degraded land. Therefore, in order to assess the
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influence of vegetation change on soil erodibility, two main field requirements were
determined:

o To gain an understanding of the impact of shrub invasion, semi-arid sites
that adequately represent both grassland and shrubland landscapes were
required. By comparing the spatial patterns of soil properties from the two
vegetation types, the impact of grass-shrub transitions on the susceptibility
of soil to erosion can be assessed.

o As this study hypothesises that badlands can develop as a consequence of
continuing soil parameter heterogeneity caused by shrubs, badland sites
were also required. By investigating the spatial patterns of soil in this type
of landscape, a better understanding of the semi-arid degradation process
in its entirety would be achieved, rather than the disjointed nature of many
existing studies of the erosional process.

The study therefore has to incorporate sites that sufficiently represent the different
vegetation communities and the patterns of soil properties associated with them.
An attempt to keep other environmental variables as constant as possible was

also considered necessary to reduce any potential misinterpretation of the results.

Vegetation change in the semi-arid Karoo region of South Africa is well
documented (e.g. Acocks, 1953; Dean et al., 1995; Hoffman et al., 1999) and as
such was chosen as the study region for this investigation. A detailed account of
the Karoo region is given in section 3.2, however, despite the majority of field
requirements being met, the reconnaissance visit to the study area identified a
potential problem in obtaining sufficient grassland data. Substantial shrub
invasion has already occurred in this area, therefore adequate expanses of
grassland were rare. Thus, in order to attain sufficient field data to address the
objectives presented in chapter 2, an ancillary fieldsite was integrated into the
project: The Sevilleta National Wildlife Refuge (NWR), New Mexico. Figure 3.1
presents the general locations of the two areas of interest.
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Figure 3.1 Locations of the two study regions, The Karoo, South Africa and The Sevilleta
National Wildlife Refuge, New Mexico.

The two sites display different characteristics of vegetation change. The Karoo
landscape, as previously mentioned, is currently dominated by shrubland.
Although some areas of grasslands still exist, these are relatively ‘patchy’ in nature
and interspersed with invading shrubs. The Sevilleta NWR site will therefore allow
the changes in soil parameter characteristics, induced by a grassland - shrubland

transition, to be investigated more thoroughly. On the other hand, only the Karoo
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exhibits areas of extensive degradation in the form of badlands, therefore this
study region will mainly focus on the shrubland-badiand interactions.

As vegetation change appears to be a characteristic of many semi-arid
environments it can be hypothesised that the underlying controlling mechanisms
will behave in a similar manner. Nevertheless, direct comparisons are scarce and
thus the applicability of global erosion prediction models could be disputed.
Therefore an added benefit of incorporating a second study region into the
investigation is that a comparative study will also be carried out between the two
study regions.

3.2 Description of the study area: The Karoo, South Africa

3.2.1 Vegetation change and historical legacies

Land degradation in South Africa had been a prominent discourse for more than a
century. According to the United Nations Convention to Combat Desertification
(UNCCD) approximately 91% of South Africa is arid, semi-arid or sub-humid and
thus classed as ‘affected drylands’. A National Action Programme was ratified in
1997 and as a result an assessment of land degradation and desertification in
South Africa was commissioned. Thus, in 1999, a document entitled ‘A National
Review of Land Degradation in South Africa’ was published. This not only served
to quantify the nationwide extent of degradation, but also, through an evaluation of
the causes and consequences of land degradation, brought the implications of a
changing landscape to worldwide attention.

The review raised many issues, encompassing both the biophysical nature of
degradation and the socio-economic impact, two factors inherently interconnected.
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Consequently, in South Africa, where 71% of the country is classed as commercial
land (Hoffman, 1999), degradation can be considered an issue of national
importance. The country’s economic status relies on the sustainability of
agricultural land and therefore the report investigated South Africa’s historical and
present-day agricultural practices with the view to assessing the applicability of
mitigation policies and remediation methods. The impact of anthropogenic
influences was also prominently debated, with particular emphasis on the long-
term consequences of past agricultural practices.

Although the overstocking of land, which was prevalent in the 18" and 19"
centuries as a consequence of the European colonisation (Smith, 1999), is
commonly attributed as being one of the instrumental causal factors of the
exacerbation of land degradation in South Africa, the review concluded that this
assumption is possibly misconstrued. Instead, it is suggested that notwithstanding
the fact that the biophysical environment, climate and anthropogenic impacts all
influence the degradation of land, ultimately it is the three key natural resources of
water, soil and vegetation that determine the type and extent of the problem. Itis
highlighted that all three factors deserve equal status until the interactions and
relationships among them all are better understood, thus it is a necessity that
‘hierarchies of control, influence and interaction’ are investigated.

Central to the discussion on South Africa’s land degradation status was, and still
is, the debate surrounding the extent of desertification in the Karoo. Although
increasing desiccation of South Africa was foreseen in the early 1900s,
characterised by vegetation change in the eastern Karoo and considered a result
of land-use practices, it was not until 1953 that the Karoo desertification
hypothesis finally took form.

The expanding Karoo debate manifested after four maps depicting the distribution
and vegetative state of South Africa were created by a biologist called John
Acocks (1953). Firstly, the pristine vegetation condition of South Africa was
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described, although this was based on a variety of other research and
publications, no other vegetation map of this scale or detail previously existed.
Before human intervention Acocks envisaged that the eastern Karoo was an area
of predominantly perennial grasses, which existed in equilibrium with the prevailing
climate. However, it is the second issue Acocks explored, that is considered a

landmark in South Africa’s environmental history.

As a result of colonial settlement, Acocks suggested that the eastern margins of
the Karoo had expanded north eastwards and that the Karoo was irrefutably and
relentlessly encroaching the Free State grasslands. A simplified version of
Acock’s desertification map is shown in figure 3.2a. Acock’s powerful presentation
of vegetation change was such that the view of desertification was predisposed to
attributing historical landuse practices as the main causal factors. However, much
debate continues to surround the veracity of the ‘expanding Karoo hypothesis’,
with the extent, rate of change and causal factors being disputed to this day. In
addition to Acocks vegetation map, figure 3.2 presents three alternative maps that
illustrate the dynamic and subjective nature of both land degradation and people’s

opinions of this phenomenon.

A Desert Limit of
Karoo patches
Below critical
D stage
o Above critical
stage

Acocks. 1953

-49.



Chapter W Study Area & Methodology

Namib desert

UNCOD, 1977

Desertification hazard
o Moderate
| | High

o Very high

Namib desert

Dregne, 1983

Desertification status
Slight

n Moderate

-50-



Chapter Study Area & Methodology

f  UNEP, 1993
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Figure 3.2 Perceptions of land degradation in South Africa from 1953-1993 showing the influence
of (a) Acocks’ 1953 expanding Karoo hypothesis on subsequent international syntheses such as
those of (b) UNCOD (1977), (c) Dregne 1983 and (d) UNEP (1993)

Adapted from: Hoffman et at., (1999) p. 4

Dean et al., (1995) reiterate the conflicting views in a study that reviews and
reassesses desertification in the Karoo. By examining existing publications they
show that it is impossible to identify which of the three identified conceptual
models of vegetation change are closest to approximating reality. The first
conceptual model refers to the aforementioned ‘expanding Karoo hypothesis’,
where it is suggested that the Karoo has expanded in a broad front north-
eastwards in a unidirectional wave into the productive grasslands of the Free
State. The second school of thought suggests that rather than a ‘broad front’ of
vegetation change across the Karoo, vegetation change became apparent as a
result of the amalgamation of degraded patches or mosaics over extensive areas
and time. The third model considers the Karoo in a non-equilibrium state thus
acknowledging the dynamic nature of vegetation in semi-arid environments. This
model recognises the expansion of the Karoo but views this movement as ‘pulses

of migration’ of karroid dwarf shrub species into grassland communities during
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summer drought periods. Although it takes a conflicting view to the first model by
suggesting that vegetation change is multi-directional and hence grasslands could
potentially re-establish themselves in affected areas, this model does however
accept that the general direction of post-colonial vegetation change has been
towards a decrease in productivity. However, due to the lack of unequivocal
evidence of the nature, extent and rate of change, Dean et al. (1995) not only
highlight the need to re-think the concept of desertification but also concludes that
there is a need for a more systematic monitoring program of a range of
environmental variables in South Africa.

Dean ef al., (1995) also discuss the controversy surrounding the influence of
climatic shifts on long-term environmental changes in the Karoo. Climate change,
as a causal factor of vegetation change and land degradation, has been largely
overshadowed by the supposed impact of humans and associated land
management practices. However, evidence from Quaternary sedimentary
sequences implies that vegetation change in the Karoo is not unusual, and simply
portrays the response to a number of different climatic conditions which appear to
have oscillated between moister and significantly more arid conditions than
present day (Thomas et al., 2002).

Notwithstanding the evidence that anthropogenic influences have played a
significant role in the decline of productive land in the Karoo, and have led to
people being described as ‘proximal agents of desertification’ (Meadows and
Hoffman, 2002), evidence suggests that vegefation change is not necessarily
caused by anthropogenic impacts. Fossil records show shifts in the grass:shrub
ratio before human occupation in the Karoo and is thus attributed as a
consequence of natural fluctuations in long-term rainfall patterns (Dean et al.,
1995).
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3.2.2 Specific site description

The Karoo region encompasses more than 400 000km? of South Africa (Cowling
et al., 1986), and includes two biomes determined by different rainfall regimes: the
winter-rainfall Succulent Karoo and the summer rainfall Nama-Karoo. The study
region for this research is located within the Nama-Karoo biome where dwarf
karroid shrubland typifies much of the environment (see figure 3.3). The specific
field area is situated north of Kompasberg, the highest peak in the Sneeuberg
Mountain Range, which itself forms part of the Great Escarpment. This region
feeds the upper catchment and headwaters of the Klein Seekoei River, a tributary
of the Seekoei River, and drains in a northerly direction, eventually supplying the
Orange River. An array of photographs of the Karoo fieldsite is depicted in figure
3.4 (at end of this section). The current landuse of this area is sheep grazing
with limited areas of cultivation.
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Figure 3.3 a) Biomes of South Africa based on Acocks (1953) b) Biomes of the study region and
surrounding districts of Graaff Reinet and Middelburg. The yellow circle depicts the study site.

Geology

The geology of the study region is described as being Triassic Katberg Formation
sandstone and mudstone of the upper Permian to Triassic Karoo Supergroup,
capped by Jurassic dolerites (Watkeys, 1999; Boardman et al, 2003). Dolorite
tors therefore dominate the surrounding landscape, these comprise deeply
weathered corestones in a matrix of red ferruginous sand. Horizontal bands of
more-resistant sandstone and less-resistant shale are evident in the hillslopes
whereas unconsolidated Quaternary sediment layers the valley floors, covering
weak Balfour Formation mudstones, shales and sandstones (Boardman et al.,
2003).

Soils

Karoo soils are considered typical of arid to semi-arid environments, displaying the
full spectrum of soil development, including the preservation of palaeosols
(Watkeys, 1999). In general, there is little organic material in the Karoo, thus an

absence of an organic topsoil, or A horizon, is a common feature in the area. As a
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result, soil formation is slow due to a lack of chemical and biological activity.
However, increasing rainfall towards the east has allowed Duplex soils to develop,
these are also found in the Sneeuberg Mountains where greater precipitation
occurs.

Climate

As discussed previously, the climate of the Karoo displays some general
characteristics, however, local conditions are extremely variable, largely due to
altitudinal differences. The Sneeuberg Mountains are located within the eastern
region of the Warm Temperate Zone (Sugden, 1989). Diurnal and seasonal
temperatures show large fluctuations, a summer maxima c¢. 30° and winter minima
of below -10°C having been recorded (Schulze, 1980). In winter, snow is common
in the higher altitudes as a result of the west to east movement of cold fronts. In
late summer (March) a rainfall peak is evident and is associated with convectional

thunderstorms common in the summer months.

Boardman et al., (2003) reviewed rainfall data from two locations specific to the
study area and found that mean annual rainfall was higher in both cases (517mm
and 433mm) than was reported by Schultz (1980) who stated that the region
receives 346mm annual rainfall. Although the reason for this may be due to
locational differences, Boardman et al. state that there is no evidence that rainfall
in the study region has varied significantly during the late 19" and 20™ centuries.
However, more notable is evidence of multidecadal variability; periodicities
between 16 and 20 years have been identified relating to alternating wet and dry
phases in the area.

Vegetation

Acocks (1988) classified the Karoo as Karroid Merxmuellera Mountain veld in the
higher altitudes and False Upper Karoo in the valleys. Many synonymous
descriptions have been published, including Low and Rebelo’'s (1996)
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classification of Southeastern Mountain Grassveld and Eastern Mixed Nama
Karoo. However, the general term of Karroid scrub is often associated with the
study region, an area where grasslands are scarce and degradation is evident.

Roux and Theron (1987) describe the Karoo as ‘a vast tension zone located
between the summer rainfall grasslands and the winter rainfall succulent
shrublands’ (p.60). Such is the vastness of the Karoo and the variety of climatic
regimes that span the area, characterising the vegetation is difficult. Generally, it
is observed that less palatable species are best adapted to the harsh conditions
therefore replace the palatable species during droughts or as a consequence of
overgrazing.

Cowling et al., (1986) on the other hand highlight the importance of soil
development on determining prevailing species. Where the A horizon exists,
usually consisting of a sandy loam, grass cover such as Aristida and Eragrostis
species can establish itself. However, in the absence of an A horizon as a
consequence of erosion, specialised plant species root in the B horizon. These
plants are not limited by the dry, compact nature of the B horizon and include
species such as Salsola, Zygophyllum incrustatum and Nestlera (Cowling et al.,
1986). Further degradation through sheetwash and splash erosion will result in
the B horizon surface becoming worn down and smooth, here species such as
Lycium cinereum and Eriocephalus spinescens frequently dominate (Boardman et
al., 2003).

Badlands

Extensive badlands are evident within the study region and as such are
considered a fundamental element of the degradation processes that characterise
this area. Badlands commonly develop on colluvial footslopes of usually less then
10 degrees (Boardman et al., 2003) and comprise a dense gully network inter-
dispersed with non-degraded, gently sloping interfluve partitions. Both the gully
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systems and interfluve areas are relatively unvegetated with only the most
resistant shrub species able to survive the harsh conditions. The badlands in this
area are classed as incipient badlands due to their scale of incision; at present this
is approximately 1 - 2m (Boardman et al., 2003). The initial development of major
gullies in the area is thought to be a consequence of vegetation change caused by
the European settlers using the area as a routeway, however, evidence suggests
that these gullies were active until at least the 1960s (Boardman et al., 2003). No
obvious evidence exists to suggest that the major gullies are presently active,
nevertheless, the continually eroding smaller-scale rills are conducive to forming
the badland landscapes that have become a characteristic of this semi-arid
environment.
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VMM

Figure 3.4 Photographs depicting different landscapes in the study region, located north of the
Sneeuberg Mountains in the Karoo, South Africa.
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Figure 3.4 shows a number of typical landscapes in the Karoo fieldsite.
Photographs a) and b) were taken in winter (Aug);, a) shows a typical shrub
landscape interspersed with a grass species, Kompasberg can be seen in the
background whereas b) is an example of the undulating, sparsely vegetated
badlands in the study region. Photograph c) depicts the landscape surrounding
plots 3 and 4. In the foreground, shrublands can be seen to typify the locality and
the bare intershrub areas are evident. Photograph d) shows the typical footslope
location of badlands, which have developed within the shrubland landscape. A
‘hanging fence’ shown in e) demonstrates the extent and rate of erosion in the
recent years. Another badland site is shown in f), here it is evident that local
wildlife/livestock utilise the bare interfluve areas and thus possibly exacerbate the
erosion problem in badland landscapes. A grassland landscape in the Karoo is
depicted in g); this is one of the largest extents of grassland in this area and
clearly demonstrates the scarcity of grass in this region. Finally, h) portrays a
mixed vegetation site where shrubs are generally prevalent, however, more
resistant grass species intersperse the landscape.
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3.3 Description of the study area: The Sevilleta National Wildlife
Refuge, New Mexico

General background

The second study area is located in the American Southwest. The field site is
situated within The Sevilleta National Wildlife Refuge (Sevilleta NWR), in the
Socorro County of central New Mexico.

Vegetation change in the American Southwest has been well documented
(Buffington and Herbel, 1965; Peters, 2002; Gibbens ef al., 2005) and typifies the
land degradation characteristics of semi-arid environments. The causes and
consequences of land degradation in this area have been discussed in detail in the
previous chapters, but on a superficial level, portrays a less complex picture of
degradation than the Karoo site. At present, only grassland-shrubland transitions
have occurred, there is no evidence of badland development.

The Sevilleta NWR was chosen as the ancillary site to the Karoo for a number of
reasons. This 100 000ha area, situated in the central Rio Grande Basin, consists
of a junction of four biomes: the Great Plains Grassland to the north, the Great
Basin Shrub-steppe to the west, the Chihuahuan Desert to the south and finally,
the Montane Coniferous Forest in the upper elevations. As a result, a major
research program exists in this area, which is dedicated to examining the biome
transition zones. The Sevilleta Long Term Ecological Research program (LTER)
has allowed a wide range of research to be continually conducted in this region
and thus extensive resources and research history exist for this area. This area
has restricted access so no grazing or agricultural practices are carried out in this
study region.
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The aim of the LTER is “to understand the causes and consequences of biotic
transition zones on ecosystem, structure and function” (LTER Data, 2006), with
particular reference to the impact of climate variability and change. The basis of
the research is therefore to view the seemingly disparate transition zones as being
conceptually linked and hence considered as one system. Therefore, rather than
being site-specific, research is considered in a broader context, thus allowing a
more comprehensive understanding of system processes and drivers. In order to
do this, a number of commonalities and differences among the systems are being
investigated. It is thought that parallel hypotheses exist between the different
transition zones. An example of the grass to shrub transition is given in figure 3.5,
however, parallels have been identified for other transitions such as the transition
from woodland to grassland as a consequence of regional drought (LTER Data,
2006).

CAUSES RESPONSE CONSEQUENCES

FUNCTIONS
~Composition change

-Biodiversity loss
Community structure

+ NPP
Net primary productivity - Closs

TRANSITION: + Erapo ration
Grass - Shrub - Transpiration
Evapo-transpi ration 0 Net H20

Nutrients dynamics + Small-scale
variability

- Large-scale
variability
-Carbon storage
- Nutrient retention

Figure 3.5 Hypothesis linking causes, response functions and consequences of a biotic transition
from grassland to shrubland.

Adapted from Sevilleta LTER data (2006)
(http://sevilleta.unm. eduz)
This research site is therefore an ideal location for gaining ancillary data on

grassland to shrubland vegetation dynamics and will be utilised to aid the

understanding of the questions raised in this thesis. Existing research, specific to
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the sites chosen in the Sevilleta NWR, will be beneficial to this project by providing
alternative explanations for some of the processes, which due to time constraints,
cannot be investigated in this research. This site therefore allows an investigation
into whether parallels exist not only at different transition zones but also between
processes in semi-arid environments across the globe.

Climate

High temperatures, low humidity and high variability characterise the climate of the
Sevilleta region. This is thought to be a consequence of the site being located in
the boundary between several major air mass zones (LTER data, 2006).

Precipitation inputs in central New Mexico vary seasonally, annually and on
decadal timescales (LTER data, 2006). Two climate cycles influence rainfall in
this region, the El Nifio Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO). ENSO events typically occur every 3-4 years, this regulates
variability in winter precipitation with higher precipitation associated with El Nifio
events and low precipitation associated with La Nifia periods. Extended periods of
drought, on the other hand, are thought to be a result of the PDO, this oscillates in
approximately 50 year cycles (Milne et al., 2003).

Climate diagrams for the Sevilleta NWR, Socorro, 20km south of the Sevilleta
NWR and Albuquerque, 60 km north are presented in figure 3.6, these show that
the region is moisture deficient for most of the year. However, this area displays
highly variable annual and seasonal rainfall patterns. Figure 3.6 also presents
rainfall data collected from a meteorological station on the Sevilleta NWR and
demonstrates the year to year climatic variations. The site, on average, receives
approximately 250mm of precipitation annually, 60% of which occurs during the
summer monsoon season (Jun-Sept). Between 1989-2002, on-site meteorological
data shows the mean annual temperature to be 13.2°C, with a winter (Jan) minima
of 1.6°C and a summer (Jul) maxima of 25.1°C (LTER data, 2006).
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Climate Diagram — Albuquerque, NM Climate Diagram — Socorro, NM
1971—2000 1971-2000
o
rf
1 2 3 4 5 6 7 e 9 10 n 12 1 2 3 . 5 6 7 8 9 10 f 2
Deep Well Precipitation 1989-2002 Climate Diagram — Sevilleta
Using Water-Year (Oct. 1 - Sept. 30) 1966 — 2002

1966 1990 1991 1992 1909 1964 «96 1996 1907 1999 1999 2000 2001 2002

Year
Oct—ltey  Jun—9ap Ktorth
Season mmm 1 SSS3 2

Figure 3.6 Average climate diagrams for the surrounding region, Albuquerque to the north and
Soccoro to the south (1989-2002). A site-specific climate diagram for the Sevilleta NWR is also
presented including a summer/winter precipitation diagram, which highlights the characteristic
summer monsoon season.

Source: LTER data (2006)

(http://sevilleta.unm. edu/)

Vegetation, soil and geology

Vegetation change in this area is predominantly from blue grama (Bouteloua
gracilis) grasslands to Chihuahuan desert vegetation, which includes black grama
(Bouteloua eriopoda) grassland and creosotebush (Larrea ftridentata) shrubland.
Unlike the vegetation in the Karoo, these three species form comparatively
monodominant patches and thus form relatively abrupt transition zones. A
detailed vegetation map of the Sevilleta NWR is provided in figure 3.7b
highlighting the biome diversity in the area.

Nutrient deficient soils characterise the transition zones. In a study by Zak et al.,

(1994) a grassland site in the Sevilleta displayed the lowest total soil nitrogen,
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lowest nitrogen mineralisation rate and lowest soil carbon levels of 13 cross-
ecosystem study sites. Soils in the study area are predominantly sandy loams. A
soil map of the Sevilleta NWR is presented in figure 3.7a. The geology of the area
is diverse and complex ranging from impermeable lavas, more permeable coarse
sandstones and conglomerates in San Lorenzo Canyon to limestones containing
karst-type aquifers at Cibola Spring. The area is underlain by mostly flat-lying
Tertiary and Quaternary sedimentary rocks of the Santa Fe Group and the
topography is generally subdued and flat except for the escarpment at the edge of
the inner valley of the Rio Grande river (Rawling, 2004).
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Sevilleta National Wildlife Refuge:
Soil Map

a)

12 18 24

I Kilometers

b) Sevilleta National Wildlife Refuge:

Vegetation Map

Vegetation Types

Water or Wet Ground
Transiton Chihuahuan and Plains Grasslands (Black Grama Grasslands with Blue Grama)
Transiton Chihuahuan and Great Basin Grasslands (Black Grama Grasslands with Galleta)
Rocky Mountain ConiferWoodlands(Pinyon Woodlands)
Rocky Mountain Conifer Savanna(Oneseed Juniper Woodlands)
Rio Grande Riparian Woodlands (Rio Grande Cottonwood and Salt Cedar Riparian Woodlands)
Plains Grasslands (Blue Grama and Hairy Grama Grasslands)
| Great Basin Shrublands (Fouiwing Saltbush or Broom D alea)
| Great Basin Grasslands (Galleta and Indian Ricegrass Grasslands)

| Chihuahuan or Great Basin Lowland/Swale Grasslands (Akali or Giant Sacaton Grasslands)

| Chihuah Desert Shrublands (Cr bush Shrublands)

| Chihuah Desert Gr (Black Grama Grasslands)

| Barren or Sparsely Vegetated

Figure 3.7 a) soil map of the Sevilleta National Wildlife Refuge b) vegetation map of Sevilleta

National Wildlife Refuge

Source: LTER data
(http://sevilleta.unm. edu/)
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3.4 Sampling strategy for field studies

As the aim of this research is to identify the impact of vegetation change on the
erodibility of the landscape, it was important to investigate the spatial patterns of
soil parameters at a scale that was representative of the different vegetation
communities. However, in order to determine the importance of scale on the
patterns of grassland, shrubland and badlands, and the changes that potentially
occur concurrently with shrub encroachment and badland development, the
sampling strategy had to incorporate hierarchical measurements.

The sampling strategy is therefore based on a 60m by 60m plot, which comprises
three hierarchical subdivisions. As the main purpose of this study is to identify the
spatial patterns of soil properties, a random sampling technique was chosen. -
Regular patterns across a landscape can potentially be missed if systematic
sampling is used. The nested sampling strategy is used to assist in the
identification of patterns and processes that may exist at different scales in the
landscape. The three scales are: 30m by 30m, 10m by 10m and 1.5m by 1.5m,
respectively. Two of the 30m x 30m cells each have nine randomly generated
coordinates where soil samples were taken within a 15 cm support. Each of the
two remaining 30m x 30m cells were subsequently divided into nine 10m x 10m
cells. Four of these cells contain nine randomly generated coordinates where soil
samples were taken within a 15 cm support. Within six of the 10m x 10m cells, a
randomly generated coordinate was used as the origin point of a 1.5m x 1.5m
quadrat; this was divided into nine 0.5m x 0.5m cells. The centroid of each of
these cells was considered the sample point, therefore a systematic sampling
regime was undertaken at this scale. Figure 3.8 shows a schematic diagram of a
typical plot layout.

In total, 108 samples were obtained from each plot. Where sample locations fell
on areas that were impossible to sample e.g. aardvark burrows or on bedrock, a
set of additional randomly generated locations was used.
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60m x 60m

1.5m x1.5m— »

10m x10m --—--—-—-- >
30m x 30m - >
>

60m x 60m

Figure 3.8 An example of the nested sampling strategy employed in this study

The sampling strategy and scales measured were based on the methods used by
Muller (Unpublished thesis), who conducted similar work on the Jornada
Experimental Range, New Mexico. This site is also a LTER site and is situated
approximately 170km south of the Sevilleta NWR in the Chihuahuan Desert. It is
the intention that, by utilising a similar sampling strategy, a future collaboration of

the two data sets will be made.

Fieldwork was undertaken in the Karoo in the early summer, between the months
of November and December 2003, before the start of the summer rainfall regime.
The plot locations were identified through visual inspection. Care was taken to
avoid areas affected by anthropogenic influences, including: areas that had
recently been burnt due to the effect it has on vegetation dynamics and nutrient
cycles, areas that had been ploughed resulting in the artificial redistribution of
nutrients, and areas that varied greatly in past grazing densities. The topography

of the plots was not measured specifically but care was taken to keep this factor
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as constant as possible both within and across the plots. In the Karoo, the slope
angle of the plots generally ranged from 5-10 degrees, with the badlands (plots 4,
6 and 7) being at the upper end of the scale as these form on colluvial footslopes.

The map below (figure 3.9) shows the location of the plots in the Karoo fieldsite.

O Grassland site # Shrubland site
O Mixed site O Badland site

Figure 3.9 Plot locations and vegetation types for the Karoo fieldsite. (1: 50 000 3124DA Heydon)

In total, seven plots were measured in the Karoo, representing the different
vegetation types and thus stages of land degradation. The plot numbers and the
associated vegetation types can be seen in table 3.1. These plot numbers will be
referred to throughout the thesis. Only one grassland plot (2) was measured in the

Karoo due to the absence of expanses of pure grassland. Instead, a mixed plot
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was also measured. Although grass was the dominant vegetation type, a
substantial number of shrubs were present in this plot, approximately 30% of the
plot could be classed as shrubland. This provides an indication of spatial patterns
of soil properties during the initial stages of shrub encroachment. Two shrubland
plots that were considered to characterise the shrubland communities were
measured. As no badlands are present in the Sevilleta NWR, three badland plots
were measured in the Karoo. Photographs depicting the different plots can be
found in appendix 4, where photographs of the general landscape do not exist

(e.g. plot 1), ground cover photographs are provided.

Table 3.1 Plot identification data for the Karoo plots
Plot number Vegetation type

Mixed vegetation (Grass/shrub)
Grassland (e.g Karroid Merxmuellera)
Shrubland (Mixed Karriod shrubs e.g. Acacia karroo)
Badlands
Shrubland (Mixed Karriod shrubs e.g. Acacia karroo)
Badlands
Badlands

Fieldwork in the Sevilleta NWR was carried out between April and May 2004,
again, avoiding the rainfall season of June to September. The same site selection

protocol as before was used. The exact plot locations are shown in figure 3.10.

In total, four plots were measured in the Sevilleta NWR, representing the
grassland and shrubland vegetation communities. The plot numbers and the
associated vegetation types can be seen in table 3.2. These plot numbers will be
referred to throughout the thesis. Photographs of the four Sevilleta NWR plots can
be found in appendix 4. Again, the topography of the plots was not measured
specifically but care was taken to keep this factor as constant as possible both
within and across the plots. In the Sevilleta NWR, the slope angle of the plots was

generally less than 5 degrees.
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The Sevilleta National Wildlife Refuge
Plot locations

bronco well

lunn Flats

ileta F&Id Station

Bentonite

five PointSBeisn South Base.

Rio 3ala< 1 Sepultura/ j

VWorosa

Roads
/ A Grassland plot
012 4 Cc & 10 12 [ Shrubland plot

Figure 3.10 Plot locations and vegetation types for the Sevilleta NWR fieldsite.

Table 3.2 Plot identification data for the Sevilleta NWR plots

8 Grassland (Black grama: Bouteloua eriopoda)
9 Shrubland (Creosotebush: Larrea tridentate)
10 Grassland (Black grama: Bouteloua eriopoda)
11 Shrubland (Creosotebush: Larrea tridentate)

At each sample site a groundcover photograph was taken for future reference, a
shear strength and bulk density measurement were taken and a second soill

sample was collected for laboratory analysis.
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3.5 Physical Properties of Soil: Field and Laboratory Techniques

3.5.1 Shear Strength

There are several methods for determining the shear strength of soil, including
both laboratory tests and in situ field methods. It is generally considered more
appropriate to take the measurements in situ using a shear vane as opposed to
measurements in the laboratory due to the issues involved in the relocation of soil.
It is argued that field measured samples are subjected to less disturbances
therefore produce more accurate results and ultimately give a more representative
description of soil shear strength in the natural environment (Flaate, 1966).

In this study a field-based determination of shear strength was undertaken. The
shear strength of the soil was measured using a Pilcon hand-held shear vane.

The surface shear strength was determined by inserting a shear vane with a
33mm diameter into the ground to the depth of 50mm, the full length of the vane
blades. The shear vane was then rotated at a speed equivalent of approximately
1 revolution per minute until the soil sheared. A direct measurement in kPa was
taken from the vane. The range of measurement was increased by inserting the
vane 25mm into the soil, half the height of the blade. The following equation (3.1)
was used to convert the data:

Equation 3.1

T
5= 7z'i.(D2 H /2)+ (D3 /6)] Where S,: shear strength (kPa)
T: torque (Nm)
D: diameter (m)
H: height (m)

Source: Flatte (1966) p. 23
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To avoid biased results involving the positioning of the vane, a system was
undertaken that involved alternating the sampling site between adjacent samples
at a set distance of 15cm either at a 0° or 180° angle from the sample origin.
Where the ground was impenetrable, as evident in badland sites, these points
were assigned a maximum value. As soil moisture must be considered when
interpreting shear strength results, the recent rainfall conditions for each plot were
noted. These can be found in the relevant results chapters.

3.5.2 Organic Matter Content of Soil

A measure of the chemically active organic matter rather than the total carbon
content of the soil was required for this study. This encompasses both the humus
and organic residues in soil, its relevance related to soil genesis and fertility
(Jackson, 1958).

Total organic matter (OM) content of the soil was determined using the loss-on-
ignition (LOI) method. The soil used to measure the OM content was obtained
from the same sample used to measure the soil bulk density. This measurement
was taken from the top 8cm of soil. In order to provide a representative sample
the soil was mixed thoroughly and a 10g sub-sample was used to obtain the OM
content. This technique involves ashing the OM in a muffle furnace and is
preferred to extraction methods as it removes organics that are tightly bound to
soil particles without changing soil composition (Rowell, 1994). Results obtained
by the LOI procedure have proved comparable to those obtained by both the
dichromate wet-oxidation method and by carbon analysers (Soil and Plant
Analysis Council, Inc 1999 (2000)). However, it should be noted that the LOI
procedure provides only an approximation of OM content, inevitably producing an
overestimation, especially in soils with a high clay content. Sandy soils are less
affected but soils containing more clay and sesquioxides will lose ‘structural’ water
between the ashing temperatures of 105° C and 500° C (Rowell, 1994).
Therefore, the methodology of the LOI procedure varies, largely involving the
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ashing temperatures used, these can range from 360°C (Schulte ef al., 1991) to
850°C (Ball, 1964).

In this study the procedure given by Rowell (1994) was used. The organic matter
content was determined by drying the soil at a temperature of 105°C. A
subsample was then placed in a crucible and weighed before being placed in a
furnace at 500°C for 12 hours. The crucible was then reweighed to give the mass
of the ignited soil. The following expression (3.2) was used to determine the
percentage organic matter content:

Equation 3.2

Loss-on-ignition = (mass of oven-dry soil — mass of ignited soil) X 100
Mass of oven-dry soil

3.5.3 Dry Bulk Density

In the field, bulk density samples were acquired using a guide plate, driving tool
and cylinder. The guide plate is placed on the surface of the soil and the cylinder
is driven vertically into to the ground. Care is taken to minimise compaction and
disturbance in order to retain the natural structure of the soil. The cylinder is then
removed from the ground and excess soil is trimmed from either end. The soil
surface must be flush with the ends of the cylinder since the sample has to be of a
known volume. In this case, the measurement was taken from the top 8cm of soil
and the bulk density tin had a volume of 100cm®. To avoid biased results involving
the positioning of the cylinder, a system was undertaken that involved alternating
the sampling site between adjacent samples at a set distance of 15cm either at
90° or 270° from the sample origin. Where the ground was impenetrable with the
cylinder, as evident in a few cases at badland sites, these points were classified as
‘no data’.
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The soil samples were sealed in polythene bags to allow the bulk density and
moisture content of the soil to be measured simultaneously. In the laboratory, the
moist samples were weighed and then dried for 12 hours at a temperature of
105°C; the oven-dried soil was then re-weighed. Bulk density was calculated
using equation 3.3.

Equation 3.3

Bulk Density = Mass of oven dry soil / volume of soil cylinder (100cm?®)

3.5.4 Moisture Content

The water content of the soil for every sample point was measured from a sealed
soil sample brought back from the field. The soil used to measure the moisture
content was the same sample used to measure the soil bulk density. This
measurement was taken from the top 8cm of soil. Details of the rainfall conditions
prior to the sampling can be found in the appropriate results chapters. The moist
samples were weighed and then dried for 12 hours at a temperature of 105°C; the
oven-dried soil was then re-weighed. Soil moisture was calculated using equation
34.

Equation 3.4

Soil Moisture (%) = Mass of moist soil - Mass of dry sample 4 1g0

Mass of dry sample

3.5.5 Texture

Soil texture is typically given as a percentage of total soil mass occupied by a
given size fraction (Eshel et al., 2004). In simple terms, soils are generally
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allocated to a textural class according to the content of sand, silt and clay
particles. There are a number of classification systems, the two most commonly
used being the USDA system and the European system. The classification is
based not on the type of minerals present but the effect that particles of different
sizes have on the physical and chemical properties of the soil.

There are numerous methods used to determine particle size distribution,
traditional, such as: sieving, sedimentation, pipette and hydrometer methods and
comparatively modern techniques, such as laser diffraction and optical modelling.
A critique of methods is given by Eshel et al. (2004), who conclude that due to the
heterogeneous nature of soil particles in both shape and density, the
determination of particle size distribution, whichever method used, is at best an
estimate. However, in a study by Buurman et al. (1997) it was determined that
although a standard correlation between the classic pipette method and laser
diffraction has not been established, laser diffraction provides reproducible results
ideal for spatial comparisons of samples. In addition, the continuous distribution
curves and amount of information available on the fine fractions make this method
an appealing one.

All techniques appear to have their own advantages and disadvantages and thus
the technique used is individual to the user's circumstances and/or needs. Due to
the large sample size and time constraints imposed in this study the laser
diffraction method was chosen. This has the advantages of a high rate of sample
turnover as well as the need for only a small amount of sample for measurement.
Reliability, reproducibility and analysis speed all contribute to the benefits of this
method.

Semi-arid soils are notably low in organic matter content and thus its removal for
particle sizing is, in some cases, considered unnecessary. However, through a
visual inspection it was deemed necessary to implement a pre-treatment method
in this case. Due to time constraints the hydrogen peroxide removal technique
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was not applicable, therefore organic matter removal by the loss-on-ignition
method (as described before) was undertaken. To avoid the cementing of soil
particles the samples were treated at a lower temperature of 450°C for 12 hours.
Dispersal techniques were also employed to minimise this risk, these included the
use of a dispersant agent, sodium hexametaphosphate and ultrasonics.

3.5.6 Aggregate Stability

Aggregate stability was measured using the sample taken for nutrient analysis. A
sample taken to the depth of approximately 6cm and 100g was taken at each of
thé 108 sample sites for all 11 plots. The whole soil sample was passed through
an 11mm and an 8mm sieve. Aggregates that passed through the 11mm sieve
but not the 8 mm sieve were collected. Care was taken to discard pieces of
crusting due to the known differences in formation and water-stability behaviour
compared to normal aggregates. ldeally 8 aggregates were analysed, however,
when this was not possible the available aggregates were analysed and the
number recorded. The total weight of the dry aggregates was measured. The
aggregates were then placed in the 8mm sieve and submerged in water. A
reciprocal shaker was used to agitate the aggregates for a total of 2 minutes at a
speed setting of 2.1rps. The remaining soil/aggregates in the 8mm sieve were
collected and dried before reweighing. The percentage weight loss was then
calculated.

3.6 Chemical Properties of Soil: Field and Laboratory
Techniques

3.6.1 pH

The soil pH was measured using a subsample taken after the bulk density was
measured. This measurement was taken from the top 8cm of soil. In order to
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provide a representative sample the soil was mixed thoroughly and a 10g sub-
sample was used to obtain the soil pH. Many different techniques including both
in situ and laboratory methods are employed to determine pH depending on the
output required. In this study the soil pH was measured in the laboratory using a
Sartorius PP-25 bench-top pH meter. Due to the large sample size and related
time constraints it was decided that the procedure most appropriate to determine
the pH was that of a 1:1 water to soil suspension. A full description can be found
in Soil and Plant Analysis Council Inc 1999 (2000). Accurate measurements of
soil pH are difficult to obtain depending on both soil characteristics and the
measurement technique undertaken. To reduce potential error three
measurements per sample were taken and the average calculated. In addition, it
has been noted that in neutral and alkaline soil suspensions, a stabilised reading
takes longer to achieve. Therefore a minimum of a 30 second stabilisation time
was implicated as suggested by Rowell (1994).

3.6.2 Soil Salinity and Conductivity

The electrical conductivity (EC), also known as the specific conductance, was
measured from the same sub-sample the pH reading was taken from. EC can be
measured using a variety of techniques, the most common being the soil-paste
extract method. However, a 1:2 soil to water extraction method outlined by Soil
and Plant Analysis Council Inc 1999 (2000) has been found to be applicable in a
variety of soils. Therefore, although the specific conductance values from a 1:2
extract method are not comparable with those from a soil-paste extract method, it
was decided that due to the large sample size and the fact that this is a
comparative study, the 1:2 soil to water extraction would be used.

The EC was measured following the pH by increasing the water to soil ratio from
1:1 to 1:2. A Sartorius PP-25 bench-top conductivity meter was used. To reduce
potential error three measurements per sample were taken and the average
calculated. Table 3.3 was used to determine the impact of soil salinity on
vegetation, for further details refer to the SSSA Book Series 3: Soil Testing and
Plant Analysis (Westerman, 1990).
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Table 3.3 Effect of salinity on plants.

dSm™ at 25°C Effects
<0.40 Non-saline. Most crops will grow quite well
0.40-0.80 Very slightly saline. Relatively safe for plants, long

dry spells may draw salts up to near the surface and
damage plants

0.81-1.20 Moderately saline. Only salt tolerant plants can
survive
>1.20 Saline. Few plants will survive

Source: Soil and Plant Analysis Council Inc 1999 (2000) p. 60, 61

3.6.3 Nutrient Analysis

A sample of 100g was taken from approximately the top 6¢cm of soil at each of the
108 sample sites for all 11 plots. The samples were air-dried in the field and
packaged in paper bags to rule out potential contamination. As the nutrient
sample could not be taken from the exact position of the bulk density sample, a
system was undertaken that involved alternating the bulk density location and the
nutrient sampling site. This system was also implemented to avoid biased results.
Samples were taken at a fixed distance of 15cm either at 90° or 270° from the
sample origin. Although the position of sample area varied only slightly it may be
important in later studies to know the vegetation type the sample was taken from.
In the present study the plot is classified as only one generic vegetation type,
however, if micro-scale studies are to be undertaken or underlying patterns in the
data are found, this ancillary data is available.

In the laboratory each sample was air-dried and passed through a 2mm sieve.
The major cations; magnesium, calcium, potassium and sodium as well as
phosphorus were extracted using the Mehlich No. 3 extraction method as
described in the Soil Analysis Handbook of Reference Methods (Soil and Plant
Analysis Council, Inc. 1999, 2000). This method was used as it has been found to
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be applicable to a range of soils as well as correlating well with Mehlich No. 1,
Mehlich No.2 and the ammonium acetate extraction method. The levels of
nutrients were determined using an ICP-AES.

3.7 Statistical and Geostatistical Methods

3.7.1 Brief Overview

An integral aspect of this research was to determine the spatial patterns of soil
resources across different vegetation communities. However, as a consequence
of the multi-faceted nature of the environment, a complex series of processes and
interactions exist. Each process itself could potentially operate at different scales
simultaneously, in a non-linear way, and with local positive feedback (Webster and
Oliver, 2001). As a result, the outcome can be so complex that variation appears
to be random. A deterministic description of the distribution of soil properties is
therefore not applicable.

In contrast, geostatistics address the issues associated with the complex and
highly variable parameters that define soil through the recognition of the influence
of scale and the impact of autocorrelation. Geostatistical techniques allow the
spatial variation of soil to be described quantitatively, unsampled points can be
predicted and error margins defined.

The benefits and progressive nature of geostatistics, particularly its application in
soil science, has been discussed in detail by many, such as: Goovaerts (1999),
Brus and Gruijter (1997) and Webster and Oliver, (2001). Furthermore, many
examples of how geostatistics have been utilised in soil studies exist; ranging from
its use in defining the spatial variability of nutrients in soil (Schlesinger et al., 1996;
Gonzalez et al., 1996) and general soil properties (Sun et al., 2003; Carroll and
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Oliver, 2005; Western et al., 1998) to identifying spatial relationships among soil
properties and weed populations (Gaston ef al., 2003). Geostatistical analysis is
considered a fundamental tool in soil science, and is therefore used to evaluate
and characterise the spatial patterns of the soil parameters in this study.

In order to fully understand the characteristics and spatial patterns of soil
properties a number of different statistical techniques have been applied to the
data. Both intra-plot and inter-plot comparisons were made, contributing to the
overall assessment of soil characteristics in semi-arid landscapes. These
statistical results were calculated for each soil parameter; a detailed description
and the purpose of each test are as follows:

a) Test of normality, descriptive statistics and inter-plot analysis

The nommality of the data was investigated using histograms and descriptive
statistics. Due to the large quantity of datasets the histograms can be found in
appendix 1, boxplots of the four grassland plots have been provided within the
chapter for summary purposes.

The reason for testing the normality of each parameter is two-fold. Firstly, it
provides an indication of the general distribution of data and allows the
identification of outliers. Secondly, it provides an indication of the applicablility of
geostatistics to the dataset and thus the pre-processing techniques that may need
to be carried out before the analysis. If the data are skewed then the data may
need to be transformed and/or outliers removed. Extreme values are potentially
caused by measurement errors both in the field and in the laboratory. However,
caution has to be exercised when removing outliers, particularly in semi-arid
environments which are commonly found to display a wide range of values. As
with all statistical, and particularly geostatistical, analyses it is important to
consider the underlying physical processes and any prior knowledge about the
region when manipulating data (Webster and Oliver, 2001). A protocol for the
removal of outliers was determined. Due to the adverse impact on the
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geostatistical analysis, the removal of outliers was only considered if the
distribution was classed as highly skewed. A maximum of three values could be
removed. If the removal of these values did not improve the skewness of the data
then transformations were performed. The removal of the outliers in favour of
transforming the data was justified as transformed data affects the comparability of
the final results.

Summary statistics were calculated using Minitab versions 13 and 14. These
basic descriptive statistics are used to assess the general characteristics of the
datasets including the central tendency, dispersion and shape of the frequency
distribution. Inter-plot comparisons are made with particular attention paid to the
mean, range and coefficients of variation, which are used to summarise the
general variability of the datasets. = The original datasets are used for the
descriptive and statistical investigations.

b) Analysis of variance (ANOVA) tests and two-sample T-tests

Following the descriptive statistics, the parameter in question is then subject to
inter-plot comparisons using either an analysis of variance test (ANOVA) or a two-
sample T-test. Although some datasets were identified as being skewed, these
tests are considered to be relatively robust against non-normal distributions
therefore the original datasets are used to calculate the aforementioned statistics.

The ANOVA test is used to analyse statistically whether the parameter values
across all the plots differ significantly or, in statistical terms, whether the samples
come from a populations with similar distributions. If there are significant
differences among the plots, within plot variability would be expected to be much
smaller than the between plot variability giving a /arge F value. The latter test is
used to identify statistically whether significant differences exist between the
parameters derived from the plots located in South Africa and similarly whether
significant differences exist between the plots located in New Mexico. These tests
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have been undertaken to assess the influence of geographical location on the
mean values of parameters from each plot. All statistics are tested at a
significance level of 0.05.

¢) Intra-plot variation

In order to visualise the distribution of data within each plot at a more detailed
level, the means and standard deviations of each cell were calculated and plotted.
Also, the cells within each of the three spatial scales (1.5 x 1.5m, 10 X 10m and 30
x 30m) are highlighted in order to assess whether scale of measurement strongly
influences the spread of data, thus havihg implications on future sampling
strategies.

d) Geostatistical analysis

The geostatistical analysis was used to quantify the spatial variability of the soil
properties. For each parameter the geostatistical analysis was divided into three
parts; the first and main analysis was the semi-variogram, then follows the Geary’s
C and Moran’s | statistics, respectively. Three different geostatistical methods are
utilised in order to derive the most appropriate conclusions about the spatial
structures as it is well documented that no single method is completely reliable
(Dale et al., 2002; Perry et al., 2002). However, before any geostatistical analysis
was carried out a number of pre-processing stages had to be implemented. The
pre-processing stages are summarised in stages i) to iii) of figure 3.11.
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i) Check data for outliers Ifpresent  Remove outliers
None

i) Check for normality No Transform
Yes

iii) Standardise data

iv) Construct experimental variograms

v) Check for trends or drift If present Remove trend by using residuals
None

vi) Identify appropriate lag and associated experimental variogram

vii) Fit model variogram

Figure 3.11 Pre-processing stages and protocol for semi-variogram calculations

3.7.2 Calculation of the experimental semi-variogram

Experimental semi-variograms were calculated in order to define the spatial
continuity of the soil parameters of interestt The semi-variogram shows the
average variance found in comparisons of samples taken at increasing distance
from one another (Schlesinger et al., 1996). The nested sampling strategy was
therefore designed and developed with the knowledge that different soil
parameters may operate at different scales and thus incorporated fine to broad-
scale measurements across the 60m x 60m plot (as discussed in section 3.4).

The experimental variogram is defined as:
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Equation 3.4

H *)-i Zfe(*)*(*+A)r

where n is the number ofpairs of sample points ofthe values of attribute g at location x

separated by distance orlag interval h.

In words, the expected squared difference between two data values separated by

a distance vector (h) is the variogram; the sem/'-variogram y{h) is one half of the
variogram 2y(h) (Gringarten and Deutsch, 2001). Therefore the semi-variance

y(h) for continuous data can be defined as:

Equation 3.5

2 re(h)=t

The experimental semi-variograms were calculated using VARIOWIN software
(Pannatier, 1996). As VARIOWIN does not permit the use of irregular lag
distances in the construction of a semivariogram, 8 semivariograms were created
for every parameter from each of the 11 plots using different lag distances. These
were: 0.5m, 1.0m, 2.0m, 3.0m, 4.0m, 4.5m, 5.0m and 6.0m. The lag distance
demonstrating the clearest spatial structure was then chosen. However, the other
semivariograms, particularly those created using the smallest lag distances,
assisted in the interpretation of the data and the application of the most

appropriate model, these can be found in appendix 3.

The experimental variograms were also used to identify the presence of drift in the
datasets. If the variance continued to increase without reaching a sill, the data

was analysed for trends by calculating and mapping the focal mean using ArcGIS
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vs 9.0 software. If drift was identified, this was removed by calculating the

residuals; this dataset was then used for all geostatistical analyses.

3.7.3 Variogram models

In order to interpret an experimental variogram, the data must be fitted to a
theoretical model. One of the most controversial topics in geostatistics is the
debate surrounding the methods of choosing and fitting variogram models to the
data. Two main methods are commonly employed to fit the models, manually, by
visual inspection and mathematically, using ‘black-box’ software (Webster and
Oliver, 2001). However, Webster and Oliver highlight that both methods are

associated with a number of difficulties for a number of reasons, including:

i) The accuracy of the observed semivariances is not constant.
ii) The variation may be anisotrophic.
iii) The plotted semi-variogram may display much point-to-point fluctuation.

iv) Most models are non-linear in one or more parameters.

For these reasons Webster and Oliver recommend a procedure that involves both
visual inspection and statistical fitting. A number of different models exist,
including: the spherical, Gaussian, exponential and linear models. Figure 3.12

demonstrates some of these models.
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Linear
Model

Random Model

Spherical
Model

Co =
Nugget

Lag Distance

Figure 3.12 Theoretical interpretations of semi-variograms, showing the proportion of variance
found at increasing lag distances. Curve a is expected when soil properties are randomly
distributed. Curve b is expected when soil properties show spatial autocorrelation over a range
(Ao) and independence beyond that distance. Curve c depicts a large-scale trend in the distribution
of soil properties, but no local pattern within the scale of sampling.

Source: Schlesinger et al., (1996) p. 365

If the data are randomly distributed, little change in the semi-variance will be
witnessed with increasing distance. Thus, the total sample variance will be found
at all scales of sampling and the semi-variogram will be essentially flat,
demonstrated by curve a (Schlesinger et al., 1996). If a pattern in the data exists,
firstly the semi-variogram will rise reflecting autocorrelation. The curve will then
level off indicating the distance at which the samples become independent, this is
known as the sill as demonstrated by curve b. The range (A0) of the semi-
variogram determines the scale of the spatial pattern existing in the measured
parameter. The nugget value (C0) at zero lag distance, indicates the variance that
exists at a finer scale than the sampled area. A high nugget value suggests that
most variance occurs over short distances and a high nugget to sill ratio indicates
the presence of a random pattern in the measured parameter (Schlesinger et al,,
1996). The ratio of nugget variance (CO) to sill variance (CO+ C 1) therefore
provides an indication of the extent of spatial dependence. Cambardella et al.,
(1994) suggest an index to define the degree of spatial dependence based on the

nugget-to-sill ratio (table 3.4).

-86-



Chapter W Study Area & Methodology

Table 3.4 Index of spatial dependence

Ratio of nugget variance Degree of spatial
(CO) to sill variance (CO+ C 1) dependence
Less than 25% Strong
25- 75% Moderate
Greater than 75% Weak

Adapted from Cambardella et al., 1994

The semi-variograms in this study were fitted to the appropriate models using the
‘manual’ function in the VARIOWIN software (Pannatier, 1996). This method was
chosen as Olea (1999) and Wackernagel (2003) argue that visual fitting is more
appropriate for the detection of underlying structure as automatic fitting fails to
consider the influence of outliers. The processes undertaken to reach this stage

are summarised in figure 3.13.

The semi-variogram graphs and the statistics derived are presented for all plots.
Although many researchers are only interested in the statistics, the general form of
the graphs also provides an indication of the spatial patterns in the landscape,
especially those that may be considered overly complicated to model but exist

none the less.

Where periodicity was evident in the datasets, the closest model was applied to
data to derive a range of spatial autocorrelation. @ However, where strong
periodicity was displayed, the semi-variance data was also presented the form of a
graph with connecting lines. This allowed the wavelengths to be analysed to
derive whether or not the spatial patterns of the soil parameters correspond to the
expected patterns caused by shrub and intershrub areas. The implications of

these patterns are discussed in chapters 7 and 8.
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e) Geostatistical analysis: Moran’s | and Geary's C statistics

Due to the debate surrounding the reliability of geostatistical techniques, it is
recommended that more than one measure of spatial autocorrelation is
implemented to assess the spatial patterns of a property (Dale et al., 2002; Perry
et al.,, 2002). Arguably one of the most debated aspects of semi-variograms is the
impact of sample size. Therefore, in acknowledging the relatively small sample
sizes used in this project, a more robust measure of spatial autocorrelation with
respect to sample size was applied to the data, the Moran’s | statistic. Both
statistics were calculated using the RookCase software (Sawada, 1999). In
addition, a squared-difference coefficient was calculated, called the Geary’s C
statistic. This was chosen because of its similarity to the semi-variogram. The
same data were used to calculate all three measures of spatial autocorrelation to
allow comparisons to be made between the techniques. The Moran’s | and
Geary’s C statistics are presented in graphical form, called a correlogram, using
the same lag distances used for the semi-variograms. As each plot was best
represented by different lag distances a key is provided for each graph to indicate

the true lag on the standardised scale.

The conceptual and mathematical relationships that exist among methods of
spatial analysis are described in detail by Dale et al., (2002). However, the
relationship that exists between Moran’s | and Geary’s C is such that, in principle,

the two graphical outputs should mirror each other. Interpretation is based on the

following:

Moran’s | Geary’s C Interpretation

I>-1/(n-1) Positive Spatial C<1 Spatial clustering of
Autocorrelation high and/or low values

| < -1/(n-1) Negative Spatial C> 1 Checkerboard pattern

Autocorrelation

Adapted from: Anselin (08/08/2006)
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In particular, these graphs are used to assess whether periodicity is evident in the
data. Due to software and time restrictions this type of output cannot be modelled
from the experimental variograms but if periodicity is evident from all three
statistical methods further conclusions can be drawn from the data. Unfortunately
the correlograms do not differentiate between clustering of high and low values

therefore interpretation has to be carried out with caution.

3.8 Summary

An overview detailing the specific field requirements for this study has been
presented. Two semi-arid study regions have been identified as being
representative of the characteristic degradation processes, specifically vegetation
change in the form of grassland to shrubland transitions. In the Karoo, extensive
grasslands are rare and karroid dwarf shrubs dominate the landscape,
interspersed with areas of dense rill networks that are collectively known as
badlands. Much debate surrounds the definition, extent, causal factors and
consequences of degradation in the Karoo and as such, a better understanding of
the underlying processes of degradation in this region is required. Due to the
absence of extensive grasslands in the Karoo, an auxiliary site was incorporated
into the study. The Sevilleta National Wildlife Refuge, a LTER site, was chosen as
the area is currently undergoing a grassland-shrubland transition. Grasslands are

still prevalent but extensive areas are under threat of shrub invasion.

Detailed site descriptions are provided for both fieldsites, including; soil, vegetation
and climatic characteristics as well as a brief landuse history of the area. In total,
11 plots were constructed to fully represent the spectrum of vegetation
communities and thus the different stages of land degradation evident in semi-arid
environments. A nested sampling strategy was developed to aid the identification
of spatial patterns of soil parameters at a range of spatial scales. A total of 108
samples per plot were collected and a number of physical and chemical properties

were measured.
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The principles behind the identification of spatial patterns using geostatistical
analysis were outlined and the justification for its applicability presented.
Notwithstanding the fact that the use of geostatistics does not substitute field-
sampling itself, it provides a useful tool that permits the identification of spatial

patterns in the landscape and the scales at which they exist.
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CHAPTER FOUR
Grasslands:

Analysis of the Spatial Continuity of Soil Properties

4.1 Introduction

4.2 Organic matter content

4.3 Bulk density

4.4 Soil moisture

4.5 Shear strength

4.6 Particle-size distribution analysis
4.7 Soil-aggregate stability

4.8 pH

4.9 Electrical conductivity

4.10 Nutrient content analysis

4.11 Key findings

4.1 Introduction

This chapter presents the results and discussion of the spatial distribution of soil
parameters derived from plots classified as grasslands. The chapter investigates
the notion that grassland landscapes are traditionally considered homogeneous,
both in vegetation cover and the associated grassland soil parameters
(Schlesinger et al., 1990). More recently, however, it has been suggested that
contrary to being homogenous, grasslands exhibit heterogeneous spatial patterns
albeit at smaller scales than those displayed by shrubland landscapes (Hook et al,,
1991; Schlesinger et al., 1996).
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Four plots in total have been investigated including three grassland plots and a
mixed vegetation plot. The mixed vegetation plot has been included in this
chapter as the grass to shrub ratio marginally favours a grassland classification.

Table 4.1 indicates the plot number that will be referred to throughout the chapter,

the associated vegetation type and study region.

Table 4.1 Grassland plot identification data

Plot number Vegetation Type Study Region

1 Mixed Karoo
2 Grassland Karoo
8 Grassland Sevilleta NWR
10 Grassland Sevilleta NWR

As it is hypothesised that the mechanisms underlying the erosional process, as a
consequence of vegetation change, are characteristic of all semi-arid regions the
spatial patterns in the Karoo should, in principle, mirror those in New Mexico.
Although the applicability of this hypothesis will be investigated statistically in this
chapter, comparisons will only be made on an individual soil parameter basis. The
validity of this hypothesis is considered a separate aspect of the research question

and will therefore be discussed in detail in chapter seven.

Due to the large data set and interrelated nature of the study the chapter has been
structured in such a way that each soil parameter is dealt with in turn. Therefore,
for each parameter, a separate summary will follow the results of the four plots.
An overview will be provided at the end of the chapter summarising the key

findings.
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4.2 Organic matter content

4.2.1 Results:

a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 4.1) show that the
datasets from all plots are positively skewed. Plots 1 and 2 are considered to be
highly positively skewed as the skewness values are greater than 1 (see table
4.2). More outliers are displayed in the Karoo datasets and all are evident at the

upper end of the measurement scale.

Boxplot of Organic Matter Content (% ) in Grasslands

O — ”’:inéﬁw'-
=~

N W

Plotl Plot 2 Plot 8 Plot 10

Figure 4.1 Boxplots representing the sample distribution of organic matter content in the grassland
plots.
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Inter-plot comparisons of the descriptive statistics can be seen in table 4.2. The
two plots with the highest mean values and greatest ranges are plots 1 and 2, the
two plots situated in the Karoo, South Africa. Interestingly, the coefficient of
variation (Coef Var) values, which are an index of the overall plot variation relative

to the mean, do not vary greatly across the different plots.

Table 4.2 Inter-plot comparisons of descriptive statistics: Organic matter content

Mean 3.05 3.80 2.74 1.92
Median 2.88 3.61 2.59 1.84
SE of Mean 0.07 0.1 0.07 0.04
St Dev 0.77 1.1 0.71 0.37
Variance 0.60 1.24 0.50 0.13
Coef Var 25.40 29.27 25.75 19.14
Minimum 1.90 2.07 1.67 1.31

Maximum 7.48 7.95 4.58 2.88
Range 5.58 5.88 291 1.57
IQR 0.78 1.40 0.91 0.60
Skewness 2.62 1.08 0.66 0.45
Kurtosis 11.19 1.19 -0.49 -0.66

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
106.06, p<0.005).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t=-5.75,
p<0.005). Similarly, there is a significant difference between the means of plots 8

and 10, the two plots located in the Sevilleta NWR (t=10.79, p<0.005).
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¢) Intra-plot variation

Examination of the means and standard deviations at each spatial scale (figure
4.2) do not show any significant characteristics that applicable to all the plots.
Therefore the initial results suggest that the sample distribution of organic matter
content is not significantly affected by the scale of sampling in a plot scale study.
On a basic level these results imply that each grassland plot displays a relatively
homogenous organic matter content, however geostatistical analysis will
investigate this on a more comprehensive level.
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Figure 4.2 The means and standard deviations of organic matter content for each cell within the
plots. Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink
represents 1.5 x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Before geostatistical analysis was carried out the descriptive statistics were used
to assess the applicability of the datasets to spatial analysis. Two outlier values
were removed from plot 1 and one from plot 2. No datasets had to be transformed
and no trends were evident. Table 4.3 shows the numerical results and the

associated semi-variogram graphs are presented in figure 4.3.

Table 4.3 Geostatistical analysis of organic matter content of grassland plots
Parameter: Organic Matter Content

Nugget
Plot Value Sill Range (m) Nugget-to-sill Ratio

No.  Veg Type Fitted Model (Co) (Co+Ci) (a) (Co)/ (Co+C!)

1 Mixed Spherical 0.53 1.11 5.98 0.48

2 Grassland Gaussian 0.34 1.12 21.09 0.30

8 Grassland Spherical 0.25 1.01 14.06 0.25
10 Grassland Nugget 1.00 na na na

a) b)

Omnidirectional Omnidirectional

17
08 Qa8
06
02 2
O 4 8 Q 16 2) 24 28 0 4 8 Q 16 m 24 28 32 36
] ]
Plot 1 Plot 2
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Figure 4.3 Semi-variograms of the organic matter content of the grassland piots. Plots 1 and 2 (a
& b) are situated in the Karoo, S. A. and plots 8 and 10 (c & d) are situated in the Sevilleta, NWR,

N. M.

The results are as follows:

i)

The mixed vegetation plot in South Africa (plot 1) has the smallest range
of spatial autocorrelation at 5.98m although it displays the highest
nugget-to-sill-ratio indicating moderate spatial dependency.

The grassland plot in South Africa has the largest range of spatial
autocorrelation at 21.09m. As the most appropriate model to fit this data
is a Gaussian model comparisons made with other models spatial
parameters are inappropriate. However, this itself indicates that the two
plots from the Karoo exhibit different characteristics.

The two plots in New Mexico vary significantly. Plot 8 has a range of
14.06m whereas plot 10 is best represented by a pure nugget model
indicating a random pattern among the data.

There are no obvious characteristics that indicate a typical spatial
structure for grassland plots in either the Karoo or the Sevilleta NWR.
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e) Geostatistical analysis: Moran's | and Geary’s C statistics

The results are as follows: (see figure 4.4)

ii)

The Moran’s | and Geary’s C correlograms mirror each other relatively
well, this increases confidence in the results.

The Geary’s C analysis, which is closely related to the semi-variogram
shows that plot 1 exhibits evidence of spatial clustering until lag 2 (5 > to
<= 10m). This coincides with the range of 5.98m given by the semi-
variogram. Spatial clustering is also suggested at lag 3 (10 > to <=
15m), this is evident in the semi-variogram but is not as prominent. As
this statistic does not differentiate between high and low cluster values
exact interpretation of this is difficult, however, it may signify a bare
patch in the ground cover resulting in a low organic matter content.

Plots 2 and 8 are relatively well represented by the Geary’s C statistics,
the results appear to be comparable to those of the semi-variogram.

Plot 10 shows undulation above and below 1 on the Geary’s C scale
indicating that although the semi-variogram classes this as a random
pattern, periodicity may exist suggesting ‘patchiness’ in the distribution
of organic matter.
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a)
Grassland Plots: Moran's | and Geary's C Statistics for Organic
Matter Content
-4 —Plot 1 Moran's |
——Plot 1 Geary's C
Plot 2 Moran's |
Plot2 Geary's C
Plot 8 Moran's |
-+ —Plot8 Geary's C
-4 —Plot 10 Moran's |
— Plot 10 Geary's C
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b)
Lag increment
codes Plot 1 Plots 2, 8, 10
1 0>to<=5 0>to<=45

5>to <= 10 45>t0<=9
10 > to <= 15 9>to <= 13.5
15>to <=20 13.5>to <= 18
20 >to <= 25 18 >to <=22.5
25>t0<=30 225 >to<=27
27 >to <= 31.5
31.5 >to <= 36
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Figure 4.4 a) Moran’s | and Geary’s C correlograms for the organic matter content of the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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4.2.2 Summary

Although the four plots have mean values that are considered statistically different,
the general distribution characteristics can be grouped by geographical location
demonstrating the influence of soil type and/or grass species. Both plots from the
Karoo have a higher mean OM content and a greater range of values than the two
plots from the Sevilleta NWR. However, relative to the mean, the intra-plot
variations are similar as demonstrated by the coefficients of variation.

A cell by cell account of the distribution of values across the four plots demonstrate
that the organic matter contents do not vary significantly thus can be classed as
having a relatively homogenous structure.

However, the geostatistical analysis provides a more comprehensive study of the
spatial distribution of OM contents of the plots. Only one grassland plot, plot 10,
exhibits no spatial patterns. Of all the grassland plots, the descriptive statistics
identified this plot as having the least variation, therefore we can be reasonably
confident that this interpretation in correct. In contrast, spatial patterns were
evident in plots 1, 2 and 8. Plot 1, the mixed vegetation plot has the smallest
range of spatial autocorrelation at 5.98m whereas plots 2 and 8 has larger ranges
of 21.09m and 14.06m, respectively.

Plot 2, the pure grassland plot located in the Karoo, has a considerably larger
range of spatial autocorrelation than plot 1 and a stronger spatial correlation
according to the nugget-to-sill ratio. As a considerable number of shrubs were
identified in plot 1, this finding may be an initial indication of the influence of
shrubs, their promotion of shorter ranges of spatial autocorrelation and thus
increased spatial heterogeneity amongst soil parameters.  According to
Cambardella and Karlen (1999) a low nugget-to-sill ratio combined with a small
range indicates a patchy distribution thus supporting this interpretation.
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Comparisons between the two Sevilleta NWR sites indicate that although the two
grassland sites appear to be similar visually, the spatial structures of organic
matter content are different. Plot 8 displays obvious spatial autocorrelation
(14.06m) whereas piot 10 is best represented by a pure nugget model. Despite
this, some periodicity is evident in plot 10’s semi-variogram implying regular
patterns of organic matter content exist across the plot.

4.3 Bulk density

4.3.1 Results

a) Test of normality, descriptive statistics and inter-plot variation

Negatively skewed distributions are evident in plots 1 and 2 whereas plots 8 and
10 can be classed as having normal distributions (figure 4.5). Both plots 1 and 2,
the two plots located in the Karoo, display outliers at the lowest end of the scale of
measurement whereas plots 8 and 10, located in the Sevilleta NWR, display
outliers at the upper end of the scale of measurement.
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Boxplotof Dry Bulk Density (g/cm3) in Grasslands
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Figure 4.5 Boxplots representing the sample distribution of dry bulk density in the grassland plots.

Both the boxplots and the descriptive statistics (table 4.4) demonstrate that
although the mean and median values of all four plots are relatively similar, the
distribution of data varies. There is consistency in the maximum values found from
each plot but plots 1 and 2 appear to have a much lower minimum bulk density
than plots 8 and 10. The coefficient of variation values reflect these differences;
plots 1 and 2, situated into the Karoo, South Africa have values of 17.64% and
17.48% respectively, values that are at least double the coefficient of variation

values of plots 8 and 10, which are situated in the Sevilleta NWR, New Mexico.
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Table 4.4 Inter-plot comparisons of descriptive statistics: Dry bulk density (g cm 3)

Mean 1.19 1.18 1.22 1.33
Median 1.22 1.21 1.22 1.33
SE of Mean 0.02 0.02 0.01 0.01
St Dev 0.21 0.21 0.1 0.09
Variance 0.04 0.04 0.01 0.01
Coef Var 17.64 17.48 8.76 6.61
Minimum 0.47 0.45 0.98 1.16
Maximum 1.56 1.53 1.51 1.57
Range 1.09 1.08 0.52 0.41
IQR 0.26 0.29 0.13 0.11
Skewness -1.17 -0.69 0.19 0.46
Kurtosis 1.77 0.53 0.22 0.40

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=

18.86, p<0.005).

It can be concluded from the two-sample t-test that there is a no significant
difference between the means of plots 1 and 2, the two plots located in the Karoo
(t=0.49, p=0.668). However, there is a significant difference between the means of

plots 8 and 10, the two plots located in the Sevilleta NWR (t=-8.10, p<0.005).

¢) Intra-plot variation

A number of observations have been made from studying the mean values and

standard deviations of each cell for each plot (figure 4.6).

i) The cells representing the largest scale of measurement (30 x 30m) in

plot 1 have the highest mean values of dry bulk density but the smallest
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standard deviations. The cells representing the two other scales (10 x
10m and 1.5 x 1.5m) do not vary significantly.
The general trend of mean dry bulk densities from plot 2 is that as the
scale of measurement increases the mean value increases. Although
the cells representing the smallest scale display the greatest variation in
mean values and standard deviations.
Plots 8 and 10 display similar characteristics across all three scales of
measurement. Less variation in the mean values and standard
deviations are evident than in the Karoo plots (1 and 2). However, in
both plots there is significant variation in mean values and standard
deviations between the two cells representing the largest scale, 30 x
30m.
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Figure 4.6 The means and standard deviations of dry bulk density for each cell within the plots.
Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5
x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Three outlier values were removed from plot 1 and one from plot 2 before
geostatistical analysis was carried out. No dry bulk density datasets had to be
transformed and no trends were evident. Table 4.5 shows the numerical results

and the associated semi-variogram graphs are presented in figure 4.7.

Table 4.5 Geostatistical analysis of the dry bulk density of grassland plots
Parameter: Dry Bulk Density

Plot Nugget Value Sill Range (meters) Nugget-to-sill Ratio
No. Veg Type Fitted Model (Co) (Co+CO (Co)/ (Co+Ci)
1 Mixed Spherical 0.56 1.06 8.60 0.53
2 Grassland Gaussian 0.41 1.03 11.55 0.40
8 Grassland Spherical 0.34 1.24 6.60 0.32
10 Grassland Spherical 0.63 1.01 9.30 0.62
a) b)
W Omnidirectional

Omnidirectional

0.8

0.4 0.4

0.2 (2
O 4 8 Q 16 2) 24 28 32 36 O 4 8 'Q 16 @ 2
|I’h W 28 32
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c) d)
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Figure 4.7 Modelled semi-variograms for the dry bulk density of grassland plots.

The results are as follows:

i) The spatial autocorrelation ranges of dry bulk density vary from 6.60m to
11.55m and all nugget-to-sill ratios suggest moderate spatial
dependency.

ii) All plots except plot 2 were best represented by a spherical model. A
Gaussian model was fitted to the data from plot 2.

iii) Plot 8 displays evidence of a significant ‘hole effect’. Although this is
ignored with respect to fitting a model due to the complexities involved it
can be seen in the data points shown in graph c. This is thought to be
caused by patches in vegetation cover.

iv) There are no distinct spatial characteristics evident with respect to the
geographical location of the plots.
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e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.8)

iii)

Comparisons made between the Moran’'s | and the Geary’'s C
correlograms show that plots 1 and 2 produce comparable results,
whereas plots 8 and 10 show a weaker relationship between the two
statistics, particularly at the shorter lag distances. This suggests more
confidence can be placed in the results of the first two plots. However,
this observation may just reflect the Moran’s | test’s response to the hole
effect evident in plot 8 and to a lesser degree in plot 10.

The Geary’s C analysis shows that the ranges of spatial autocorrelation
calculated by the semi-variogram are similar to the distances derived
from the correlograms for all four plots.

The ‘hole effect’ evident in plot 8 is well represented by the Geary’s C
correlogram. Although it does not differentiate between clusters high
and low values, the graph can be seen to fall below 1 between the
distances of approximately 8m to 22m lag distances signifying a
clustering of values. This corresponds to results produced by the semi-
variogram (c).
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a)
Grassland Plots: Moran's | and Geary's C Statistics for Dry Bulk
Density
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codes Plot 1 Plot 2 Plot 8 Plot 10
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2 45>t0<=9 4>t0<=8 2>to<=4 3>to<=6
3 9>to <= 135 8>to<= 12 4>t0<=6 6>t0<=9
4 135>to <= 18 12>to<=16 6>to<=8 9>to<=12
5 18>t0<=225 16>t0<=20 8>to<=10 12>to<=15
6 25>t0<=27 20>to<=24 10>to<=12 15>to<=18
7 27>t0<=315 24>t0<=28 12>to<=14 18 >to <=21
8 315>t0<=36 28>t0<=32 14>to<=16 21 >to<=24
9 16>to<=18 24 >to<=27
10 18>to<=20 27>to<=30
1 20 >to <= 22
12 22 >to <= 24
13 24 > 10 <= 26
14 26 >to <= 28
15 28 > 10 <= 30

Figure 4.8 a) Moran’s | and Geary’s C correlograms for the dry bulk density of the grassland plots,
b) provides the key to the lag increments used in the correlograms for each plot.
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4.3.2 Summary

All four plots displayed evidence of spatial autocorrelation, the ranges of influence
spanning from 6.60m to 11.55m. The nugget-to-sill ratios all suggest moderate
levels of correlation and no separate characteristic spatial patterns can be
attributed to either of the two study regions.

In contrast, the distributions of the datasets can be characterised by location. The
two plots located in the Karoo (1 and 2) are considered to have the same mean
bulk densities and present a similar distribution of values. The two plots in the
Sevilleta NWR (8 and 10) although have statistically different means, also have
similar distributions patterns. Overall, the mean values across the four plots do not
vary significantly, unlike the distribution patterns. The greater spread of bulk
density values in the Karoo may be related to the species of grass present in this
region or the texture of the soil, however, it can be concluded that although the
range of bulk density values may vary within a plot, this does not appear to
interfere with the spatial patterns evident in the grassland landscapes.

4.4 Soil Moisture

4.41 Results

Soil moisture measurements are strongly influenced by the antecedent rainfall
conditions of the area, thus making comparisons among the absolute values of the
plots difficult. Although detailed rainfall data are not available, a record of the
weather conditions was kept throughout the fieldwork period. Dry conditions
leading up to and during measurement of plots 2, 8 and 10 were recorded,
however, heavy rain was observed shortly before plot 1 was measured.
Therefore, as climatic conditions cannot be standardised, inter-plot comparisons of
the absolute values will not be discussed. However, due to the complex

relationships that exist among soil properties it is important to know the soil
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moisture content in order to interpret results derived from other soil parameters.
As all the data are standardised for the geostatistical analysis, comparisons

among the spatial characteristics are possible.

a) Testofnormality, descriptive statistics and inter-plot variation

The boxplots in figure 4.9 show that plot 1 follows a normal distribution whereas

plots 2, 8 and 10 are all highly positively skewed. All plots except plot 1 display

evidence of outliers, which are only evident at the upper end of the scale of

measurement.
Boxplot of Soil Moisture (% ) in Grasslands
20-
15-
10-
Plotl Plot 2 Plot 8 Plot 10

Figure 4.9 Boxplots representing the sample distribution of soil moisture in the grassland plots.

The descriptive statistics in table 4.6 show that the mean value of plot 1 is
significantly higher than the other three plots, the range of values is wider and it
displays a higher maximum and minimum value. The coefficient variation values
show that relative to the mean, plot 2 shows the greatest within-plot variation.

Plots 8 and 10 also display high coefficients of variation values whereas plot 1
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shows the least variation relative to its mean. As discussed before, comparisons
made among plots are not appropriate, however, due to the spatial and temporal
similarities of the measurements taken from plots 8 and 10, observations can be
made with caution. Plot 10, a grassland plot in the Sevilleta NWR, has the lowest
soil moisture content of all four plots and its mean is approximately half that of plot
8. Although this may be a response to the period of time since the last localised

rain event it may also reflect a difference in soil type or quality compared to plot 8.

Table 4.6 Inter-plot comparisons of descriptive statistics: Soil moisture (%)

Mean 11.59 4.89 4.30 2.48
Median 10.78 4.09 3.85 2.02
SE of Mean 0.34 0.24 0.17 0.1
St Dev 3.52 2.52 1.72 1.17
Variance 12.40 6.37 2.96 1.37
Coef Var 30.39 51.64 40.04 47.28
Minimum 4.04 2.02 1.64 1.02
Maximum 21.48 15.09 11.78 5.54
Range 17.44 13.07 10.14 4.51
IQR 5.01 2.20 2.20 1.49
Skewness 0.45 1.89 1.26 1.02
Kurtosis -0.22 3.79 2.64 0.05

b) Intra-plot variation

As seen in figure 4.10, plot 1 shows a general decrease in mean values with
decreasing scale of measurement. However, the standard deviations do not vary
greatly over the three different scales suggesting that the soil moisture is relatively
uniform across the whole plot and the scale of measurement would not
significantly influence the results. Plot 2 shows the opposite trend; as the scale of
measurement decreases the mean value of the cell generally increases. The
standard deviations of the means vary greatly, particularly when comparing the
largest cells with the smallest cells. The samples within the 1.5 x 1.5m cells
generally have greater standard deviations than the 30 x 30m cells. This is the

opposite response to the one expected if spatial autocorrelation is present. Plot 8
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exhibits a large amount of variation across and within the three scales of
measurement. The results from the 1.5 x 1.5m cells in particular indicate the large
variation of soil moisture measurements. Half the cells show relatively little
variation among the sample values whereas the other half vary greatly. This may
indicate the influence of another factor such as slope or another soil parameter.
Plot 10 displays a similar pattern of variation to plot 8. In general, the greatest
amount of variation is displayed in the largest cell, 30 x 30m and the most
consistent results are derived from the 10m x 10m cells.
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Figure 4.10 The means and standard deviations of percentage soil moisture for each cell within the
plots. Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink
represents 1.5 x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in log transformations of plots 2, 8 and 10.
No trends were identified and no outliers removed. Table 4.7 shows the numerical

results and the associated semi-variogram graphs are presented in figure 4.11.

Table 4.7 Geostatistical analysis of the soil moisture of grassland plots

Parameter: Soil Moisture

Plot Nugget Value Sill Range (meters) Nugget-to-sill Ratio
No. Veg Type Fitted Model (C (Co+CO (Co)/ (Co+CO
1 Mixed Spherical 0.42 0.76 16.17 0.55
2 Grassland*  Spherical 0.41 0.94 1947 0.44
8 Grassland* Spherical 0.59 1.01 10.73 0.58
10 Grassland*  Spherical 0.60 1.07 2511 0.56
*Log transformed data due to highly positively skewed data
a) b)
}d'l) Omnidirectional Omnidirectional
12
. 08
(03]
0.4
0.4
@ @
O ¢ 8 Q 1?\] m # z s 0 4 8 Q 16 D 24 28 32
M
Plot 1 Plot 2
c) d)
Omnidirectional Omnidirectional
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6 06
0.4 0.4
@ 02
O 4 8 Q 16 m 24 28 32 36 0
4

Plot 8

8 2y D u
I
Plot 10

Figure 4.11 Modelled semi-variograms for the soil moisture of grassland plots.

- 116-



Chapter Grasslands

The results are as follows:

The spatial autocorrelation ranges of soil moisture vary from 10.73m to
25.11m and all nugget-to-sill ratios suggest moderate spatial
dependency.

All plots were best represented by a spherical model.

Plots 8 and 10, the two plots considered the most similar with respect to
location and time of moisture sampling, show the greatest difference in
range of spatial autocorrelation.

There are no distinct spatial characteristics evident with respect to the
geographical location of the plots.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.12)

iii)

The Moran’s | and Geary’s C correlograms mirror each other relatively
well, providing confidence in these results.

The ranges of spatial autocorrelation calculated by the Geary’'s C
analysis, however, are consistently lower than the ranges calculated
using the semi-variograms. This suggests that a margin of error should
be considered when interpreting the soil moisture semi-variogram
results.

A cluster has been identified in plot 8 between lag distances of
approximately 9m and 18m, contradicting the previously reported range
of spatial autocorrelation of 10.73m. However, because the semi-
variogram analysis largely ignores the ‘hole effect’ this may explain the
discrepancy in results.

There is also evidence of a cluster in plot 2 starting at a lag distance of
22m and continuing indefinitely.
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Grassland Plots: Moran's I and Geary's C Statistics for Soil
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Figure 4.12 a) Moran’s | and Geary’s C correlograms for the soil moisture of the grassland plots,
b) provides the key to the lag increments used in the correlograms for each plot.

442 Summary

All grassland plots demonstrate large ranges of spatial autocorrelation, from

10.73m to 25.11m and nugget-to-sill values that suggest all show moderate spatial

correlation. Due to the variation in vegetation structures, differences in the mean

values are to be expected between the plots from the Karoo i.e. plot 1 is a mixed
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vegetation plot and plot 2 a pure grassland plot, yet the large disparity between the
ranges of influence evident between the plots in the Sevilleta NWR are surprising.
These plots are considered to be the most similar of the four plots- in location,
vegetation cover and type, however, a difference of nearly 15m between the
ranges of autocorrelation for soil moisture was calculated. This can possibly be
explained by a) the influence of bare patches in plot 8 or b) different underlying soil
processes in action. On closer inspection of the geostatistical results, explanation
a) seems more likely as a ‘hole effect’ can be identified. This indicates the
possible presence of a bare patch, which the modelled variogram ignores.

4.5 Shear strength

4.5.1 Results:

a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 4.13) show that the
shear strength data are relatively varied across the plots. Plot 1 is very slightly
positively skewed, plot 2 is negatively skewed and plots 8 and 10 are both
positively skewed. Plots 1 and 2 do not display any outliers whereas high extreme
values are evident in the two Sevilleta NWR plots.
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Boxplot of Shear Strength (kPa) in Grasslands

Fs=I

Plotl Plot 2 Plot 8 Plot 10

Figure 4.13 Boxplots representing the sample distribution of soil shear strength in the grassland
plots.

Initial inspection of inter-plot variation displayed by the descriptive statistics (table
4.8) shows that the shear strength values of the plots show no consistency across
the four plots or even within the two study regions. It can be seen that the mean
values vary greatly, for example plot 10 has a relatively low mean shear strength
(7.78 kPa) with the smallest range of values (14.9 kPa) whereas plot 2 has the
greatest mean shear strength (32.96 kPa) and range (56.0 kPa). However,
relative to their mean, plot 1 and 2 demonstrate the greatest amount of intra-plot

variation.
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Table 4.8 Inter-plot comparisons of descriptive statistics: Soil shear strength (kPa)

Mean 16.11 32.96 19.72 7.78
Median 15.85 31.40 18.70 7.45
SE of Mean 0.75 1.40 0.71 0.23
St Dev 7.74 14.57 7.39 2.36
Variance 59.98 21213 54.60 5.56
Coef Var 48.09 44 .21 37.47 30.29
Minimum 2.40 1.40 6.80 3.50
Maximum 32.40 57.40 48.30 18.40
Range 30.00 56.00 41.50 14.90
IQR 12.70 24.25 10.05 2.80
Skewness 0.10 -0.05 0.86 1.26
Kurtosis -0.97 -0.96 1.30 3.25

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
142.72, p<0.005).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t= -10.61,
p<0.005). Similarly, there is a significant difference between the means of plots 8
and 10, the two plots located in the Sevilleta NWR (t=15.99, p<0.005).

¢) Intra-plot variance

The intra-plot analysis (figure 4.14) shows that plots 1 and 2 demonstrate a wide
spread of shear strength values both within each cell and across the plot as a
whole. The scale of measurement does not appear to impact the variability of
results. Plots 8 and 10 exhibit less variation of the mean across the plots and the
standard deviations of each cell are, in general, considerably less than plots 1 and

2. The two latter plots also display evidence of more variation in shear strength
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values at the largest scale of measurement. This indicates that the soil shear
strength in these plots may be spatially related.
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Figure 4.14 The means and standard deviations of soil shear strength for each cell within the plots.

Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5
x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plots 8
and 10. No trends were detected. Table 4.9 shows the numerical results and the

associated semi-variogram graphs are presented in figure 4.15.

Table 4.9 Geostatistical analysis of the soil shear strength of grassland plots

Parameter: Shear Strength

Plot Nugget Value  Sill Range (meters) Nugget-to-sill Ratio
No. Veg Type Fitted Model (C o~A (Co+CO (Co)/ (Co+CO
1 Mixed Spherical 0.78 1.07 8.51 0.73
2 Grassland Gaussian 0.73 1.00 9.24 0.73
8 Grassland Spherical 0.57 1.13 17.16 0.50
10 Grassland Nugget 1.00 na na na
a) b)
Omnidirectional Omnidirectional
0.8 0.8
Q06 0.6
0.4
@ 0.2
0O . 8 2 = NP 4 B8 32 3% 0 . 8 7P 1[” D o
Plot 1 Plot 2
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Figure 4.15 Modelled semi-variograms for the soil shear strength of grassland plots.
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The results are as follows:

Vi)

The spatial autocorrelation ranges of soil shear strength vary from
8.51mto 17.16m.

The data from plot 10 was best represented by a ‘pure nugget’ model
suggesting a random pattern of soil shear strength.

Plots 1 and 8 were best represented by a spherical model. A Gaussian
model was fitted to the data from plot 2.

Evidence of a ‘hole effect’ can be seen in plot 8. Although this is not
modelled due to the complexities involved it can be seen in the data
points shown in graph ¢ between approximately the 8m and 16m lags.
This is thought to be caused by patches in vegetation cover.

Plots 1 and 2, the two Karoo plots have similar ranges of
autocorrelation, both of which are approximately half the range of the
Sevilleta NWR plot (8). However, the nugget-to-sill ratios of plot 1 and
2 are significantly higher than plot 8 suggesting weaker spatial
dependency at these plots.

Using simple models plot 10 has been best described as displaying a
random pattern, however, by studying the semi-variogram (figure 4.15)
plot 10 shows evidence of the ‘hole effect’ and a possible decrease in
variance with increasing lag distance. This suggests the influence of
patches or perhaps a ‘checkerboard’ pattern of shear strength.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.16)

The Moran’s | and Geary’'s C correlograms mirror each other relatively
well, providing confidence in these results.

The results derived from the Geary’s C correlograms are similar to those
produced by the semi-variograms for plot 1, 2 and 8.
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iii) The general pattern of the correlograms produced for plot 2 are different
to those exhibited by the other plots, this is reflected in the usage of a
Gaussian model in the semi-variogram analysis.

iv) The close fluctuation above and below 1 indicates that plot 10 could be
classed as having a random pattern of soil shear strength. However,
starting at a lag distance of 16m the correlograms indicate evidence of
clustering. This could be caused by the influence of another trend that is

greater than the maximum scale measured in this study.

Grassland Plots: Moran's | and Geary’s C Statistics for Shear

Strength
1.6
1.4
——Plot 1 Moran's |
Plot 1 Geary's C
Plot 2 Moran's |
Plot 2 Geary's C
Plot 8 Moran's |
——Plot 8 Geary's C
Plot 10 Moran's |
02 Plot 10 Geary's C
0
0
0.2
-0.4

Lag

- 126-



Chapter M

b)
Lag increment

codes Plot 1 Plot 2, 8 & 10
1 0>to<=45 0>to<=4
2 45>t0<=9 4>t0<=8
3 9>to<=135 8>to<=12
4 135>to <=18 12>to <= 16
5 18>to <=225 16>t0 <=20
6 225>t0<=27 20>to<=24
7 27 >t0<=315 24 >t0<=28
8 31.5>t0<=36 28 >to <= 32

Figure 4.16 a) Moran’s | and Geary’s C correlograms for the soil shear strength of the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

4.5.2 Summary

The descriptive statistics indicate that the four plots display a wide variety of shear
strength values. No consistency is evident within each of the study regions; in
both cases one plot displays a mean value of approximately double the other. The
variation within each plot is relatively high for all sites, nevertheless, the plots from

the Karoo vary the greatest.

The spatial autocorrelation of soil shear strength has been identified in three of the
grassland plots. The modelled variograms of the Sevilleta NWR sites reveal that
the distribution of shear strength in plot 10 shows no indication of spatial patterns
whereas plot 8 has a large range of 17.16m. However, the experimental
variograms suggest that the models may over-simplify the structures and therefore
less confidence placed in these results. Nevertheless the nugget-to-sill ratio of
plot 8 suggests that moderate spatial dependency is evident. The two plots from
the Karoo, however, have similar ranges of correlation (8.51m and 9.24m), both of
which are considerably less than the Sevilleta NWR plot. Despite the shorter
ranges, weak spatial correlation is associated with these plots, indicated by the

high nugget-to-sill ratios.
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4.6 Particle-size distribution analysis

4.6.1 Results

a) Descriptive statistics

Due to time constraints it was only possible to measure the particle size
distribution of one grassland plot. The descriptive statistics of plot 2 are shown in

table 4.10.

Table 4.10 Inter-plot comparisons of descriptive statistics: Particle size distribution

Mean 0.72 19.79 79.50
Median 0.70 18.19 81.09
SE of Mean 0.02 0.71 0.73
St Dev 0.22 7.24 7.44
Variance 0.05 52.47 55.41
Coef Var 30.56 36.58 9.36
Minimum 0.00 5.38 58.69
Maximum 1.24 40.07 94.62
Range 1.24 34.69 35.93
IQR 0.29 10.44 10.78
Skewness -0.19 0.54 -0.53
Kurtosis 1.10 -0.21 -0.20

b) Geostatistical analysis: The semi-variogram and Morans | and Gearys C

correlograms

No outliers were removed from any of the plots and no transformations were
preformed before geostatistical analysis was carried out. None of the datasets
could be modelled using the simple models available, thus only the experimental

semi-variogram graphs are presented (figure 4.17).
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Figure 4.17 Semi-variograms of the particle size distribution of a grassland plot.

The results are as follows:

ii)

The experimental variograms show that the datasets are best
represented by a pure nugget model indicating that no significant spatial
patterns are evident.

However, the clay content variogram demonstrates some evidence of
periodicity.

Relatively regular fluctuation in the data is also evident in the Moran’s |

and Geary’'s C correlograms (figure 4.18) suggesting some spatial
patterns may exist.
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Grassland Plots: Moran's | and Geary's C Statistics for Soil Particle
Size Distribution

-¢—Clay Moran's |

— Clay Geary's C
—~—Sand Moran's |
— Sand Geary's C
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b)
Lag increment
codes Clay and Sand

1 0>to <=1

2 1>to <=2

3 2>to<=3

4 3>to <=4

5 4>to<=5

6 5>to <=6

7 6>to<=7

8 7>to<=38

9 8>to<=9
10 9>to <= 10
1 10>to <= 11
12 11 >to <= 12
13 12 >to <=13
14 13 >to <= 14
15 14 >to <= 15
16 15 >to <= 16
17 16 > to <= 17
18 17 >to <= 18
19 18 >to <= 19
20 19 >to <= 20
21 20 > to <=21
22 21 >to <= 22
23 22 >to <= 23
24 23 >to <= 24
25 24 >to <= 25
26 25 >to <= 26
27 26 >to <= 27
28 27 > to <= 28
29 28 >to <= 29
30 29 >to <= 30

Figure 4.18 a) Moran’s | and Geary’s C correlograms for the particle size distribution of the
grassland plot, b) provides the key to the lag increments used in the correlograms for each plot.

4.6.2 Summary

According to the British classification of soil texture, plot 2 can be classed as
having a loamy sand texture. Although no spatial autocorrelation can be identified
from the experimental variograms of particle sizes across the grassland plot, there
is evidence in the clay content variogram of periodicity. Relatively regular

wavelengths are produced by the Geary’s C correlogram and are seen to a lesser
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degree in the Moran’s |. These patterns suggest that some spatial organisation of

particle size may occur in grassland landscapes.

4.7 Soil-aggregate stability

Unfortunately the technique employed to measure soil aggregate stability (see
chapter 3) did not produced adequate datasets to allow the application of spatial
statistics. All samples from the 108 locations for plots 1, 2 and 10 were sieved in
order to collect aggregates for measurement, however not all samples contained a
sufficient quality or quantity of aggregates. Plot 10 in particular provided a very
poor dataset thus due to the similarities in soil texture with plot 8, combined with
the time constraints in place, a decision was made not to measure the aggregate
stability of plot 8. However, the lack of aggregates in the samples itself is an
indicator of the strength of the soil; this will be discussed further in chapter 8.

4.7.1 Results

From figure 4.19 a number of observations can be made about the aggregate
stability of soil in the three semi-arid mixed and grassland plots:

i) In all cases the number of adequate aggregates obtained from the
samples was low, less than 50% of the total samples per plot contained
suitable aggregates.

ii) Out of 108 samples, plot 10 (Sevilleta, NWR) only had 5 samples
containing suitable aggregates. This suggests that the soil structure is
very weak. However, of the 5 samples measured, only 1 dispersed
completely and the four others lost only a maximum of 40% of their total
weight.

iii) Plot 1, the mixed vegetation plot situated in the Karoo, S.A. had
significantly more measurable aggregates, however, these were largely
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unstable with over 40% of the samples losing more than 50% of their
total weight after agitation and 23% dispersing completely,

iv) Plot 2, the grassland plot situated in the Karoo, S.A. had the most
samples and also the most stable aggregates. No aggregate samples
dispersed completely and more than 70% of the total samples only lost

10% of their total weight.

Aggregate stability: Percentage weight loss

100 1

70 -

m Plot 1
m Plot2
m Plot 10

@I"’J

1 6 1 16 2 26 31 36 4 46

Number of samples

Figure 4.19 The number of aggregates obtained from plots 1, 2 and 10 and the percentage weight
loss after agitation in water.

4.7.2 Summary

Using aggregate stability as an indicator of the erodibility of the soil, the results
suggest that the pure grassland plot in the Karoo (plot 2) is the most stable. This
plot has both the greatest quantity of aggregates and the most stable aggregates.
In contrast plot 10, situated in the Sevilleta NWR, reveals a soil with a weak
structure. Very few aggregates were obtained and those which were measured

were found to be highly unstable.
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Unfortunately these results cannot be compared to those derived from different

studies due to inconsistencies in sampling methods.

4.8 pH

481 Results

a) Descriptive statistics, descriptive statistics and inter-plot variation

No characteristic population distribution is evident for soil pH (figure 4.20). Plot 1
can be classed as a normal distribution, plot 2 is positively skewed and plots 8 and
10 are negatively skewed. Although by taking an average of three soil pH
readings it is hoped that measurement error is reduced, a number of extreme
values are evident. The distribution of plot 10 in particular is strongly influenced by

such values.

Boxplot of Soil pH in Grasslands

Plotl Plot 2 Plot 8 Plot 10

Figure 4.20 Boxplots representing the sample distribution of soil pH in the grassland plots.
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The descriptive statistics show a difference between the pH values from the Karoo
sites and the sites from the Sevilleta NWR. Table 4.11 shows that the soils from
the Karoo are acidic (< pH7) whereas the soils from the Sevilleta NWR are alkali
(>pH7). The coefficient of variance and range values show that pH values within

plots 8 and 10 fluctuate significantly less than plots 1 and 2.

Table 4.11 Inter-plot comparisons of descriptive statistics: Soil pH

Mean 6.40 5.76 8.32 8.44
Median 6.41 5.70 8.34 8.45
SE of Mean 0.04 0.03 0.02 0.01
St Dev 0.44 0.29 0.17 0.10
Variance 0.19 0.08 0.03 0.01
CoefVar 6.90 5.04 2.00 1.17
Minimum 5.20 5.20 7.68 8.01
Maximum 7.56 6.63 8.62 8.64
Range 2.35 1.43 0.95 0.63
IQR 0.62 0.40 0.23 0.09
Skewness -0.09 0.62 -0.88 -1.61
Kurtosis -0.04 0.12 1.06 4.45

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
2509.27, p<0.005).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t=12.61,
p<0.005). Similarly, there is a significant difference between the means of plots 8
and 10, the two plots located in the Sevilleta NWR (t=-6.45, p<0.005).
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¢) Intra-plot variation

The plots do not demonstrate any significant characteristics in their cell by cell
variability across the three scales of measurement (see figure 4.21). In all cases
the measurements taken in the smallest quadrats show a similar spread of data to
those taken from the largest quadrats. Where the variation is great this would
suggest that soil pH may display a ‘checkerboard’ pattern across the 60 x 60m
plots i.e. plots 1, 2 and 8. Where the variation is small this would suggest that no
spatial patterns exist i.e. plot 10.

- 136 -



Chapter M Grasslands

7.50
7.00

6.50
6.00

5.50

6.60
6.40
6.20
6.00
5.80
5.60
5.40
520 pipt 2
5.00
Soil pH A B CODE F G H I J KL

8.70

8.50

8.30

8.70
8.60
11711
8.40
8.30

8.20
8.10
8.00
7.90

780 Plot 10
7.70 I W (RN R T S

A B C D E F G H I J K L
Cell

Figure 4.21 The means and standard deviations of soil pH for each cell within the plots. Green
represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5 x 1.5m
cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plot 8
and two outliers from plot 10. No drift was identified in any of the datasets. Table
4.12 shows the numerical results and the associated semi-variogram graphs are

presented in figure 4.22.

Table 4.12 Geostatistical analysis of the soil pH of grassland plots

Parameter: pH

Plot Nugget Value Sill Range (meters) Nugget-to-sill Ratio
No. Veg Type Fitted Model (Co) (Co+C1) (@ (Co)/ (Co+C-i)
1 Mixed Nugget 1.00 na na na
2 Grassland Nugget 1.00 na na na
8 Grassland Nugget 1.00 na na na
10 Grassland Spherical 0.80 0.30 16.56 0.73
a) b)
Yan) Omnidirectional \G"I‘g Omnidirectional
1.4
12
1
08
06
0.4
2
0 —_— .
N 12 N/I 18 21 24 27 30
Plot 1 Plot 2
C) d)
Yavy Omnidirectional Omnidirectional
1%
1
08
06
0.4 0.4
02
0 0. 8 2 . D
16 th) 4 16 24 28 32
Plot 8 Plot'lO

Figure 4.22 Modelled semi-variograms for the pH of grassland plots.
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The results are as follows:

Only plot 10 demonstrates spatial autocorrelation of soil pH with a range
of 16.56m.

Plots 1, 2 and 8 were best represented by a ‘pure nugget model
suggesting no spatial patterns exist for soil pH.

This suggests that pH can generally be considered as homogenous
across grasslands at the scales of measurement used in this study.

A nugget-to-sill ratio of 0.73 suggests that moderate to weak spatial
dependency describes the results derived for plot 10.

Using simple models plots 1, 2 and 8 have been best described as
displaying no spatial pattern. However, by studying the semi-variograms
all three show some evidence of periodicity and plot 8 also shows a
slight decrease in variance with increasing lag distance. This suggests
that some spatial pattern may exist, perhaps varying scales of the
‘checkerboard’ pattern.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows:

The undulating nature of the semi-variograms are mirrored in the
correlograms.

The results of plots 1 and 10 are considered to be relatively comparable
to the interpretations made from the semi-variograms.

Both the Geary’s C and Moran’s | correlograms show that clustering
occurs with an increase in lag distance in plot 8 thus backing up the
suggestion that a ‘checkerboard’ pattern may exist.

The results for plot 2 suggest that clustering occurs across most lag
distances indicating no particular spatial pattern, however, between lag
distances of approximately 8m and 12m large differences among the
values exist. This is also reflected in the semi-variogram. This peak
may also indicate the influence of ‘patches’ in the plot.
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Grasslands

Grassland Plots: Moran's |and Geary's C Statistics for pH

b)
Lag increment
codes Plot 1
1 0>to<=3
2 3>to<=6
3 6>to<=9
4 9 >to <= 12
5 12 >to <= 15
6 15 >to <=18
7 18 >to <= 21
8 21 >to<=24
9 24 > to <= 27
10 27 >to <= 30
11
12
13
14
15

Plot 2
0>to <=2
2>to<=4
4>to<=6
6>to<=8
8 >to <= 10

10 > to
12 >to
14 > to
16 > to
18 > to
20 > to
22 >to
24 >to
26 >to
28 >to

<= 12
<= 14
<= 16
<= 18

—* - Plot 1 Moran's |
Plot 1 Geary's C
Plot 2 Moran's |
Plot2 Geary's C
Plot 8 Moran's |

— Plot 8 Geary's C

—i— Plot 10 Moran's |
Plot 10 Geary's C

Plot 8 & 10
0>to<=45
45>t0<=9
9>to <= 135
13.5>to <= 18
18>to<=225

225>t0<=27
27 >to<=31.5
31.5>t0<=36

Figure 4.23 a) Moran’s | and Geary’s C correlograms for the soil pH of the grassland plots, b)
provides the key to the lag increments used in the correlograms for each plot.
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4.8.2 Summary

The results show that the Karoo soils are acidic whereas the Sevilleta NWR soils
are alkali. Again, greater inter-plot variation is evident in the Karoo sites. Contrary
to the initial conclusions reached by studying the intra-plot graphs of the means
and standard deviations, geostatistical analysis demonstrates that all plots except
plot 10 display no spatial patterns. Although plot 10 shows evidence of spatial
correlation, with a range of 16.58m, a high nugget-to-sill ratio indicates a weak
spatial dependency.

Although the best model to represent the datasets from plots 1, 2 and 8 was the
pure nugget model indicating random variance, undulation in the experimental
variograms is evident. Although too complex to model using the available
software, Variowin, this periodicity in the datasets indicate that patches in the
vegetation may be creating some variation in the pH values. Plot 8 also shows a
slight decrease in variance with increasing lag distance. This suggests that the
soil pH may be displaying evidence of a ‘checkerboard’ pattern.

4.9 Electrical conductivity

4.9.1 Results

a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 4.24) show that the
datasets from all plots display varying degrees of positively skewed distributions.
However, the skew of plot 10 is weak and can therefore be classed as having a
normal distribution. Extreme values are only evident at the upper region of the
scale.
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Boxplot of Soil Conductivity (dS/m) in Grasslands
0.5H

0.4-

0.3-

£ 0.2-

0.1-

Plot 1 Plot 2 Plot 8 Plot 10

Figure 4.24 Boxplots representing the sample distribution of soil conductivity in the grassland plots.

Inter-plot comparisons (table 4.13) show that the mean conductivity values of plots
1 and 2 are greater than plots 8 and 10, albeit by a small amount. The data from
plot 10 appears to vary the least, evident from the coefficient of variance and
range values whereas the three other plots appear to have relatively similar

sample population distributions.
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Table 4.13 Inter-plot comparisons of descriptive statistics: Soil conductivity (dS m'1)

Mean 0.213 0.190 0.183 0.136
Median 0.201 0.168 0.167 0.136
SE of Mean 0.007 0.007 0.005 0.002
St Dev 0.071 0.073 0.054 0.024
Variance 0.005 0.005 0.003 0.001
Coef Var 33.63 38.42 29.78 17.37
Minimum 0.092 0.066 0.110 0.093
Maximum 0.439 0.423 0.463 0.215
Range 0.346 0.358 0.344 0.036
IQR 0.106 0.073 0.057 0.034
Skewness 0.78 1.35 2.64 0.40
Kurtosis 0.46 1.55 10.07 -0.03

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
31.72, p<0.005).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t= 2.34,
p=0.021). Similarly, there is a significant difference between the means of plots 8
and 10, the two plots located in the Sevilleta NWR (t= 5.58, p<0.005).

¢) Intra-plot variation

As seen in figure 4.25, the graph of plot 1 shows that the measurements taken in
the smallest quadrats display a similar amount of variation in data to those taken
from the largest quadrats. This would suggest that the soil conductivity distribution
is relatively uniform. Plot 2 shows evidence of a fluctuating mean across the cells
as well as high and low levels of variation within cells of the same scale. This may

indicate the presence of patches, a larger scale checkerboard pattern. Apart from
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cell H in plot 8, both plots 8 and 10 do not show much fluctuation in the means or
the standard deviations across the cells. This suggests that the conductivity of
these plots will probably not display any spatial patterns.
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Figure 4.25 The means and standard deviations of soil conductivity for each cell within the plots.

Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5
x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plot 10
and two from plot 8. Log transformations were performed on plots 2 and 8. Table
4.14 shows the numerical results and the associated semi-variogram graphs are

presented in figure 4.26.

Table 4.14 Geostatistical analysis of the soil conductivity of grassland plots

Parameter: Conductivity

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Veg Type  Fitted Model (Co) (Co+CO (a) (Co)/ (Co+C1)
1 Mixed Nugget 1.00 na na na
2 Grassland*  Gaussian 0.65 1.18 19.47 0.55
8 Grassland* Nugget 1.00 na na na
10 Grassland Nugget 1.00 na na na

* Log transformed data due to highly positively skewed data

a) b) S
™) Omnidirectional Omnidirectional
06
04
@®
1 20 0 4 8 Q 16 2) 24 28 32
h IN
Plot 1 Plot 2
C) d)
Y(hD Omnidirectional \(hé’ Omnidirectional
1
08
05
04
@
0
12 1;\] 20 24 28 32 8 12 16 20 24 28 32 36
Plot 8 Plot 10

Figure 4.26 Modelled semi-variograms for the conductivity of grassland plots.
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The results are as follows:

Only plot 2 demonstrates spatial autocorrelation of soil conductivity with
a range of 19.47m.

A nugget-to-sill ratio of 0.55 suggests that moderate spatial dependency
describes the results derived for plot 2.

Plots 1, 8 and 10 were best represented by a ‘pure nugget’ model
suggesting no spatial patterns are evident for soil conductivity.

This suggests that, in general, conductivity can be considered as
homogenous across grasslands at the scales of measurement used in

this study.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.27)

ii)

The correlograms reflect the results derived from the semi-variograms
relatively well.

Plots 1, 8 and 10 do not fluctuate greatly, instead they undulate gently
around 1 and 0 for the Geary’'s C and Moran’s | correlograms,
respectively. This suggests no specific pattern exists. At the smallest
lag the Geary’s C statistic suggests clustering, however, due to the small
sample size interpretation of this should be done with caution.

Plot 2 is significantly different from the other plots, clustering is the
predominant pattern across the different lag distances. The range of
spatial autocorrelation derived from the semi-variogram coincides with
the peak in the Geary’s C correlogram.
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a)
Grassland Plots: Moran's land Geary's C Statistics for Conductivity
u —+—Plot 1 Moran's |
0 -+—Plot 1 Geary's C
1 08 Plot 2 Moran's |
Plot 2 Geary's C
17 05
- ¥k—Plot 8 Moran's |
37 0.4 Plot 8 Geary's C
02 —— Plot 10 Moran's |
Plot 10 Geary's C
0.2
Lag
b)
Lag increment
codes Plot 1,2 &8 Plot 10
1 0>to<=4 0>to<=45
4>t0<=8 45>t0<=9
8>to <= 12 9>to <= 135

12>to <= 16 135>to <= 18
16 >to <=20 18 >to <=225
20>to<=24 225>to<=27
24 >t0<=28 27 >to <=31.5
28 >to <=32 31.5>to <= 36

0 NOoO o w N

Figure 4.27 a) Moran’s | and Geary’s C correlograms for the soil conductivity of the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

4.9.2 Summary

Different methods of measuring conductivity are available making comparisons

amongst studies difficult. However, according to the Soil and Plant Analysis
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Council Inc.,1999 (2000) the results derived from all plots in this study can be
classed as ‘non-saline’. The mean values of conductivity from all the plots are
relatively similar although the mean values from the Karoo plots (1 and 2) are
marginally higher and display more intra-plot variation.

Geostatistical analysis shows that no one spatial characteristic can be applied to
all grassland plots. Instead, three plots show evidence of having no spatial
patterns within the scales measured, whereas  plot 2 demonstrates spatial
autocorrelation of conductivity within a range of 19.47m. The nugget-to-sill ratio
suggests moderate spatial dependency. Spatial analysis indicates that the salinity
of soil does not vary greatly over grassland landscapes, demonstrated by the
random variances derived from plots 1, 8 and 10. In addition, where spatial
correlations are evident, these will probably present themselves as large ranges of
autocorrelation indicating the presence of bare patches within the plots.

4.10Nutrient content analysis

The nutrient status of the soil was assessed by analysing the available phosphorus
content and the following cations; calcium, sodium, magnesium and potassium (in
ppm of soil). Refer to chapter 3 for the extraction technique and methodology.
Due to some obvious anomalies in the output datasets, as a result of machine
error, the results presented here have been filtered and some data points
removed. Plots 2 and 10 were unaffected but sample size for plots 1 and 8 have
been reduced to 106 and 105, respectively. The normality, descriptive statistics,
inter-plot variation and geostatistical results will be presented for each nutrient,
followed by an overall discussion at the end of the section.
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410.1 Results:

Calcium

a) Testofnormality, descriptive statistics and inter-plot variation
The boxplots in figure 4.28 show that plot 1 displays a highly positively skewed
distribution, the data from plot 2 follows a slightly positively skewed distribution and

plots 8 and 10 are both negatively skewed. Outliers are evident in all datasets

except plot 2. These are evident at the upper end of the scale for plot 1 and the
lower end of the scale for plots 8 and 10.

Boxplot of Available Calcium (in ppm of soil) in Grasslands
10000H
8000-
6000-
4000-

2000.

Avs M@ MomdwemQ 0

Plotl Plot 2 Plot 8 Plot 10

Figure 4.28 Boxplots representing the sample distribution of available calcium in the grassland
plots.

Inter-plot analysis (table 4.15) shows that there is a significant difference in the
available calcium content between the sites in the Karoo, South Africa and the

sites in the Sevilleta NWR, New Mexico. Available calcium is significantly higher in
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the Sevilleta NWR. The ranges of values within these plots are also lower than the

sites situated in the Karoo.

Table 4.15 Inter-plot comparisons of descriptive statistics: Available calcium in ppm of soil

Mean 1767.23 1869.28 8420.68 8856.71
Median 1668.03 1715.51 8505.21 8887.63
SE of Mean 83.73 88.71 42.13 46.75
St Dev 862.08 921.92 431.71 485.81
Variance 743174 849936 186374 236010
Coef Var 48.55 49.32 10.58 5.49
Minimum 229.28 33.21 6999.51 6924.47
Maximum 4767.11 4421.62 9253.39 9606.20
Range 4537.83 4388.41 2253.88 2681.73
IQR 990.37 1405.29 499.26 672.79
Skewness 1.02 0.56 -0.65 -0.90
Kurtosis 1.46 -0.37 0.73 1.43

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
3287.35, p<0.005).

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plots 1 and 2, the two plots located in the Karoo
(t= -0.84, p= 0.404). In contrast, there is a significant difference between the
means of plots 8 and 10, the two plots located in the Sevilleta NWR (t=-6.93,
p<0.005).

c) Geostatistical analysis: The semi-variogram

The distribution of plot 1 was identified as being highly positively skewed thus the

dataset was transformed using a log transformation, no other datasets were
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transformed. Table 4.16 shows the numerical results and the associated semi-

variogram graphs are presented in figure 4.29.

Table 4.16 Geostatistical analysis of the available calcium of grassland plots

Parameter: Calcium

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Veg Type Fitted Model (Co +Cn) (a) (Co)/ (Co+C1)
1 Mixed* Nugget 1.00 na na na
2 Grassland Spherical 0.47 0.94 10.50 0.50
8 Grassland Nugget 1.00 na na na
10 Grassland Spherical 0.50 1.26 19.84 0.40

*Log transformed data due to highly positively skewed data
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0.6
0.6
04
0.4
o2 Plot 1 *2 Plot 2
0 4 8 12 16 hzo 24 28 32 36 0 3 6 9 12 N/I 18 2 24 27 30
-IQH) Omnidirectional KN Omnidirectional
1 14
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0.8
;
0.6 0.8
0.4 06
04
2 Plot 8 02 Plot 10
0

1
H h
Figure 4.29 Modelled semi-variograms for the available calcium in grassland plots.

The results are as follows:

Plots 1 and 8 are best represented by a ‘pure nugget’ model. This
suggests that the distribution of available calcium does not follow any

spatial patterns.
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Plots 2 and 10, both modelled by a spherical model, show evidence of
spatial autocorrelation. The ranges of autocorrelation are 10.50m and
19.84m respectively.
The nugget-to-sill ratios indicate that the available calcium in both plots
show moderate levels of spatial dependency.
The experimental data of plots 2 and 10 exhibit evidence of ‘hole effects’
suggesting that large patches may be found within the plots.

d) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.30)

ii)

The Moran’s | correlogram does not mirror that of the Geary’s C as well
as for some of the other parameters measured. This suggests that less
confidence should be placed on the variogram results. However, as
only simple models are available in the Variowin software the accuracy
of results derived from experimental variograms showing complex
structures are expected to be lower.

Plot 1, interpreted as having no spatial pattern from the variogram
shows evidence of some random values and some clustering in the
Geary’s C correlogram. This suggests that calcium may follow a
checkerboard pattern; this may also be evident in the slight downward
trend of data points in the variogram.

The results derived from the Geary’s C correlograms for plots 2, 8 and
10 seem to be consistent with those derived from the variograms.
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Grassland Plots: Moran's | and Geary's C Statistics for Ca

Lag

Lag increment
codes Plot 1

0>to<=45

45>to<=9

9>t0<=13.5
13.5>to <=18
18 >t0<=225
225 >to<=27
27 >to<=31.5
31.5>t0<=36

© 0O NO OB WN

=
o

Plot 2 & 10
0>to<=3
3>to<=6
6>to<=9
9>to <= 12
12>to<=15
15>to<=18
18 > to <=21
21 >to<=24
24 >to <= 27
27 >to<=30

— Plot 1 Moran's |
Plot 1 Geary's C
Plot 2 Moran's |
Plot 2 Geary's C

—+#—Plot 8 Moran's |
Plot 8 Geary's C

—i—Plot 10 Moran's |
Plot 10 Geary's C

Plot 8
0>to<=4
4>to<=8
8>to<=12
12>1t0 <= 16
16 >to <= 20
20>to<=24
24 >to0 <= 28
28 >to <= 32

Figure 4.30 a) Moran’s | and Geary’s C correlograms for the available calcium in the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Potassium

a) Test ofnormality, descriptive statistics and inter-plot variation

The skewness values for plots 1, 2 and 8 are positive, whereas plot 10 is slightly
negative. However, the distributions are such that the plots can be classed as
being normally distributed. The boxplots (figure 4.31) show that the distribution
characteristics of plots 1, 2 and 10 are relatively similar, whereas plot 8 differs

significantly.

Boxplot of Available Potassium (in ppm of soil) in Grasslands

1200H

o 1000-

Q 800-

Plotl Plot 2 Plot 8 Plot 10

Figure 4.31 Boxplots representing the sample distribution of available potassium in the grassland
plots.

The mean of plot 8 can be seen to be approximately double those found in plots 1,
2 and 10 (table 4.17). The range of values in plot 8 is also significantly greater
than the other three plots. Even if the lowest value, potentially an error, is
removed this plot displays very different distribution characteristics to the other

grassland plots.
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Table 4.17 Inter-plot comparisons of descriptive statistics: Available potassium in ppm of soil

Mean 310.91 293.92 613.87 331.51
Median 291.16 281.20 583.16 328.78
SE of Mean 11.00 8.07 20.23 5.83
St Dev 113.26 83.89 207.33 60.56
Variance 12827.4 7037.61 42987.20 3667.49
Coef Var 36.26 28.54 34.27 18.27
Minimum 104.33 80.80 5.72 84.66
Maximum 585.31 551.58 1097.78 541.48
Range 480.98 470.78 1092.06 456.82
IQR 156.44 104.51 304.35 80.45
Skewness 0.54 0.56 0.10 -0.07
Kurtosis -0.29 0.72 -0.23 -0.23

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
147.55, p<0.005).

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plots 1 and 2, the two plots located in the Karoo
(t=1.25, p=0.214). In contrast, there is a significant difference between the means
of plots 8 and 10, the two plots located in the Sevilleta NWR (t=13.41, p<0.005).

¢) Geostatistical analysis: The semi-variogram

No outliers were removed from any of the plots and no transformations were

performed before geostatistical analysis was carried out. Table 4.18 shows the

numerical results and the associated semi-variogram graphs are presented in
figure 4.32.
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Table 4.18 Geostatistical analysis of the available potassium in grassland plots

Parameter: Potassium

Plot Nugget Value Sill Range Nugget-to-sill Ratio

No. VegType  Fitted Model (Co) (CotCi) @) (Co)/ (CotCi)

1 Mixed Nugget 1.00 na na na

2  Grassland Nugget 1.00 na na na

8  Grassland Spherical 0.44 0.62 12.58 0.42

10 Grassland Spherical 0.50 0.47 16.74 0.52
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Figure 4.32 Modelled semi-variograms for the available potassium in grassland plots.

The results are as follows:

i) Plots 1 and 2 are best represented by a ‘pure nugget’ model. This
suggests that the distribution of available potassium does not follow any

spatial patterns.
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Plots 8 and 10, both modelled by a spherical model, show evidence of
spatial autocorrelation. The ranges of autocorrelation are 12.58m and
16.74m respectively.
The 'nugget-to-sill ratios indicate that the available potassium in both
plots show moderate levels of spatial dependency.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.33)

i)

ii)

The response of the Moran’s | correlogram for plot 2 behaves in the
opposite way to which one would expect, particularly at lag 3 (8 — 9 m)
although it follows the same general trend as the Geary's C statistic.
This demonstrates the caution needed in interpretation of such graphs
and the reason no single graph should be used.

The Geary’s C correlograms largely remain under 1 for plots 1 and 2
indicating that the values are consistent throughout the plot therefore no
significant spatial patterns exist.

Plots 8 and 10 both indicate a threshold where the spatial
autocorrelation changes from ‘clustering’ to ‘random’. Both are
consistent with the values derived from the semi-variograms.
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Grassland Plots: Moran's land Geary's C Statistics for K

——Plot 1 Moran's |

Plot 1 Geary’s C

0.8 Plot 2 Moran's |
Plot 2 Geary's C

0.6
Plot 8 Moran's |
0.4 Plot 8 Geary's C
— Plot 10 Moran's |
0.2 Plot 10 Geary's C
0

Lag

Lag increment

codes Plot 1, 2& 10 Plot 8

1 0>to<=3 0>to<=45

2 3>to<=6 45>t0<=9

3 6>to<=9 9>to <= 135
4 9>to <= 12 135>to <= 18
5 12>to<=15 18 >to <=225
6 15>to <= 18 225>t0<=27
7 18>to<=21 27 >to <=31.5
8 21 >to<=24 31.5>to <= 36
9 24 >to<=27

10 27>t0<=30

Figure 4.33 a) Moran’s | and Geary’s C correlograms for the available potassium in the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Magnesium

a) Test ofnormality, descriptive statistics and inter-plot variation

Although plots 2, 8 and 10 are all positively skewed, the skew is weak and thus all
three can be classed as having normal distributions. Plot 1, however, is highly
positively skewed. The boxplots in figure 4.34 show extreme values at both the

upper and lower ends of the scale exist.

Boxplot of Available Magnesium (in ppm of soil) in Grasslands

3000-
2500-
2000.
i 1500-

1000.

Plotl Plot 2 Plot 8 Plot 10

Figure 4.34 Boxplots representing the sample distribution of available magnesium in the grassland
plots.

The two plots from the Karoo have lower mean values of available magnesium
than the Sevilleta NWR plots (table 4.19). However, the ranges of distributions
vary across the two regions with plot 10 presenting the smallest variation in values
and plot 1 presenting the greatest. Nevertheless, if the outliers are discounted the

distributions of the four plots appear relatively similar.
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Table 4.19 Inter-plot comparisons of descriptive statistics: Available magnesium in ppm of soil

Mean 1099.80 887.02 1768.50 1257.96
Median 997.73 860.55 1701.46 1260.54
SE of Mean 42 .14 27.12 38.89 20.73
St Dev 433.81 281.79 398.51 215.40
Variance 188189 79405.60 158806 46398.20
Coef Var 39.26 31.77 23.71 17.12
Minimum 386.19 267.77 1049.43 796.56
Maximum 2978.07 1843.61 2870.87 1795.89
Range 2591.88 1575.84 1821.44 999.33
IQR 540.72 415.68 551.91 317.15
Skewness 1.20 0.50 0.45 0.1
Kurtosis 2.82 0.36 -0.42 -0.38

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant

differences amongst the means of the organic matter content from plots 1, 2, 8
and 10. (F= 127.17, p<0.005).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t= 4.25,
p<0.005). Similarly, there is a significant difference between the means of plots 8

and 10, the two plots located in the Sevilleta NWR (t= 11.58, p<0.005).

c¢) Geostatistical analysis: The semi-variogram

No outliers were removed from any of the datasets. However, the data from plot 1
was log transformed. Table 4.20 shows the numerical results and the associated

semi-variogram graphs are presented in figure 4.35.
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Table 4.20 Geostatistical analysis of the available magnesium in grassland plots
Parameter: Magnesium

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Vegetation Type Fitted Model (Co+C-i) (Co)/ (Co+C1)
1 Mixed* Spherical 0.60 0.97 16.12 0.62
2 Grassland Nugget 1.00 na na na
8 Grassland Spherical 0.41 1.22 12.95 0.34
10 Grassland Nugget 1.00 na na na

lo g transformed data due to highly positively skewed data
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Figure 4.35 Modelled semi-variograms for the available magnesium in grassland plots.

The results are as follows:

i) Plots 2 and 10 are best represented by a ‘pure nugget’ model. This
suggests that the distribution of available magnesium does not follow
any spatial patterns.

i) Plots 1 and 8, both modelled by a spherical model, show evidence of
spatial autocorrelation. The ranges of autocorrelation are 16.12m and

12.95m respectively.
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The nugget-to-sill ratios indicate that the available magnesium in both
plots show moderate levels of spatial dependency although plot 1 has a
value approximately double that of plot 8 suggesting that spatial
dependency in weaker in plot 1.
Plot 2, although best modelled by a pure nugget model, shows a definite
decrease in variance with an increase in lag distance. This suggests the
distribution of available magnesium may present itself in a
‘checkerboard’ pattern.
Plots 8 and 10 indicate that patches may be present in these plots as a
predominant ‘hole effect’ can be identified in each plot.

d) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.36)

iii)

Plots 1 and 8 both indicate a threshold where the spatial autocorrelation
changes from ‘clustering’ to ‘random’. Both are consistent with the
ranges of spatial autocorrelation derived from the semi-variograms.

Plot 2 can be seen to fluctuate with a downward trend in the Geary’s C
correlogram. This strengthens the idea that a checkerboard pattern may
be present. The Moran’s | statistics also indicates a periodicity in areas
of correlation and no correlation.

Significant areas of ‘random’ values can be identified in plots 8 and 10.
Again, these further the evidence of the suggestion that large patches
are present in these plots.
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Grassland Plots: Moran's land Geary's C Statistics for Mg

b)
Lag increment
codes
1
2
3
4
5
6
7
8
9
10

Lag

Plot 1&2

0>to<=3

3>to<=6

6>to<=9

9>to <= 12
12>to <= 15
15>to <= 18
18 >to <=21
21 >to<=24
24 >to <=27
27 >to <= 30

Plot 8
0>to<=45
45>t0<=9
9>to<=135

135>to <= 18
18>to <=225
225>to <= 27
27 >to <= 315
31.5>t0<=36

Plot 1 Moran's |
Plot 1 Geary’'s C
Plot 2 Moran's |
Plot 2 Geary's C
Plot 8 Moran's |
Plot 8 Geary's C
Plot 10 Moran's |
Plot 10 Geary's C

Plot 10
0>to<=4
4>t0<=8
8>to<=12
12>to <= 16
16>to<=20
20 >to<=24
24 >t0<=28
28 >to <= 32

Figure 4.36 a) Moran’s | and Geary’s C correlograms for the available magnesium in the
grassland plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Sodium

a) Test of normality, descriptive statistics and inter-plot variation

The distributions of plots 1, 2 and 10 are all positively skewed to varying degrees.
Plot 8 is highly negatively skewed, displaying extreme values at the lower end of
the distribution. The boxplots in figure 4.37 show that discounting the extreme
values, the general distribution characteristic are likely to be defined by factors

which characterise the geographical location of the plots e.g. soil type.

Boxplot of Available Sodium (in ppm of soil) in Grasslands

300H

250-

Plotl Plot 2 Plot 8 Plot 10

Figure 4.37 Boxplots representing the sample distribution of available sodium in the grassland
plots.

Although the distributions appear to vary between the two study regions, the mean
values of available sodium do not (table 4.21). Nevertheless, although plots 1 and
2 represent the lowest and highest values of the four plots, overall the variation

across the four plots is not significant.
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Table 4.21 Inter-plot comparisons of descriptive statistics: Available sodium in ppm of soil

Mean 66.45 84.98 75.22 78.05
Median 54.87 77.92 78.05 74.11
SE of Mean 5.88 5.73 2.62 1.99
St Dev 60.58 59.52 26.80 20.72
Variance 3670.16 3542.76 718.18 429.39
CoefVar 90.74 70.04 35.63 26.55
Minimum 0.00 0.00 0.00 43.87
Maximum 237.42 277.52 120.53 137.29
Range 237.42 277.52 120.53 93.42
IQR 92.31 70.19 30.21 28.05
Skewness 0.80 0.68 -1.29 0.55
Kurtosis -0.14 0.38 1.91 -0.34

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
3.01, p= 0.03).

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plots 1 and 2, the two plots located in the Karoo (t=-2.26,
p=0.025). However, there is no significant difference between the means of plots
8 and 10, the two plots located in the Sevilleta NWR (t=-0.86, p= 0.390).

c¢) Geostatistical analysis: The semi-variogram

No transformations were needed for plots 1, 2 and 10. However, as the
distribution of data from plot 8 was highly negatively skewed, the data was
transformed using a squared transformation. Although this technique has
implications on the comparability of the data, none of the semi-variograms could

be modelled therefore this issue was not important. Table 4.22 shows the
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numerical results and the associated semi-variogram graphs are presented in

figure 4.38.

Table 4.22 Geostatistical analysis of the available sodium in grassland plots

Parameter: Sodium

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Vegetation Type Fitted Model (Co) (Co+Ct) (@ (Co)/ (Co+C!)
1 Mixed Nugget 1.00 na na na
2 Grassland Nugget 1.00 na na na
8 Grassland™ Nugget 1.00 na na na
10 Grassland Nugget 1.00 na na na

** Squered transformed detadueto highly negatively skewed data

YcM) Omnidirectional MU Omnidirectional
1
12 . 12
1 . # .
* *
0.8 . T . 0.8
0.6 0.6
0.4 0.4
02 0.2
Plot 1 Plot 2
8 0 =i
d 4 8 12 16 20 24 28 G 3 6 9 12 15 18 21 24 27 30
Ih| Ihi
ICM Omnidirectional
\01) Omnidirectional

Plot 8 Plot 10
12 1 20 24 28
1]

Figure 4.38 Modelled semi-variograms for the available sodium in grassland plots.

The results are as follows:

i) No spatial autocorrelation was identified for available sodium in any of

the plots. A pure nugget model was fitted to all variograms suggesting
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that no patterns are evident thus the sodium content of soil is
homogenous across the 60m x 60m plots.
However, a closer inspection of the variograms themselves suggests
that the pure nugget model has over-simplified the data and contrary to
the initial findings, some patterns may exist.
This is particularly evident in plot 1 where a definite periodicity in
variance is identifiable.
In addition, plots 1, 2 and 8 also exhibit a slight downward trend in
variance with increasing lag distances. This suggests that sodium may
also follow a checkerboard pattern across the landscape.

e) Geostatistical analysis: Moran’s | and Geary'’s C staltistics

The results are as follows: (see figure 4.39)

Both the Moran’s | and Geary’s C correlograms show a large amount of
fluctuation above and below the given indicators of spatial
autocorrelation for all plots.

Periodicity in this data indicates that there are alternating areas of non
spatially-related data with areas of clustering. Again this suggests that
sodium is not in fact homogenous, rather it varies significantly with lag
distance and may indicate the presence of a checkerboard pattern.
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Grassland Plots: Moran's land Geary's C Statistics for Na

b)
Lag increment
codes Plot 1
1 0>to<=2
2 2>to<=4
3 4>t0<=6
4 6>to<=8
5 8>to<=10
6 10>to <= 12
7 12>to<= 14
8 14 >t0 <= 16
9 16>to <= 18
10 18>t0<=20
1 20>to<=22
12 2>to<=24
13 24 >to <= 26
14 26 >to<=28
15 28 >to <= 30

Plot 2, 8& 10
0>to<=3

3>to<=6

6>to<=9

9>to<=12
12>to <= 15
15>to<= 18
18 >to <=21
21 >to<=24
24 >to<=27
27 >to <= 30

-4—Plot 1 Moran’s |
Plot 1 Geary's C
Plot 2 Moran's |
Plot 2 Geary's C
Plot 8 Moran's |
Plot 8 Geary's C

—— Plot 10 Moran's |
Plot 10 Geary's C

Figure 4.39 a) Moran’s | and Geary’s C correlograms for the available sodium in the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Phosphorus

a) Test ofnormality, descriptive statistics and inter-plot variation

The datasets from all plots display a positively skewed distribution to varying
degrees. Plots 1, 2 and 8 are only moderately skewed whereas plot 10 is verging
on highly skewed. Outliers are present in all plots although only plots 8 and 10
display them at the lower end of the scale. The boxplots in figure 4.40 show that
local factors may influence the distribution characteristics as there appears to be

similarities between plots 1 and 2 and also plots 8 and 10.

Boxplot of Available Phosphorus (in ppm soil) in Grasslands

Plot 1 Plot 2 Plot 8 Plot 10
Figure 4.40 Boxplots representing the sample distribution of available phosphorus in the

grassland plots.

The descriptive statistics (see table 4.23) show that although the variability of
phosphorus is greater in the Karoo plots, the mean value remains relatively

constant across all four plots.
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Table 4.23 Inter-plot comparisons of descriptive statistics: Available phosphorus in ppm of soil

Mean 39.13 37.92 4442 37.20
Median 38.63 37.28 42.83 36.30
SE of Mean 1.43 1.30 0.89 0.90
St Dev 14.73 13.55 9.17 9.36
Variance 216.98 183.55 84.02 87.70
CoefVar 27.47 35.73 22.00 25.17
Minimum 11.60 240 26.18 20.55
Maximum 83.63 87.34 75.93 66.97
Range 72.03 84.94 49.74 46.41
IQR 21.35 19.24 10.77 10.82
Skewness 0.43 0.37 0.56 0.94
Kurtosis 0.37 0.64 0.70 0.97

b) Analysis of variance (ANOVA) tests and two-sample T-tests

It can be concluded from the ANOVA analysis that there are significant differences
amongst the means of the organic matter content from plots 1, 2, 8 and 10. (F=
7.89, p<0.005).

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plots 1 and 2, the two plots located in the Karoo
(t=0.63, p=0.532). However, there is a significant difference between the means of

plots 8 and 10, the two plots located in the Sevilleta NWR (t=5.69, p<0.005).

c¢) Geostatistical analysis: The semi-variogram

No outliers were removed from any of the plots and no transformations were
performed before geostatistical analysis was carried out. Table 4.24 shows the
numerical results and the associated semi-variogram graphs are presented in
figure 4.41.
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Table 4.24 Geostatistical analysis of the available phosphorus in grassland plots

Parameter: Phosphorus

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Veg Type  Fitted Model _(Co+Ci)_ (a) (Co)/ (Co+CO
1 Mixed Power 0.60 na na na
2  Grassland Spherical 0.48 1.02 19.61 0.47
8 Grassland Nugget 1.00 na na na
10 Grassland Nugget 1.00 na na na
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Figure 4.41 Modelled semi-variograms for the available phosphorus in grassland plots.

The results are as follows:

i) Plots 8 and 10 are best represented by a ‘pure nugget’ model. This
suggests that the distribution of available phosphorus does not follow
any spatial patterns.

ii) Plot 2 is modelled by a spherical model and shows evidence of spatial
autocorrelation. The range of autocorrelation is 19.61m.

iii) The nugget-to-sill ratio indicates that the available phosphorus shows a

moderate level of spatial dependency.
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Plot 1 has been fitted with a power function as the variance does not
reach a sill. This is described as unbounded random variation. ’
Although best modelled by a pure nugget model, plots 8 and 10 show
evidence of periodicity indicating the presence of patches in the
landscape rather than a purely homogenous cover suggested by the
pure nugget modél.

e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 4.42)

i)

The Moran’s | and Geary’s C correlograms correspond well apart from
plot 8, particularly at the shorter lag distances. However, results from
the Geary’'s C correlogram, which is closely related to the semi-
variogram, suggest that there are no major spatial patterns evident in
this plot.

The Geary’s C correlogram shows that in plot 10, between lag distances
of 8m and 24m values, the values are similar thus implying the presence
of patches rather than an entirely homogenous spread of phosphorus in
the landscape.

Rather than unbounded variation in plot 1, the Geary’s C correlogram
suggests that a sill is reached at a range of approximately 16 to 20m.
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Grassland Plots: Moran's land Geary's C Statistics for P

Plot 1 Moran's |
Plot 1 Geary's C
Plot 2 Moran's |
Plot 2 Geary's C
-«-Plot 8 Moran's |
Plot 8 Geary's C
——Plot 10 Moran's |
— Plot 10 Geary's C

aLag increment

codes Plot 1 &10 Plot 2 Plot 8
1 0>to<=4 0>to<=45 0>to<=3
2 4>to<=8 45>t0<=9 3>to<=6
3 8>to<=12 9>to<=135 6>to<=9
4 12>to<=16 13.5>to <= 18 9>to<=12
5 16>to<=20 18>t0<=225 12>to<=15
6 20>to<=24 25>t0<=27 15>to<=18
7 24>t0<=28 27 >to<=31.5 18 > to <=21
8 28>to<=32 31.5>to <= 36 21 >to<=24
9 24 >to<=27
10 27 >t0<=30

Figure 4.42 a) Moran’s | and Geary’s C correlograms for the available phosphorus in the grassland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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4.10.2 Summary

Although soil chemistry is largely studied in order to investigate the fertility status
for agricultural purposes, this study is interested in investigating the influence
different patterns of nutrients may have on the erodibility of soil. Due to the known
beneficial impact of calcium and the adverse impact of sodium on clay particles,
the spatial patterns of these two nutrients are of particular interest.

The calcium content of the soils from the Karoo are significantly lower than those
found in the Sevilleta NWR sites. The sodium contents, in contrast, do not exhibit
great variation. This difference in calcium to sodium ratio may significantly
influence a regions susceptibility to erosion. In terms of the two study regions
investigated in this project, this suggests that the soils in the Karoo may be more
erodible than those in the Sevilleta NWR. This hypothesis shall be discussed in
more detail in chapter 7.

Detailed investigation of the spatial properties of calcium and sodium also
produced some interesting findings. Although significant differences in quantities
of calcium were measured between the two study regions, no characteristic spatial
patterns were identified. Conversely, sodium produced results indicating that no
spatial patterns exist in any of the plots. However, by investigating the
geostatistical results further, i.e. analysing the experimental variograms rather than
the possibly over-simplified modelled variograms, periodicity in the variance of all
plots can be seen. In addition, a general downward trend of variance with
increasing lag distances is evident. Although there is uncertainty surrounding the
interpretation of these phenomena, two possible explanations exist: a) that the
periodicity is indicative of autocorrelation between patches (e.g. Radeloff et al.,
2000) or b) a pattern in the sodium distribution does exist, taking the form of a
checkerboard i.e. a fine-scale pattern of high and low values.
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The phosphorus content is similar in both study regions, however, the spatial
patterns differ. Plots 1 and 2, the Karoo plots, were modelled by a power model
and a spherical model, respectively. However, dips in the variance are evident
suggesting that the plots may be exhibiting evidence of ‘patches’ in the landscape.
Plots 8 and 10, in contrast, have been modelled using a pure nugget model
signifying that no spatial patterns exist. Although this was the most representative
model, periodicity is evident in both plots suggesting that the phosphorus content
fluctuates in a regular manner across the Sevilleta NWR grassland plots.

The available magnesium content is lower in the Karoo, however, no characteristic
spatial patterns are evident for either of the two study regions. The spatial
structures of this nutrient are complex. Plot 2 displays a fluctuating downward
trend in variance whereas plots 8 and 10 show evidence of periodicity. The simple
models used here are unlikely to be accurately representing the spatial distribution
of magnesium.

Available potassium, in contrast, appears to be homogenous across plots 1 and 2.
Although ranges of spatial autocorrelation were derived from plots 8 and 10, the
values are reasonably large indicating that the distribution of available potassium
in these plots can also be classed as being relatively uniform. Plots 1, 2 and 10
produced similar mean contents whereas plot 8 was significantly higher. This
would indicate that available potassium may be controlled by other soil parameters
rather than vegetation type.
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4.11 Key findings from the grassland plots

e The mean contents of each soil parameter from the 4 grassland plots were
compared, for all parameters the values were shown to be statistically
different.

o The soil parameters of the two Karoo plots appear to be statistically more
similar than the two Sevilleta NWR plots. Between the two Karoo plots,
bulk density, available calcium, potassium and phosphorus were similar,
whereas only the available sodium content was similar in the two Sevilleta
NWR plots.

o Significant differences in soil pH were evident between the two study
regions. The Karoo plots are classed as being acidic whereas the Sevilleta
NWR plots are alkali.

o Of the plots that demonstrated spatial autocorrelation, the ranges are as
follows:

o Organic Matter: 5.98m — 21.09m
o Drybulk density: 6.60m — 11.55m

o Soil moisture: 10.73m -25.11m
o Shear strength: 8.51m - 17.16m
o Particle size: none determined
o PpH: 16.56m

o Conductivity: 19.47m

o Calcium: 10.50m - 19.84m
o Magnesium: 12.95m - 16.12m
o Potassium: 12.58m — 16.74m
o Sodium: none determined
o Phosphorus: 19.61m

e No fine-scale spatial patterns are evident in the ranges of spatial
autocorrelation derived for soil parameters from grasslands. However, this
may be a function of scale as the minimum lag distance calculated was
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0.5m. Insufficient data was derived at this lag distance in order to
accurately interpret patterns at this scale.

¢ The large ranges and number of ‘pure nugget’ results suggest that the soil
parameters in grasslands are relatively homogenous.

o However, the ‘hole effect’ was identified in all three pure grassland plots 2,
8 and 10. The parameters that displayed this characteristic were:

Plot 1 — Available phosphorus

Plot 2 — Available calcium and phosphorus

Plot 8 — Bulk density, shear strength and available magnesium

Plot 10 — Shear strength, available calcium and available magnesium.
This phenomenon indicates that the grasslands exhibit ‘patchy’ spatial
patterns in the landscape.

¢ Cyclic patterns are evident in some semi-variograms, this indicates that the
properties are heterogeneous in their distribution across the grassland
landscape. The parameters that display this pattern are: the clay content,
pH, available sodium and available phosphorus.

e A decrease in variance with an increasing lag distance was identified in the
semi-variograms of shear strength, pH, available magnesium and available
sodium. This may indicate that these properties are distributed in a
checkerboard pattern.

The relationships among the soil parameters will be investigated further in

chapters 7 and 8, followed by a detailed interpretation and discussion of the
results.
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Shrublands:

Chapter

Analysis of the Spatial Continuity of Soil Properties

5.1 Introduction

5.2 Organic matter content
5.3 Bulk density

5.4 Soil moisture

5.5 Shear strength

5.6 Soil-aggregate stability
5.7 pH

5.8 Electrical conductivity
5.9 Nutrient content analysis
5.10 Key findings

5.1 Introduction

This chapter presents the results and discussion of the spatial distribution of soil

parameters derived from plots classified as shrublands. The chapter investigates

the notion that shrubland landscapes are traditionally considered heterogeneous,

both in vegetation cover and the associated shrubland soil parameters
(Schlesinger et al., 1996; Bochet ef al., 1999; Titus et al., (2002).
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The structure of this chapter will follow that of chapter 4. Table 5.1 indicates the
plot number that will be referred to throughout the chapter, the associated
vegetation type and study region.

Table 5.1 Shrubland plot identification data

Plot number Vegetation Type Study Region
3 Shrubland (Mixed types) Karoo
5 Shrubland (Mixed types) Karoo
9 Shrubland (Creosotebush)| Sevilleta NWR
11 Shrubland (Creosotebush)| Sevilleta NWR

In some cases the experimental variograms cannot be modelled. These datasets
show a downward trend in variance with increasing lag distances. Even a pure
nugget model cannot be applied to this type of data. Despite this, these datasets
should not be dismissed, as a downward trend possibly signifies the presence of a
checkerboard pattern. Although these variograms cannot be modelled, the
experimental variograms are presented to show the spatial distribution.

Analysis of variance (ANOVA) tests were conducted to determine whether the
parameter values across all four grassland plots differ significantly. As all soil
parameters produced the same results, it can be concluded that the samples from
the four plots come from populations with significantly different distributions.
These results will therefore not be repeated throughout the chapter. The p-values
and F-statistics can be found in the appendix 2.
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5.2 Organic matter content

521 Results:

a) Test ofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.1) show that the
datasets from all the plots are positively skewed, however, this is weak in plot 11
and can therefore be classed as having a normal distribution. Plots 3 and 5 are
considered to be highly positively skewed as the skewness values are greater than

1 (see table 5.2). Outliers are evident in all datasets.

Boxplots of Organic Matter Content in Shrublands

<

— & =000

O aoc

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.1 Boxplots representing the sample distribution of organic matter content in the
shrubland plots.

Inter-plot comparisons of the descriptive statistics can be seen in table 5.2. The
two plots with the highest mean values and greatest ranges are plots 3 and 5, the

two plots situated in the Karoo, South Africa. The coefficient of variation values
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also indicate that the plots with the greatest variation relative to the mean are the

two situated in the Karoo.

Table 5.2 Inter-plot comparisons of descriptive statistics: Organic matter content

Mean 2.64 2.50 1.93 1.94
Median 2.32 2.41 1.90 1.93
SE of Mean 0.08 0.05 0.03 0.02
St Dev 0.86 0.55 0.34 0.25
Variance 0.73 0.31 0.12 0.06
Coef Var 32.43 22.09 17.69 13.13
Minimum 1.65 1.05 1.28 1.25
Maximum 5.41 4.86 2.97 2.63
Range 3.76 3.81 1.69 1.37
IQR 0.91 0.54 0.47 0.33
Skewness 1.39 1.00 0.64 0.15
Kurtosis 1.47 2.82 0.51 0.08

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plot 3 and 5, the two plots located in the Karoo.
(t= 1.40, p= 0.162). Similarly, there is no significant difference between the means
of plots 9 and 11, the two plots located in the Sevilleta NWR (t= -0.19, p= 0.849).

¢) Intra-plot variation

Examination of the means and standard deviations of each cell in the four plots
(figure 5.2) suggests that the scale of measurement is not a significant factor in the
characterisation of organic matter content of soil. All plots demonstrate little
variation across the three spatial scales. On a basic level these results imply that
each shrubland plot displays a relatively homogenous organic matter content,
however, geostatistical analysis will investigate this on a more comprehensive

level.
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Figure 5.2 The means and standard deviations of organic matter content for each cell within the

plots. Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink
represents 1.5 x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plot 5
and a log transformation of plot 3. No drift was identified in any of the datasets.
Table 5.3 shows the numerical results and the associated semi-variogram graphs

are presented in figure 5.3.

Table 5.3 Geostatistical analysis of organic matter content of shrubland plots

Parameter: Organic Matter Content

Nugget Nugget-to-sill
Plot Value Sill Range (m) Ratio
No. Location Fitted Model (Co) (Co+C-) (a) (CoV (Co+Ci)
3 Karoo* Spherical 0.7 1.10 4.5 0.64
5 Karoo Nugget 1.00 na na na
9 Sevilleta NWR None na na na na
1 Sevilleta NWR Nugget 1.00 na na na

* Log transformed data due to highly positively skewed data

a) b)
TCM) Omnidirectional T(IN) Omnidirectional
16 12 .
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4
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0.2 0.2
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M N
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0] d)
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+
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Figure 5.3 Semi-variograms of the organic matter content of the shrubland plots.
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The results are as follows:

ii)

Only plot 3 shows evidence of spatial autocorrelation with a range of
4.5m. Although the nugget-to-sill ratio indicates a moderate spatial
dependency it also shows evidence of a downward trend in variance
with an increasing lag.

Plots 5 and 11 are best represented by the pure nugget model indicating
that no spatial patterns are evident, however, some evidence of
periodicity is present in both these plots suggesting that the pure nugget
model may not be a true representation of the patterns in these plots.
Plot 9 has not been modelled due to the obvious downward trend in
variance with an increasing lag distance. It is thought that this
represents a checkerboard pattern in the dataset.

The two plots from the Sevilleta NWR (9 and 11) both show a great
increase in variance at a lag distance of approximately 4m.

Examining the periodicity in the data (figure 5.4) all plots excluding plot 5
follow a similar wave pattern, albeit with different amplitudes of variance,

until a lag distance of approximately 12m.

Periodicity in Organic Matter Content Data in

Shrublands
& 120 Plot 3
E 1.00 Plot 5
0.80 i Plot 9
& 0.60 - Plot 11

12 16 20 24 28

Figure 5.4 Semi-variograms with connecting lines to show periodicity in organic matter content
data in shrubland plots.
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e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 5.5)

ii)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

The Geary’s C analysis indicates that both plots 3 and 11 show a range
of spatial autocorrelation of approximately 4m. In general, plot 3 shows
evidence of clustering although between lag distances of approximately
7/m and 12m the Geary’s C statistics suggests random patterns are
present. This corresponds to the semi-variogram results.

Plot 5 appears to show that clustering is evident at most lag distances.
Although periodicity is evident, only lag distances between 14m and
20m are considered not to be spatially related.

Plot 9 highlights the issue surrounding modelling this dataset. At lag
distances smaller than 14m, the correlograms suggest that the samples
are not spatially related whereas after this threshold the correlogram

falls below 1 suggesting that clustering is present.

Shrubland Plots: Moran’s land Geary's C Statistics for Organic
Matter Content

15
Plot 3 Moran's |

Plot 3 Geary's C
1 Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran’s |
0.5 Plot 9 Geary's C
Plot 11 Moran's |
Plot 11 Geary's C

Lag
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Lag increment
codes Plot 3, 5 &9 Plot 11

0>to<=2 0>to<=1
2>to<=4 1>to<=2
4>t0<=6 2>to<=3
6>to<=8 3>to<=4
8>to<=10 4>to<=5
10 > to <= 12 5>to <=6
12>to <= 14 6>to<=7
14 >to <= 16 7>to<=8
16 >to <=18 8>to<=9
18 >to <= 20 9>to <= 10
20 >to <= 22 10 > to <=11
22 >to<=24 11 >to <= 12
24 >to <= 26 12 >to <=13
26 >to <= 28 13 >to <= 14
28 >to <= 30 14 >to <= 15

OV IrPIRN2O0NOG D WN

15 >to <= 16

16 > to <= 17

17 >to <=18

18 >to <= 19
20 19 >to <= 20
21 20 >to <= 21
22 21 >to <=22
23 22 >to <= 23
24 23 >to <=24
25 24 >to <= 25
26 25 >to <= 26
27 26 >to <= 27
28 27 >to <= 28
29 28 >to <= 29
30 29 > to <= 30

Figure 5.5 a) Moran’s | and Geary’s C correlograms for the organic matter content of the
shrubland plots, b) provides the key to the lag increments used in the correlograms for each plot.

5.2.2 Summary

Both plots from the Karoo have a higher mean OM content and a greater range of
values than the plots from the Sevilleta NWR. This may be a function of the

different soil types and/or shrub species.

A cell by cell account of the distribution of values across the four plots

demonstrates a marginally increased intra-plot variation in the two Karoo plots and
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relatively little variation in the Sevilleta NWR plots. In general, the intra-plot
variation is not significant across the three spatial scales indicating a homogenous
distribution.

The geostatistical analysis reflects these conclusions as only plot 3 in the Karoo
showed evidence of spatial autocorrelation. A range of 4.5m was determined; this
value is too large to be attributed to the shrub zone but may represent the inter-
shrub zone. The OM contents of plots 5 and 11 were considered to be
homogeneous whereas plot 9 could not be represented by a simple model due to
a downward trend in variance with an increasing lag.

However, as only simple geostatistical models are being utilised in this study,
observations made from the experimental semi-variograms are also considered to
be important. A significant observation is that at a lag distance of approximately
4m all plots except plot 5 show an increase in variance thus suggesting that it is
not only plot 3 that shows signs of spatial autocorrelation.

The complex structures in the shrubland datasets make the interpretation difficult,
plots 3 and 9 show a definite decrease in variance with increasing lag distances
suggesting the presence of checkerboard patterns. In addition, periodicity is
present in most plots. This cyclic behaviour could represent the differences
between shrub and intershub zones and suggests that scale of measurement is
important when characterising the spatial distribution of organic matter content in
shrublands. The implications of these findings will be discussed further in chapter
7.
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5.3 Bulk density

5.3.1 Results

a) Test ofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.6) show that the
datasets from all plots are negatively skewed to varying degrees. Plot 5 can be
considered as having a normal distribution as the skew is not significant. Outliers

are evident in all datasets.

Boxplots of Dry Bulk Density in Shrublands
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Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.6 Boxplots representing the sample distribution of dry bulk density in the shrubland plots.

Both the boxplots and the descriptive statistics (table 5.4) demonstrate some
interesting differences amongst the four plots. Although the mean and median
values of all four plots are relatively similar, the distribution of data varies. The
coefficient of variation values reflect these differences; plots 3 and 5 have values

of 16.63% and 14.17% respectively, values that are approximately double the
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coefficient of variation values of plots 9 and 11. As plots 3 and 5 are situated in
the Karoo, South Africa and plots 9 and 11 are situated in the Sevilleta NWR, New

Mexico, this demonstrates the influence of the local conditions such as soil type.

Table 5.4 Inter-plot comparisons of descriptive statistics: Dry bulk density (g cm 3)

Mean 1.14 1.35 1.28 1.42
Median 1.19 1.37 1.28 1.43
SE of Mean 0.02 0.02 0.01 0.01

St Dev 0.19 0.19 0.12 0.10
Variance 0.04 0.04 0.01 0.01

Coef Var 16.63 14.17 9.07 6.93
Minimum 0.62 0.90 0.87 1.13
Maximum 1.61 1.95 1.57 1.62
Range 0.99 1.05 0.70 0.49
IQR 0.22 0.26 0.14 0.11

Skewness -0.79 -0.13 -0.29 -0.58
Kurtosis 0.50 0.37 1.05 0.20

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -7.93,
p<0.005). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= -9.42, p<0.005).

c) Intra-plot variation

Intra-plot analysis shows that the mean values of all the cells in each plot do not
vary greatly (figure 5.7). Similarly, the standard deviations of plots 3 and 11 do not
demonstrate great variability across the cells suggesting that the scale of
measurement is not a significant factor in the characterisation of dry bulk density in
these plots. Plot 5, in contrast, shows that the standard deviation increases as the
scale of measurement increases. This suggests that the distribution of bulk

density is not homogenous and some spatial autocorrelation may exist.
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Controversially, plot 9 demonstrates the opposite trend; as the scale of
measurement increases the standard deviation decreases. This indicates that
samples close together vary greatly whereas samples located at greater distances
are more similar in value.
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Figure 5.7 The means and standard deviations of dry bulk density for each cell within the plots.
Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents
1.5 x 1.5m cells.
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d) Geostatistical analysis: The semi-variogram

No outliers were removed from any of the plots and no transformations were
performed before geostatistical analysis was carried out. However, slight drift was
identified in plot 5 therefore the trend was removed. The residuals of this dataset
were used for all subsequent geostatistical analyses. Table 5.5 shows the
numerical results and the associated semi-variogram graphs are presented in

figure 5.8.

Table 5.5 Geostatistical analysis of the dry bulk density of grassland plots

Parameter: Dry Bulk Density

Plot Nugget Value  Sill Range (meters) Nugget-to-sill Ratio
No.  Location Fitted Model (Co+CO (Co)/ (Co+Ci)
3 Karoo Nugget 1.00 na Na na
5 Karoo Spherical 0.46 0.89 6.82 0.52
9 Sevilleta NWR Nugget 1.00 na Na na
11 Sevilleta NWR Nugget 1.00 na Na na
a) b)
Y“h‘f2l- Omnidirectional Omnidirectional
1
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06 06
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Figure 5.8 Modelled semi-variograms for the dry bulk density of shrubland plots.
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The results are as follows:

i) Only plot 5 shows evidence of spatial autocorrelation with a range of
6.82m. The nugget-to-sill ratio indicates a moderate spatial
dependency.

ii) Plots 3, 9 and 11 are best represented by the pure nugget model

indicating that no spatial patterns are evident, however, some evidence
of periodicity is present in these plots suggesting that the pure nugget
model may not be a true representation of the patterns of dry bulk
density in these plots.

iii) Plot 9 shows a downward trend in variance with an increasing lag
distance. It is thought that this represents a checkerboard pattern in the
dataset.

iv) Plots 3 and 9 both show evidence of periodicity, however, if this is
ignored and only the first 3 or 4 lags are investigated it may be argued
that sills are reached producing ranges of spatial autocorrelation of
approximately 9m in both cases.

V) Through the examination of the periodicity in the data (figure 5.9) it can
be concluded that although plot 9 has a shorter wavelength, in general,

plots 3, 9 and 11 follow a similar wave pattern.

Periodicity in Bulk Density Data from Shrubland Plots

8 Plot 3
Plot 9

© Plot 11
?06-
i
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Figure 5.9 Semi-variograms with connecting lines to show periodicity in dry bulk density data in
shrubland plots.
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e) Geostatistical analysis: Moran’s | and Geary's C statistics

The results are as follows: (see figure 5.10)

ii)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results from the Moran’s | correlogram produce a much
weaker signal than the Geary’s C. Some variation between the two
types of correlograms is evident suggesting that caution should be
exercised when interpreting the results, particularly with plots 9 and 11.
Interpretation of the Geary’s C analysis indicates that plots 3, 9 and 11
show evidence of spatial correlation, clustering is evident at ranges less
than approximately 4 - 8m, 8 - 12m and 4.5 - 9m, respectively.

Although the Geary’s C correlogram suggests that a range may exist for
plot 11, the Moran’s | correlogram suggests the nugget model may be
more appropriate as clustering is evident in the majority of lag distances.
Plot 5 demonstrates a range much greater than that determined by the
semi-variogram. The correlograms suggest a range of 12 — 15m rather
than a range of 6.82m derived from the semi-variogram.
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Shrubland Plots: Morans's | and Geary's C Statisitcs for Bulk Density
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Plot 5 & 9
0>to<=3
3>to<=6
6>to<=9
9>to <= 12
12 >to <=15
15 >to <= 18
18 > to <=21
21 >to <=24
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Plot 3 Geary’'s C
Plot 5 Moran's |
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—+—Plot 11 Moran's |
Plot 11 Geary's C

Plot 11
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45>to<=9
9>to <= 13.5
13.5 >to <= 18
18 >to <= 22.5
225 >to <= 27
27 >to <=31.5
31.5 >to <= 36

Figure 5.10 a) Moran’s | and Geary’s C correlograms for the dry bulk density of the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

5.3.2 Summary

Only plot 5, situated in the Karoo, demonstrates spatial autocorrelation with a

range of 6.82m and a nugget-to-sill ratio of 0.52. Despite the fact that pure nugget
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models have been applied to plots 3, 9 and 11, implying that no spatial patterns
are present, some evidence of periodicity is present indicating that a pure nugget
model may not be a true representation of the patterns of dry bulk density in these
plots.

The periodicity in these three datasets appears to follow a similar pattern
suggesting that characteristic spatial patterns of bulk density may indeed exist in
semi-arid shrublands.

Statistically, there are no similarities in the mean values of dry bulk density
between the two Karoo locations or between the two Sevilleta NWR locations
implying that bulk density is site specific and thus influenced by many factors.
Although the coefficients of variation values indicate more intra-plot variation within
the Karoo plots, the cell by cell account demonstrates that these variations are not
significant. The conclusions derived from the cell by cell variations for plots 5 and
9 correspond to those derived from the semi-variograms. Plot 5 demonstrates
spatial autocorrelation and plot 9 displays a decrease in variance with increasing
lag distance.

5.4 Soil Moisture

5.4.1 Results

As discussed in chapter 4, the antecedent weather conditions must be considered
when interpreting the soil moisture results. Although detailed rainfall data are not
available, a record of the weather conditions was kept throughout the fieldwork
period. In the Karoo, dry conditions leading up to and during measurement of plot
3 were recorded, however, showery conditions were observed prior to the
measurement of plot 5. In the Sevilleta NWR, light showers were also observed
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prior to the measurement of plot 9 and 11, some localised rain was also

experienced during the measurement of plot 11.

a) Testofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.11) show that the
datasets from all plots are positively skewed. Plot 11 is considered to be highly
positively skewed as the skewness value is greater than 1 (see table 5.6). Outliers
are evident in all datasets except the dataset from plot 3. In all cases the outliers

are at the upper end of the measurements.

Boxplots of Soil Moisture in Shrublands

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.11 Boxplots representing the sample distribution of soil moisture in the shrubland plots.

Plot 3, situated in the Karoo, has the greatest mean value, coefficient of variation

and range of all four plots. Plot 9, located in the Sevilleta NWR, has the second
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highest mean value. Although this plot has a mean value and range that are
approximately half that of plot 3, relative to the mean this plot demonstrates a
similar amount of within-plot variation to plot 3. Plot 5 (Karoo) and plot 11
(Sevilleta NWR) have similar distributions including similar means, ranges and

coefficient of variation values.

Table 5.6 Inter-plot comparisons of descriptive statistics: Soil moisture (%)

Mean 4.32 1.69 2.08 1.08
Median 418 1.60 1.82 0.99
SE of Mean 0.17 0.04 0.08 0.03
St Dev 1.74 0.46 0.83 0.31

Variance 3.02 0.21 0.69 0.10
CoefVar 40.24 26.97 39.73 29.04
Minimum 1.58 0.76 0.93 0.60
Maximum 8.90 3.18 473 2.43
Range 7.31 2.42 3.80 1.83
IQR 2.48 0.54 1.21 0.34
Skewness 0.70 0.61 0.86 1.43
Kurtosis 0.04 0.93 -0.08 2.64

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo (t= 15.19,
p<0.005). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= 11.84, p<0.005).

b) Intra-plot variation

Examination of the means and standard deviations of each cell in the four plots
(figure 5.12) suggests that although variation is evident, the scale of measurement
is not a significant factor in the characterisation of soil moisture. In general, both
plots 5 and 9 demonstrate a similar amount of variation across the three spatial

scales. Plot 9 appears to have the most constant means and standard deviations
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whereas plot 11 shows the greatest variation in soil moisture across the different
spatial scales. Plots 3 and 11 both demonstrate significant variation among the six
cells representing the smallest scale of measurement (1.5m x 1.5m). The varying
distributions of data from cells of the same size suggest that some spatial patterns
may exist. Geostatistical analysis will investigate this on a more comprehensive
level.
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Figure 5.12 The means and standard deviations of soil moisture for each cell within the plots. Green
represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5 x 1.5m
cells.
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of two outliers from plot 11.
No transformations were necessary and no drift was identified in any of the
datasets. Table 5.7 shows the numerical results and the associated semi-

variogram graphs are presented in figure 5.13.

Table 5.7 Geostatistical analysis of the soil moisture of shrubland plots

Parameter: Soil Moisture

Plot Nugget Value  Sill Range (meters) Nugget-to-sill Ratio
No. Location Fitted Model (Co+CO (Co)/ (CO+C)
3 Karoo Spherical 0.50 1.05 6.60 0.48
5 Karoo Spherical 0.57 0.96 15.84 0.59
9 Sevilleta NWR  Spherical 0.58 1.19 9.60 0.49
11 Sevilleta NWR  Spherical 0.39 117 7.44 0.33
a) b)
W”")I.I. Omnidirectional yaw Omnidirectional
0 3 6 9 12 ﬁ 18 21 24 27 30 12 1 20 2 28 32
Plot 3 Plot 5
) d)
Omnidirectional Omnidirectional
©r
08
06 06
0.4 0.4
@
O 3 6 9 Q 5 18 Z 24 27 30 O 4 8 Q 16 2) 24 28
Plot 9 Plot 11

Figure 5.13 Modelled semi-variograms for the soil moisture of shrubland plots.
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The results are as follows:

88~ =*gNgoog

The spatial autocorrelation ranges of soil moisture vary from 6.60m to
15.84m and all nugget-to-sill ratios suggest moderate spatial
dependency.

All plots were best represented by a spherical model.

Plots 3, 9 and 11 show elements of periodicity. Nevertheless, it is
suggested that, particularly in the cases of plots 9 and 11, greater lag
distances should be included before a firm conclusion is reached.
Regarding the ranges of spatial autocorrelation, there are no distinct
characteristics evident with respect to the two different geographical
locations of the plots.

The three datasets identified as possibly demonstrating periodicity

(figure 5.14) appear to have similar wavelength patterns.

Periodicity in Soil Moisture Content Data in
Shrublands

1.40
1.20 .

Plot 3
Plot 9
Plot 11

0.80 -

0.20 .
0.00

0 4 8 12 16 20 24 28 32

Figure 5.14 Semi-variograms with connecting lines to show periodicity in dry bulk density data in
shrubland plots.
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e) Geostatistical analysis: Moran's | and Geary'’s C statistics

The results are as follows: (see figure 5.15)

i)

ii)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well; this increases the
confidence in the results.

The Geary’s C analysis indicates that both plots 3 and 9 show ranges of
spatial autocorrelation that are slightly less than those calculated by the
semi-variograms.

The ranges of autocorrelation evident in plots 5 and 11, calculated from
the semi-variograms, correspond with the results derived from the
Geary’s C correlogram.

Although it is not as obvious in the Moran’s | correlogram, the Geary’s C
correlogram shows that plot 5 behaves differently to the other plots. The
Geary’s C statistics show that at most lag distances spatial clustering
exists. In addition, the test statistic at the lag distance at which the
semi-variogram suggests is the threshold of spatial autocorrelation is
weak. This decreases the confidence in the results derived from this

plot.

Shrubland Plots: Moran's | and Geary's C Statistics for Soil Moisture

——Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran's |
Plot 9 Geary's C

—+—Plot 11 Moran's |
Plot 11 Geary's C
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Lag increment

codes Plot 3 Plot 5 &9 Plot 11
1 0>to<=2 0>to<=4 0>to<=3
2 2>to<=4 4>t0<=8 3>to<=6
3 4>to<=6 8>to <= 12 6>to<=9
4 6>to<=8 12 >to <= 16 9>to <= 12
5 8>to<=10 16 >to <= 20 12 >to <=15
6 10 > to <=12 20 >to <=24 15 >to <= 18
7 12>to <= 14 24 >t0 <=28 18 > to <=21
8 14>to<=16 28 >to <= 32 21 >to<=24
9 16 > to <=18 24 > to <= 27
10 18 > to <= 20 27 > to <= 30
1 20 >to <= 22
12 22 >to<=24
13 24 >to <= 26
14 26 >to <= 28
15 28 >to <= 30

Figure 5.15 a) Moran’s | and Geary’s C correlograms for the soil moisture of the shrubland plots,
b) provides the key to the lag increments used in the correlograms for each plot.

5.4.2 Summary

All shrubland plots demonstrate spatial autocorrelation, ranging from 6.60m to

15.84m. The nugget-to-sill values suggest that all show moderate spatial

correlation. Study location does not appear to influence the ranges greatly as

plots 5 (Karoo) and 9 (Sevilleta NWR) exhibit the two greatest values. Although

models were applied to plots 3, 9 and 11, the datasets of all three plots display

fluctuating variances. A comparison of the cyclic behaviour shows a similarity in

the wavelengths suggesting that characteristic spatial patterns of soil moisture

may exist in semi-arid shrublands. However, it is unlikely that this pattern can be

directly related to shrub and intershrub areas as the wavelengths are

approximately 16m, significantly larger than either of these areas.
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5.5 Shearstrength

551 Results:

a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.16) show that the
datasets from all plots are positively skewed. Plots 3, 5 and 9 are considered to
be highly positively skewed as the skewness values are greater than 1 (see table
5.8). Plot 11, in contrast, can be considered as having a normal distribution as the
skew is not significant. Outliers are evident in these three datasets. The boxplots
show the distributions of the plots can be grouped by geographical location; the
two plots from the Karoo (3 & 5) have greater distributions than both the Sevilleta
plots (9 & 11).

Boxplots of Soil Shear Strength in Shrublands
60H

50-

40-

10-

Plot 3 Plot5 Plot 9 Plot 11

Figure 5.16 Boxplots representing the sample distribution of soil shear strength in the shrubland
plots.
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The mean soil shear strength of both the plots from the Sevilleta NWR are less
than half those derived from the two plots in the Karoo. In addition, the ranges of
both the Karoo plots are significantly greater than those found in the Sevilleta
NWR. Although the Karoo plots have higher coefficients of variation, plots 9 and
11 from the Sevilleta NWR have similar values to plot 5. Therefore, relative to the

mean, the variation within plots 5, 9 and 11 do not differ significantly.

Table 5.8 Inter-plot comparisons of descriptive statistics: Soil shear strength (kPa)

Mean 14.74 13.98 5.30 5.65
Median 12.95 12.35 5.00 5.45
SE of Mean 0.90 0.65 0.22 0.18
St Dev 9.32 6.75 2.27 1.89
Variance 86.89 45.53 5.15 3.57
Coef Var 63.24 48.28 42.83 33.45
Minimum 0.80 4.40 1.00 1.40
Maximum 57.40 44 .80 15.20 10.50
Range 56.60 40.40 14.20 9.10
IQR 11.00 8.73 2.30 2.88
Skewness 1.39 1.44 1.40 0.39
Kurtosis 3.44 3.52 3.49 -0.21

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plot 3 and 5, the two plots located in the Karoo.
(t= 0.69, p= 0.491). Similarly, there is a no significant difference between the
means of plots 9 and 11, the two plots located in the Sevilleta NWR (t= -1.22, p=
0.223).
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¢) Intra-plot variation

Plot 3 demonstrates a wide spread of mean shear strength values both within each
cell and across the plot as a whole (see figure 5.17). However, the range of shear
strength values is particularly evident in cells representing the smallest spatial
scale (1.5 x 1.5 m). Interestingly, the two cells representing the largest scale (30 x
30m) show similar mean values and standard deviations. Plot 5, in contrast,
demonstrates less variation in both the mean values and standard deviations
across the plot. However, the plot does show greater variation in the means at the
largest scale of measurement. As plots 3 and 5 are located in the Karoo the
graphs suggest that the spatial patterns may differ and therefore characteristic
patterns of soil shear strength may not exist for the study region. Plot 9, from the
Sevilleta NWR, demonstrates significant variation among the six cells representing
the smallest scale of measurement (1.5m x 1.5m) whereas the cells representing
the largest spatial scale have similar means and standard deviations. The varying
distributions of data from cells of the same size suggest that some spatial patterns
may exist. In contrast, plot 11 shows less variation in the means and standard
deviations at the smallest scale and significant differences between both the
means and standard deviations from the two cells at the largest spatial scale.
Again this suggests that no characteristic patterns of soil shear strength may exist
for each of the study regions.
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Figure 5.17 The means and standard deviations of soil shear strength for each cell within the
plots. Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink
represents 1.5 x 1,5m cells. 209
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d) Geostatistical analysis: The semi-variogram

Shrublands

Pre-processing of the datasets resulted in the removal of one outlier from plots 3

and 5 and two outliers from plot 9. No transformations were necessary; however,

drift was identified in the data from plot 5. This was removed and subsequent

geostatistical analysis was carried out using the residuals.

Table 5.9 shows the

numerical results and the associated semi-variogram graphs are presented in

figure 5.18.

Table 5.9 Geostatistical analysis of the soil shear strength of shrubland plots

Parameter: Shear Strength

Plot Nugget Value Sill Range (meters) Nugget-to-sill Ratio
No. Location  Fitted Model (Co+C) (Co)/ (CO+C1)
3 Karoo Nugget 1.00 na Na na
5 Karoo Power 0.63 Power: 0.52 Slope: 0.06
9 Sevilleta NWR Spherical 0.61 0.96 4.20 0.64
11 Sevilleta NWR Spherical 0.60 1.07 9.61 0.56
a
W\q Omnidirectional Omnidirectional
0.9
0.8
0.7 0.8
0.6
05 0.6
0.4
0.4
0.3
03 0.2
01
0
8 12 ﬁ 20 A 28 32 0 . 8 . 16 20 24 28 32
Plot 3 Plot 5
c)

Omnidirectional

0.8
0.6
0.4

0.2

03691zﬂ1521242730
Plot 9

Omnidirectional

0.8
0.6
0.4

0.2

0 4 8 12 I'li 20 24 28
Plot

Figure 5.18 Modelled semi-variograms for the soil shear strength of shrubland plots.
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The results are as follows:

i) The two plots from the Sevilleta NWR, plots 9 and 11, show ranges of
spatial autocorrelation of 4.20m and 9.61m, respectively.

ii) The data from both these plots were best represented by a spherical
model and both show moderate spatial dependency.

iii) A pure nugget model was used to describe the data derived from plot 1.

iv) Although the residuals were used to calculate the semi-variogram for
plot 5 and upward trend was still apparent therefore a power model has
been applied to the data. No sill is reached thus no range of spatial
autocorrelation is evident.

V) Plots 3 and 11 show evidence of periodicity (figure 5.19). Although the
wavelengths do not match exactly, both peak for the first time at a lag

distance of 9m.

Periodicity in Soil Shear Strength Data in Shrublands

0 4 8 12 16 20 24 28 32

Figure 5.19 Semi-variograms with connecting lines to show periodicity in soil shear strength data
in shrubland plots.
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e) Geostatistical analysis: Moran's | and Geary’s C statistics

The results are as follows: (see figure 5.20)

i) At the smaller lag distances the Moran’s | and Geary’s C statistics do not
correspond as well as they have done for other soil parameters. This is
particularly evident for plot 9.

ii) The Geary’s C correlogram, however, produces results that correspond
to the ranges of spatial autocorrelation for plots 9 and 11 derived from
the semi-variograms.

i) The Geary’s C correlograms of plots 3 and 5 suggest that it is possible
ranges may exist, both between lag distances of 20 and 24m. However,
it appears that this is more likely to be true of plot 5 as the significance

of the test statistic of plot 3 is low.

Shrubland Plots: Moran's land Geary's C Statistic for Shear
Strength

— Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran's |
Plot 9 Geary's C
Plot 11 Moran's |
Plot 11 Geary's C
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b)
Lag increment

codes Plot 3 & 5 Plot 9 Plot 11
1 0>to<=4 0>to<=2 0>to<=3
2 4>to<=8 2>to<=4 3>to<=6
3 8 >to <= 12 4>to<=6 6>to<=9
4 12 > to <= 16 6 >to<=8 9 >to <= 12
5 16 > to <= 20 8 >to<=10 12 > to <=15
6 20>to<=24 10>to<=12 15>to <= 18
7 24>to0<=28 12>to<=14 18 > to <=21
8 28>to<=32 14>to<=16 21 >to<=24
9 16 >to <= 18 24 > to <= 27
10 18 >to<=20 27 >to<=30
1" 20 > to <= 22
12 22 >to <= 24
13 24 > to <= 26
14 26 >to <= 28
15 28 > to <= 30

Figure 5.20 a) Moran’s | and Geary’s C correlograms for the soil shear strength of the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

5.5.2 Summary

Statistically, no significant differences exist between the mean values from the two
Karoo plots and similarly between the means from the Sevilleta NWR plots. These
results reflect the influence of soil type on shear strength measurements. The

values from the Karoo sites are more than double those from the Sevilleta NWR
suggesting that the Karoo plots may consist of soils that are more resistant to soil

erosion.

The differences between the two study regions demonstrated by the descriptive
statistics can also be applied to the geostatistical results. The two plots located in

the Sevilleta NWR show evidence of spatial autocorrelation despite the ranges

varying from 4.20 m to 9.61m. The variograms derived from the Karoo data,

however, do not reach a sill. A power function was applied to plot 5 representing a
variance that continually increases with an increasing lag distance. Although a
pure nugget model being applied to plot 3 thus indicating random variance, a slight

upward trend is also evident in this plot albeit weaker than plot 5.
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5.6 Soil-aggregate stability

The problems associated with the technique employed to measure the aggregate
stability has been discussed in chapter 4. Two plots were chosen to represent the
shrublands from each of the study regions, plot 5 from the Karoo and plot 9 from

the Sevilleta NWR.

5.6.1 Results

Aggregate stability: Percentage weight loss

o) 40
| 30 -
20
10 -
0 rrri'iid
1 6 1 16 21 26 A 36 4 46 51

Number of samples

Figure 521 The number of aggregates obtained from plots 3 and 5 and the percentage weight
loss after agitation in water.

From figure 5.21 a number of observations can be made about the aggregate

stability of soil in the two semi-arid shrubland plots:

i) Out of 108 samples, plot 9 (Sevilleta, NWR) only had 1 sample
containing suitable aggregates. This suggests that the soil structure is
very weak. However, this one sample was very stable.

ii) Plot 5, situated in the Karoo, S.A. had significantly more measurable

aggregates. Nearly 90% of the aggregate samples lost less than 50% of
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their total weight and nearly 30% only lost 10% of their total weight.
Only one sample dispersed completely.

5.6.2 Summary

The shrubland plot located in the Karoo (plot 5) is the most stable. This plot had
significantly more measurable aggregates, most of which were relatively stable. In
contrast, the soil from plot 9, situated in the Sevilleta NWR, has an extremely weak
structure. Only one suitable sample was obtained from a total of 108, although
this was found to be highly stable.

Unfortunately these results cannot be compared to those derived from different
studies due to inconsistencies in sampling methods.

5.7 pH

5.7.1 Results

a) Descriptive statistics, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.22) show that plot 3
is positively skewed, plot 5 can be classed as a normal distribution and the two
plots from the Sevilleta NWR, plots 9 and 11, are negatively skewed. Outliers are
evident in all datasets. Although by taking an average of three soil pH readings it
is hoped that measurement error is reduced, a number of extreme values are
evident. The distributions of plots 9 and 11 in particular are strongly influenced by
such values.
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Boxplots of Soil pH in Shrublands

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.22 Boxplots representing the sample distribution of soil pH in the shrubland plots.

The descriptive statistics show a difference between the pH values from the Karoo
sites and the sites from the Sevilleta NWR. Table 5.10 shows that the soils from
the Karoo are acidic (< pH7) whereas the soils from the Sevilleta NWR are alkaline
(>pH7). The coefficient of variance and range values show that pH values within

plots 9 and 11 fluctuate significantly less than plots 1 and 2.

Table 5.10 Inter-plot comparisons of descriptive statistics: Soil pH

Mean 5.79 6.75 8.48 8.50
Median 5.73 6.74 8.53 8.55
SE of Mean 0.05 0.03 0.01 0.02
St Dev 0.55 0.35 0.15 0.18
Variance 0.30 0.12 0.02 0.03
Coef Var 9.46 5.21 1.74 2.11
Minimum 473 5.78 7.91 7.88
Maximum 7.38 7.75 8.69 8.77
Range 2.65 1.96 0.78 0.89
IQR 0.66 0.48 0.14 0.20
Skewness 0.57 0.1 -1.70 -1.25
Kurtosis 0.07 0.45 3.01 1.58
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b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -15.30,
p<0.005). In contrast, there is no significant difference between the means of plots
9 and 11, the two plots located in the Sevilleta NWR (t= -0.64, p= 0.521).

¢) Intra-plot variation

The plots do not demonstrate any significant characteristics in their cell by cell
variability across the three scales of measurement (see figure 5.23). In all cases
the measurements taken in the smallest quadrats show a similar spread of data to
those taken from the largest quadrats. Although the two Karoo plots (3 & 5) have
an overall greater variability in values within the cells, the Sevilleta NWR plots (9 &
11) demonstrate greater variation among the cells. However, variability does not
appear to be influenced by the scale of measurement. This may indicate that
spatial autocorrelation of soil pH is more likely to be evident in the Sevilleta NWR
plots.
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Figure 5.23 The means and standard deviations of soil pH for each cell within the plots. Green
represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5 x 1.5m
cells. -218-
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d) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plots 9

and four from plot 11. No transformations were necessary; however, drift was

identified in the data from plot 3. This was removed and subsequent geostatistical

analysis was carried out using the residuals. Table 5.11 shows the numerical

results and the associated semi-variogram graphs are presented in figure 5.24.

Table 5.11 Geostatistical analysis of the soil pH of shrubland plots

Parameter: pH

Plot Nugget Value Sill Range (meters) Nugget-to-sill Ratio
No. Location Fitted Model (Co+Ci) (Co)/ (Co+CO
3  Karoo Spherical 0.65 1.06 15.54 0.61
5  Karoo Spherical 0.60 1.01 5.89 0.59
9 Sevilleta None na na na na
11 Sevilleta None na na na na
a) Omnidirectional
Omnidirectional
08
V5 06
0.4 0.4
(0% 0.2
0 v 8 2 uyDun n o 0« 8 2 4w D u =
Plot 3 Plot 5
c) w\ﬂ) —
Y”h‘i? Omnidirectional Omnidirectional
1
08
6
0.4
02
0 20 12 IT 20 B
Plot 9 Plot 11

Figure 5.24 Modelled semi-variograms for the pH of shrubland plots.
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The results are as follows:

i) The two plots from the Karoo (3 & 5) demonstrate spatial autocorrelation
of soil pH with ranges of 15.54m and 5.89m, respectively.

i) A spherical model was applied to the two modelled plots; nugget-to-sill
ratios of 0.61 and 0.59 suggest that moderate to weak spatial
dependency describes plots 3 and 5.

iii) Plots 9 and 11, located in the Sevilleta NWR have not been modelled as
none of the simple models were deemed appropriate.

iv) Both the semi-variogram and the periodicity graph (figure 5.25) of plot 9
demonstrate a downward trend of variance with increasing lag
distances.

V) Plot 11 may be illustrating the ‘hole effect’ at the smaller lag distances,

the variance appears to reach a sill at a range of approximately 12m.
Periodicity in pH Data in Shrublands

1.20
1.00

c 0.80
Plot 9

5 0.60
Plot 11

0.40
0.20
0.00

Figure 5.25 Semi-variograms with connecting lines to show periodicity in soil pH data in shrubland
plots.
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e) Geostatistical analysis: Moran's | and Geary’s C statistics

The results are as follows: (see figure 5.26)

i)

ii)

Si

TeTES0 jo

Comparisonsmade between the Moran’s | and Geary’s C statistics
show that the results from the Moran’s | correlogram produce a much
weaker signal than the Geary’s C. Some variation between the two
types of correlograms is evident suggesting that caution should be
exercised when interpreting the results.

Interpretation of the Geary’s C analysis indicates that plots 3 and 5 show
evidence of spatial correlation, clustering is evident at ranges less than
approximately 9 - 13.5m and 1.5 - 3m, respectively. Both these ranges
are approximately 2m less than those estimated by the semi-variogram.
Although the Geary’s C correlogram suggests that the pH in plot 9
shows no spatial autocorrelation at lag distances less than 12 - 16m
and then shows evidence of spatial clustering at lags greater than this
threshold, the Moran’s | statistic suggests that this is not the case.
Anomalies also exist between the Geary’'s C and Moran’s | correlograms

of plot 11. This makes interpretation of the results difficult.

Shrubland Plots: Moran's | and Geary's C Statistics for Soil pH

16
1.4
12 Plot 3 Moran's |
1 Plot 3 Geary’s C
0.8 Plot 5 Moran's |
Plot 5 Geary's C
06 Y
Plot 9 Moran's |
0.4 Plot 9 Geary's C
0.2 Plot 11 Moran's |
0 Plot 11 Geary's C
0.2
-0.4

Lag
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Lag increment

Shrublands

codes Plot 3 Plot 5 & 11 Plot 9

1 0 >to<=4.5 0>to<=3 0>to<=4

2 45 >to<=9 3>to<=6 4>to<=38

3 9 >to <= 13.5 6>to<=9 8 > to <= 12
4 13.5>to<=18 9 >to <= 12 12 > to <=16
5 18 >to<=225 12>to<=15 16 >to<=20
6 225>to<=27 15>to<=18 20 >to<=24
7 27 >to <=31.5 18 > to <=21 24 > to <= 28
8 31.5>to<=36 21 >to<=24 28 >to <= 32
9 24 >to <= 27

10 27 >to <= 30

Figure 5.26 a) Moran’s | and Geary’s C correlograms for the soil pH of the shrubland plots,
b) provides the key to the lag increments used in the correlograms for each plot.

5.7.2 Summary

Again the shrubland results show that the Karoo soils are acidic whereas the
Sevilleta NWR soils are alkaline. However, statistical evidence suggests that the
mean values of the two Karoo plots are different whereas no significant differences

exist between the two means from the Sevilleta NWR sites.

The differences between the two study regions demonstrated by the descriptive
statistics can also be loosely applied to the geostatistical results. The two plots
located in the Karoo show evidence of spatial autocorrelation despite the ranges
varying from 5.89m to 15.54m. The variograms derived from the Sevilleta NWR
data, however, have not been modelled. Interpretation of these two plots is
difficult.

whereas plot 11 may be exhibiting a ‘hole effect’.

Plot 9 shows evidence of a fluctuating downward trend in variance

In both cases, however, the
variance appears to decrease at a lag of ~4m. This may indicate some level of

spatial pattern in pH relating to the intershrub zones in the Sevilleta NWR.
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5.8 Electrical conductivity

58.1 Results

a) Testofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.27) show that the
datasets from all plots are positively skewed. Plots 3, 9 and 11 are considered to
be highly positively skewed as the skewness values are greater than 1 (see table
5.12). Outliers are evident in all datasets and are only present at the upper region

of the scale.

Boxplots of Soil Conductivity in Shrublands
06H

0.5-

0.3-
0.2-
0.1-

001
Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.27 Boxplots representing the sample distribution of soil conductivity in the shrubland
plots.

Inter-plot comparisons (table 5.12) show that the mean values of conductivity are
similar in all the plots. No significant differences in the descriptive statistics are
evident between the Karoo plots and the Sevilleta plots suggesting that both

regions have relatively similar distribution characteristics.
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Table 5.12 Inter-plot comparisons of descriptive statistics: Soil conductivity [dS rrf1)

Mean 0.13 0.18 0.16 0.15
Median 0.12 0.18 0.15 0.14
SE of Mean 0.01 0.00 0.01 0.00
St Dev 0.06 0.05 0.05 0.04
Variance 0.00 0.00 0.00 0.00
Coef Var 45.95 28.37 32.77 27.59
Minimum 0.03 0.10 0.1 0.07
Maximum 0.34 0.40 0.54 0.38
Range 0.32 0.30 0.43 0.31

IQR 0.07 0.07 0.03 0.04
Skewness 1.36 0.94 4.28 2.36
Kurtosis 2.54 1.86 26.34 11.54

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -7.60,
p<0.005). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= 2.00, p= 0.047).

b) Intra-plot variation

In all plots the mean values do not appear to fluctuate greatly across the three
scales of measurement (see figure 5.28). Plots 3 and 9 both show similar patterns
of standard deviations throughout the three cell sizes. In contrast, plots 5 and 11
generally display less variation within the cells but greater fluctuation among the

cells. However, this does not appear to be related to the scale of measurement.
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Figure 5.28 The means and standard deviations of soil conductivity for each cell within the plots.

Green represents the 30 x 30m cells, yellow represents the 10 x 10m cells and pink represents 1.5 x
1.5m cells.
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d) Geostatistical analysis: The semi-variogram

Shrublands

Pre-processing of the datasets resulted in the removal of three outliers from plots

3, 9 and 11, and one outlier from plot 5. Even with the removal of outliers the

distribution of plot 9 was highly skewed thus requiring a log transformation. No

trends were identified in the datasets. Table 5.13 shows the numerical results and

the associated semi-variogram graphs are presented in figure 5.29.

Table 5.13 Geostatistical analysis of the soil conductivity of shrubland plots

Parameter: Conductivity

Plot
No. Location
3 Karoo
Karoo

9 Sevilleta NWR*
1" Sevilleta NWR

a)

c)

08
06

04

@

O 3 6 9 Q 18 21 24 27
h

Fitted Model
Nugget 1.00
Nugget 1.00
Spherical 0.56
Spherical 0.31

Plot 3

Plot 9

18

Nugget Value

Omnidirectional

Omnidirectional

-
30

L)

£ 88 .

oR

8 &

0

sill
(Co+Ci)
na
na
0.91

1.10
Log transformed data due to highly positively skewed data

b)

Nugget-to-sill Ratio
(Co)/ (Co+CO
na
na
0.62
0.28

Omnidirectional

16 leo 28
Plot 5

Omnidirectional

8 Q i/ 2) 24 28
4
Plot 11

Figure 5.29 Modelled semi-variograms for the conductivity of shrubland plots.
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The results are as follows:

i) The two plots located in the Karoo, plots 3 and 5, were best represented
by a pure nugget model indicating no spatial autocorrelation is present.

i) The two plots located in the Sevilleta NWR, plots 9 and 11, demonstrate
spatial autocorrelation ranges of 8.1m and 5.27m, respectively. In both
cases a spherical model was applied.

iii) A nugget-to-sill ratio of 0.62 suggests that moderate to weak spatial
dependency describes the results from plot 9, whereas a ratio of 0.28
suggests that a moderate to strong spatial dependency describes the
results derived for plot 11.

iv) Although plots 9 and 11 have been modelled, the experimental data
indicates that some elements of periodicity may be evident. Figure 5.30
displays this fluctuation; both plots appear to follow approximately the

same pattern.

Periodicity in Conductivity Data in Shrublands

1.60 -
1.40
1.20 .

r 1.00

> 0.80

| 0-60 -
0.40 -
0.20
0.00

Figure 5.30 Semi-variograms with connecting lines to show periodicity in soil conductivity data in
shrubland plots.
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e) Geostatistical analysis: Moran’s | and Geary's C statistics

The results are as follows (see figure 5.31):

i) Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

ii) The Geary’s C analysis indicates that both plot 3 and 5 demonstrate no
significant signs of spatial patterns, this corresponds to the semi-
variogram results.

i) The Geary’s C correlogram for plot 9 suggests that spatial clustering
occurs until a lag distance of approximately 9m, this is comparable to
the results derived from the semi-variogram, which suggested a range of
8.1m. However, the Moran’s | correlogram does not correspond to this
finding.

iv) Both correlograms agree that in plot 11 spatial clustering occurs at lag
distances less than 4 - 6m. This finding corresponds to the range of

spatial autocorrelation derived from the semi-variogram (5.27m).

Shrubland Plots: Moran's land Geary's C Statistics for Soil
Conductivity

—s—Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran's |
Plot 9 Geary's C
Plot 11 Moran's |
Plot 11 Geary's C
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b)
Lag increment

codes Plot 3 & 11 Plot 5 Plot 9
1 0>to<=2 0>to<=4.5 0>to<=3
2 2>to<=4 45>to<=9 3>to<=6
3 4>to<=6 9>to<= 135 6>to<=9
4 6>to<=38 13.5>to<=18 9 >to<=12
5 8>to<=10 18 >to <=22.5 12 >to<=15
6 10>to<=12 225>to<=27 15>to<=18
7 12 >to<= 14 27 >to <=31.5 18 > to <=21
8 14 >to<=16 31.5>to<=36 21 >to<=24
9 16 > to <= 18 24 > to <= 27
10 18 >to<= 20 27 >to <= 30
1" 20 > to <= 22
12 22 >to <= 24
13 24 > to <= 26
14 26 >to <= 28
15 28 >to <= 30

Figure 5.31 a) Moran’s | and Geary’s C correlograms for the soil conductivity of the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

5.8.2 Summary

Despite the mean values of conductivity from all the plots appearing to be
relatively similar, statistically, the two Karoo plots as well as the two Sevilleta plots

have means that are significantly different. This suggests that factors other than

soil type influence the conductivity of the soil and imply that the conductivity should

be considered as being site specific.

Geostatistical analyses, in contrast, suggest that spatial patterns of conductivity

may be a characteristic of the study region and thus the local conditions. Plots 3

and 5 show no evidence of spatial autocorrelation thus suggesting a homogenous

distribution. Plots 9 and 11, on the other hand, display ranges of 8.1m and 5.27m,

respectively. In addition, the two plots located in the Sevilleta NWR demonstrate

some evidence of periodicity. When compared, these fluctuations follow

approximately the same pattern.
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5.9 Nutrient content analysis

Due to some obvious anomalies in the output datasets, as a result of machine
error, the results presented here have been filtered and some data points
removed. Of the shrubland plots only plot 9 was affected thus the sample size
was reduced to 105.

5.9.1 Results:

Calcium
a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.32) show that plot 3
displays a highly positively skewed distribution whereas plots 5, 9 and 11 are
negatively skewed. Plots 9 and 11 are considered to be highly negatively skewed
as their skewness values are less than -1 (see table 5.14). Outliers are evident in
all datasets except plot 5. These are evident at the upper end of the scale for plot
3 and the lower end of the scale for plots 9 and 11.
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Boxplots of Available Calcium in Shrublands

9000-
8000-
7000-
6000-

5000-

1000.

Plot 3 Plot5 Plot 9 Plot 11

Figure 5.32 Boxplots representing the sample distribution of available calcium in the shrubland
plots.

Inter-plot analysis shows that there is a significant difference in the available
calcium content between the sites in the Karoo, South Africa and the sites in the
Sevilleta NWR, New Mexico. Available calcium is significantly higher in the
Sevilleta NWR, this is a characteristic of the soil type. The ranges of values and
the variation within these plots are also lower than the sites situated in the Karoo.
Notwithstanding these geographical differences, the mean values derived from the
two Karoo plots vary greatly compared to the two means derived from the Sevilleta
NWR plots. Significant differences in the coefficient of variation values are also

evident in the Karoo plots.
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Table 5.14 Inter-plot comparisons of descriptive statistics: Available calcium in ppm of soil

Mean 907.60 4921.00 8399.40 8736.30
Median 7.68.10 5233.00 8469.70 8785.20
SE of Mean 68.20 117.00 35.90 33.60
St Dev 708.70 1218.00 367.90 348.70
Variance 502278.90 1482786.00 135361.30 121611.40
Coef Var 78.08 24.75 4.38 3.99
Minimum 119.70 1167.00 6454.80 7030.20
Maximum 4238.10 7045.00 8851.70 9196.30
Range 4118.30 5878.00 2396.90 2166.10
IQR 943.40 2104.00 330.70 286.70
Skewness 1.79 -0.54 -2.43 -2.56
Kurtosis 4.9 -0.44 8.64 8.48

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -29.60,
p<0.005). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= -6.86, p<0.005).

c¢) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plot 3
and four outliers from plots 9 and 11. Even with the removal of the outlier the
distribution of plot 3 was highly skewed thus requiring a log transformation. No
trends were identified in the datasets. Table 5.15 shows the numerical results and

the associated semi-variogram graphs are presented in figure 5.33.
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Table 5.15 Geostatistical analysis of the available calcium of shrubland plots

Parameter: Calcium
Nugget Value Sill  Range

Plot
No. Location Fitted Model (Co+Ci)
3 Karoo* None na na na
5 Karoo Nugget 1.00 na na
9 Sevilleta NWR  Spherical 0.60 1.08 6.60
1.00 na na

11 Sevilleta NWR Nugget
Log transformed data due to highly positively skewed data

a) b)
Y(M) Omnidirectional T(M
3 6 9 12 ﬁ 18 21 24 27 X
Plot 3
c) d)
Omnidirectional Y(M)
06
@
0 4 8 Q 1M 2) 24 28 32
Plot 9

Nugget-to-sill Ratio
(Co)! {Co+C,)
na
na
0.56

na

Omnidirectional

12 Ff 20 24 28

Plot 5

Omnidirectional

24

Plot 11

Figure 5.33 Modelled semi-variograms for the available calcium in shrubland plots.

The results are as follows:

Plots 5 and 11 are best represented by a ‘pure nugget’ model.

This

suggests that the distribution of available calcium does not follow any

spatial patterns.
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Plot 9, modelled by a spherical model, shows evidence of spatial
autocorrelation. The range of autocorrelation foravailable calcium is

6.60m.

The nugget-to-sill ratio indicates that plot 9 shows moderate levels of
spatial dependency.

None of the simple models were thought to adequately model plot 3 as
periodicity in the dataset is evident.

Although plot 9 has been modelled and plot 11 has not, some periodicity
is thought to be evident in both datasets (fig 5.34). However, no

similarities in the cyclic form are obvious.

Perodicity in Available Ca Data in Shrublands

1.40
1.20

1.00

0.80 Plot 3
Plot 9
0.60 Plot 11

0.40
0.20

0.00
0O 3 6 9 122 15 18 21 24 27 30

Figure 5.34 Semi-variograms with connecting lines to show periodicity in the available calcium
data in shrubland plots.
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d) Geostatistical analysis: Moran’s | and Geary'’s C statistics

The results are as follows: (see figure 5.35)

ii)

Comparisons made between the Moran’s | and Geary's C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

The Geary's C analysis indicates that both plot 5 and 11 demonstrate no
significant signs of spatial patterns, this corresponds to the semi-
variogram results.

The Geary’s C correlogram for plot 9 suggests that spatial clustering
occurs until a lag distance of approximately 9m, this is comparable to
the results derived from the semi-variogram, which suggested a range of
8.1m. However, the Moran’s | correlogram does not correspond to this
finding.

Although the Geary’'s C correlogram of plot 9 peaks at a lag distance
that corresponds to the range of spatial autocorrelation derived from the
semi-variograms (approx. 4 — 8m), it does not appear to be a significant
value. Alternatively, both the correlograms suggest that a range of
between 8 and 12m may be more accurate.

The correlograms of plot 3 indicate two different results making it difficult
to interpret the spatial patterns. The Geary’s C results suggest that a
range of 12 — 15m may exist, corresponding to the main peak in the
semi-variogram. The Moran’s | results, however, suggest that a range
of 6 — 9 m may exist.
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Shrubland Plots: Moran's land Geary's C Statistics for Available

b)

Lag increment
codes

© 0o NOoO o b WDN

- A A
a b W N-=O

Calcium
Lag
Plot 3 Plots
0>to<=3 0>to<=2
3>to<=6 2>to<=4
6 >to<=9 4>to<=6
9>to <= 12 6>to<=8
12 > to <=15 8 >to <= 10
15 > to <= 18 10 > to <= 12
18 > to <= 21 12 > to <=14
21 > to <= 24 14 > to <= 16
24 > to <= 27 16 > to <= 18
27 > to <= 30 18 > to <= 20
20 > to <= 22
22 >to <= 24
24 > to <= 26
26 >to <= 28
28 >to <= 30

Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran's |
Plot 9 Geary's C
Plot 11 Moran's |
Plot 11 Geary's C

Plot 9 & 11
0>to<=4
4>to<=8
8 >to <= 12
12 > to <= 16
16 > to <= 20
20 >to<=24
24 > to <= 28
28 > to <= 32

Figure 5.35 a) Moran’s | and Geary’s C correlograms for the available calcium in the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Potassium

a) Test of normality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.36) show that plot 3
is considered to be highly positively skewed, plot 9 displays a normal distribution
and plots 5 and 11 show a slight positive skew although can both be considered
relatively normal (see table 5.16). Outliers are evident in all datasets except the

dataset derived from plot 9.

Boxplots of Available Potassium in Shrublands

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.36 Boxplots representing the sample distribution of available potassium in the shrubland
plots.

Although the mean values do not vary greatly across the four plots, the distribution
characteristics do. The ranges of the Karoo plots, for example, are approximately
double those of the Sevilleta NWR plots. Similarly, the coefficients of variation
values indicate that relative to the mean, the Karoo plots display a greater amount

of sample variation than the Sevilleta NWR plots.
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Table 5.16 Inter-plot comparisons of descriptive statistics: Available potassium in ppm of soil

Mean 257.77 306.50 362.37 334.58
Median 240.49 295.60 358.63 331.47
SE of Mean 9.95 12.60 6.14 5.15
St Dev 103.42 131.10 62.90 53.56
Variance 10696.69 17184.80 3955.92 2868.48
Coef Var 40.12 42.77 17.36 16.01
Minimum 109.92 71.60 226.00 209.90
Maximum 688.94 737.00 485.96 523.44
Range 579.02 665.40 259.95 313.54
IQR 135.31 185.50 102.06 65.48
Skewness 1.38 0.65 -0.07 0.47
Kurtosis 3.09 0.44 -0.85 0.93

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -3.03,
p= 0.003). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= 3.47, p= 0.001).

¢) Geostatistical analysis: The semi-variogram

Two outliers were removed from plot 3. No transformations were necessary;
however, drift was identified in the data from plot 5. This was removed and
subsequent geostatistical analysis was carried out using the residuals. Table 5.17
shows the numerical results and the associated semi-variogram graphs are

presented in figure 5.37.
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Table 5.17 Geostatistical analysis of the available potassium in shrubland plots

Parameter: Potassium

Plot Nugget Value
No. Location Fitted Model
Karoo Nugget 1.00
Karoo Gaussian 0.77
9 Sevilleta NWR Spherical 0.23
11 Sevilleta NWR Spherical 0.31
a)
T(")&. Omnidirectional
1
0.8
0.6
0.4
02
0 12 18 20 24 28
IN
Plot 3
C)

Omnidirectional

0.8
0.6
0.4

0.2

O 3 6 9 12 15 18 2 24 27 30
IN

Plot 9

Sill Range Nugget-to-sill Ratio
(Co+Cj) (a) (Co)/ (Co+CA

na na na

1.21 31.44 0.64

0.75 7.5 0.31

1.10 8.06 0.28
b)

yciN) Omnidirectional

0.8
0.6
0.4
02

0 4 8 12 16 20 24 28 32 36

IN
Plot 5

d)

Omnidirectional

0.8
0.6
0.4
0.2

% 4 8 12 16 20 24 28

IN

Plot 11

Figure 5.37 Modelled semi-variograms for the available potassium in shrubland plots.

The results are as follows:

i) Plot 3 is best represented by a ‘pure nugget’ model. This suggests that

the distribution of available potassium does not follow any spatial

patterns.

ii) Plots 5, represented by a Gaussian model, shows evidence of spatial

autocorrelation. The range of autocorrelation for available potassium is

-239-



Chapter M Shrublands

31.44m and the nugget-to-sill ratio indicates moderate to weak spatial
dependency.

iii) The two plots from the Sevilleta NWR (plots 9 & 11) also show evidence
of spatial autocorrelation, the ranges being 7.5m and 8.06m. The
nugget-to-sill ratios indicate moderate to strong spatial dependency in
both cases.

iv) Although plot 3 was represented by a pure nugget model, some
periodicity is thought to be evident (figure 5.38). A downward trend in
variance with increasing lag distances is also exhibited.

V) Plot 9 displays evidence of a ‘hole effect’, however, this has been
ignored for modelling purposes. On a larger scale this may represent

periodicity in the data.

Periodicity in Available Potassium in Shrublands
1.20 i

1.00 .

5 0.60
o 0.40
0.20 .

0.00

Figure 5.38 Semi-variograms with connecting lines to show periodicity in the available potassium
data in shrubland plots.
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e) Geostatistical analysis: Moran’s | and Geary’s C statistics

The results are as follows: (see figure 5.39)

ii)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

The Geary’s C analysis indicates that plot 3 demonstrates no significant
signs of a spatial pattern, this corresponds to the semi-variogram
results.

The correlograms suggest that plot 5 has a range less than that
calculated by the semi-variogram. A range of approximately 18 - 22.5m
is indicated by both the Geary’s C and Moran’s | statistics rather than
31.44m indicated by the semi-variogram analysis.

The correlograms indicate that clustering occurs in plot 9 at most lag
distances. Fluctuation in the clustering is evident however, suggesting
that periodicity is evident in the data.

The results for plot 11 correspond with the results derived from the semi-
variogram analysis. The correlograms suggest that clustering is evident

at lag distances less than approximately 8 - 9m.

Shrubland Plots: Moran's | and Geary's C for Available Potassium

——Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C

— Plot9 Moran's |
Plot 9 Geary’s C

—t—Plot 11 Moran’s |
Plot 11 Geary’s C

-241 -



Lag increment

Chapter i a

codes Plot 3 Plot 5 Plot 9 Plot 11
1 0>to<=2 0>to<=4.5 0>to<=2 0>to<=1
2 2>to<=4 45>to<=9 2>to<=4 1>to<=2
3 4>to<=6 9 >to <= 13.5 4>to<=6 2>to<=3
4 6>to<=8 13.5 > to <= 18 6 >to<=8 3>to<=4
5 8 >to<=10 18 > to <= 22.5 8 >to<=10 4>to<=5
6 10 > to <= 12 22.5 > to <= 27 10 > to <= 12 5>to<=6
7 12 > to <=14 27 > to <=31.5 12 > to <=14 6>to<=7
8 14 > to <= 16 31.5 > to <= 36 14 > to <= 16 7>to<=38
9 16 >to <= 18 16 > to <= 18 8>to<=9
10 18 >to <= 20 18 > to <= 20 9 >to<=10
1" 20 > to <= 22 20 >to <= 22 10 >to<= 11
12 22 >to<=24 22 >to<=24 11 >to<=12
13 24 > to <= 26 24 >to <= 26 12 > to <=13
14 26 > to <= 28 26 > to <= 28 13 >to <= 14
15 28 >to <= 30 28 >to <= 30 14 >to <= 15
16 15 > to <= 16
17 16 > to <=17
18 17 > to <= 18
19 18 > to <=19
20 19 > to <= 20
21 20 >to <= 21
22 21 > to <= 22
23 22 >to<=23
24 23 >to<=24
25 24 >to<=25
26 25 > to <= 26
27 26 > to <= 27
28 27 > to <= 28
29 28 > to <= 29
30 29 > to <= 30

Figure 5.39 a) Moran’s | and Geary’s C correlograms for the available potassium in the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.

Magnesium

a) Testofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.40) show that plot 3
is considered to be highly positively skewed, plot 5 is negatively skewed and plots

9 and 11 can be described as normal distributions. Outliers are evident in only the

two Karoo datasets, plots 3 and 5.
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Boxplots of Available Magnesium in Shrublands

4000-

Al ™ gy Sm 0 apom() oo

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.40 Boxplots representing the sample distribution of available magnesium in the
shrubland plots.

The two Karoo plots display both the highest and lowest mean values of all four
plots (see table 5.18). However, greater sample ranges are evident in the Karoo.
Interestingly, plots 5, 9 and 11 all show similar levels of inter-plot variation but plot

3 displays significantly greater variation.

Table 5.18 Inter-plot comparisons of descriptive statistics: Available magnesium in ppm of soil

Mean 747.60 1243.70 974.00 1210.10
Median 637.80 1239.90 975.40 1204.30
SE of Mean 40.90 17.50 12.50 13.40
St Dev 425.60 181.50 127.90 139.40
Variance 181098.50 32925.60 16359.50 19443.40
Coef Var 56.92 14.59 13.13 11.52
Minimum 277.90 339.70 709.50 878.70
Maximum 3993.10 1706.50 1243.30 1615.50
Range 3715.20 1366.80 533.80 736.80
IQR 385.60 230.70 171.50 206.80
Skewness 4.59 -0.87 -0.06 0.03
Kurtosis 31.54 4.77 -0.48 -0.19
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b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -11.14,
p<0.005). Similarly, there is a significant difference between the means of plots 9

and 11, the two plots located in the Sevilleta NWR (t= -12.88, p<0.005).

¢) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plots 3
and 5. As it was highly positively skewed a log transformation was applied to plot
3. Drift was identified and removed from plot 9. Subsequent geostatistical
analysis was carried out using the residuals. Table 5.19 shows the numerical

results and the associated semi-variogram graphs are presented in figure 5.41.

Table 5.19 Geostatistical analysis of the available magnesium in shrubland plots

Parameter: Magnesium

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Vegetation Type Fitted Model (Co+Cj) (Co)/ (Co+Ci)
3 Karoo* Spherical 0.29 0.82 21.43 0.35
5 Karoo Spherical 0.31 0.87 8.68 0.36
9 Sevilleta NWR Power 0.59 Power: 0.71 Slope: 0.06 na
11 Sevilleta NWR  Spherical 0.55 0.87 5.58 0.63

* Log transformed data due to highly positively skewed data
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Figure 5.41 Modelled semi-variograms for the available magnesium in shrubland plots.

The results are as follows:

i) Plots 3, 56 and 11 show evidence of spatial autocorrelation. All three
plots were best represented by a spherical model and show ranges of
21.43m, 8.68m and 5.58m, respectively.

ii) The nugget-to-sill ratios suggest that plots 3 and 5 show moderate to
strong spatial dependency whereas plot 11 demonstrates moderate to
weak spatial dependency.

iii) Even after any potential drift was removed plot 9 demonstrated an
increasing variance with increasing lag distances. This data was
therefore best represented by a power model.
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iv) When plotted to analyse the periodicity (figure 5.42) it can be seen that
this upward trend is evident in plots 5, 9 and 11 and therefore may be a

characteristic of available magnesium in semi-arid environments.

Periodicity in Available Magnesium Data in Shrublands
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Plot 9
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Figure 5.42 Semi-variograms with connecting lines to show periodicity in the available magnesium
data in shrubland plots.

d) Geostatistical analysis: Moran’s | and Geary’s C statistics
The results are as follows: (see figure 5.43)

i) Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

i) Interpretation of the correlograms appears to underestimate the possible
ranges of spatial relationships compared to those calculated from the
semi-variogram analysis with perhaps the exception of plot 5.

iiil) Compared to the power model applied to plot 9, the correlograms
suggest that spatial correlation may exist near the smallest scale of

measurement. A range of2 -4 m can be derived from these results.
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Shrubland Plots: Moran's | and Geary's C Statistics for Available

Magnesium
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b)
Lag increment
codes Plot 3, 9 & 11 Plot 5
1 0>to<=2 0>to<=1
2 2>to<=4 1>to<=2
3 4>to<=6 2>to<=3
4 6>to <=8 3>to<=4
5 8 >to <= 10 4>to<=5
6 10 > to <= 12 5>to<=6
7 12 > to <=14 6>to<=7
8 14 > to <=16 7>to<=38
9 16 > to <=18 8>to<=9
10 18 > to <= 20 9 >to<=10
11 20 > to <= 22 10 > to <= 11
12 22 >to <= 24 11 >to<=12
13 24 > to <= 26 12 > to <=13
14 26 > to <= 28 13 >to <= 14
15 28 > to <= 30 14 > to <= 15
16 15 >to <= 16
17 16 > to <= 17
18 17 > to <= 18
19 18 >to <= 19
20 19 >to <= 20
21 20 >to<=21
22 21 > to <= 22
23 22 >to <=23
24 23 >to <= 24
25 24 > to <= 25
26 25 > to <= 26
27 26 > to <= 27
28 27 > to <= 28
29 28 >to <= 29
30 29 >to <= 30

Figure 5.43 a) Moran’s | and Geary’s C correlograms for the available magnesium in the
shrubland plots, b) provides the key to the lag increments used in the correlograms for each plot.

Sodium

a) Test ofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.44) show that the
datasets from all plots are positively skewed to varying degrees. Plot 3 is
considered to be highly positively skewed whereas plots 5 and 9 are only slightly

skewed and therefore can be considered as normal distributions. Outliers are
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evident in all datasets except the dataset from plot 5. In all cases the outliers are

at the upper end of the measurements.

Boxplots of Available Sodium in Shrublands

Plot 3 Plot 5 Plot 9 Plot 11

Figure 5.44 Boxplots representing the sample distribution of available sodium in the shrubland
plots.

The two Sevilleta NWR plots display both the highest and lowest mean values of
all four plots (see table 5.20). However, greater coefficients of variation values are
evident in the Karoo although these do not vary significantly from those measured
in the Sevilleta NWR.
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Table 5.20 Inter-plot comparisons of descriptive statistics: Available sodium in ppm of soil

Mean 87.75 105.17 121.08 67.53
Median 86.37 102.80 115.24 66.29
SE of Mean 2.86 3.22 2.69 1.30

St Dev 29.72 33.45 27.52 13.48
Variance 883.36 1118.72 757.56 181.72
Coef Var 33.87 31.80 22.73 19.96
Minimum 25.34 19.59 64.08 39.77
Maximum 234.43 181.16 234.52 105.44
Range 209.09 161.57 170.44 65.67
IQR 39.96 47.52 35.33 16.99
Skewness 1.12 0.28 0.90 0.61

Kurtosis 4.63 -0.31 1.77 0.57

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is a significant difference
between the means of plot 3 and 5, the two plots located in the Karoo. (t= -4.05,
p<0.005). Similarly, there is a significant difference between the means of plots 9
and 11, the two plots located in the Sevilleta NWR (t= 17.95, p<0.005).

c¢) Geostatistical analysis: The semi-variogram

Pre-processing of the datasets resulted in the removal of one outlier from plots 3
and 9. No transformations were necessary and no drift was identified in the
datasets. Table 521 shows the numerical results and the associated semi-

variogram graphs are presented in figure 5.45.

Table 5.21 Geostatistical analysis of the available sodium in shrubland plots

Parameter: Sodium

Plot Nugget Value Sill Range Nugget-to-sill Ratio
No. Vegetation Type Fitted Model (Co) (Co+CO  (a) (Co)/ (Co+C-,)
1 Karoo Nugget 1.00 na na na
2 Karoo None na na na na
8 Sevilleta NWR None na na na na
10  Sevilleta NWR Nugget 1.00 na na na
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Figure 5.45 Modelled semi-variograms for the available sodium in shrubland plots.

The results are as follows:

No spatial autocorrelation was identified for available sodium in any of
the plots.

A pure nugget model was fitted to plots 3 and 11 suggesting that no
patterns are evident.

No simple models were considered to represent plots 5 and 9
adequately. However, a closer inspection of the variograms themselves
suggests that some patterns may exist.

Plots 5 and 9 exhibit a downward trend in variance with increasing lag
distances. This suggests that sodium may follow a checkerboard
pattern across the landscape. These two plots can be seen to follow a
similar pattern in figure 5.46

Some cyclic behaviour is evident in all the plots although the behaviour
of plots 5 and 9 appears to be similar and plots 3 and 11 are relatively
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similar. This is interesting as one would expect the two plots from the
same study region to be more similar rather than the grouping that is

apparent.

Periodicity in Available Sodium Data in Shrublands
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Figure 5.46 Semi-variograms with connecting lines to show periodicity in the available sodium
data in shrubland plots.

e) Geostatistical analysis: Moran's | and Geary's C statistics

The results are as follows: (see figure 5.47)

H)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well, this increases the
confidence in the results.

The Geary’s C correlogram shows that both plots 3 and 11 seem to
fluctuate equally above and below 1 indicating that, although periodicity
may be evident, the nugget model applied to the semi-variogram
analysis is appropriate.

The downward trends of plots 5 and 9 observed in the semi-variograms,

can be identified in the Geary’s C correlogram, although the response of
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plot 5 is relatively weak. Interpretation from the Moran’s | correlogram

would point to the presence of random patterns.

Shrubland Plots: Moran's land Geary's C Statistics for Available

Sodium
—*—Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
Plot 5 Geary's C
Plot 9 Moran's |
Plot 9 Geary's C
——Plot 11 Moran's |
Plot 11 Geary's C
Lag increment
codes Plot 3 &9 Plot 5 Plot 11

1 0>to<=3 0>to <=4 0>to<=2

2 3>to<=6 4>to<=8 2>to<=4

3 6>to<=9 8>to<=12 4>t0<=6

4 9>to <= 12 12 >to <=16 6>to<=8

5 12 > to <=15 16 >to <= 20 8>1to <= 10

6 15>to<=18 20 >to <=24 10 >to <= 12

7 18 > to <= 21 24 >to <= 28 12 >to <= 14

8 21 >to<=24 28 >to <= 32 14 >to <= 16

9 24 >to <= 27 16 > to <= 18

10 27 >to <= 30 18 > to <=20

11 20 >to <= 22

12 22 >to<=24

13 24 >to <= 26

14 26 >to <= 28

15 28 >to <= 30

Figure 5.47 a) Moran’s | and Geary’s C correlograms for the available sodium in the shrubland
plots, b) provides the key to the lag increments used in the correlograms for each plot.
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Phosphorus

a) Testofnormality, descriptive statistics and inter-plot variation

The frequency distributions displayed by the boxplots (figure 5.48) show that the
datasets from plots 5 and 11 are positively skewed whereas plots 3 and 9 can be
described as having normal distributions. Outliers are evident in all datasets

except the dataset from plot 3.

Boxplots of Available Phosphorus in Shrublands
90H

70-

® mo
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50-

5 &

40-

20

Plot 3 Plot5 Plot 9 Plot 11

Figure 5.48 Boxplots representing the sample distribution of available phosphorus in the
shrubland plots.

Higher mean values of available phosphorus are evident in the two Sevilleta NWR
plots (9 & 11) (see table 5.22). Within each study region the mean values are
similar, demonstrating the influence of the soil type and/or the shrub species. The
ranges of available phosphorus are greater in the Sevilleta NWR plots, however,
higher coefficient of variation values are evident in the two Karoo plots. In general,

the four plots do not vary significantly in their distribution characteristics.
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Table 5.22 Inter-plot comparisons of descriptive statistics: Available phosphorus in ppm of soil

Mean 32.65 30.65 47.51 41.34
Median 32.64 28.11 47 .42 41.53
SE of Mean 1.15 1.19 1.32 0.98
St Dev 12.00 12.40 13.51 10.13
Variance 144.07 153.86 182.39 102.66
Coef Var 36.76 40.47 28.42 24.51
Minimum 7.53 11.25 19.69 14.90
Maximum 60.04 61.76 81.44 79.38
Range 52.51 50.51 61.75 64.47
IQR 16.52 15.30 16.62 10.70
Skewness 0.04 0.79 0.19 0.23
Kurtosis -0.48 0.03 -0.10 1.67

b) Two-sample T-tests

It can be concluded from the two-sample t-test that there is no significant
difference between the means of plot 3 and 5, the two plots located in the Karoo.
(= 1.21, p= 0.229). In contrast, there is a significant difference between the

means of plots 9 and 11, the two plots located in the Sevilleta NWR (t= 3.77,
p<0.005).

c¢) Geostatistical analysis: The semi-variogram

No outliers were removed from any of the plots, no transformations were
necessary and no drift was identified. Table 5.23 shows the numerical results and

the associated semi-variogram graphs are presented in figure 5.49.
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Table 5.23 Geostatistical analysis of the available phosphorus in shrubland plots

Parameter: Phosphorus

Plot Nugget Value Sill Range  Nugget-to-sill Ratio
No. Location Fitted Model (Co+CO  (a) (Co)/ (Co+C-)
3 Karoo Spherical 0.20 0.85 8.37 0.24
5 Karoo Spherical 0.46 0.94 5.27 0.49
9 Sevilleta NWR Spherical 0.30 0.79 8.40 0.58
11 Sevilleta NWR Nugget 1.00 na na na
a) b)
Omnidirectional Omnidirectional
©
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Figure 5.49 Modelled semi-variograms of the available phosphorus in shrubland plots.

The results are as follows:
Spatial autocorrelation of available phosphorus was identified in plots 3,

5and 9. All were best represented by a spherical model and the ranges

were 8.37m, 5.27m and 8.40m, respectively.
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ii) Plot 3 was considered to show a strong spatial dependency with a

nugget-to-sill ratio of 0.24, where both plots 5 and 9 show moderate

spatial dependency.

iii) A pure nugget model was applied to plot 11, which suggests no spatial
patterns exist. However, a large peak is identifiable in the experimental
variogram that implies this plot may be demonstrating the ‘hole effect’ or
large scale periodicity. This can be seen in figure 5.50.

iv) Although a model was applied to plot 9, strong periodicity is evident
(figure 5.50). Some weak periodicity may be present in plots 3 and 5,

however, this has not been included in the graph as it is not considered

to be significant.

Periodicity in Available Phosphorus Data in
Shrublands
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Figure 5.50 Semi-variograms with connecting lines to show periodicity in the available phosphorus
data in shrubland plots.
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e) Geostatistical analysis: Moran's | and Geary’s C statistics

The results are as follows: (see figure 5.51)

ii)

Comparisons made between the Moran’s | and Geary’s C statistics
show that the results mirror each other relatively well with the exception
of the smaller lag distances of plot 5.

The interpretation of the correlograms generally produced comparative
results to those derived from the semi-variogram.

The Geary’s C corrolegram suggests that plot 9 displays clustering at all
lag distances only to varying degrees, however, the Moran’s |
correlogram indicates that between 6 and 9m random spatial patterns
are evident. This result coincides with that derived from the semi-
variogram.

The correlograms indicate that a range of between 8 and 10m may be

applicable to plot 11.

Shrubland Plots: Moran's | and Geary's C Statistics for Available

Phosphorus
2
1.5
Plot 3 Moran's |
Plot 3 Geary's C
Plot 5 Moran's |
0.5 Plot 5 Geary's C
’ Plot 9 Moran's |
0 Plot 9 Geary's C
——Plot 11 Moran's |
Plot 11 Geary's C
-0.5
A

Lag
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Lag increment
codes Plot 3 Plot 5 & 11 Plot 9
1 0>to <=1 0>to<=2 0>to<=3
2 1>to<=2 2>to<=4 3>t0<=6
3 2>to <=3 4>t0<=6 6>to<=9
4 3>to<=4 6>to<=8 9> to <=12
5 4>to<=5 8>to<=10 12 >to <= 15
6 5>t0<=6 10>to<=12 15>to<=18
7 6>to<=7 12>t0<=14 18 >to <=21
8 7>t0<=8 14>to<=16 21 >to<=24
9 8>to<=9 16>to<= 18 24 > to <= 27
10 9> to<= 10 18>to<=20 27 >to<=30
1 10 > to <= 11 20 >to <= 22
12 1M1 >to<=12 22>to<=24
13 12 >to <=13 24 >to <= 26
14 13>to<= 14 26 > to <= 28
15 14 > to <= 15 28 > to <= 30
16 15> to <= 16
17 16 >to <= 17
18 17 > to <= 18
19 18 > to <= 19
20 19 >to <=20
21 20 >to <= 21
22 21 >to <= 22
23 22 > 1o <=23
24 23 >to <=24
25 24 > 1o <= 25
26 25 >to <= 26
27 26 >to <= 27
28 27 >to <= 28
29 28 >to <= 29
30 29 >to <= 30

Figure 5.51 a) Moran’s | and Geary’s C correlograms for the available phosphorus in the
shrubland plots, b) provides the key to the lag increments used in the correlograms for each plot.

5.9.2 Summary

The geostatistical results of the nutrient content of the four shrubland plots show a
variety of spatial patterns and ranges of spatial autocorrelation. Where spatial
autocorrelation is evident, only two ranges are greater than 9m and none are less
than 5m. However, six results were classed as having random patterns and three
were not modelled as a result of a downward trend in variance with an increasing

lag distance. It is thought that this trend may indicate a checkerboard pattern in
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the data. No nutrients demonstrate consistent results across all four plots,
although phosphorus shows similar ranges of autocorrelation across three of the
plots and the magnesium contents show a similar pattern of increasing variance.

Potassium is the only nutrient that demonstrates spatial patterns that may be
related to the geographical location; the Sevilleta NWR plots have ranges of 7.5m
(plot 9) and 8.06m (plot 11) whereas the Karoo plots demonstrate no spatial
pattern (plot 3) and a range of >30m (plot 5), which can be classed as having no
spatial pattern as it is greater than the largest scale of interest.

The results derived for the available sodium show that two plots (1 and 10) display
no spatial patterns but two plots (5 and 9) possibly exhibit a checkerboard pattern.
In view of these results, it is suggested that a fine-scale checkerboard pattern
(<0.5m) of high and low sodium values may exist in shrubland landscapes. As this
range is less than the minimum scale of interest in this research, further field
analysis would have to be undertaken to test this hypothesis. This may be
important with respect to the erodibility of soil due to the dispersive effect of
sodium on clay patrticles.

In contrast to sodium, the available calcium, also potentially important in the
susceptibility of soil to erosion, exhibits significant differences between the two
study regions. The calcium contents of the soils from the Karoo are significantly
lower than those found in the Sevilleta NWR sites. This difference in calcium to
sodium ratio may significantly influence a regions susceptibility to erosion. In
terms of the two study regions investigated in this project, this suggests that the
soils in the Karoo may be more erodible than those in the Sevilleta NWR. This
hypothesis shall be discussed in more detail in chapter 7. In terms of spatial
autocorrelation, calcium does not produce consistent results, however, periodicity
is evident in the majority of plots, this cyclic behaviour suggests that calcium varies
between shrub and intershrub areas.
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5.10 Key findings from the shrubland plots

e Complex spatial structures are evident for many of the shrubland soil
parameters, thus making it difficult to represent them accurately with the
simple models utilised in this study. Where possible the most
representative models have been applied, however, fluctuation of the
variance suggests that these models may be misrepresenting the spatial
patterns evident in shrublands.

e However, the shorter lag distances are generally more important in
determining whether spatial autocorrelation exists therefore if the variance
fluctuates at the larger lags this is considered less important.

o Periodicity is evident in many of the shrubland datasets; this is thought to
repre