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Abstract

Assessment of the sensitivity of high plateau terrain in the Scottish Highlands has been

largely qualitative, thus hindering effective environmental management. This thesis (1)

develops new quantitative methods to assess the mechanical sensitivity of high plateau

geo-complexes; (2) produces a widely-applicable classification of terrain sensitivity; and

(3) reconstructs past episodes of terrain disturbance.

Measurement of terrain performance under stress was undertaken on ten widely-

distributed high plateaux, covering five different lithologies. Statistical analyses reveal

significant differences in shearing resistance (sensitivity) between and within different

plant communities on all plateaux, and between some of the same communities on

different plateaux due to differences in their species composition, proportional

representation of dominant species, physiological condition and underlying soil types.

Substrate strength measurements show large variability in the sensitivity of substrate to

mechanical stress both within and between plateaux, with local controls, such as organic

and moisture contents, grain-size variation and overburden pressure being most

important, with no single dominant controlling factor. Assessment of the responses of

different geo-complexes to footpath development on the western Mamores was employed

to validate the use of measurements of vegetation and soil strength as proxy measures of

sensitivity to physical stress. These tests have allowed the development of a terrain

sensitivity classification based on the shear strength of the vegetation cover and the

substrate.
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Terrain disturbance in the form of extensive aeolian reworking of vegetated sand sheets

and aeolisols on some high plateaux is shown, by optically stimulated luminescence

dating, to have occurred within the last 400 years or so, probably as a result of climatic

deterioration during the Little Ice Age and possibly grazing pressure. These findings

form a quantitative foundation for better informed management of sensitive high plateau

areas.
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Chapter 1

Chapter 1

Introduction

The high plateaux of the Scottish Highlands constitute one of the few near-natural and

wilderness landscapes remaining in the UK today (Thompson et al., 2001). Therefore,

their conservation value is high and minimising potentially irreversible disturbance from

anthropogenic pressures is of considerable priority (Curry-Lindahl, 1990; Gordon et al.,

2001). However, environmental management of high plateaux is hindered by the present

qualitative and somewhat speculative scientific understanding of: (1) the variability of

terrain sensitivity to physical stress between and within plateau areas; (2) the internal

properties of the terrain that determine its sensitivity to stress; (3) the type and magnitude

of pressures causing change; and (4) the relative proportions of change caused by natural

and anthropogenic pressures. Furthermore, much of our understanding of how these

systems operate is largely based on very localised studies (e.g. Bayfield, 1984; Ballantyne

and Whittington, 1987; Haynes et al., 1998) that may not be applicable to other high

plateau areas with markedly different characteristics. Consequently, a more thorough,

objective and general understanding of how plateau systems operate, how and why their

sensitivity to stress varies and how they may respond to changing levels of stress in the

future is required to inform the more effective management of these areas.

This study has three general aims that address some current gaps in our understanding of

terrain sensitivity on high plateaux in the Scottish Highlands. The first is to develop new

quantitative methods so that detailed field studies can be used to test and validate existing

qualitative ideas and hypotheses, provide a more rigorous basis for evaluating terrain

sensitivity and identify the terrain properties that determine plateau-surface sensitivity.

1



Chapter 1

Such methods are required to allow evaluation of the sensitivities of both the vegetation

and substrate components of high plateaux, and potentially permit a more holistic view of

terrain sensitivity. The second aim is to produce a widely-applicable classification of

terrain sensitivity to inform conservation and management strategies; this requires

assessment of terrain sensitivity across a diverse range of high plateaux across the

Scottish Highlands. The third aim is to reconstruct past episodes of terrain disturbance to

identify the timing and possible causes of such events. Evaluation of past disturbance

thresholds may then be used to identify current areas of high plateau terrain that may be

vulnerable to degradation under similar levels of stress.

Three key terms used throughout this study are 'high plateaux', 'geo-complexes' and

"terrain sensitivity'. For the purposes of this study the high plateaux of Scotland are

defined as broad expanses of flat to moderately-undulating terrain at high altitude (see

Chapter 3 for a more detailed and precise definition). Geo-complexes are defined as

mosaics of high plateau terrain, each comprising a unique plant community and substrate

type. Terrain sensitivity, with respect to high plateaux in the Scottish Highlands, is

defined as the magnitude of change experienced by geo-complexes when subjected to

stress (see Chapter 2 for a more detailed account).

This thesis is divided into four main sections. The first provides syntheses of the

available literature concerning the concept of 'sensitivity' and how it relates to these

plateaux (Chapter 2) and the natural history of high plateaux in the Scottish Highlands

(Chapter 3). The second describes field methodology (Chapter 4) and the field sites

where investigations were carried out (Chapter 5). The third presents results and

discussion of the sensitivity of high plateau vegetation (Chapter 6) and substrate (Chapter

2
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7), and brings these two components together in Chapter 8 by investigating geo-complex

relationships, seasonal variations in terrain sensitivity, validation of the techniques used

and the development of a classification of terrain sensitivity. The fourth main section

focuses on the timing, significance and causes of past episodes of terrain disturbance on

high plateaux (Chapter 9). Finally, the main conclusions and suggestions for future

research are drawn together in Chapter 10.

3



Chapter 2

Chapter 2

Terrain Sensitivity

2.1 Introduction

The aims of this chapter are to introduce the concepts involved in landscape sensitivity

from both a geomorphological and ecological perspective, and to define terrain sensitivity

in the context of high plateaux in the Scottish Highlands, in order to provide the

conceptual basis for the research reported in subsequent chapters. The concepts of

landscape sensitivity and terrain sensitivity are essentially identical, apart from the scale

at which they are investigated. Landscape is characterised by multiple-terrain

components (e.g. a drainage catchment composed of high plateaux, hill slopes, valley

bottoms, floodplains, etc), while terrain represents only one component of the landscape

(in this instance, high plateaux). In much of the literature, the term 'landscape sensitivity'

is often interchanged with the term 'geomorphic sensitivity', principally because

geomorphologists developed the concept of landscape sensitivity. However, landscape

sensitivity is best defined as the sum of geomorphic, ecological and chemical sensitivity

of the whole landscape, while geomorphic sensitivity describes the sensitivity of

geomorphic processes and landforms within the landscape. Terrain sensitivity is

therefore the sum of geomorphic, ecological and chemical sensitivities of individual

components of the landscape.

This synthesis falls into five parts. The first and second parts provide an overview of, and

define the concepts involved in, landscape sensitivity (geomorphic sensitivity) and

ecological sensitivity, respectively. This is followed by a section that introduces the

4



Chapter 2

concept of geo-ecology, which endeavours to unify the concepts of geomorphology and

ecology to provide a holistic approach to the study of the landscape. The next two parts

review work on the sensitivity ofmontane landscapes in Scotland and provide a definition

of terrain sensitivity with respect to high plateaux in the Scottish Highlands.

2.2 Landscape sensitivity

2.2.1 Sensitivity

The concept of landscape (geomorphic) sensitivity has received growing attention in

recent years (e.g. Leys, 1997; Brunsden, 1990; 1993; 2001; Thomas, 2001; Usher, 2001).

The concept was first developed by Brunsden and Thornes (1979) and has recently been

redefined by Brunsden (2001), who expressed the sensitivity of a landscape to change as

"the likelihood that a given change in the controls of a system or the forces applied to a

system will produce a sensible, recognisable, sustained but complex response'. The

converse of landscape sensitivity is landscape stability, or the robustness or resilience of

landscapes. Essentially, landscape stability may be considered to reflect the spatial and

temporal distributions of resisting and disturbing forces and is evaluated in terms of a

'stability index' that reflects the balance between disturbance and resistance (Brunsden,

2001). The idea incorporates both temporal sensitivity, which reflects the frequency and

magnitude of formative events over time, and spatial sensitivity or the location of

landscape change (Thomas, 2001). Across any landscape there is wide spatial variation

in the sensitivity or susceptibility of landforms to change (Brunsden, 2001). The

sensitivity of a geomorphic system may be defined by system specifications that describe

its propensity for change and its ability to absorb any disturbing forces.

5
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2.2.2 Thresholds

Threshold behaviour is common in environmental systems. In simple terms, a threshold

is the point at which a system's behaviour changes. Phillips (2003) identifies two

common types of threshold in geomorphology defined in terms of:

1) the ratio of force or power (or some surrogate thereof) and resistance;

2) the relative rates of linked processes.

Geomorphic thresholds may be either intrinsic, and associated with the inherent structure

or dynamics of the geomorphic system, or extrinsic and associated with changes in

external controls such as climate, tectonics and base level. Schumm (1980) defined a

'geomorphic threshold' as "a threshold of landform stability that is exceeded either by

intrinsic change of the landform itself, or by progressive change of an external variable".

The term geomorphic threshold can thus be used to encompass the definitions of both

intrinsic and extrinsic thresholds (Leys, 1997). The notion of thresholds suggests that

change occurs abruptly at a well-defined boundary between two process regimes, though

in reality, threshold conditions are often gradational, and identifying a threshold zone is

more realistic than identifying a sharp threshold boundary. Good general discussions of

thresholds in geomorphology, and the complexities they introduce, are given by Schumm

(1979, 1991), Coates and Vitek (1980) and Chappell (1983).

2.2.3 System response

The resistance of a system is defined by the system specifications: its structure, strength

properties, transmission linkages, coupling efficiency, shock absorption capacity,

complexity and resilience. Brunsden (1993, 2001) identified five types of system

6
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resistance. First, strength resistance is the barrier to change imparted by the properties

and dispositions of the materials out of which the system is made, such as the structural

fabric of rock, or the chemical and physical properties of the rockmass. Second,

morphological resistance reflects the variable distribution of potential energy across the

system. This is a function of both relative relief and gradient; all systems are driven by

the available energy of position. Morphology may also determine landscape sensitivity

by concentrating or diffusing the application of stress. Third, structural resistance is the

actual design of a system, its components, topology, links, thresholds and controls.

Structural resistance incorporates the concepts of location sensitivity, the location of

system elements relative to the activity of the processes capable of generating change, and

transmission resistance, the resistance of the system to transmission of impulses of

change. This idea is related to system linkages, be they coupled, decoupled or not

coupled. Fourth.//7/er resistance is the way the system controls and removes energy from

the landscape. The mechanisms involved comprise energy use (work), energy absorption,

and adjustment of form to minimise the rate of energy use, energy diffusion across area,

and energy storage. Fifth, system state resistance is the ability of the system to resist

change because of its history (related to singularity, see section 2.2.4).

Werritty and Brazier (1993) suggested that geomorphic systems display either robust

(stable) or responsive (unstable or sensitive) behaviour (Figure 2.1), controlled by either

intrinsic or extrinsic thresholds, respectively. Robust behaviour is characterised by

geomorphic systems crossing intrinsic thresholds, which may result in short-term change

but in the longer-term the systems are resilient and negative feedback helps them quickly

retain their stable, original character. Therefore the overall response of these systems

remains stable within limiting thresholds. Such features on high plateaux include, for

7
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example, wind-stripes that are mobile in response to stress but at the same time retain

their original form, and hence are robust. Responsive behaviour is characterised by

geomorphic systems crossing extrinsic thresholds in response to externally imposed

change, creating entirely new process regimes. An example of such responsive behaviour

on high plateaux is the extensive erosion of vegetated sand-sheets resulting in the

formation of large deflation surfaces. It is possible for all geomorphic systems to display

both types of behaviour but some systems will respond more quickly than others

(Brunsden, 1990).

2.2.4 Singularity

Singularity is the recognition that any particular landform is sufficiently different from

others of its kind such that it may not react to external impulses in the same way or at the

same time as other landforms of the same type (Begin and Schumm, 1984). In other

words, its sensitivity is different (Brunsden and Thornes, 1979). No two geomorphic

systems receive exactly the same number, sequence, frequency, duration and magnitude

of external inputs nor does the same system receive the same process application all over

the landscape. The lack of unique thresholds can be attributed to landscape singularity.

The stochastic nature of many geomorphic changes thus imposes limitations on the

accuracy of threshold definition and explanation (Begin and Schumm, 1984).

2.2.5 Complex responses

Landform singularity, the existence of thresholds in geomorphic systems, negative and

positive feedback, differences in the rates at which change is propagated, system lag

8
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©

| limiting thresholds

Geomorphic
system

->
time

Figure 2.1 Illustration showing the difference between responsive (B) and robust ((A) and (C))
behaviour. The landforms of geomorphic system (A) are destroyed by extrinsic stresses and

replaced by the new landfbrms created in geomorphic system (C). Adapted from Werritty and
Brazier (1994).

times, and the duration of changes in variables all contribute to complex response.

Identifying the cause of change in system behaviour or the variables that cause crossing

of a threshold is made more difficult by the existence of complex response (Leys, 1997).

Phillips (2003) has described many of the components of a system that cause non-

linearity (or complex response) to exist. These include thresholds, storage effects,

saturation and depletion, self-reinforcing positive feedback, self-limitation, competitive

relationships, multiple modes of adjustment, self-organisation and hysteresis. Disturbing

forces affecting a landscape system involve the application of energy from tectonic,

climatic, biotic and anthropogenic controls on the geological, hydrological and

morphological framework of the system (Brunsden, 2001).

9
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2.3 Ecological sensitivity

Many of the concepts described in section 2.2 are also applicable to ecology, even

though, as Miles et al. (2001) stated, landscape sensitivity has not hitherto been a key

concept for ecologists. Miles et al. (2001) speculated that this is because ecologists have

tended to focus at the ecosystem, habitat or species levels, rather than at the landscape

level. However, many of the key concepts used in ecology are fundamental components

of the sensitivity concept, and describe in particular the ability of a system to deal with an

application of stress.

The term "stability' has several meanings in ecology (Hill, 1987), but the meaning that is

most applicable to the concept of sensitivity is when stability is used in reference to the

response of an ecosystem to a disturbance. Here, stability is concerned with the ability of

an ecosystem to remain near equilibrium or to return to equilibrium after disturbance. In

ecology, however, it is widely accepted that it is unrealistic for there to be a static

equilibrium state within ecosystems, and there is considerable evidence that many

ecosystems are frequently disturbed, so that true equilibrium is rarely achieved (Hill,

1987). Ecologists have identified two aspects of the response of ecosystems to

disturbance: the ability of a system to resist displacement from its initial state when

subject to perturbation, and its ability to recover to the initial state after disturbance.

The ability of an ecosystem to resist displacement from its initial state when subject to

perturbation has been defined by ecologists as inertia or resistance (Orians, 1975;

Westman, 1978; Hill, 1987). Constancy is a lack of variation in some property of an

ecosystem and persistence is the survival time of a system or some component of it. The

10
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state of an ecosystem requires a knowledge of the degree to which it has recovered from

an application of stress. The ability of a system to recover to the initial state after a

disturbance has been defined by ecologists as resilience (Orians, 1975; Westman, 1978;

Hill, 1987). Elasticity reflects the speed with which recovery takes place; amplitude is

the degree of change from which the system returns to its initial state; hysteresis is the

extent to which the pattern of recovery differs from the path of degradation, though

Phillips (2003) defines hysteresis as occurring where there are two or more values of a

dependent variable associated with a single value of an independent variable.

Malleability is the degree to which the new stable state established after disturbances

differs from the initial state. Many of these concepts are also applicable to geomorphic

systems, and in particular to the state of such systems.

2.4 Geo-ecologv

There is a considerable body of case studies and theory that relate to component parts of

landscape sensitivity. A geo-ecological approach involves integration of both physical

and biological components within studies of landscape sensitivity (Usher, 2001). Gordon

et al. (2002) have emphasised the need for an integrated and holistic geo-ecological

approach to the management of sensitive upland environments. They highlighted the fact

that the management of such areas tends to be driven primarily by biological interests, but

note that biodiversity and conservation value are closely linked to geological history,

geomorphological processes and soil development and type, so that it is crucial that

management systems are based on understanding these links. Understanding the

sensitivity of montane landscapes to natural change and human impacts is therefore a

fundamental part of developing more holistic management, and is crucially dependent on

11
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better understanding of geomorphological processes and the links to habitats (Gordon et

al., 2001).

2.5 Landscape sensitivity of montane landscapes in Scotland

2.5.1 General view

The uplands are among the more sensitive landscapes in Scotland in terms of their

physical and biological characteristics (Thompson and Brown, 1992). The habitats they

support are vulnerable to a range of human pressures and impacts, the effects of which

tend to be enhanced through more extreme climatic conditions, steeper slopes and more

intense geomorphological activity than in the lowlands (Thompson et al., 2001). The

mountain environment can be seen as episodically dynamic, varying in the nature, rate

and location of active geomorphic processes, and reflecting a complex response to

antecedent conditions, triggering events and differing readjustment times. Current

landscapes may be viewed as an intricate blend of current process activity superimposed

upon a longer-term legacy of landscape evolution conditioned by antecedent conditions

and events during the Pleistocene and Holocene, to which the landscapes may still be

adjusting (Gordon et al., 2001; Ballantyne, 2002).

There exists a considerable body of knowledge concerning the components (climate,

soils, geomorphological processes and vegetation) that make up the upland landscapes of

the Scottish Highlands (Chapter 3). Yet still there are a substantial number of

unanswered questions, notably regarding the origins of different habitats, whether or not

some of these undergo cyclic change through time, and the extent to which natural and

12
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human-related pressures influence the soil-landform-vegetation mosaics we see today

(Thompson et al., 2001). Recently there has been a growth in studies concerning

landscape sensitivity in the uplands, mainly driven by a need to better inform land

managers and conservationists of the need for an integrated approach to the understanding

of geomorphological, pedological and ecological processes and their sensitivities to

change. There is also a particular need to assess the sensitivity of the processes and forms

likely to be associated with the main types of change envisaged, and to identity the most

vulnerable locations. Several studies have focused on the interplay between natural and

human-related pressures in shaping the composition and changing nature of the landscape

(e.g. Stevenson et al., 1990; Ballantyne, 1991a; Stevenson and Thompson, 1993; Gordon

et al., 1998). This work has challenged preconceived notions that landscape features,

such as areas of erosion, are necessarily the product of human influences such as

trampling, overgrazing and burning (Thompson et al., 2001).

These recent studies have generally adopted three contrasting approaches. The first

approach has been largely of a theoretical, qualitative and subjective nature but has

provided a framework for the second approach, which has been to assess landscape

sensitivity quantitatively and to evaluate the nature of responses to stress. Both these

approaches are discussed below. The third approach is the modelling of indicative

erosion risk by Lilly et al. (2005).

2.5.2 Theoretical concepts

Haynes et al. (2001) proposed a sensitivity matrix (Table 2.1) for the geomorphological

environments of the Cairngorm high plateaux. This table shows six topographic types,

13
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the pressures they are sensitive to, how sensitivity manifests itself and the degree of

sensitivity of each topographic type. This is a useful summary of the general sensitivities

of these topographic types for a specific plateau, but only distinguishes the differing

sensitivities of, for example, plateau summits and adjacent cols in a very general and

qualitative way. Their scheme does not incorporate consideration of the sensitivities of

the different plant communities and substrate types, and is of limited relevance to other

plateau areas underlain by different lithologies.

Table 2.1 Sensitivity matrix for different geomorphological contexts on the Cairngorm high

plateaux. Source: Haynes, et al. (2001).

Location Sensitive to Influencing
Characteristics

Overall sensitivity

Plateau Surfaces

(blockfields,
deflation surfaces)

climate change (wind,
snow-cover);
vegetation change;
trampling

summits experience more
concentrated trampling

fairly robust, though
thresholds crossed during
Holocene

Crests of corrie
headwalls

ditto routeways, concentrated
trampling; steep edge-
regolith wastage and wind
acceleration

more sensitive than plateau
surfaces

Exposed spurs ditto routeways; steep slopes-
regolith wastage and wind
acceleration

sensitive

Cols ditto routcways; steep flanks;
pockets of deep regolith;
wind funnelling

sensitive; include transitions
between process regimes

Plateau valleys and
hollows (medium-
lie snow patches)

climate change (snow-
cover, rainfall
intensity); trampling
(especially when wet);
grazing

turfy vegetation; more
organic soils; deep regolith

fairly robust, though some
sensitive sites

(combinations of slopes;
deep regolith; copious
moisture; paths)

Long-lie snow
patches

climate change (spring
weather and snow

duration); trampling
(during thaws)

may be 'honeypot'
locations

sensitive

Building on the available, albeit limited, information on the sensitivities to change of

different mountain features, Thompson et al. (2001) developed a classification of

sensitivity to different pressures. The classification (Table 2.2) lists what Thompson et
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al. (2001) call the main mountain features, and their principal vegetation types. For each

of these combinations they formed a judgement on the sensitivity to change in response to

pressures ranging from extreme weather events to some of the more obvious physical

manifestations of human influence, such as grazing, burning and construction. The table

takes no account for the fact that in a varied landscape such as that of the Scottish uplands

the distribution of sensitive and stable ground surfaces is closely linked to the physical

properties of the substrate and geomorphological processes.

Table 2.2 Sensitivity (low to high) to change from different pressures over the main mountain

features, and their principal vegetation types, in montane areas. Source: Thompson, et al. (2001).

Principal txtrrm* irra/Arr /Wat/ten Bud: (intZMMg Bunting ftxmpitnf by
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• ii- . ii in ; summit high high high high* high km' high
pltCtuui nu*wheath*

Snow-patch Mim-tliitniniinl moderate high high high' moderate km* high
I- ili.r.. • < ill'.' 1

ltm wiiur.ii blanket bog (ugh high high high hrgh high high
pllltUUA Mfc'ct heath itvdcrair moderate IIUulcUU moderate moderate moderate moderate

Summit njpri npnwij Ii* high high high high* moderate high* high
tpurt, oil* and am* dwait-duub

oi ciKtir heath*

«. omci Huduxi «pcuo km km kiw moderate* low km* moderate

poor griolamJ
smm-hvJ dnari- km moderate m« derate moderate* modetMr illuiciJU moderate

thruh heath*

Mommr th«H- km ntodcraic nu.derate moderate* moderate km moderate

bcib iriminuniiip*
and *pevir>nch
jvaoli-uh

Itaicau talks* Scu» bed km modrraie low Ion- km km* Ion

and hollo* ■»

• medium in Vptinp alui km hm moderate high* m*derate km* high
»ram-pan hiV Audlc*

* denote* impai rarely or iwilv »erv locally cipenerved in that (tan ■ •I the mountain

Thompson et al. (2001) produced a schematic diagram (Figure 2.2) illustrating the

general impression of how anthropogenic pressures, including construction activity,

recreation, burning, grazing, pollution and climate change, may impact mountain

landscapes in terms of the degree of impact (light to heavy) and scale of impact (local to

widespread). This exploratory work does not show that there is likely to be significant

spatial and temporal variation in the degree and scale of the resulting impacts across the
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Scottish uplands. In considering recreation, for example, the degree and scale of the

impacts would be significantly greater for the Cairngorms than for the Cannich

Mountains (which are only lightly impacted by trampling). The terrain on both plateaux

may be equally sensitive to trampling pressures but the terrain on the Cairngorms is likely

to be more vulnerable to disturbance or change because of the increased spatial and

temporal intensity of trampling at this site, unlike the terrain on the Cannichs, which will

be less vulnerable to a lower intensity of trampling pressure.

- > built

Q developments
'— such as downhill
- skiing, or wind farms

o

°.- —recreation grazing
cL
r- (Q) climate change
©
O
ZJ

O burning
§ pollution

DO
zj

►

Scale of impact (local to widespread)

Figure 2.2 Schematic representation of the scale of impacts caused by different human-related

pressures on mountain landscapes. The size of the symbol reflects the spatial scale of the impact;
hollow symbols indicate uncertainty about impact. Source: Thompson et al. (2001).

With some notable exceptions at a local scale (e.g. Watt and Jones, 1948; Bayfield, 1984;

Haynes et al., 1998), there have been few attempts in Scotland to investigate the links

between biodiversity and geodiversity or to provide a scientific framework for landscape

management that incorporates such ideas. Therefore, Gordon et al. (2001) proposed that

adopting a geo-ecological perspective, which unites both habitat and geomorphological
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dependencies in fragile upland environments, is an appropriate framework for identifying

sensitive upland landscapes and developing sustainable management.

2.5.3 Quantitative/empirical approaches

Few examples exist of work that attempts to assess landscape sensitivity in the Scottish

uplands in quantitative terms. Haynes et al. (1998) and Haynes and Grieve (2000) have

established baseline surveys for monitoring the impact of the construction of a funicular

railway and resulting visitor management on the terrain of the Cairn Gorm/Ben Macdui

and Braeriach/Einich plateaux. The aim of their research was to monitor changes to

sensitive landforms and landform assemblages, together with evidence for general terrain

degradation by: (1) repeated aerial photography and associated photogrammetric

measurements (for a broad-scale view of changes); (2) ground-based photography and

instrumental (EDM) survey; and (3) direct ground surface measurements based on fixed

markers and erosion pins. Though this research promises to yield useful results when

combined with surveys of visitor numbers, it is limited to a single lithology in an area of

exceptionally large trampling pressure, and thus the applicability of the results, but not

the methods, to other areas with different terrain characteristics and pressures may be

limited. Moreover, even a 10-year monitoring programme is unlikely to yield a

particularly representative picture of terrain response over long (centennial or millennial)

timescales and differentiating between "natural" and human-induced change may still

prove problematic. Furthermore, it is problematic to place the observed results into a

longer-term perspective of changes over the Holocene.
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In terms of ecological studies there have been a number of quantitative studies

investigating change in upland plant communities. These studies have been conducted at

a range of spatial and temporal scales. Large-scale and long-term surveys, such as the

National Countryside Monitoring Scheme (Mackey et al., 1998) and the Countryside

Survey (Barr et al., 1993) have documented recent and wide-scale changes in land cover.

However, these studies do not identify the causes of change in vegetation cover and do

not consider changes at a community scale. More detailed studies have focused on

identifying causes of change in plant community dominance. Milne and Hartley (2001),

for instance, investigated the impacts of grazing and nutrient enrichment on the

sensitivities of heather moorland. Such studies, which monitor the rates of change in

upland-plant communities in response to artificially applied changes in pressure (e.g.

Hartley, 1997), tend to be local and limited to a small number of plant communities. This

makes the applicability of the results to other areas and other plant communities, which

may experience different pressures and have different physiological responses, of

somewhat limited value, so that more large-scale research experiments are needed.

2.5.4 Tinting and history ofpast disturbance events

Past episodes of terrain disturbance are common on high plateaux (see sections 3.6.4 and

3.7.3), however, no attempt has, hitherto, been made to establish the exact timing and

cause(s) of these disturbance events. Therefore, this key area of research is important

because understanding how present and future systems are likely to respond to stress

requires an understanding of how they have done so in the past, thus placing the present

sensitivity of high plateau terrain in an appropriate context. Such research can be used to

establish the type, cyclicity and magnitude of stresses that crossed high plateau terrain
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disturbance thresholds, the types of terrain vulnerable to such disturbance, the spatial and

temporal occurrence of such disturbance and, therefore, whether the changes that are

occurring today are exceptional or part of a natural cycle.

2.5.5 Requirements forfuture research

As section 2.5.3 illustrates there are, to date, no quantitative studies that integrate

ecological, pedological and geomorphological approaches, and there is relatively little

quantitative information available on the relative sensitivities of different upland soil and

plant communities. The degree and scale of any impact will vary according to whether

local geo-ecological factors resist or reinforce the tendency to change. Until appropriate

data are available, it is difficult to develop predictive models for the sensitivities of

different landscapes. Gordon et al. (2002) proposed that the following three factors be

investigated further:

• Mechanical strength of different plant communities and root mats;

• Regolith cohesion and soil properties;

• Topographic position, particularly degree of exposure.

Thompson et al. (2001) stated that geomorphologists could make an important

contribution in helping to understand the range of natural variability of environmental

systems from the landform and sedimentary record, thus helping to understand how these

landscapes have evolved during the Holocene. In terms of plateau surfaces possible

approaches could involve, first, investigating the timing and causes of large-scale

degradation of plateau areas by dating reworked aeolian sand deposits throughout the

Highlands and, second, identifying the processes and pressures that cause erosional
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cyclicity in peat bogs and wet heaths at high altitudes. Results from these studies might

help answer questions such as: (1) are current magnitudes and rates of change within the

levels of natural variability that occurred earlier during the Holocene? (2) to what extent

are natural processes and the added environmental stress of human activities moving

sensitive montane systems towards thresholds for irreversible change? and (3), will these

changes be manifested only at a local scale or will the impacts be more widespread?

2.6 Terrain sensitivity on high plateaux: definition

High plateau terrain exhibits sensitivity to the application of stress in four ways,

mechanically (substrate and vegetation), physiologically (vegetation), and chemically

(substrate) with the response often being directly dependent on the nature and magnitude

of stress applied. Mechanical responses of terrain, which are the focus of this thesis, can

be exhibited in the form of, for example, erosion, deflation and changes in soil status.

Physiological response of the terrain only affects the vegetation; for example, heather

moorland can show physiological sensitivity when nitrogen inputs are increased because

the nitrogen alters the phenology of the plant and hence affects the processes of winter

hardening, thus increasing the sensitivity of heather to other stresses such as drought or

frost. Figure 2.3 shows the interactions between the components of the terrain

(vegetation communities and substrate types), the various pressures and the two types of

responses. A change in either mechanical or physiological sensitivity can have

significant effects on the other. For example, Racomitrhm lanuginosum moss heath is

highly sensitive to the effects of airborne pollution, in particular nitrogen deposition

(Morgan el al., 1992; Baddeley el al., 1994). When nitrogen levels increase, this has the

effect of killing or seriously impairing the productivity of the plant. The density and
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Figure 2.3 A general model of terrain sensitivity on high plateaux in the Scottish Highlands,
showing the stresses (thick black boxes) that affect the plateaux, the four different types of terrain
sensitivity and their various expressions of sensitivity and the links between them. Green arrows

show the interactions between the different sensitivity types. Arrows pointing to the different

sensitivity types are of varying colour to represent the different number of stresses affecting them.
Red represents 1, dark blue represents 2, black represents 3, dark green represents 4 and light blue
represents 5. This thesis will focus on substrate and vegetation mechanical sensitivity.
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health of the moss carpet gradually declines, which make it much easier for natural

processes, such as turf-exfoliation and needle-ice activity, to mechanically strip the

surface of the moss. In consequence, the underlying substrate then becomes more

susceptible to mechanical erosion.

2.7 Conclusions

Landscape sensitivity is a complex subject that incorporates many different concepts.

These centre on Brunsden's proposition "that a given change in the controls of a system

or the forces applied to the system will produce a sensible, recognisable, sustained but

complex response' (Brunsden, 2001, p.99). Geomorphologists have developed the

concept of landscape sensitivity, but ecologists have used analogous concepts of stability

and resilience when discussing ecosystems. The approach of geo-ecology, which

attempts to bring together earth sciences and ecology in understanding change within

landscape systems, has been shown to have potential for investigating the causes of

landscape sensitivity in the uplands of Scotland. Here much of the work on landscape

sensitivity has been driven by the need to better inform land managers and

conservationists of the nature and consequences of change in the upland landscape. Many

of these investigations have been essentially theoretical and have lacked quantitative

verification, with the exception of a limited number of localised studies.
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High plateaux in the Scottish Highlands

Chapter 3

3.1 Introduction

The mountains of the Scottish Highlands are diverse in character and morphology, partly

as a result of differences in lithology, and partly as a result of contrasts in their geological

and geomorphological evolution. In the west, they are dominated by landforms of alpine

glaciation, such as corries, glacial troughs and areas of plateau surface representing

elements of the pre-glacial landscape, which are restricted in their occurrence (Figure

3.1). In contrast, the mountains of the Eastern Highlands are dominated by extensive

high plateaux separated by glacial troughs (Linton, 1959; Figure 3.2). Though numerous

publications refer to particular characteristics of high plateaux in the Scottish Highlands,

no attempt has hitherto been made to synthesise current understanding of their evolution

and characteristics. The aims of this chapter are to provide such a synthesis, and thereby

to place the research reported in subsequent chapters in an appropriate context, identify

the key variables and understand their potential role in how these plateau systems

function, and establish hypotheses to be tested in later chapters.

For the purpose of this review, the high plateaux of Scotland are defined as broad

expanses offlat to moderately-undulating terrain at high altitude. A broad definition is

necessary in view of the considerable variation in the altitude and size of plateau surfaces,

which tend to be higher and more extensive in the Eastern Highlands than in the west.

Defining the minimum altitude of a "high' plateau is thus problematic, but a useful lower

limit is represented by the transition from the low alpine vegetation zone to the
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Figure 3.1 A typically alpine-type glaciated landscape looking west from Stob Ban in the
Western Mamores Range in the west of the Scottish Highlands.

Figure 3.2 Large areas of flat land on the Cairn Gorm/Ben Macdui plateau looking SE from
Cairn Lochan in the east of the Scottish Highlands.
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sub-alpine zone (Horsfield and Thompson, 1996), which corresponds to an increase in the

climatic extremes influencing vegetation, and which also declines northwards and

westwards in response to increasingly maritime conditions characterised by high

precipitation and exposure (Ratcliffe and Thompson, 1988).

This synthesis falls into nine parts. Following a brief description of the geological setting

of high plateaux in Scotland, attention is focused successively on their long-term (pre-

Quaternary) tectonic evolution, the impact of Pleistocene glaciation and periglaciation,

and the nature of Holocene landscape modification. The present climatic,

geomorphological, pedological and ecological characteristics of plateau environments are

then summarised, and the nature of anthropogenic pressures on such environments are

assessed. The concluding section identifies key questions regarding the sensitivity of

high plateaux to change and disturbance.

3.2 Geological setting

The lithology underlying the high plateaux is important because it influences regolith and

soil properties. The Scottish Highlands comprise two distinct terranes: the Hebridean

Craton in the far northwest and the Caledonian Fold Belt (Trewin, 2002). The two are

separated by the Moine Thrust Belt (Figure 3.3). The Hebridean Craton consists of a

basement of Lewisian gneiss, partly overlain by sedimentary rocks of Torridonian and

Cambro-Ordovician age. High ground in this area is underlain by gneiss, Torridonian

sandstone and Cambrian quartzite (Johnstone and Mykura, 1989). The Caledonian Fold

Belt is largely underlain by paraschists composed of two supergroups: the Moinian

metamorphic assemblage ofNeoproterozoic age, which crops out mainly northwest of the
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Great Glen Fault, and the Dalradian metamorphic assemblage of Neoproterozoic to

Lower Cambrian age. The Moinian metamorphic assemblage predominantly consists of

various schists and granulites with local igneous intrusions (Johnstone and Mykura,

1989). The Dalradian Supergroup forms the Grampian Highlands between the Great

Glen Fault and the Highland Boundary Fault. The rocks of the Dalradian Supergroup are

mainly metamorphosed clastic sediments forming schists, quartzite, gneiss and some

limestones, with large intrusions of granitic rocks (Stephenson and Gould, 1995).

0 50 km

Tertiary Volcanic Province:
lavas and intrusive rocks

Main area ol IheTerliary
Volcanic Province

lavas of Carboniferous or
Devonian ago

Sedimentary rorks ol
Carboniferous or
Devonian age

Granitic plutons

□

Southern Uplands shales and
greywackes ol Silurian or Ordovician age

Caledonian Fold Belt metamorphic
rocks of Moinian or Dalradian age c1^
Hehndean Craton mainly Levwisian
Gneiss and Torruton Sandstorm

Prinot»al faults

Figure 3.3 The structural provinces of Scotland, showing the distribution ofmajor rock types.
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3.3 Tectonic evolution

The tectonic evolution of the Highlands is important because it has resulted in the present

distribution and altitude of high plateau surfaces, which affects the variability in climatic

stress amongst plateaux and thus substrate and vegetation development. It has been

argued that an end-Cretaceous land surface was uplifted in the Early Tertiary to form high

erosion surfaces from which the present-day relief has been sculpted, and that all that

remains from previous periods of geological evolution is the lithological and structural

make-up of the Scottish Highlands (Sissons, 1967, 1976). Continental rifting and sea-

floor spreading associated with opening of the NE Atlantic Ocean in the Palaeocene and

Eocene caused by Icelandic mantle plume development are believed to have resulted in

early Tertiary uplift of the Highlands and to have triggered major magmatic activity on

the west coast of Scotland, emplacing individual igneous centres such as those of Mull

and Skye (Hall and Bishop, 2002). Subsequent physical erosion in the Highlands appears

to have been limited in magnitude, with an estimated lowering of less than 1,000 m

during the Tertiary (Hall, 1991). A final period of uplift occurred during the Neogene,

with differential weathering and erosion creating the major elements of the preglacial

relief (Hall and Bishop, 2002). The Late Tertiary landscape that remained appears to

have been characterised by high-level erosion surfaces, fluvial valleys, scarps and

inselbergs (Hall, 1991; Hall and Bishop, 2002).

Scottish high plateaux support relict Tertiary landscape features in the form of erosion

surfaces, weathered bedrock and tors. The generally flat or undulating nature of high

plateaux reflects their origin as Tertiary erosion surfaces. Hall (1991) has questioned

traditional models of surface development and preservation (e.g. Linton, 1951; George,
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1966; Sissons, 1976; Haynes, 1983) by presenting evidence which suggests that the

higher surfaces are not necessarily older than the lower surfaces and that surface

development and modification continued after uplift. Although the exact mechanism(s)

of erosion-surface development remain uncertain, their remnants are more widespread

east of the present-day watershed as a result ofmuch more extensive glacial modification

in the west. Also, they may not have been so extensive in the west as the pre-glacial

landscape is generally assumed to have been more heavily dissected in the west.

Deep chemical weathering of bedrock probably took place in warm, humid environments

during the Early and Mid Tertiary. Remnants of clay-rich saprolites formed during the

early phases of chemical weathering have only been found on low ground in Buchan,

Aberdeenshire. Remnants of later, less intense weathering are more widespread in the

form of sandy gruss. On the Gaick Plateau, for example, the depth of weathering of the

pre-glacial plateau amounted to at least 10m (Hall and Mellor, 1988). Where saprolites

are deep, geochemically-evolved or truncated, they represent intense weathering and their

formation pre-dates local glaciation (Hall, 1991).

Plateau tors are upstanding masses of in situ bedrock that rise conspicuously on all sides

above the surrounding slopes and are formed by differential weathering and mass wasting

(Ballantyne, 1994a) (Figure 3.4). In the Scottish Highlands they occur on various

lithologies (Linton, 1955; Ballantyne and Harris, 1994), but are most common on granite

mountains (Ballantyne, 1994a). The occurrence and distribution of tors appears to be

closely related to joint density, in that tors are generally located at sites where vertical

joints are much more widely spaced than under adjacent terrain. Two models of tor

evolution have been proposed (Figure 3.5). The first model, the two-stage model
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proposed by Linton (1955), involves the preferential deep-weathering of densely-jointed

granite and subsequent stripping of the resultant saprolite cover under periglacial

conditions to expose bedrock residuals (tors). The second model, the single-stage model

proposed by Palmer and Neilson (1962), involves the removal of regolith from summits

by solifluction and differential frost weathering of bedrock, thus progressively exposing

the tors from beneath a periglacial regolith cover (Ballantyne, 1994a).

The highest ground in the Highlands was probably last near regional base level in the Late

Cretaceous and appears to have been uplifted to its present level by the Middle Eocene.

This implies that high-level surfaces may have evolved at altitudes well above sea level

over a period of 50 Ma. during which many of the surfaces have been lowered by several

hundred metres due to Tertiary erosion (Hall, 1991). The Scottish Highland landscape

prior to glaciation was therefore one characterised by stepped plateau surfaces dissected

by alluvial valleys and covered, at least locally, in thick, deeply-weathered regolith.

Figure 3.4 Tors, highlighted by black boxes, on the Beinn Mheadhoin summit plateau. The
insert shows a close-up of the Bams of Bynack. Both localities are in the Cairngorms.
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Figure 3.5 The two models of tor evolution proposed by Linton (1955) (left) and Palmer and
Neilson (1962) (right).

3.4 Impact of Pleistocene glaciation

3.4.1 Chronology ofQuaternary glaciation in Scotland

Glacial history and glacial processes are important because they have affected the age and

development of regolith and development of vegetation growth on high plateau surfaces.

General cooling in mid latitudes at c. 2.5 Ma probably heralded wide-scale expansion of

glaciation in mid- and high-latitude mountain areas (Bowen, el al., 1986). The ensuing

Quaternary era has been characterised by alternating glacial and interglacial periods.

Table 3.1 summarises the glacial chronology of the Quaternary. During the Quaternary,

the Scottish Highlands supported extensive glacier cover on numerous occasions (Glasser

and Hall, 1997). At times, ice cover was probably restricted to corries and valleys, but
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periodically the build-up of extensive ice-sheets, particularly during the last 0.8 Ma,

resulted in ice cover on high ground, with only occasional nunataks
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Table 3.1 Quaternary chronostratigraphy. Source: Merritt et al. (2003).

protruding out of the ice (McCarroll el al., 1995; Ballantyne et al., 1997a, 1998a). Our

knowledge of the chronology of the last (Devensian) glacial period is more detailed than

earlier glacial periods, being constrained by relatively abundant stratigraphic evidence,

radiocarbon dating and cosmogenic surface exposure dating (e.g. Rose et al., 1985;
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Sutherland, 1991; Stone et al1998; Bowen et al., 2002). The Devensian glacial stage

began around c. 115, 000 years before present (115 ka BP) and corresponds with Oxygen

Isotope substages 5d-5a, stages 4-2 and part of stage 1 (Lowe and Walker, 1997). Stage 2

broadly corresponds with the Dimlington Stade (30,750 - 15.5 cal ka BP), the

Windermere Interstade (Late glacial interstade) (e.13 -c.l 1 14C ka BP; 15.5 - 12.9 cal ka

BP) and the Loch Lomond Stade (c.l 1 - c.10 14C ka BP; 12.9-11.5 cal ka BP).

3.4.2 Extent ofglacier cover during the Dimlington Stade

The extent and vertical dimensions of the last ice-sheet have been the topic of

considerable debate (e.g. Boulton et al., 1977; Gordon, 1979; Boulton et al., 1985;

Ballantyne et al., 1998; Bowen et al., 2002; Figure 3.6). One view is that the last ice-

sheet extended out to the shelf edge, west of Scotland, with ice covering the entire land

surface, including the highest ground (Boulton et al., 1977). However, recent field

research involving the mapping of periglacial trim lines (which separate an upper zone of

thick in situ frost-weathered debris from lower glacially-modified slopes (Figure 3.7)) in

the NW Highlands and the Hebrides shows that nunataks probably remained above the

surface of the last ice sheet in areas peripheral to the main centres of ice accumulation

(Ballantyne et al., 1998). Such areas include South Uist in the Outer Hebrides

(Ballantyne and Hallam, 2001), Harris and southeast Lewis in the Outer Hebrides

(Ballantyne and McCarroll,1995), the Isle of Rum (Ballantyne and McCarroll, 1997), the

Isle of Mull and Isle of Jura (Ballantyne, 1999a), the Isle of Skye (Dahl et al, 1996),

Wester Ross (Ballantyne et al., 1997), the Knoydart Peninsula (Ballantyne, 1999b) and

Assynt and Sutherland (McCarroll et al., 1995). Farther to the south and east of these
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areas, the evidence provided by ice-scoured bedrock and glacially-transported boulders

suggests that even the highest summits were ice-covered at the last glacial maximum.

Figure 3.6 The approximate limits of the last (Late Devensian) ice sheet in Scotland c. 18 UC ka
BP, and the limits of the Loch Lomond Readvance. The western limit of the ice sheet is based on

Stoker et al. (1993); the eastern limit is based on Hall and Bent (1990). Earlier accounts (e.g.
Bowen et al. (1986); Sutherland 1984) favoured more restricted ice cover during the Late
Devensian glacial maximum, with Orkney and parts of Caithness and Buchan remaining free of
glacier ice. The extent of the ice sheet in the North Sea may have been greater during an earlier
phase of the Late Devensian (c. 22 ka BP) (Merritt et al., 2003). Reproduced from Ballantyne
(2004).
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Figure 3.7 Schematic representation of the evidence, in the form of periglacial trimlines, used by

Ballantyne et al. (1998) to demonstrate that many mountain summits remained as nunataks above
the ice surface during the last glacial maximum and Loch Lomond Stade. Reproduced from
Ballantyne and Harris (1994). Dashed lines represent trimlines and the thick line with small
perpendicular lines represents the upper limits of ice.

Further east, in the Cairngorms and Eastern Grampians, it is likely that thin, cold-based,

non-erosive ice covered plateau areas at the last glacial maximum (Sugden, 1968; Brazier

et al., 1996; Hall and Glasser, 2003), with thick warm-based ice streams eroding large

glacial troughs such as the Lairig Ghru and Glen Avon (Figure 3.8). Present evidence

suggests that independent ice-centres were present on the Cairngorms, SE Grampians,
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Outer Hebrides, Mull and Skye; with several major ice domes over the Western

Grampians and the Northern Highlands (Thorp, 1987; Ballantyne et al., 1998).

Figure 3.8 The Lairig Ghru, a large glacial trough that dissects the Cairngorm Plateau, viewed
from the Cairn Gorm/Ben Macdui Plateau.

3.4.3 Glaciation during the Loch Lomond Stade

Following complete or near-complete deglaciation of the Scottish Highlands during the

Windermere or Lateglacial Interstade, climatic deterioration during the Loch Lomond

Stade resulted in renewed expansion of glacier ice in many parts of the Scottish

Highlands. The lateral limits of glaciation during the Loch Lomond Stade are well-

established in many areas from the evidence provided by moraines and drift limits (Gray

and Coxon, 1991; Figure 3.6). By far the largest ice mass to form at this time was the

West Highland Icefield, a transection glacier complex that extended southwards from

35



Chapter 3

Glen Torridon in the NW Highlands to the southern end of Loch Lomond, and eastwards

from the tidewater lochs of the Western Highlands to the eastern end of Loch Tay

(Sissons, 1979a). On mountains peripheral to the West Highland Icefield a number of

smaller icefields developed, for example on the islands of Mull and Skye and in the

Drumochter Hills (Thorp, 1986; Ballantyne, 1989), together with numerous corrie and

valley glaciers (Sutherland, 1984). Glacier cover in the Eastern Highlands was more

restricted, with evidence for only small corrie glaciers in the Cairngorms at this time

(Sissons, 1979b) and icefields over the Eastern Grampians (Sissons, 1972; Sissons and

Grant, 1972) and Gaick Plateau (Sissons, 1974).

The upper limits of the glaciers that developed during the Loch Lomond Stade are often

defined by a younger and a lower periglacial trimline (Thorp, 1986; Ballantyne, 1989,

1997a), implying that summit plateaux remained above the ice as nunataks. There

remains the possibility, however, that some more extensive plateaux supported thin, cold-

based ice caps during the Loch Lomond Stade. The evidence for one such plateau ice cap

was mapped by Sissons (1974) on the Gaick Plateau in the Eastern Grampians, and it is

possible that others existed elsewhere.

3.4.4 Impacts ofglaciation on high plateaux

There were marked differences between the Western and Eastern Highlands in terms of

the evolution of the high plateaux during the glacial phases of the Quaternary. In general,

the eastern plateaux appear to have experienced limited glacial modification, with

selective glacial erosion deepening and widening intervening pre-glacial valleys and thus

fragmenting pre-glacial erosion surfaces; corries also developed on the fringes of the

plateaux. Such limited landscape modification probably reflected comparatively low
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snowfall in the Eastern Highlands during glacial maxima, so that glacial mass balances

(and thus ice velocities) were relatively low. Many of the plateau ice-fields in the Eastern

Highlands are believed to have been cold-based and therefore largely non-erosive

(Sugden, 1968; Brazier et al., 1996; Glasser and Hall, 1997; Hall and Glasser, 2003), thus

accounting for the survival of pre-glacial surfaces, tors and localized deep saprolite

covers in these areas.

In contrast to the selective glacial erosion of the east, the Western Grampians and the NW

Highlands experienced alpine-style glaciation during the glacial phases of the Pleistocene,

with large warm-based ice masses extending over many mountain summits and extensive

dissection of the pre-glacial surface. Successive ice masses in the Western Highlands

appear to have been nourished by high snowfall that engendered large mass balances and

thus rapid ice velocities. The resulting landscape is highly dissected and characterised by

deep, steep-sided, glacial troughs bordered by high aretes and corries (Figure 3.1). As a

result the plateaux that remain are small in area and represent isolated fragments of

Tertiary erosion surfaces, often substantially modified by the passage of erosive ice

streams.

3.5 Impact of Pleistocene periglaciation

3.5.1 Age ofPleistocene periglacialfeatures on high plateaux

Pleistocene periglacial history and processes are important because they have affected the

chemical and physical development of regolith, and its survival, and created many of the

landforms that persist on high plateaux today, which affect the micro-topography and

micro-climate that influence variation in habitats across plateaux. Many of the present
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geomorphological and regolith characteristics of high plateaux in the Scottish Highlands

pre-date the last glaciation but were modified by the severe periglacial conditions that

affected high ground in Scotland during successive glacial stages. However, the

pervasive cover of mountain-top detritus on palaeonunataks that remained above the last

ice sheet in the NW Highlands and Hebrides is probably of much greater antiquity, as

demonstrated by minimum cosmogenic exposure ages of > 22 cal ka BP to > 70 cal ka BP

obtained for bedrock and boulder surfaces in this zone (Stone et al., 1998), and the

presence of clay minerals (notably gibbsite) indicative of localised pre-Late Devensian

chemical weathering (Mellor and Wilson, 1989; Ballantyne, 1994b, 1997a, Ballantyne et

al., 1998). It is also likely that, particularly on the plateaux of the Eastern Grampians,

pre-LGM regolith covers were preserved under thin covers of cold-based ice (Sugden,

1971; Glasser, 1995).

The extent of regolith development has been strongly conditioned by lithology.

Ballantyne (1998a) has shown that the development of frost-weathered regolith since the

LGM was very limited on massive rocks such as Lewisian gneiss, Torridon sandstone and

Tertiary basalts, which often preserve evidence of ice-moulding, even at high altitudes.

Conversely, well-jointed lithologies such as Cambrian quartzite, microgranite and some

schists usually developed mature regolith covers in the form of blockfields or other forms

of mountain-top detritus in the interval between the LGM and the rapid warming at the

beginning of the Holocene. High ground in the Scottish Highlands can therefore be

divided into three weathering zones (Ballantyne, 1998a): a periglacial weathering zone of

mature mountain-top detritus that escaped erosion by the last ice sheet; a Lateglacial

weathering zone of surfaces that were eroded by the last ice sheet but not covered by

glacier ice during the Loch Lomond Stade; and a postglacial weathering zone of surfaces
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that were reoccupied by ice during the Loch Lomond Stade, and have since experienced

weathering only under the relatively mild maritime periglacial conditions of the

Holocene. The characteristics of these zones on different lithologies are summarised in

Table 3.2.

Table 3.2 Lithological controls on the distribution of mountain-top detritus (from

Ballantyne, 1998a).

Lithology In situ regolith In situ regolith In situ regolith
in the periglacial in the lateglacial in the postglacial

weathering zone weathering zone weathering zone

Lewisian gneiss Blockfields and shattered
tors.

Nil. Limited frost

shattering of rock.
Nil.

Torridonian sandstone

(massive arkose)
Thick sandy
diamicts.

Nil. Superficial
disaggregation.

Nil. Superficial
disaggregation.

Cambrian quartzite Thick blockfields
and diamicts.

Blockfields with
rock outcrops.

Nil.

Moine schist
(massive granulite)

Thick blockfields
and diamicts.

Rare. Ice-scoured rock

preserved.
Nil. Selective

disaggregation.

Moine schist
(mica-schist)

Thick silt-rich diamicts. Thin diamicts on dipping
strata.

Nil. Superficial
flaking.

Tertiary basalts Blockfields and diamicts. Nil. Superficial
weathering of rock.

Nil.

Granite No data Thin blockfields or sandy
diamicts.

Nil. Superficial
disaggregation.

Microgranite
(granophyre)

No data Thick blockfields. Nil. Superficial
disaggregation.
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Because much high ground was eroded by warm-based glacier ice at the last glacial

maximum (LGM) at c. 22 cal ka BP or earlier, many relict periglacial phenomena in such

areas must have developed since the LGM, under the severe periglacial conditions that

occurred both during downwastage of the last ice sheet, and during the Loch Lomond

Stade. Since the LGM, all forms of plateau regolith have been modified by a range of

periglacial processes. Some of these, such as large-scale vertical and horizontal frost-

sorting, the development of nonsorted patterned ground and downslope movement of

coarse debris, appear to have terminated at the end of the Loch Lomond Stade

(Ballantyne, 1984; Ballantyne and Harris, 1994). Other more superficial periglacial

processes, including small-scale frost sorting and shallow solifluction, appear to have

persisted under the milder conditions of the Holocene, and indeed remain active at

present (Ballantyne, 1987, 1991b). The sections that follow consider, first, the physical

characteristics of mountain-top regolith of high plateaux, then the modification of such

regolith by Late Devensian periglacial processes.

3.5.2 Physical characteristics ofhigh plateau regolith

The characteristics of high plateau regolith or mountain-top detritus in the NW Highlands

have been summarised by Ballantyne (1998a). Ballantyne (1984) classified such detritus

into three primary types (Figure 3.9): blockfields (type 1) that comprise a cover of

openwork bouldery debris, from which fines are absent at the surface but form an

interstitial infill at depth; sandy diamicts (type 2), in which clasts of various sizes are

embedded in a coarse, cohesionless sandy matrix; and silt-rich diamicts (type 3), in which

clasts are embedded in a matrix of frost-susceptible fines, and often show evidence of

vertical frost-sorting, with the coarsest debris at or near the surface. These three regolith

types represent end-members of a three-way continuum (Figure 3.10): there is a
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Figure 3.9 Three main types of mountain-top detritus identified by Baliantyne (1994b); (a)
blockfields (Glas Maol; schist), (b) sandy diamicts (Ben Mor Coigach; Torridonian sandstone)
and (c) silt-rich diamicts (Ben Wyvis; schist).

Type 1 (blockfield)

Increase
in sandy/
matrix

Type 2
(sandy
diamicts)

[; '\ Cambrian
Quartzite

Vertical

sorting
ofclasts

% silt content

Type 3
(silt-rich
diamicts)

Torridon P/7] Moine Schist
Sandstone

Figure 3.10 Relationships between different types of regolith cover on mountains in north-west
Scotland, showing the range of types characteristic of Cambrian quartzite, Torridonian sandstone
and Moine schists. After Baliantyne (1998a).
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transition, for example, between type 1 (blockfield) regolith and vertically sorted-type 3

(silt-rich) regolith, and differentiation between type 1 and type 2 regoliths may simply

reflect the concentration of near-surface fines.

Lithology is the main factor that determines the type of regolith present on any high

plateau. Ballantyne (1998a) has summarised the main regolith/lithological associations.

Openwork blockfields are characteristically underlain by Lewisian gneiss, granulites of

Moine age, fine-grained Cambrian quartzite or Tertiary microgranite and basalt. Sandy

diamicts occur on plateaux underlain by Torridonian sandstone, coarse-grained Cambrian

quartzite, the granite of the Red Hills on Skye and the rhyodacite of the hills of south¬

west Rum. Silt-rich diamicts are widespread on Moine mica-schists and locally on basic

igneous rocks on Skye and Rum.

On the high plateaux of the Scottish Highlands, mountain-top detritus completely covers

the underlying bedrock, with only isolated outcrops of bedrock rising above the debris

cover. Excavations indicate that the debris mantle rarely exceeds 1.0 m in thickness,

though some pits have exceeded 1.6 m. The regolith is widely regarded as being mainly a

product of granular disintegration (Godard, 1965; Kelletat, 1970a, b; Ballantyne, 1984,

1998a; Ballantyne and Harris, 1994) with only small pockets of Tertiary chemically

weathered regolith. There are abrupt changes in the nature and petrology of the regolith

at lithological boundaries (Figure 3.11), such as the boundary between Torridonian

sandstone and Cambrian quartzite, which demonstrate that the overlying regolith is

essentially in situ. Moreover, Ballantyne (1984, 1998a) discovered in the NW Highlands

that where excavations reached the underlying bedrock, the boundary between the

regolith and the underlying sound rock is invariably transitional. From these excavations
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he identified that the nature of the transition is from sound but jointed rocks through a

basal layer of unattached but in situ clasts to an overlying diamict or blockfield, with little

evidence of grussification. The majority of the clasts excavated on all lithologies were

subangular to very angular, except at the surface, where rounding by granular

disaggregation was characteristic. On well-jointed rocks, such as quartzite, microgranite

and granulite, the size and the tetragonal regularity of component clasts reflected the

pattern and density of the underlying joint network. Ballantyne (1998a) therefore

concluded that the structural and textural characteristics of mountain-top detritus on the

high plateaux of north-west Scotland appear consistent with an origin by frost-wedging of

bedrock and superficial granular disaggregation, with only limited visual evidence for

chemical breakdown, and do not represent a truncated deep-weathered saprolite cover of

pre-Pleistocene age or reworking of till under periglacial conditions.

It seems reasonable to assume that the mountain-top detritus found on the high plateaux

of the Grampian Highlands formed in a similar manner, though no work has hitherto been

undertaken to characterise and date regolith covers in these areas. The origin of the

regolith mantle on the Cairngorms, however, has been subject to some debate

(Ballantyne, 1996). Sugden (1971) suggested that boulders in the substrate (Figure 3.12)

may represent corestones, developed under conditions of pre-glacial deep-chemical

weathering (etchplanation) that were also responsible for the formation of tors and

pockets of saprolite (Linton, 1955; Sugden, 1968; Ballantyne, 1994b). However, a study

of the fine fraction of the regolith by Paine (1982) indicated a mechanical origin. This

suggests that the dominant formative process has been frost-wedging of joint-bound

blocks, accompanied by granular disaggregation (microgelivation) that produced the

sandy matrix in which these are often embedded. Excavations have shown that boulders
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tend to decrease in size with depth, a feature widely interpreted as indicating former frost

heave and vertical frost sorting.

Figure 3.11 Sharp divide between two dominant substrate types at a lithological boundary
between the unvegetated granite (left) and vegetated schist (foreground) to the east of Stob Ban
on The Mamores. The granite has weathered, in this area, to produce a pink blockfield, which
does not support a vegetation mat, while the schist has weathered to produce a silt-rich diamict
that supports a complete vegetation cover.

On all high plateaux, mountain-top detritus is demonstrably a relict phenomenon. Mosses

and lichens grow on exposed boulder surfaces on blockfields, and a vegetation mat

overlies most diamicts. Moreover, exposed surface clasts have been extensively rounded

by granular weathering over a long period, whilst protected buried clasts have not,

indicating prolonged stability of the mountain-top detritus (Ballantyne, 1998a).
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Figure 3.12 Boulders embedded in substrate on the Cairngorm/Ben Macdui plateau. Image is
taken from the Cairn Gorm/Ben Macdui plateau looking into Coire an t-Sneachda.

3.5.3 Late Devensian periglacial modification ofhigh plateau regolith

The frost-weathered regolith on high plateaux in the Scottish Highlands was subjected to

severe periglacial conditions during the Late Devensian, resulting in the modification of

the regolith mantle by frost weathering, solifluction and frost sorting, and the creation of a

variety of now-relict periglacial landforms. Amongst the most conspicuous of these

landforms are solifluction features produced by the slow downslope movement of frost-

weathered regolith. Such movement has resulted in the development of step-like risers

and gentler treads of debris (Figure 3.13). Solifluction sheets have surfaces which run

parallel or obliquely to the slope contours on convex upper slopes. With increasing

gradient downslope, however, risers become increasingly crenulate, forming lines of relict
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solifluction lobes. Ballantyne and Harris (1994) identified three types of solifluction

sheets and lobes on high ground: a) nonsorted lobes, which display no horizontal or

vertical sorting of clasts and are common on mica-schists; b) sorted lobes, in which a

layer of boulders has been moved to the surface and margins of sheets and lobes by frost

heave, typically on more massive lithologies; and c) boulder lobes, which represent an

extreme form of the latter, and have developed on rocks like granite and quartzite where

weathering has produced an abundance of boulders but only a thin matrix of fine soil.

The risers of relict solifluction sheets and lobes are often 1-3 m high, but are often

degraded, and most relict sheets and lobes are now completely vegetation covered. All

varieties of relict solifluction features are absent from ground occupied by glacier ice

during the Loch Lomond Stade, demonstrating that such features have not formed under

the milder conditions of the Holocene (Ballantyne, 1997a).

Large-scale relict sorted patterned ground also occurs on high plateaux of the Scottish

Highlands. Such patterns are characterised by concentrations of clasts that form the

margins of sorted nets, sorted circles and sorted polygons (Figure 3.14a), or by alternating

lines of coarse and fine debris that form sorted stripes (Figure 3.14b) on steeper slopes

(Ballantyne and Harris, 1994). These relict features were formed by lateral sorting of

coarse debris by frost sorting. There are two schools of thought regarding the nature of

patterned ground formation. The first attributes lateral sorting to the formation of oblique

freezing planes in the ground during winter freezeback, causing clasts to migrate laterally

towards zones of less frost-susceptible (i.e. less ice-rich) soil. The second explains

pattern development in terms of convection of soil during summer thaw, with density

inversion causing slow overturning of soil, resulting in concentrations of clasts at the
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margins of convection cells (Ballantyne and Harris, 1994). The coarseness of the debris

and the depth of sorting (often over 0.5 m) strongly suggests that the relict sorted

Figure 3.13 Solifluction sheets on the south-east facing slopes of Coire Domhain on the Cairn
Gorm/Ben Macdui plateau. The insert shows a close-up of a solifluction lobe with the black line

highlighting the deflated tread and the red line the vegetated riser of the lobe.

patterns on Scottish mountains developed in the active layer above former permafrost

(Ballantyne, 1997b). These landforms have certainly developed since ice-sheet

downwastage, though some may have formed on nunataks above the level of the last ice-

sheet, or have survived the last glacial stage under a cover of protective cold-based ice,

such as on the Cairngorms. The absence of coarse sorted patterns inside the limits of

Loch Lomond Stade glaciation implies that large-scale frost-sorting not been active under

the warmer conditions of the Holocene.
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Relict nonsorted patterned ground also occurs on the high plateaux of the Scottish

Highlands. Three types have been identified (Ballantyne, 1986a). By far the most

common are earth hummocks, which form domes of predominantly fine soil separated by

a network of depressions (Figure 3.15). On slight gradients, such hummocks sometimes

become aligned downslope in parallel bands to form hummock stripes, and with further

increases in gradient, individual hummocks merge to form relief stripes consisting of

alternating ridges and furrows aligned downslope. Individual hummocks are typically 10-

50 cm high and 30-150 cm in diameter, but relief stripes tend to be generally flatter and

wider. The presence of undisturbed podzolic horizons within such features indicates that

they are essentially inactive and of considerable antiquity, though their age and origin

remain uncertain (Ballantyne, 1997b).

Figure 3.14 Large-scale relict sorted-patterned ground on Glas Maol in the form of (a) sorted
nets (scale: 3-4 m in diameter) and (b) sorted stripes.
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Figure 3.15 Earth hummocks on Glas Maol. Spade for scale.

3.6 Holocene landscape modification

3.6.1 Chronology ofHolocene environmental change

Climate change during the Early and Mid Holocene is important because it would have

influenced the continued development of regolith, soils and geomorphological features,

and the development of particular substrate types and plant communities throughout this

period. The final withdrawal of glacier ice from Scotland was the result of a rapid

transition to warmer conditions at the end of the Loch Lomond Stade. The ensuing

Holocene Epoch (equivalent to the Flandrian [present] Interglacial stage) began around

11.5 cal ka BP (10.0 14C ka BP), and has been characterised by a complex if less dramatic

climatic history and increasing influence of human activity on the natural landscape. The
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transition to warmer conditions at the onset of the Holocene was rapid, with mean annual

temperatures rising by as much as 1°C per decade (Atkinson et al., 1987). Traditionally,

five distinct climatic periods (Blytt/Sernander subdivisions) have been proposed for the

Holocene, based on vegetation changes recorded by macrofossils and pollen assemblages

preserved in peat bogs (e.g. Magny, 1982; Vermeersch and Van Peer, 1990): the Pre-

Boreal period (c. 10.0-9.5 ,4C ka BP) of general climatic warming; the Boreal Period (9.5

- 7.0 14C ka BP; dry and warm); the Atlantic period (7.0 - 5.0 14C ka BP; the warmest

period, with wet winters); the Sub-Boreal Period (5.0 - 2.5 14C ka BP; warm, with

increased precipitation); and the Sub-Atlantic Period (c. 2.5 l4C ka BP to the present;

relatively cool and wet). However, as further well-dated palynological and

palaeoecological evidence accumulated, the Blytt/Sernander scheme was recognised to be

at best overgeneralised (Ballantyne, 2004). A further view (e.g. Whittington and

Edwards, 1997) is that by c. 7.0 14C ka BP the climate had become generally drier and

warmer than in the early Holocene, and that since that time, changes in climate regime

have been only minor, representing a long period of macrostability. However, the limited

proxy evidence relating to Holocene climatic variation in the Scottish Highlands indicates

a much more complex story.

Our understanding of climatic changes in Scotland during the Early Holocene is limited.

The general pattern appears to be that for most of this period the climate remained

generally temperate with only fairly small climatic changes (Ballantyne, 2004). Much of

the evidence for Early Holocene climatic trends comes from proxy indicators of climate

change in other areas. Studies of Greenland ice-core data (Alley et al., 1997) have

detected a particularly pronounced cooling at c. 7.5 14C ka BP (c. 8.2 cal ka BP) that

lasted about a century. Evidence from marine cores from off the west coast of Norway
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and from contemporaneous tree-ring records from Germany imply respectively, a

temperature drop of > 2°C (Klitgaard-Kristensen et al., 1998). The location of Scotland

on the NE Atlantic margin suggests that this event was probably reflected in markedly

cooler temperatures (Ballantyne, 2004) and perhaps increased storminess over the higher

ground.

On the basis of the representation of arboreal taxa in subfossil pollen assemblages

recovered from peat bogs, Huntley (1999) has suggested that the general "first-order'

climate trend in Britain during the Holocene was characterised by a tendency towards

reduced seasonality and moister conditions. A quantitative palaeoclimatic reconstruction

by Huntley and Prentice (1993) suggests that at c. 6.0 14C ka BP conditions were similar

to those of the present with slightly (up to 2°C) warmer July temperatures. Huntley

(1999) has emphasised, however, both the temporal and spatial variability of such

conclusions: his data, for example, suggest that although winters may have been cooler

around 6.0 14C ka BP in southern Scotland, they were slightly warmer than now in

Northern Scotland. Other researchers, moreover, have advocated caution in the use of

palaeoecological reconstructions as climatic proxies, as many taxa are tolerant of minor

climate changes.

Radiocarbon-dated pine (Pinus sylvestris) remains in the Cairngorms demonstrate that

prior to c. 6.5 14C ka BP the treeline was about 200 m higher than at present, suggesting a

warmer and perhaps less stormy climate (Dubois and Ferguson, 1985). There is some

evidence for a decline in treeline altitude between c. 6.5 14C ka BP and 5.3 ,4C ka BP

that may indicate climatic deterioration. Deuterium isotope analysis of cellulose in wood

remains in the same area indicates that there were particularly wet conditions around 7.3
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l4C ka BP and between 6.2 14C ka BP and 5.8 14C ka BP. The shift to wetter conditions

in the closing centuries of the Atlantic chronozone, immediately preceding a local episode

of pine decline, is also suggested by reconstruction of changes in bog hydrology in NW

Scotland based on degree of peat humification (Anderson, 1998). However, composite

peat humification curves for sites in the NW Highlands suggest a rather more complex

pattern with alternating periods of wetter and drier conditions (Anderson et al., 1997;

Tisdall, 2003). What emerges strongly from the data presented by Anderson et al. (1997)

is that although some major climatic trends are replicated between sites spaced a few tens

of kilometres apart, the amplitude of the climatic signals varies between sites and short-

term (decadal) fluctuations are not always replicated between sites. This suggests that the

spatial impact of climatic changes was highly variable, and that the record obtained from

one area is not necessarily applicable even to areas a few tens of kilometres distant.

The higher-resolution proxy evidence available for the Late Holocene suggests that the

temperatures of the past 5000 years have oscillated around 'average' values by as much as

2°C on a timescale of decades or longer (Briffa and Atkinson, 1997). Evidence in the

form of quasi-periodic cycles in abundance of organic matter taken from cores from a

high level loch (Lochan Uaine) in the Mountains of the Cairngorms suggests that during

the last 4000 years temperatures were fluctuating even at high altitudes (Batterbee et al.,

2001). Barber et al. (2000) have compared the proxy-climate records, for the last 2000

years, of two distant peat bogs, a lowland bog in Northern Ireland and an upland bog in

the Cairngorms. Major changes are evident in both records in the period AD 1650-1850,

which represents the last pulse of the 'Little Ice Age'. Barber et al. (2000) speculated that

because both bogs are separated by over 300 km in distance and almost 900 m in altitude,

have different species composition and yet show a similar response to "Little Ice Age'
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climatic deterioration, these results probably indicate that the vegetational response at

these sites represents adjustment to spatial and temporal temperature changes, rather than

significant fluctuations in precipitation. Where correlations do not exist between the two,

however, they inferred that the changes in the vegetation composition at each site may

reflect more localised changes in precipitation regime. Their data show that the "Little Ice

Age' was the coolest period of the last 2000 years, and supports similar conclusions

reached from other peat stratigraphic sequences (Barber, 1981; Chambers et al., 1997).

Their data also show other correlations between the two records, such as a peak in dry

conditions at c. AD 1200 and a relatively wet phase at c. AD 230-280.

Postglacial human settlement of Scotland coincided with climatic warming at the onset of

the Holocene. Human occupance in the Holocene can be divided into seven different

periods, principally based on advances in technology and social/economic structure.

These are: (1) the Mesolithic (>10,000 14C BP to c. 5,500 14C BP); (2) the Neolithic (c.

5,500 14C BP to c. 4,000 l4C BP); (3) The Bronze Age (c. 4,000 14C BP to 2,500 14C

BP); (4) the Iron Age (c. 2,500 l4C BP to c. 1,800 l4C BP); (5) the Roman occupation (c.

1,800 14C BP to c. 1,600 14C BP); (6) The Early Historic period (c. AD 350 to c. AD

1800), which incorporated the period of Norse occupation in NW Scotland after c. AD

800 and (7) the Industrial period (c. AD 1800 to present) (Edwards and Ralston, 1997).

It is conceivable, but unsubstantiated, that the first use of the Scottish high plateaux as

summer grazing pastures could have occurred during the Bronze Age as a result of

pastoral farmers being forced to occupy inland and upland areas as a consequence of

population increase, territoriality or limited availability of land in the lowlands (Gowie

and Shepherd, 1997). Small hut circles and bounded field systems dating from the

53



Chapter 3

Bronze Age have been found in the Scottish Highlands up to an altitude of about 600 m.

By c. 3,000 14C BP upland landscapes were becoming increasingly utilised. It has been

speculated that periodic burning of moorland to improve coarse grazing may have

occurred at this time (Gowie and Shepherd, 1997). Declining use of upland areas is

thought to have occurred during the Iron Age because of a decline in the productivity of

the land due to increasing podzolisation and peat cover (Fairhurst and Taylor, 1971;

McCullagh, 1992a, 1992b). Evidence for use of the high plateaux after the Iron Age is

lacking but, it is not inconceivable that when the Norse settled in NW Scotland they also

used the high plateaux as summer grazing pastures for livestock. The greatest damage to

high plateaux caused by human activity has probably occurred in the last 200 years,

however, as discussed in section 3.8 below.

3.6.2 Soil andpeat development

The development of plateau soils in the Highlands has been influenced by the nature of

regolith cover (reflecting primarily the response of the underlying lithology to Pleistocene

periglacial weathering; see section 3.5.2 above), climate, vegetation cover and hydrology

or drainage. Pulford (1998a) has summarised the factors that have influenced the

formation of Scottish soils. Parent material controls two elements of the soil

characteristics, namely grain size and chemical composition. Soil permeability is largely

controlled by grain size, so soils with predominantly sand-sized grains such as those

formed from granite, quartzite, sandstone and schist are readily leached, producing freely-

draining brown earths, brown podzolic soils and podzols. Acidic rocks produce soils

high in quartz, which readily lose exchangeable cations (potassium, sodium, calcium and
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magnesium) due to leaching, producing base-poor soils. Exchangeable cations cannot be

replaced by weathering from the parent rock due to its acidic nature, and hence the base

status of such soils progressively declines. Davidson and Carter (1997) have suggested

that in the Western Highlands the general pattern of upland soil development was

characterised by a sequence involving early acidification (by c. 9 cal ka BP) followed by

progressive gleying (to c. 6 cal ka BP) with the expansion of extensive blanket peat

development in many areas by c. 5 cal ka BP (Tipping et al., 2003). In the Eastern

Highlands the drier climate helped maintain larger areas of freely draining acid soils and

promoted the development, under heathland acid litter, of podzols which are believed to

have developed by c. 6.5 ka BP (McCullagh, 1996). In areas prone to particularly wet

conditions or poor drainage where waterlogging occurred, surface water gleying created

conditions favourable to the development of blanket peat (Pulford, 1998b).

Soil and peat development in the Scottish Highlands during the Late Holocene (c. 5.0 14C

ka BP to present) became increasingly influenced by human activity. However, high

plateaux are likely to have remained relatively undisturbed by human activity until AD

950 when Norse or local farmers started using high ground as summer pastures for their

livestock (Macklin et al., 2000). The resulting change in plant communities, increased

nitrogen inputs and reduced vegetation cover caused by sheep and possibly cattle grazing

is likely to have changed the physical and chemical properties of the soil and may have

led to increased areas of bare ground and consequent enhanced erosion of some high

plateaux within the last few hundred years.
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J.6.3 Holocene vegetation colonisation and succession

Following the end of the Loch Lomond Stade it is likely that a mosaic of mosses and

lichens would have been the dominant ground cover on high plateaux until a juvenile soil

had developed, with subsequent development of a cover of grasses, sedges, herbs and

shrubs (Dickinson, 1998). Certain higher plants are also likely to have survived on

plateaux that remained free of glacier ice during the Loch Lomond Stade. Such areas

would have acted as refuges for the colonisation of adjacent high ground before other

species spread from lower altitudes. Local variations in upland plant communities would

have been determined by the local bioclimate, patterns of relief and topography, soil

conditions and the nature and evolution of the flora (Dickinson, 1998). Once established,

heath and tundra species became increasingly confined to high altitudes as improving

climatic conditions allowed trees and other thermophilous species to spread from the

south during the Early Holocene. At the time of the Early Holocene climatic optimum in

Scotland, the treeline is believed to have reached a maximum altitude of nearly 800 m in

sheltered locations, implying that most, if not all, high plateaux remained treeless

throughout the Holocene (Ingrouille, 1995). As outlined above, in many upland areas a

blanket peat vegetation association subsequently developed, representing the vegetational

climax.

The limited number of natural vegetation refuges remaining in Scotland today highlights

the extent of human impact on vegetation cover (Ratcliffe, 1977; Dickinson, 1998). Most

Scottish heather moorland is a recent artifact, and the associated muirburning has

produced an ecologically impoverished landscape of species-poor heath and grass moor,

leading to increased acidification of soils (Tivy, 1973; Ratcliffe and Thompson, 1988;

Thompson et al., 1995). Extensive hill sheep farming and game conservation, which
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have replaced hill cattle farming, have not been favourable to the conservation of natural

upland vegetation cover in Scotland (Dickinson, 1998). The consequences of these and

other forms of anthropogenic influences on high plateaux are discussed in more detail

below (section 3.8).

3.6.4 Holocene periglacial processes

Holocene periglacial processes are important because they have altered the physical

properties of plateau substrate, destabilised vegetation and underlying substrate and

formed features that modified conditions for substrate and vegetation development.

Climatic warming at the end of the Loch Lomond Stade terminated many forms of

periglacial activity on the mountains of Scotland as the very cold stadial climate was

replaced by a cool maritime periglacial climate. More limited frost penetration has led to

the formation of much smaller periglacial features compared with those formed under the

severe climate of the Late Devensian (Ballantyne and Harris, 1994). The effectiveness of

some Holocene periglacial processes may, however, have increased in the Late Holocene

as a result of the increase in bare ground associated with the stripping of vegetation from

the high plateaux, possibly as a consequence of increased human activity or increased

storminess (Ballantyne and Harris, 1994).

The present upland climate, characterised by extreme wetness and strong winds rather

than extreme cold and deep ground freezing, is characteristic of a maritime periglacial

climatic regime (Ballantyne, 1987). Mean annual air temperatures (MAATs) on the

highest summits are slightly above 0°C with temperatures only infrequently dropping

below -10°C. Permafrost is consequently absent at present and has probably been so
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since the Early Holocene. Shallow ground freezing, down to depths of about 0.5 m,

presently occurs on high ground, and during Holocene intervals of colder climate, frost

may have penetrated slightly deeper. The present marked easterly decline in mean annual

precipitation (from c. 4000 mm yr1 on the highest ground in the western Highlands to

just over 2000 mm yr1 on the easternmost summits) is likely to have persisted throughout

much or all of the Holocene in view of the dominance ofwesterly airstreams. Duration of

snow-lie on high ground, however, is likely to have been very variable throughout the

Holocene, reflecting not only the influence of changes in winter precipitation and the

frequency of winter thaw events, but also that of small changes in summer temperatures.

It is notable, for example, that perennial snowfields were widespread on the higher

mountains during the Little Ice Age of the 16th-19th centuries AD (Manley, 1971;

Sugden, 1971), but snow survival through the summer is now limited to a handful of

locations after particularly cool summers. As at present, it is likely that high ground in

the Highlands experienced high winds throughout the Holocene, though the frequency

and ferocity of mountain storms is likely to have varied through time. Under such

conditions, Holocene periglacial activity operating on the high plateaux of the Scottish

Highlands is likely to have been dominated by three sets of processes: those relating to

surface and shallow subsurface freeze-thaw, nivation, and aeolian activity.

Freeze-thaw activity on high ground in Scotland during the Holocene has resulted in

weathering at the surface of exposed bedrock and rock debris, development of frost-

sorted patterned ground, and the downslope movement of debris by solifluction

(Ballantyne, 1987). Weathering has been largely limited to granular disintegration and

flaking, particularly on coarse-grained lithologies such as sandstone and granite, resulting

in the production of abundant quantities of sand that have often been reworked by wind
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(Ballantyne and Whittington, 1987; Ballantyne, 1998b). On bare ground, small frost-

sorted patterned ground has developed in the form of sorted circles or stripes. Such

features are, however, much smaller than their Late Devensian counterparts and can be

differentiated from them by characteristically steep (generally > 45°) risers that often

bulge downslope (Figure 3.16).

Figure 3.16 Active solifluction lobe with a steep, partially vegetated riser on A'Mharcoinach.
Note the protrusion of clasts from the riser indicating active solifluction. A5 notebook for scale.

Holocene solifluction lobes often overlie buried organic soil horizons and peat fragments

(Ballantyne and Harris, 1994). Radiocarbon dating of such buried organic matter has

allowed periods of Holocene solifluction activity to be identified. Vegetation layers from

beneath small lobes in the Cairngorms have yielded ages of 4480 ± 135 14C yr BP and

2680 ± 120 14C yr BP (Sugden, 1971); four radiocarbon determinations on peat buried by
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a lobe on Ben Arkle gave ages ranging from 5541 ± 55 14C yr BP to 3984 ± 50 14C yr BP

(Mottershead, 1978), and five radiocarbon dates from a soil horizon buried beneath a

solifluction lobe in the Fannich Mountains yielded ages ranging from 890 ± 120 14C yr

BP to 530 ±90 14C yr BP (Ballantyne, 1986b). The phases of activity represented by

these radiocarbon dates may represent periods of climatic deterioration and accelerated

solifluction activity, but it is difficult to determine a causal relationship between climate

and solifluction given the wide range of ages identified, and the link between the two is

imperfectly understood (Ballantyne, 1991a). What these dates do provide is evidence that

solifluction has operated at least intermittently throughout the later Holocene, although on

a smaller scale than during the Late Devensian.

On high plateaux in the Scottish Highlands, nivation processes are largely restricted to

sites of persistent late-lying snowcover. Present-day nivation activity appears to be

largely limited to localised redistribution of sandy sediments by surface wash across

unvegetated terrain and rill development downslope from late-lying snow patches

(Ballantyne, 1985). Such activity is likely to have occurred throughout much of the

Holocene and to have been more widespread during periods of more persistent snow lie

(such as the Little Ice Age), but has probably had only localised significance in modifying

plateau surfaces. Ballantyne et al. (1989) also identified enhanced clast weathering under

late-lying snowbeds in the Cairngorms, though the nature of the weathering processes

involved remains uncertain.

Many plateaux in the Scottish Highlands support a thin cover of aeolian or niveo-aeolian

sediments, which have slowly or episodically accumulated throughout the Holocene.

Windblown sand deposits have long been identified on Torridonian sandstone rocks of
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the NW Highlands (Peach et al., 1913; Godard, 1965; Ballantyne and Whittington, 1987;

Ballantyne, 1993), Devonian sandstones on Orkney (Goodier and Ball, 1975), the granite

on Shetland and the Cairngorms (Ball and Goodier, 1974), Cambrian quartzite in NW

Scotland (Pye and Paine, 1983), Tertiary basalts on Mull (Birse, 1980), Moine schists in

the NW Highlands, Tertiary ultrabasic rocks on Rum, and Tertiary basalts in Skye

(Ballantyne, 1998b). Similar plateau-top aeolian deposits have also been identified in

other maritime periglacial environments, for example on mountains in NW Ireland

(Wilson, 1989) and on the Faeroe Islands (Christiansen, 1998). Aeolian deposits on

Scottish mountains usually take the form of vegetation-covered sand sheets, often less

than 1.0-1.5 m thick (Figure 3.17) but can achieve depths of up to 4 m at the crests of lee

slopes. They are typically massive, poorly sorted and contain occasional pebbles. Some

appear to have a predominantly niveo-aeolian origin. Niveo-aeolian sedimentation

involves the transport by strong wind of sand grains that are blown on to the winter

snowpack. When the snow melts, the grains are lowered onto the underlying vegetation,

which traps the sand and allows a stable deposit to accumulate (Ballantyne and

Whittington, 1987). The sources of aeolian and niveo-aeolian sand deposits on Scottish

mountains include sand grains released by weathering of exposed bedrock and clasts on

plateau surfaces (Ballantyne and Whittington, 1987), or from rockwalls adjacent to the

plateaux (Ballantyne, 1998b).

Ballantyne and Whittington (1987) have attempted to reconstruct the history of aeolian

accumulation on the Torridonian sandstone mountain of An Teallach in NW Scotland.

They obtained radiocarbon dates from a basal organic sand layer of 6440 ±60 14C yr BP.

However, pollen stratigraphic evidence from the same site suggests that this date may

reflect downwash of younger organic material from higher in the sampled section, and
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that sand accumulation probably commenced in the Early Holocene prior to c. 7900 14C

yr BP. Once vegetation cover had been established on the plateau source area, the rate of

accumulation appears to have slowed throughout the Middle and Late Holocene,

Figure 3.17 Vegetation covered sand sheets to the south of the disused quarry on East
Drumochter. These sand sheets have an average thickness of c. 50 cm.

eventually reaching a thickness of up to 2.2 m. They inferred from remnant 'islands' of

sand on the plateau surface that by the Late Holocene a stable cover of vegetated sand

deposits covered much of the northern plateau ofAn Teallach.

The destruction of pre-existing vegetation cover and the winnowing away of underlying

soil or sand deposits by aeolian activity on exposed slopes and cols of plateaux has left

extensive deflation surfaces characterised by lag deposits of fine gravel and vegetated

sand islands that stand proud of the wind-scoured plateaux (Ball and Goodier, 1974;
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Goodier and Ball, 1975; Ballantyne and Whittington, 1987; Figures 9.2 and 9.3).

Deposition of sediment blown from deflation surfaces has locally accumulated at the

crests of lee slopes in the form of accumulations of aeolian sand deposits overlying

former stable vegetated surfaces (Ballantyne and Whittington, 1987; Ballantyne,

1991a,b). The freshness of such reworked aeolian deposits suggests that extensive

deflation of plateau-top soils and sand covers is a relatively recent phenomenon and may

have no precedent during much of the Holocene (Ball and Goodier, 1974; Ballantyne,

1991b). The stratigraphy of the (niveo)-aeolian deposits at the crests of lee slopes on An

Teallach provides evidence for comparatively recent extensive erosion of the Holocene

sand cover from plateau surfaces upwind, and concomitant redeposition of eroded

sediment on lee slopes (Ballantyne and Whittington, 1987). Excavated sections at slope-

crest locations typically reveal a lower unit ofweathered sand up to 2.2 m thick, reflecting

progressive build-up of aeolian and niveo-aeolian sediments over several millennia,

overlain by an upper unit of fresh unweathered sand up to 2.3 m thick reflecting relatively

recent and widespread reworking of plateau-surface sand deposits and consequent

exposure of the present deflation surface.

It is widely accepted that recent accelerated erosion of sandy soils and aeolian sand covers

on plateaux results from breaking of a stable protective vegetation cover (Ballantyne and

Whittington, 1987). What remains in doubt is the timing and cause of such vegetation

destruction. Ball and Goodier (1974) suggested that the break up of vegetation cover and

resulting aeolian redistribution of sand deposits on Ronas Hill in Shetland occurred under

the relatively severe climatic conditions of the Little Ice Age of the 16th-19,h centuries

AD. Others have suggested that overgrazing by sheep introduced to mountain areas in the

18th-19th centuries could equally be held responsible (Ballantyne, 1981; Pye and Paine,
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1983; Ballantyne and Whittington, 1987). Another possible cause is the introduction of

grazing livestock to high ground by Viking settlers in western Scotland in the 9lh and 10lh

centuries AD. Once the vegetation had been stripped, loosening of exposed fine sediment

by needle ice and frost heave probably aided aeolian entrainment of sediments (King,

1971). Some reworking of recent (niveo-) aeolian deposits has taken place on An

Teallach where large sand hummocks (Figure 3.18) have developed (Ballantyne, 1986a).

These are interpreted as having formed through the trapping of windblown sand by

tussocks on slopes that are sufficiently steep to allow eluviation of sand from between the

tussocks by nival meltwater.

Figure 3.18 Reworked (niveo-) aeolian sand deposits forming sand hummocks on An Teallach.

Our understanding of geomorphological processes operating on high plateaux during the

Holocene is limited by scant dating evidence and thus relies on retrodiction of present-day

periglacial activity. However, the evidence provided by studies of aeolian sand
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redistribution is instructive in that it suggests that, even on remote areas of high ground,

the present landscape is not necessarily representative of'natural' conditions. The results

of the research on An Teallach (Ballantyne and Whittington, 1987), for example, imply

that for much of the Holocene the plateau supported an extensive and stable vegetation

cover overlying a blanket of slowly accumulating aeolian sand deposits. The reduction of

this cover to a sterile deflation surface with occasional remnant islands of sand cover may

represent the result of extreme weather conditions, or, possibly, anthropogenic

interference through the introduction of grazing animals. Whichever explanation applies,

it highlights the sensitivity of at least some plateau landscapes to widespread and

irreversible change triggered by slight changes in extrinsic (climatic or anthropogenic)

pressures.

3.7 The present plateau environment

3.7.1 Soil characteristics

Soils, like the rocks from which most of them are derived, can be classed according to

whether they are basic or acid in chemical reaction. Acid soils are deficient in the metal

cations calcium, magnesium, sodium and potassium, unlike basic soils which contain

higher concentrations of these elements. Acid soils tend to have low fertility and low

floristic diversity. The importance of these cations can be seen in the few upland areas

where basic soils occur, such as on Ben Lawers, where the flora is much richer (e.g.

Ratcliffe, 1977). Base-rich soils are generally derived from rocks such as limestone,

calcareous mica-schist, basalt and serpentine. Acid soils develop on acidic rocks, such as

granite, quartzite, gneiss, most schists and most sandstones.
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Acid soils predominate in the Scottish Highlands. This is partly because the majority of

the lithology is acidic; calcareous rocks occur only locally. The periglacial maritime

conditions also play a part. The excess of precipitation over evaporation favours both

leaching of mineral soils and the accumulation of peat. This is why so many of the

upland soils are predominantly acid and poor in nutrients.

Podzols are common on plateaux underlain by acidic bedrock. There are several varieties

of podzols and gley podzols (commonly waterlogged) on plateaux. Some have a well-

developed surface peat layer and some show a more distinct iron and humus-cemented

layer in the subsoil. However, Birse (1980) identified cryic podzols as being the most

common. Nevertheless, all podzols have a low level of fertility. On moderate slopes on

plateaux that are affected by solifluction, skeletal mineral soils sometimes developed.

These characteristically consist of clasts intermixed with humus and undecomposed plant

material, and have an intermediate fertility level, and are commonly described as rankers

or lithosols. In localities where calcareous rocks are present, two types of soil may be

found, reddish-brown limestone loams and alpine humus soils (McVean and Lockie,

1969), both of which retain relatively high concentrations of plant nutrients.

Two types of soils have been described as occurring on the Cairngorm high plateaux

(Glentworth, 1971; Anderson et al., 1997); these are alpine podzols (Romans et al., 1966)

and alpine brown soils (Birse, 1980). Alpine podzols, or sub-alpine humus podzols

(Glentworth, 1971), tend to occur between 750 and 950 m and occur under complete

vegetation cover of snow-bed areas (Anderson et al., 1997; Smith, 2001). They comprise

a distinct horizon sequence with surface organic horizons and a humus layer being

underlain by leached E horizon, which rests above a zone of enriched organic material
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(the Bh or alpine A horizon) and a band with increased sesquioxide content (Bs horizon).

The Bs horizon generally merges into the pedologically unaltered C horizon (Anderson et

al., 1997). Alpine brown soils, or oroarctic brown soil (Glentworth, 1971), tend to occur

above 950 m on more exposed and vegetation-free areas of the plateaux. In these

locations the organic surface horizons and E horizon, associated with the podzols, are

replaced by a layer of bleached grit overlying an organic enriched Ah horizon. Below

this, the brown B horizon merges into the underlying C horizon (Anderson et al, 1997).

Peat covers large areas of high plateau in the Scottish Highlands where the generally flat

ground promotes poor drainage conditions, which coupled with high rainfall and low

temperatures, can lead to waterlogging producing conditions suitable for the

accumulation of peat, peaty soils and gley podzols. Particularly notable expanses of

upland peat occur on the Monadhliath Mountains and the eastern Drumochter Hills

(Figure 3.19). Peaty soils have an organic horizon which usually has an organic content

greater than 20 per cent, formed by the slow breakdown of plant tissue under wet

conditions (Pulford, 1998b). The difference between a peaty soil and a true peat is the

depth of the organic horizon, with peat having an organic horizon greater than 40 cm

thick and peaty soils having an organic horizon 7.5 cm - 40 cm thick (Avery, 1973).

Where suitable poorly-drained conditions prevail, peats can form over mineral soils or

directly on bedrock, and often take the form of extensive blanket bogs.

Birse (1980) identified a third common type of soil, aeolisols, on the mountains of

Scotland. These are soils that have developed on wind-distributed material and which

continue to be subject to movement by wind. Aeolisols include the massive aeolian sands

described in section 3.6.4 above, but also include predominantly humus soils that have a
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degree of aeolian material within them. Birse termed such upland aeolisols cryo-dystric

aeolisols due to the significant modifying influence of frost-action processes in the alpine

zone. Birse described two processes by which the aeolisols accumulate on the high

plateaux. First, aeolisols may be stabilised by vegetation cover after a period of

considerable and continued movement or after a sudden accumulation due to a severe

wind storm. Second, aeolisols may form miniature vegetation-anchored 'dunes' that

gradually move across the surface of the mountain.

Figure 3.19 Dissected upland peat on East Drumochter shows considerable evidence of deer
damage.
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3.7.2 Vegetation mosaics

Vegetation zones within the Scottish Highlands are altitudinally separated at ecotones

where changes in vegetation type occur in response to increased climatic severity with

altitude. The significant effect of oceanicity causes particular ecotones to decline in

altitude in a NW direction across the Highlands. Historically, British ecologists have

recognised two main altitudinal zonations of vegetation in the uplands, the montane zone

and the sub-montane zone (Horsfield and Thompson. 1996). Ratcliffe and Thompson

(1988) and Ratcliffe (1977) defined the sub-montane zone as incorporating all forested

land above the limits of enclosed farmland, and the montane zone as the area that

includes all areas above the potential tree-line. More recently the increasing influence of

European Commission legislation and directives has led Horsfield and Thompson (1996)

to recommend adoption of continental terminology in referring to upland habitats. They

recommended the use of the following terms for vegetation zones, in ascending altitudinal

order (see also Figure 3.20):

• upland forest zone and sub-alpine heaths, bogs, grasslands and woods (up to the

potential tree-line);

• sub-alpine scrub (for natural scrub and dwarfed tree growth below or even at the tree-

line);

• alpine zone habitats (rather than "montane', for habitats above the tree-line).

The high plateaux of the Scottish Highlands therefore lie within the alpine zone of

European terminology. This zone comprises a mosaic of different plant communities,

and there have been several attempts to classify such plant communities to provide

comparability between habitat descriptions. These include, for example, McVean and

Ratcliffe's (1962) description of Scottish plant communities, the Nature Conservancy
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Council (NCC) Phase 1 Habitat Survey, the National Countryside Monitoring Scheme

(Scotland) and the European-based CORINE Biotopes Habitat Classification. Up until

the 1950s there were a number of localised studies of Scottish upland vegetation, several

of which have been reviewed in more general works such as Tansley (1939) and Poore

and McVean (1957). However, the most comprehensive British-based scheme is the

National Vegetation Classification (NVC), which was published in five volumes edited

by Rodwell (1991a, 1991b, 1992, 1995, 2000). The NVC is now widely accepted as the

standard system for the classification of vegetation in Great Britain, and is therefore

adopted throughout this thesis. Averis et al. (2004) have provided detailed descriptions

of the upland NVC communities in their book, An illustrated guide to British upland

vegetation.

a Grasses, sedges and rushes with moss, lichen and rock.
b Prostrate ericaceous dwarf-shrubs, dwarf-herbs, moss carpets and snow-bed grassland

c Woods of birch, hazel and Scots pine and tall scrub (very localised); ericaceous dwarf-shrub heaths and tall-herbs
d Woods of Scots pine. oak. ash and alder; ericaceous dwarf-shrub heaths, grassland and bracken.
Some kinds of vegetation are azonal and cut across the allitudinal zones These include blanket bogs, grasslands and flush-mires.
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Figure 3.20 Definition of vegetation zones in the Scottish Highlands as proposed by Horsfield
and Thompson (1996).

The NVC groups the alpine plant communities in the Scottish Highlands into three broad

categories: a) calcifugous grasslands and montane communities, b) mires and c) heaths.
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These have been further subdivided into pure grasslands, grass-heaths, sedge heaths,

snow-bed communities, rush-heaths, moss-heaths, pure heaths, springs, flushes, mires

and blanket mires. Averis et al. (2004) give detailed descriptions of all the plant

communities likely to be found on the high plateaux of the Scottish Highlands,

highlighting the diverse range of vegetation found on high plateaux.

Local climate, soil type, geomorphological processes, plant succession, competition

between species and anthropogenic pressures influence the spatial distribution of these

plant communities, resulting in a heterogeneous mosaic of communities. This mosaic is

an important factor in landscape sensitivity, since the boundaries between the different

communities tend to be the areas ofmost rapid change (Milne and Hartley, 2001). One of

the greatest influences on vegetation development is climate. The key bioclimatic factors

are temperature (especially expressed as length of growing season and accumulated

temperatures), rain and snowfall, wind regime, and potential evapotranspiration and water

deficit conditions (see section 3.7.4; Nagy et al., 2003). The strongly oceanic climate of

Scotland means that temperatures in the west are generally higher than those in the east.

All high plateaux experience low mean summer temperatures, which, along with

prolonged snow-lie, shorten the growing season. Strong winds on high plateaux tend to

have a strong influence on the plant communities present. In particular, calcifugous

grasslands, montane communities and dwarf heath occur widely, being adapted to strong

winds through adaptation of a prostrate habitat that minimises wind damage (Fielding and

Haworth, 1999). The vegetation of high plateaux is also affected by frequent cloud cover,

which has the effect of reducing direct solar radiation.
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Crawford (2000) has produced a detailed review of the impacts of increased oceanicity on

the environments of NW Europe. Increases in oceanicity have generally been viewed as

having a positive effect on plant survival with milder winters, a less extreme range of

temperatures, reduced frost exposure, and freedom from prolonged drought, all of which

are suggested to reduce environmental stress (Crawford, 2000). However, the effects of

increased oceanicity, especially warmer winters in maritime environments, may create

habitats that are unfavourable for many species. The negative aspects of the maritime

upland environment include the dangers of long periods of soil saturation for

overwintering plants, soaking injury to germinating seeds, premature bud burst in spring

and the constant leaching of soils. Woody species in which root dormancy is delayed by

mild winters are particularly vulnerable to the consequences of winter soil saturation.

Subsequent re-exposure to oxygen as water tables fall in spring can aggravate saturation

damage through post-anoxic injury, leading to severe dieback of anchoring roots.

Moreover, the dominant oceanic climate has favoured the development of blanket bog

across much of the Scottish Highlands. Blanket bog is mainly characterised by species of

'bog moss' or Sphagnum. In order for Sphagnum to grow, water must be supplied to its

apical buds; there is no vascular system to assist in maintenance of the supply during dry

weather. Thus the Sphagna are normally confined to habitats less than a few decimetres

above a free water surface and may disappear if the average water table drops by as little

as 20 mm (Ivanov, 1981). Sphagnum is rootless and can be eroded by surface runoff.

Moreover, bog species thrive under acidic, nutrient-poor conditions and are highly

sensitive to any influence that change chemical conditions at the bog surface, for example

the deposition of airborne pollutants (e.g. Lee et al., 1987; Bragg and Tallis, 2001).

Blanket bog can be divided into two layers, the lower layer, or catotelm. is typically 1-5 m

72



Chapter 3

thick, consists of dead, partly decayed plant material and is perennially waterlogged. The

upper layer, or acrotelm, is a thin surface skin, 0.2-0.8 m thick, most usefully defined as

the layer which always contains the water table. Its upper surface acts as the soil surface

for vascular plants, and it has a matrix of Sphagnum shoots bound together by live roots

of other plants.

3.7.3 Present-day geomorphologica/processes

Under the distinctive maritime periglacial climate regime that characterises high ground

in Scotland, two sets of processes dominate large areas of high plateau: those related to

frost action and those related to aeolian activity. Processes related to snowmelt and

precipitation runoff, nivation and peat erosion are only locally significant.

The operation of freeze-thaw activity on high plateaux is manifest in three ways: rock

breakdown, the development of frost-sorted patterned ground and downslope movement

of debris by solifluction. Under present conditions, rock breakdown is restricted to

granular disintegration and flaking of rock, but the effects are discriminatory with respect

to lithology and only occur where rock is exposed at the surface. In terms of roundness of

exposed surfaces and abundance of recent granular detritus, some sandstones and granites

appear most susceptible to microgelivation (King, 1968; Ballantyne, 1981). Current

granular disintegration of such rocks is also evident in the form of thin accumulations of

windblown sand on the surfaces of ablating snowbeds located downwind from

unvegetated plateaux (Ballantyne and Whittington, 1987). In contrast, fine-grained

igneous and metamorphic rocks such as basalt and quartzite exhibit limited rounding and

appear to be relatively resistant to granular disintegration under present climatic

73



Chapter 3

conditions. Freshly-exposed surfaces suggest that rocks with strong foliation or cleavage

(such as mica-schist) are subject to periodic flaking.

Small but active frost-sorted patterned ground occurs on unvegetated, predominantly

frost-susceptible regolith on high plateaux. Patterns emerge due to differential mass-

displacement of soil as a result of seasonal freezing and thawing of the ground. In plan,

such patterns take the form of circles, polygons or irregular networks on flat or gently-

sloping ground, and stripes on moderate gradients. Ballantyne (1991b) reviewed several

accounts of frost-sorted patterned ground and in doing so identified several common

characteristics. Active sorted patterns rarely exceed 0.6 m in width and sorting is

confined to the uppermost 0.2 m of soil. The maximum size of sorted clasts is invariably

reported as 15 cm or less. These data suggest that shallow ground freezing and thawing

limits the maximum depth of sorting, which in turn dictates the dimensions of the

resultant patterns and the maximum size of the sorted clasts. If this interpretation is

correct, it follows that clast size imposes a severe constraint on the distribution of active

sorted patterns in the Highlands.

In mountain-top regolith, the main mechanisms of solifluction are frost creep resulting

from repeated heaving and resettling of the soil, and gelifluction, which involves slow,

saturated flow, during thaw, of ice-rich frozen soil (Harris, 1987). On plateau areas,

solifluction is restricted to moderate (>6°) marginal and internal slopes. Gentle slopes on

the margins of plateaux are occupied by smooth solifluction sheets, but as slope increases

such solifluction sheets often terminate downslope in regular steps or risers, which run

continuously across the slope for tens or hundreds of metres. As the slope continues to

74



Chapter 3

steepen, the plan form of such risers becomes increasingly crenulate or lobate in response

to variations in the rate ofmovement of debris.

Active solifluction features occur widely on high plateaux. Active solifluction sheets and

lobes that move slowly downslope through a combination of frost creep and gelifluction

(localised subsurface displacement induced by high porewater pressures during thaw) are

common on frost-susceptible soils at altitudes above about 600 m and on gradients

exceeding c. 6°. Such active forms differ from their relict counterparts in three ways.

Firstly, they are generally smaller, with risers only 0.2-1.0 m high (Galloway, 1961;

Sugden, 1971; Ballantyne, 1981). Secondly, whereas the risers of relict lobes are usually

degraded, those of active lobes are steep (often <45°) and sometimes bulge downslope.

Finally, lobes active during the Holocene frequently overlie organic soil horizons or peat

fragments (White and Mottershead, 1972). Rates of solifluction are low in comparison to

other periglacial environments (Ballantyne, 1991b), with Chattopadhyay (1982) recording

only 50 mm of downslope surface displacement over three winters.

As discussed in detail in section 3.6.4, aeolian activity is one of the principal

geomorphological agents affecting exposed high plateaux today. Erosion by strong winds

has created extensive deflation surfaces on exposed plateaux, particularly those mantled

by coarse sandy regolith such as on the Cairngorms and the Torridon Mountains, though

deflation surfaces occur on almost all lithologies. The exact mechanisms responsible for

the creation of deflation surfaces are poorly understood, but Ballantyne and Harris (1994)

suggested that many such surfaces appear to have developed through destruction of pre¬

existing vegetation cover (turf exfoliation; Grab, 2002) and winnowing away of the

underlying soil. Today, in these localities wind is continuing to erode the scarp faces of
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the remaining vegetation islands and sand sheets at rates averaging 25-30 mm a"1

(Ballantyne and Whittington, 1987). Deflation and abrasion of soil particles from large

areas of bare ground continues on many plateaux today.

In particular, fine sediment becomes detached through the development of needle ice,

which segregates the soil and loosens surface particles, rendering them vulnerable to

entrainment by strong winds. In Scotland, needle ice may grow to lengths of 10 cm or

more, and is most effective in soils with high moisture contents (Ballantyne and Harris,

1994). Ballantyne and Whittington (1987) reported rates of sediment accumulation

downwind of the plateau source area on An Teallach ranging from 10 to 300 g m"2 yr"1.

Much of this material is deposited on lee slope sand sheets. Thufur-like 'sand

hummocks' are sometimes developed on the surface of these niveo-aeolian deposits as a

result of concentrated slopewash between vegetation tussocks (Ballantyne, 1986a).

Commonly associated with deflation surfaces are three forms of wind-patterned ground:

deflation scars (patches of bare ground on vegetated terrain), wind stripes (straight or

wavy lines of vegetation that alternate regularly with unvegetated soil) and wind crescents

(arcuate patterns of vegetation scattered across otherwise unvegetated deflation surfaces)

(Ballantyne and Harris, 1994; Figure 3.21). On slightly steeper slopes wind stripes tend

to be replaced by turf-banked terraces, which have steep vegetated risers and sparsely

vegetated treads. Ballantyne and Harris (1994) identified three types of turf-banked

terrace: horizontal deflation terraces aligned parallel to dominant wind direction and

apparently formed by creep operating on the treads of deflation scars; other horizontal

terraces on lee slopes, possibly formed by the accumulation of creeping debris behind

"dams' of vegetation; and oblique terraces that dip steeply upwind on otherwise
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vegetation-free slopes and which appear to reflect the progressive anchoring of creeping

debris by vegetation growing in the lee of large boulders.

Figure 3.21 Three types of wind-patterned ground on deflation surfaces: (a) deflation scars, (b)
wind stripes and (c) wind crescents.
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Haynes and Grieve (2000) identified several processes and landforms on the Cairngorms

associated with runoff derived from snowmelt, rainfall and springs. Snowmelt runoff can

flush sediment out from within boulder lobes, depositing the sediment in fans over the

adjacent ground. Where ground is compacted and bare, such as on footpaths, erosion

caused by runoff tends to be magnified as the infiltration capacity of the substrate is

reduced. Haynes and Grieve (2000) suggested that high intensity rainfall events on the

Cairngorms may have sufficient raindrop impact power to dislodge particles, but without

data on peak rainfall intensities for the Cairngorms they could not establish this.

Limited evidence exists for the effects of present day snowpatch-related activity in the

Highlands of Scotland. Ballantyne (1985) investigated snowpatch sites in the northern

Highlands of Scotland (mainly nivation hollows formed in niveo-aeolian sand deposits).

His observations indicated that no increase in freeze-thaw activity, chemical weathering

or mass movement is associated with the presence of late-lying snow, and showed that

though snowcreep occurs it is of negligible importance as a transportation agent.

Snowpatch-related activity at the sites investigated appears to be limited to the local

redistribution of sandy sediments by surface wash across unvegetated terrain. Subsequent

research in the Cairngorms has nevertheless suggested that the presence of late-lying

snow has enhanced clast weathering in this area (Ballantyne et al., 1989), though the

nature of such enhanced weathering remains uncertain. Haynes and Grieve (2000)

identified a number of landforms associated with runoff from late-lying snow patches on

the Cairngorms, namely washed stone pavements, miniature fans, and rills and gullies

where flow had been concentrated.
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Erosion of blanket bogs is common in many upland areas of the United Kingdom (e.g.

Tallis 1998; Wishart and Warburton, 2001; Figure 3.19). Although little is known of the

timing and causes of upland peat erosion in the Scottish Highlands, Grieve el al. (1995)

established that peat erosion accounted for half the area affected by soil erosion in upland

Scotland. Blanket bogs are believed to be especially sensitive to changes in hydrology, as

their vegetation may alter in response to very small changes in water level and/or water

chemistry, and the underlying peat may undergo total degradation on dewatering (Bragg,

2002). The formation of blanket bogs (section 3.7.2) exerts conflicting influences on

erosional processes. Blanket bogs protect underlying mineral soil from erosion, but peat

cover may enhance surface runoff at the expense of downward seepage, potentially

leading to enhanced erosion by surface runoff (Ivanov, 1981).

Both human and natural processes have significant impacts on blanket bogs. Climatic

changes, pollution, grazing and recreational impacts can result in the loss of protective

surface vegetation from the mire, resulting in the exposure of bare peat (Lilly et al.,

2005). Exposed peat gradually loses its structural cohesion through frost action and

desiccation, producing a loosely textured surface layer, 6-20 cm deep. This layer is

readily degradable by wind, rainwash and biochemical oxidation (Bragg and Tallis,

2001). Rainwater may also penetrate down desiccation cracks deep into the peat mass.

Peat can be lost at rates of up to 50 mm yr"1 (Tallis, 1998), either across the whole surface

or along lines of preferred water flow, which gradually become incised to form the gully

systems characteristic of massively-eroding blanket peat (Bragg and Tallis, 2001). The

development of gully systems starts with the erosion of pool systems by progressive

breakdown of the baulks between adjacent pools, creating an outlet for the pool waters.

Breakdown of the baulks may result from trampling (for example by red deer) or from
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wind-generated wave action, but coalescence of pools may also occur following a long-

term change to wetter conditions, with rising water levels in the pools. A positive

correlation between altitude and severity of gully erosion suggests that climatic factors,

and particularly wind and frost action, may also be involved (Bragg and Tallis, 2001).

The most catastrophic form of blanket mire erosion is a peat slide or 'bog-burst' (e.g.

Warburton et al., 2003). These occur when the acrotelm is overloaded, mainly during

episodes of intense rainfall, leading to catastrophic failure of large areas of the blanket

bogs. Such failures expose large areas of bare peat and underlying regolith to erosion by

frost action, deflation and surface runoff. Bog bursts have occurred in Shetland, though

none are known to have occurred on high plateaux on mainland Scotland (Warburton,

pers. comm. 2005).

3.7.4 Climate on high plateaux

The high plateaux of the Scottish Highlands experience a maritime periglacial climate,

which is characterised by wet and windy conditions, rather than extreme cold (Ballantyne

and Harris, 1994; McClatchie, 1996). Shelter plays a dominant role in the variability of

the climate across the Scottish Highlands due to the vertical and horizontal scales of the

mountains (Roy, 1997). Recordings from the Cairn Gorm summit weather station for the
o

period 1977-1986 (1245 m) show mean January and July temperatures to be -5.0 C and

6.9 C, respectively, while recordings from the Ben Nevis Observatory (1,344 m) for the
o o

period 1883-1904 show mean January and July temperatures to be -3.8 C and 5.1 C,

respectively. At the summit of Ben Nevis the differences between the average

temperatures for the coldest month (February) and warmest month (July) were about

9.5 C for both maxima and minima temperatures. The differences between the average
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daily maxima and minima are very similar throughout the year, ranging from 3.5C in
o o

October and December to 4 C in July. Temperatures below -IOC are infrequent, with

the lowest recorded temperature on Cairn Gorm being -16.5 C, while the lowest recorded

temperature on Ben Nevis was -17.4 C. Permafrost is consequently absent, though

annual ground freezing on high ground occasionally occurs (Ballantyne and Harris,

1994). The high plateaux in the west develop little high-level heating from solar

radiation due to their small surface area, in contrast to the large plateaux of the

Cairngorms, which trap and generate heat from solar radiation (Roy, 1997). Temperature

inversions in the mountains can also increase the summit temperatures at times when they

would otherwise be cooler but also significantly reduce the humidity at the summit level

(Green, 1967). Average temperature gradients are typically -7 to -10 C km"1.

Towards the west of the Scottish Highlands the average annual precipitation is 3,000 mm

per year (http://www.met-office.gov.uk/climate/uk/location/scotland/). In the east, the

average annual precipitation over the Cairngorms is 2,000 mm per year. This reduction

eastwards is due to a rain shadow effect. Precipitation increases with altitude: in the west

the gradient is 240 mm/100 m, whereas over the Cairngorms it is about 120 mm/100 m.

Periodic, intense thunderstorms can result from both summer thunderstorms and stagnant

occluded depressions, though these only occur between three to nine days per year. The

high plateaux of the Cairngorms are particular centres for the initiation of summer

thunderstorms (Roy, 1997). Fifty five percent of the total annual rainfall in the Scottish

Highlands occurs between the months of September to January, excluding snowfall. The

NW Highlands and Islands can receive precipitation on more than 220 days per year,

declining to between 120-180 days per year in the eastern Highlands (Averis et al., 2004).

During periods of low rainfall and high temperatures, it is possible for transpiration to
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exceed rainfall, resulting in extreme dryness and even drought. In such conditions

extreme desiccation of plants and soils is possible (Green, 1963).

In most years, snow cover is permanent from about mid-November to May. However, in

Scotland snow cover over the mountains is strongly affected by terrain and wind

direction, since snow is blown clear of plateau surfaces on windward slopes but

accumulates in thick deposits on lee slopes. Under suitable conditions, snow falls from

showers driven by northerly winds, when a frontal boundary between mild air to the south

and colder air to the north occurs across the Highlands and when occluded depressions

become slow-moving to the south-east of the area (Roy, 1997). At the Drumochter Pass

(460 m) the average number of days with snow lying is about seventy (Roy, 1997),

whereas average snow-lie (>50% cover) generally exceeds 100 days at 600 m in the

Scottish Highlands (Ballantyne and Harris, 1994). Above 900 m, snow may lie on

average for more than 150-200 days, although there is considerable annual variability in

the quantity of snowfall and the duration of snow-lie. Thaws can be frequent in winter

and melt much of the lying snow cover.

Wind is one of the most significant features of the mountain climate of the Scottish

Highlands as airflow concentrates and accelerates over the mountain barriers. Birse and

Robertson (1970) estimated that the mean wind velocities on mountains throughout

Scotland generally exceed about 8 m s"1 at altitudes above 800 m. Average annual

windspeeds at the summit of Cairn Gorm are around 13 m s"1, while on Ben Nevis they

were about 15ms"1. On Cairn Gorm, mean hourly windspeeds can be as high as 42 m s"

Even more spectacular are the figures for the strongest gusts recorded annually on

Cairn Gorm, which range from 50 to 76 m s"1.
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On Ben Nevis the mean cloudiness exceeded 80%, and during the winter months only

about 10% of the possible sunshine hours were recorded. The sunniest months of the

year were May and June. Increased westerly airflows bring increased levels of clouds to

the west during July and because of these predominantly westerly airflows, the west of

the Scottish Highlands is generally cloudier than the east. The severity of the present

climate of the Scottish Highlands is thus a reflection not of extreme cold, frequent

freezing cycles or deeply-frozen ground, but of high humidity, intense precipitation,

prolonged snowcover and strong blustery winds.

3.7.5 Geo-environmental interactions

The interactions between geology, regolith and soil types, plant communities,

geomorphological processes, topography and climate have produced the variation in

terrain types found across the high plateaux of the Scottish Highlands. These interactions

have led to the creation of a mosaic of geo-complexes with markedly different

characteristics. For example, topography has locally modified the influence of climate on

soil formation, particularly in relation to aspect-influenced exposure and temperature. On

cooler north-facing slopes, relatively rapid breakdown of organic matter encourages

growth of peat and peaty soils, while on south-facing slopes organic matter breaks down

much more gradually, resulting in soils with a dominant minerogenic component. The

resulting contrasting soil types generally support very different plant communities,

creating two distinctly different geo-complexes that may exhibit very different sensitivity

to intrinsic or extrinsic pressures. Identifying the dominant environmental controls is

problematic because there are many two-way interactions, especially between soil and

vegetation; it is often difficult to separate the influence of vegetation on soil development
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from the manner in which soil characteristics influence vegetation competition. For

instance, peat soils are commonly associated with Sphagnum and Eriophorum. Both

vegetation types are common only on waterlogged soil, reflecting the influence of parent

material, climate and topography, but equally, both produce acid litter, which decomposes

only slowly and is thus ideal for peat growth.

3.8 Anthropogenic pressures on plateau environments

The high plateaux of the Scottish Highlands are exposed to a number of human and

natural pressures. Human pressures can be divided into two different types, direct and

indirect. Direct pressures include the effects of recreation, management and construction.

Indirect pressures include atmospheric pollution and anthropogenic climate change. This

distinction is important, since the former tend to be more localised and may be more

readily addressed by local management responses; the latter may potentially have much

more widespread effects, and therefore require management responses to be co-ordinated

at national or international levels (Gordon, et al., 1998). High plateaux are, therefore,

exposed to several different pressures and landuses, some of which may lead to conflicts

between the interests of recreational users, sheep farmers, conservationists and sporting

estates (Thompson and Brown, 1992). There exists considerable spatial and temporal

variation in the nature and magnitude of these pressures. For instance the most accessible

plateaux, such as those of the NW Cairngorms, generally experience greater recreational

pressures than the more remote high plateaux of the NW Highlands. In addition,

recreational pressures may vary seasonally, with many plateaux experiencing more

visitors during the summer months than during the winter.
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3.8.1 Direct anthropogenic pressures

3.8.1.1 Trampling

Much of the literature concerned with human trampling pressures in the Scottish

Highlands focuses on the Cairngorms, principally because of the attraction this area holds

for recreational users. Much of this review is therefore based on data collected for the

Cairngorms. Until the early 20th century, most access to high ground was concerned with

deer stalking and, in the Cairngorms, prospecting for precious minerals, though tourists

did make paths to some of the more accessible summits (Haynes et al., 1998). With

increasing prosperity, ease of mobility and increasing recreation time, trips to the

Highlands became more popular during the second half of the 20Ih century. Improved

access during the 1960s and the development of ski facilities at various localities

throughout the Scottish Highlands led to an increase in the use of plateau areas. The

Cairngorms became especially popular after the introduction of the chairlift on Cairn

Gorm in 1961. The use of the chairlift peaked at > 100,000 people per annum in 1974,

declining to c. 50,000-60,000 by about 1984 (Watson, 1984), though most of these people

would have been downhill skiers and would not have ventured onto the plateau.

Currently thousands of people visit the Cairngorms each year to walk, climb and ski.

They are drawn not only by the specific skiing facilities and climbing routes but also by

the magnificence of the scenery and by interests in the flora, fauna and landforms.

Increased access to the high plateaux inevitably brings with it concern about the

possibility of serious environmental damage, including physical erosion (in the form of

the proliferation of footpaths; Figure 3.21), destruction of unique habitats and loss of

wildlife.
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Figure 3.21 Footpaths on the Cairn Gorm/Ben Macdui plateau to the west of Cairn Gorm.

Aitken (1983) distinguished four main types of paths in the Highlands. These are:

traditional routeways (old mounth roads, drove roads, shieling tracks and mine paths);

stalking paths constructed and maintained specifically for deer stalking; tourist ascent

paths; and hill walking and climbing paths. Generally, these paths evolve through the

following phases: a degrading phase as the original vegetation is damaged by trampling

and the path created; a consolidation phase as the damage is stabilised and tolerant

species become established in zones around the path relating to different levels of

trampling; and an aggrading phase when trampling pressure is released and regeneration

of surviving plants or recolonisation processes slowly return the vegetation to its original

form (Legg. 2000).
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This model of path development is very crude and general. Path development is much

more complex and is conditioned by many different variables, for instance, substrate

properties, plant communities and the magnitude and frequency of trampling pressures.

Plateau substrate can include rock, slope deposits, regolith, peat and various soil types.

Depending on their physical properties, these materials, along with different plant

communities, exhibit different kinds of sensitivity to trampling pressure, so that the form

of a footpath cutting across a plateau will vary as the path crosses different geo-

complexes (Haynes et al., 1998). Slope angle, climatic exposure, hydrological activity

and proximity to access points, paths or "honey pot' locations can all influence the

magnitude of applied stresses. Haynes et al. (1998) qualitatively described the sensitivity

of the substrates on the Cairn Gorm/Ben Macdui Plateau, identifying sand- and gravel-

rich surface materials as being potentially sensitive to trampling, while peats and peaty

soils were regarded as the most vulnerable (Bayfield, 1985; Lance et al., 1989).

Vegetation dominated by shrubs tends to be amongst the least resistant to trampling

(Bayfield, 1979; Pryor, 1985), whereas vegetation dominated by graminoids (grasses) is

characterised by high resistance to damage, as forbs (broad-leafed herbs) have low

resistance but high resilience, while shrubs have low resistance and resilience (Thompson

et al., 1987; Cole, 1993).

Quite often the form of paths reflects the walking habits of their users as well as terrain

sensitivity. An increase in slope angle has been shown by Bayfield (1985) to be

associated with increased path width, possibly because walkers wander across the slope

or walk to the side of paths that have deteriorated due to water erosion on steeper slopes.

For example, Bayfield (1973) found that only 6% of uphill but 27% of downhill walkers

were more than 15 m from a well-used path on the Cairn Gorm plateau. A common
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observation is that paths are wider where they cross organic substrates than where they

cross free-draining mineral soils. This is because paths through organic substrate quickly

degenerate and become waterlogged, forcing people to walk to the side of them (Legg,

2000). Watson (1991) found that 41% of people observed walking in the Cairngorms

were not on the paths, despite the fact that most paths are fairly direct routes between

summits or viewpoints, leading to diffuse erosion. Pressure on footpaths is related to

accessibility, distance from access points, or path junctions, and location of attractive

features. Distance from access locations may be critical: Watson (1991) has shown that

the proportion of the people who walked onto the Cairn Gorm plateau from the top of the

chairlift declined sharply with distance. Recovery time is also important: Schreiner

(1980) showed that a given number of walks in one year with no walks in the second year

caused less overall damage than the same number of walks spread over two years. Paths

of different ages and stages of development are therefore likely to have quite different

properties.

Although trampling may initiate paths, other processes, including runoff, wind action and

needle-ice erosion, may also play a role in enhancing footpath erosion. Paths can be the

focal point for the initiation of other erosional processes, such as gullying, debris flows or

the development of fans on the downslope edge of many paths (Haynes et al., 1998).

Wind action may also affect terrain alongside a path, causing miniature blowouts to

develop. Small-scale erosion problems are undoubtedly present on some paths, especially

where paths attract surface flow. However, chronic slope instability and extensive

erosion of large masses of soil due to footpath erosion have not been identified (Aitken,

1985), and a significant reduction in the trampling pressures has been shown to result in

some degree of vegetation recovery. The width of the Sron an Aonaich path on Cairn
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Gorm was roughly halved between 1975 and 1983 due to colonisation by mosses and

Juncus trifidus seedlings, and by Calluna vulgaris below 800 m (Bayfield, 1985; Pryor,

1985).

In assessing the impacts of human disturbance and cryoturbation on soil development on

several of the Cairngorm plateaux, Grieve (2000) showed that vegetation disturbance was

associated with significant reductions in total organic matter in the soil. He found that

unvegetated soils had less than half the total organic matter of vegetated soils. The

effects of human-induced disturbance on total organic matter in the most heavily trampled

sites on cols and summit ridges were of similar magnitude to the effects of cryoturbation

processes seen in the least trampled snow-patch sites, but generated very different soil

profiles. Where there was a concentration of trampling pressure, he found truncated

profiles and a reduction in soil organic matter concentrations. Where cryoturbation

processes were responsible for disturbance, soil horizons tended to be poorly

differentiated with an associated reduction in organic content. Both natural and human

pressures can therefore lead to loss of soil organic matter, but the two can be

differentiated on the basis of the characteristic soil profiles they produce.

Trampling affects the vegetation of the high plateaux both through direct mechanical

damage and by more indirect disturbance. Soil compaction, caused by trampling, reduces

pore volume and air space (Tanner and Mamaril, 1959) and an increase in water content

at field capacity at the expense of aeration (Lutz, 1945). This affects root growth and may

cause root death, particularly in surface rooting plants. Different plants have very

different susceptibilities to trampling (Liddle, 1991) and may adopt a changed habit when
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trampled (Speight, 1973). Cole (1995) related resistance of plants to trampling to their

stature, with graminoids exhibiting significantly more resistance than forbs.

Direct mechanical damage to plants is shown most clearly by a persistent reduction in

height, even after recovery (Liddle, 1973). However, in the Scottish Highlands on acidic

or peat substrates, path wear usually leads to loss of plant cover without the invasion by

trampling-resistant species, due to the slow growth rates at high altitudes. Bare ground is

therefore a normal characteristic ofmost upland paths (Bayfield, 1985).

3.8.1.2 Land-use and management pressures

High plateaux are frequently and widely managed for sheep (Ovis aries) and red deer

(Cervus elaphus) grazing and for their red grouse (Lagopus lagopus) populations.

Historically, commercial sheep farming practised by large estates progressively displaced

the less-profitable farming of Highland sheep and cattle practised by crofters, and by the

end of the eighteenth century had spread throughout much of Highland Scotland

(Richards, 2000). The boom in commercial sheep farming was brought to an end in the

1870s by the development of refrigeration and the import of lamb and mutton from

Australia and New Zealand. The decline in sheep farming profits and the increased

popularity of deer stalking led to large tracts of the more marginal sheep farms being

converted to deer forests in the late nineteenth century. By 1912 deer forests had

expanded to cover 1.5 million ha, though this represented only a small fraction of the land

employed for sheep grazing. Rough grasslands in the uplands remain important today for

sheep rearing, sport and recreation. In the uplands, red deer share much of their range

with sheep but tend to be confined to more sheltered, less fertile slopes, whereas sheep
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commonly graze the more exposed and more fertile plateau areas (Clutton-Brock and

Albon, 1989). However, deer cross over plateaux when moving between valleys, so both

deer and sheep are responsible for trampling effects and the consequent alteration and

damage ofmany plant communities.

Since the 1940's sheep numbers have doubled in the Scottish Highlands to around two

million (Sydes and Miller, 1988; Hudson, 1995; SEERAD, 2001). Grazing pressure is

widespread over plateau areas. Grant et al. (1985) showed that grazing intensities of 0.4

ha per sheep are sufficient to initiate heather decline. Thompson et al., (1987) suggested

three signs of overgrazing, namely: (1) obvious trampling, for example on paths, ruts and

gullies; (2) torn vegetation, such as detached mosses or small amounts of mat-grass

ripped by deer and sheep; (3) development of moss heath with co-dominant sheep's

fescue (Festuca ovina) or wavy hair-grass (Deschampsia flexuosa). The last-mentioned

modification probably reflects both trampling and ripping of mosses, exposing bare

ground favouring rapid colonization by graminoids, and sheep or deer urine and faeces

killing the mosses but enhancing the growth conditions for grasses. Welch et al. (2005)

identified sheep grazing as a major cause for changes in species composition in the Carex

bigelowii-Racomitrium lanuginosum moss heath on Glas Maol. Sheep also create scarps

at breaks of slope, where they initiate scars by rubbing against the vegetation for the

purpose of scratching and shelter. The small sediment fans deposited beneath these scars

can lead to the loss of vegetation downslope by burial.

A study of grazing pressures on Ben Wyvis in the northern Highlands (McConnell, 2000)

showed that the areas under most stress from domesticated herbivores were blanket bogs.

Extensive peat hagging occurred in areas with widespread deer tracks and 'wallow'
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sections. Hagging is believed to have been initiated by locally severe climate and weather

conditions during the 19th century, and may have been exacerbated by deer trampling.

McConnell (2000) also speculated on the possibility of a positive feed-back mechanism,

whereby initial higher grass cover attracts grazers, which, in turn, further contribute to

increasing grass cover, which favours the higher nitrogen concentrations produced by the

faeces and urine of sheep. However, it has been shown that a reduction or complete

removal of grazing pressures can lead to the re-establishment of "natural' plant

communities, an increase in biomass and subsequent reduction in bare ground within a

few years (Miller et al., 1999).

Although of limited extent on high plateaux, heather moorland (heathland) is considered

to be of considerable economic, conservation, landscape, aesthetic and tourism-related

value. Heather moorland is maintained especially for sheep, red grouse and red deer. It is

sustained by appropriate grazing and burning regimes, and may revert to scrub where

management by grazing and burning is insufficient, or be pushed towards grassland

dominance where it is too intensive. Moorland is burnt to maintain a vigorous growth of

palatable fresh green heather, required by sheep and grouse alike.

The advent of the railway, improved guns, increased wealth and fashion made the

sporting value of grouse shooting approach or exceed that of the grazing value and many

estates became sporting estates. Conflicting views regarding moorland management for

sport and grazing arose. As a result, following severe reduction of grouse numbers in

1872/73, the Game Laws Commission came down in favour of heather burning to

maximise food supply, especially in early spring. Patch burning in spring was also

thought to segregate birds and thereby to lessen the risk of infection. Grouse require a
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patchwork of young growth for feeding, as well as older growth for nesting and cover

within their territories. Poor management of moorland in the form of short burning

cycles, or fires that burn too hot, at high altitudes or on steep slopes, can retard

regeneration of palatable species and increase the risk of soil erosion.

The economic value of grouse moors and grouse bays fell into decline from the 1930s

onwards, with fewer gamekeepers to manage the sporting interest and rising sheep

numbers. Falling standards of burning resulted in a decline in the heather cover upon

which grouse rely. Nowadays, heaths and moorland dominated by heather and other

dwarf shrubs remain a major component of Scotland's upland landscape, either as

dominant communities or as mosaics with other vegetation types. Heathlands are

presently under intense pressure from over-grazing, over-burning and increased nitrogen

deposition, resulting in the expansion of grasslands to the detriment of the floristic

diversity of high plateaux (Thompson et ail., 1995).

3.8.1.3 Construction pressures

Organised skiing began in Scotland around 1949. Expansion was slow until the late

1950s, but by 1962 there were commercial ski developments at Cairnwell (Glen Shee)

and Cairn Gorm, both near mountain plateaux. During the 3 winters following 1962-63,

there was a ten-fold increase in the number of people using the lifts or tows at Cairn

Gorm (Watson, 1967). There are now five main ski developments in the Scottish

Highlands. The development of a funicular railway at Cairngorm ski centre has led to

worries that there would be increased recreational pressure on the Cairn Gorm plateau

due to the increased numbers the funicular is capable of carrying to the top of the
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mountain. However, the owners, 'Cairngorm Mountain", have implemented a visitor

management plan that ensures that only people skiing or snowboarding are allowed to

exit the train and high-level restaurant to access the mountain. Walkers and cross-country

skiers are not allowed to gain access to the plateau from the top station railway but have

to use the extensive path network from car parks on the mid or lower slopes.

Thompson et al. (1987) identified three main reasons why downhill skiing poses a threat

to the conservation of the high plateaux. First, the highest, broad summit ridges,

containing the most outstanding and extensive natural montane plant and animal

communities, adjoin corries and slopes that have been developed for skiing. Second, the

severe climate and fragile soils combine to render the plateaux extremely vulnerable to

damage. Third, ski developments can facilitate year-round use of mountains, with new

roads, car parks, chairlifts and cafes open in summer to supplement winter incomes.

3.8.2 Indirect pressures

3.8.2.1 Atmospheric pollution

Anthropogenic changes to the composition of the atmosphere have important ecological

effects that are often magnified in upland environments. Most of these changes are linked

to industrialisation, which has resulted in an increase in the concentrations of some

natural and some novel atmospheric components. The term air pollution is generally

applied to chemicals such as sulphur dioxide that give rise to acid deposition, which can

change the chemistry of soils and freshwater.
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Upland environments are particularly sensitive because they are frequently covered by

clouds and mists that enhance the transfer of pollutants from the atmosphere to plants.

From the mid-nineteenth century up to the late 1950s the major pollutants were smoke

and sulphur dioxide. More recently the role of nitrogenous components in acid

deposition has become increasingly apparent. Nitrogen enrichment may cause changes in

plant chemical composition and microbial decomposition rates, and affect herbivory, all

ofwhich can be expected to cause changes in species assemblages, and in soil community

and ecosystem processes (Jefferies and Moran, 1997). Current evidence suggests that the

Racomitrium heath community is particularly under threat from air pollution. R.

lanuginosum, especially when growing as extensive mats on high plateaux, receives most

of its nutrients from the atmosphere. Consequently, an increase in concentration of

atmospheric nitrogen may have direct effects on this and similar plants (Thompson and

Baddeley, 1991; Thompson and Brown, 1992; Baddeley et al., 1994). Also under threat

are the rare and fragile bryophyte communities associated with late-lying snowbeds.

Because of the particular characteristics of late-lying snowbeds, these communities

experience more air pollution than other montane species (Woolgrove, 1994). The

problem is that snow scavenges pollutants from the air and then releases these at

enhanced concentrations during brief 'acid flushes' that damage endangered species such

as Kiaeria starkei (Woolgrove and Woodin, 1996).

Enhanced nitrogen inputs allow fast-growing species with higher rates of tissue turnover

and nutrient loss rates to out-compete slow-growing species with low rates of tissue

turnover and low nutrient loss rates (Aerts et al., 1990). Enhanced atmospheric nitrogen

inputs also increase the nitrogen content of heather, making it more palatable to the

heather beetle, which can kill heather plants and lead to their replacement by
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Deschampsia flexuosa, which in turn prevents establishment of heather seedlings and

leads to changes in soil structure (Brunsting and Heil, 1985).

Upland areas also experience high concentrations of ozone, with upland vegetation

developing protective mechanisms to prevent damage (Coyle et al., 2002). However,

current summer concentrations of ozone are close to the critical threshold where plant

detoxification processes, for certain species, can no longer cope and damage to vegetation

is a likely consequence (Coyle et al., 2002). This problem is likely to worsen as ozone

concentrations are predicted to rise in the future (Ashmore et al., 2002).

3.8.2.2 Anthropogenic climate change (global warming) pressures

Historical and continued use of fossil fuels has resulted in anthropogenic climate change,

a phenomenon often referred to as "global warming'. Because temperature has such an

overriding influence on upland habitats, warming is potentially one of the greatest threats

to the stability of the upland environment. Changes to average temperature regime could

have rapid, and possibly unmanageable, consequences for the ecology of the uplands.

Predictions of future climate change are based principally on computer models of

uncertain accuracy. However, the consensus of opinion from UKCIP02 is that average

temperature in Great Britain may increase by between 2°C and 3.5°C, annual average

precipitation may decrease slightly but with considerable regional and seasonal

differences, snowfall amounts will decrease by between 30 and 90 per cent by the year

2080. It is predicted that high summer temperatures will become more frequent, very

cold winters will become increasingly rare and extreme winter precipitation will become

more frequent. The scenarios are unclear for future changes in wind speed and direction.
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The predicted increase in temperature is approximately equivalent to a southern latitude

shift of about 300 km or a decrease in altitude of around 200 m. Consequently global

warming may move upland ecological boundaries to higher altitudes, potentially leading

to the elimination of some high montane plant communities. Once this occurs the process

cannot be reversed since there will be no refuges from which re-colonisation can take

place.

There still remain major uncertainties as to how flora will respond to the predicted

climatic changes. In the uplands the most important climatic effects are likely to be an

increase in extreme events, such as high winds and unseasonable frosts, increases in

evapotranspiration leading to reduction in soil moisture, and a marked reduction in the

duration of snow cover. The effects of such changes in the Highlands are likely to be

great because of the unique mixture of species, some being at their northern limits, whilst

others are at their southern limits, which will result in the loss of unique communities and

the establishment of new ones (Cannell et al., 1996). Because of species-area

relationships, a reduction in the effective area of upland habitats may lead to the eventual

loss of some species and a decrease in upland biodiversity, due to the sub-montane and

montane habitats being 'compressed' on the highest ground. Some montane plant

communities may be lost, with snowbed communities being at particular risk. Gordon et

al. (1998) speculated on possible impacts of five climate change scenarios on the

montane ecosystem of the Cairngorms (Table 3.3).
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Table 3.3 Climate change scenarios and possible impacts on the montane ecosystem of the
Cairngorms. After Gordon et al. (1998).

Scenario Periglacial
processes

Soils
Callunetum/
Vaccinium
heaths

Racomitrium
heaths

Juncus
communities

Snowbed
communities

Warmer,
wetter

winters

Reduced
frost

activity

Expansion
to higher
altitudes

Contraction Expansion or
contraction

depending on
changes in
amount or

seasonal
distribution
of snowfall

Warmer,
wetter

summers

Increased

slope
erosion

Increased

vulnerability
to erosion
where

precipitation
intensity is
increased,
but reduced
where
Racomitrium

expands;
increased
rates of

pedological
processes

Expansion
to higher
altitudes

Expansion? Contraction

Hotter, drier
summers

Increased
wind
action

Increased

vulnerability
to erosion

Increased

vulnerability
to erosion

Increased

precipitation
intensity

Increased

slope
erosion

Increased
vulnerability
to erosion

Possible
localised
contraction

Possible

expansion of
some

snowbed
types

Increased
wind speeds

Increased
erosion

Increased

vulnerability
to erosion if

plant cover
is reduced

Increased

vulnerability
to erosion

Increase if
Racomitrium
declines

However, there is a different scenario for the British climate that could lead to an

expansion in upland habitats. The Scottish maritime climate is strongly moderated by the

transport of warm water by the North Atlantic Drift. It is unclear how the North Atlantic

Drift will respond to a changing global climate (Dickson et al., 2002). A weakening of

thermohaline circulation could result in a drastic reduction in temperature but this is

98



Chapter 3

regarded as unlikely in the foreseeable future (UKCIP02). At present it is unclear as to

what the future holds for the high plateaux of the Scottish Highlands.

3.9 Conclusions

The high plateaux of the Scottish Highlands have evolved over millions of years since

their broad outlines developed during the Tertiary period. Since then, dissection by

glacial erosion during the Pleistocene has significantly fragmented the plateau surfaces.

Pleistocene frost action has also left a legacy of relict periglacial features, and Holocene

and present periglacial activity, surface runoff and aeolian processes have modified in

detail the Pleistocene plateau landscape. During the Lateglacial and Holocene, high

plateaux have gradually developed a distinctive substrate cover due to weathering of the

underlying bedrock, soil formation and peat development. Soil formation has been

accompanied by evolution of a distinctive vegetation cover. Today, the high plateaux of

Scotland are characterised by mosaics of different plant communities, substrate types, and

relict and active geomorphological features. Anthropogenic as well as natural processes

affect these high plateaux, with locally severe consequences for the stability of both

vegetation cover and the underlying substrate. Anthropogenic processes include

recreation, burning, grazing pressure from deer and sheep, construction activity, pollution

and anthropogenically enhanced climate change. Natural processes include competition

between species and climatic influences. The dominance of these varying processes has

changed significantly in the Late Holocene, with anthropogenic influences having a

greater impact.

This review and that of Chapter 2 have highlighted that consideration of both the

ecological and pedological components together, rather than in isolation, will produce a
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more holistic understanding of high plateau terrain sensitivity. Therefore, mechanical

sensitivity of high plateau terrain is best represented by the proxy measures of substrate

and vegetation physical strength. Furthermore, these reviews have highlighted

considerable evidence for past terrain disturbance in the form of truncated soils, extensive

deflation, accumulation of reworked aeolian-sand deposits and extensive areas of badly

degraded upland peat cover, demonstrating that the high plateaux in the Scottish

Highlands are highly sensitive to disturbance and may respond catastrophically to either

an intrinsic loss of resistance to erosion or an increase in extrinsic pressures. The spatial

variability of such evidence highlights differences in the performance of different terrain

types to extrinsic pressures. This discussion forms the basis for a set of hypotheses about

the sensitivity of high plateau terrain.

This review and that of chapter 2 have highlighted several areas where current

understanding of the sensitivity of high plateaux in the Scottish Highlands is limited.

There is a need for detailed field studies to test and validate existing qualitative ideas and

hypotheses and to provide a more rigorous basis for evaluating sensitivity on high

plateaux. Previous research on the sensitivity of high plateau areas in Scotland has been

of a largely qualitative nature, often spatially restricted and uni-disciplinary, rather than

holistic. Several key hypothesis emerge from the review of existing literature related to

the sensitivity of high plateau terrain. These will be tested and discussed in later chapters.

• The mechanical sensitivity of high plateau terrain varies spatially within and between

plateaux and geo-complexes because of spatial variations in the intrinsic resistance of

geo-complexes and the extrinsic pressures affecting them.
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The mechanical sensitivity of high plateau terrain will vary seasonally because of

seasonal variations in the intrinsic resistance of geo-complexes and extrinsic pressures

affecting geo-complexes throughout the year.

Physiological stress decreases the mechanical sensitivity of high plateau terrain to

physical disturbance.

Different plant communities have different mechanical sensitivities to stress,

primarily caused by differences in their species compositions.

The same plant communities will have different mechanical sensitivities between sites

because of substrate and locational differences.

Different substrate types have different mechanical sensitivities to physical

disturbance.

Variations in substrate mechanical sensitivity are the result of variability in internal

properties such as moisture content, organic content, minerogenic content, particle

size distribution, depth and physical properties.

Vegetation and substrate (particularly the upper layers of substrate) sensitivities are

often co-dependent.

The cause of past episodes of terrain disturbance on high plateaux is the result of

climatic deterioration, overgrazing, airborne pollutants, dehydration, or

fungal/insecticidal infestation.

Past episodes of terrain disturbance occurred synchronously across the Scottish

Highlands.
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Chapter 4

Field Methods

4.1 Introduction

Fieldwork was carried out over two field-seasons (May 2002 to May 2004). As discussed

previously, the general aims of the project were to assess terrain sensitivity on high plateaux,

produce a classification of terrain sensitivity and reconstruct past episodes of terrain

disturbance. The fieldwork took four different forms: (1) data and sample collection for

assessing the sensitivity of contrasting geo-complexes; (2) data and sample collection at one

site (Glas Maol) to assess seasonal variations in terrain sensitivity; (3) work to establish,

validate and improve a terrain sensitivity classification; and (4) collection of samples of

windblown sediment associated with past episodes of terrain disturbance for dating using

optically-stimulated luminescence (OSL) techniques. The fieldwork for assessing seasonal

variations in terrain sensitivity was undertaken every month throughout the year. Fieldwork

associated with the other aims of the project was mainly undertaken during the months of

May-September to make sure there was no snow cover, that there was adequate daylight for

completing sufficient fieldwork in safe conditions, and to improve the chances of working in

good weather. The 2002 field season was characterised by cool wet conditions for much of

the period from May to August, while September was relatively dry and warm. The 2003

field season was dry, with prolonged periods ofwarm weather and very little precipitation.
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4.2 Terrain sensitivity

Quantitative assessment of terrain sensitivity on high plateaux in the Scottish Highlands was

based on the principle of measuring terrain performance under mechanically-induced stresses

of measurable intensity. Alternative techniques that were considered were: (1) monitoring of

the response of the terrain, through time, to natural stresses; and (2) imposition of simulated

and/or accelerated stresses on small plots within the different geo-complexes (for example,

simulated tramping pressures through walking over a plot, at various intensities and at

various times of year, to see how the different geo-complexes responded). The first

alternative was rejected for four reasons: a) it would have proved difficult to separate the

influences different pressures have on terrain sensitivity; b) there might not be any detectable

physical or physiological change to geo-complexes investigated within the limited

monitoring period available; c) if only limited change occurred, differences between geo-

complexes might have been obscured by measurement error or variability; and fourth, any

change measured within a three year period might not have been representative of longer

term change. The second approach was rejected because it was not considered possible to

simulate all the complex pressures affecting high plateaux. The natural world operates in a

much more complex manner than simple simulation experiments could replicate. For

example, different terrain pressures operate in conjunction, at different rates and intensities,

and at different times.

The approach adopted here was chosen because it is based for the most part on objective

measurements, is replicable, and allows rapid data capture. It is applicable to all types of
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geo-complexes and can be used throughout the year. The field equipment is fairly light and

portable, and can be used by a single operator. The approach is underpinned by the

assumption that the in situ field strength of individual geo-complexes (both the vegetation

cover and the underlying substrate) largely determines their sensitivity to disturbance. A

geo-complex with a weak vegetation mat and low substrate strength (resistance) is likely to

be much more easily and rapidly eroded than one with a strong vegetation mat and high

substrate resistance, and will exhibit much greater sensitivity to the various pressures that

affect high plateaux. Moreover, extreme natural and human pressures may lead to changes in

plant communities, in terms of physiological stress, percentage cover and plant community

structure, all of which result in changes to the resistance, and thus the sensitivity, of the geo-

complexes. Initial stress may thus initiate a cascade of longer-term effects, many of which

are likely to involve progressive reduction in the resistance of geo-complexes to stress.

4.2.1 Identification ofgeo-complexes

Plateau boundaries were defined on maps prior to the beginning of fieldwork. Plateaux were

defined as areas with boundary slope angles no greater than 6° and slopes within the plateaux

no greater than 10°. This was achieved by using simple trigonometry to work out limiting

slope angles from the spacing of contours. An initial field reconnaissance of plateau areas

was then undertaken to identify their representativeness of neighbouring plateaux within the

same range and to identify constituent geo-complexes; this sometimes also involved

redefinition of plateau areas selected for study.
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4.2.2 In situ strength measurements

4.2.2.1 Substrate

Within each distinctive geo-complex at each site, two or more pits were excavated in order to

measure in situ substrate strength. Two strength components of the substrate were measured:

shear (defined as a strain produced by pressure in the structure of a substance, when its layers

are laterally shifted in relation to each other) strength and compressional strength. The in situ

shear strength of the substrate was measured using a Geonor H-60 hand-held shear vane.

This instrument has four blades set at right angles that are mounted on the end of a central

shaft (Figure 4.1). The vane was pressed into the soil on the sides of the pit until half the

shaft length was covered. The torque was increased until the soil sheared along the

cylindrical surface defined by the blades of the vane. Torque was applied by hand at a rate of

about 9° min'1. The torque at the moment of shear is recorded by the angular deflection of a

calibrated spring (1 scale equals 1 kPa for a vane measuring 40 mm by 20 mm) within the

central shaft, and is subsequently converted into undrained shear strength using the height

and diameter (measured in millimetres) of the vanes. The compressional strength of the

substrate was measured using a hand-held penetrometer, comprising a spring-mounted steel

rod with a line engraved 6mm from the end (Figure 4.2). This rod is pushed into the soil

until the line is flush with the soil surface. The rod compresses the calibrated spring in the

sleeve and a pointer on the rod indicates the 'strength' in kg cm'2 (1kg cm"2 = 9.807 kPa).
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Figure 4.1. Geonor H-60 hand-held shear vane.

The shear and compressional strength components of the substrate were chosen because they

can be easily measured in situ with instruments that are light, portable and easy to use even

under difficult conditions. The instruments allow repeated measurements to be taken within

each pit and at different levels within each pit, thus permitting the representativeness and

replicability of the measurements to be assessed.

To obtain the in situ strength measurements of the substrate, square pits roughly 30 cm wide,

30 cm long and 30 cm deep were excavated. The turf was removed carefully to avoid

damage and laid on a plastic sheet along with the excavated substrate to prevent damage to

adjacent vegetation. A measuring tape was placed on the inside wall of each pit to subdivide

the pit walls into three 10 cm vertical intervals. The location, altitude, slope and aspect of the

pits were recorded, as well as the plant community, vegetation height and geomorphological
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features within the immediate vicinity. A detailed record of the pit stratigraphy, and whether

the substrate was clast or matrix supported, was also recorded. Ten penetrometer and then

ten shear vane measurements were made within each 10 cm horizon. Measurements were

not made within each unique stratigraphical horizon because they were often thin and thus

achieving a representative number of measurements would not have been possible. The

penetrometer measurements were made first because they caused less disturbance to the soil

than the shear vane. In some pits it was not possible to record ten measurements within each

horizon due to the abundance of clasts, and in such circumstances a simple recording of

"clasts" was made. Such clast-supported horizons are interpreted as being highly robust, as a

framework of clasts tends to be less prone to erosion than a matrix of fine sediment.

Figure 4.2. Hand-held penetrometer.
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4.2.2.2 Vegetation

Two techniques were adopted for measuring the shear strength of the vegetation mat. The

first used the shear vane, which was placed vertically into the vegetation mat. The shearing

resistance of the vegetation mat was measured in the same way as that of soil. This

technique was adopted to allow direct comparison of the shearing resistance of vegetated soil

surfaces with that of soil exposed in pit walls, and thereby to establish the role of different

plant communities in protecting the underlying soil from disturbance. The second technique

involved a new instrument devised specifically for this purpose and informally christened a

shear rake. The shear rake measures the shear strength of the vegetation mat and underlying

soil over a larger area than the shear vane. The head of the shear rake is a modified garden

rake head, from which the outer tines have been removed to reduce its width. The handle of

the rake has also been modified to allow the upper part to slide over the lower part like a

sheath, the two parts being connected with a spring balance (Figures 4.3 and 4.4). When the

head of the rake is inserted fully into the ground and the upper handle is pulled, the spring

balance extends progressively until the vegetation mat and underlying soil shears. A sliding

bar placed over the gauge of the spring balance records the tensile force required to induce

shearing (Figures 4.5). The head of the rake was inserted into the vegetation mat until the

tines of the rake had completely disappeared. The rake-handle was then held at a consistent

height above the ground (110 cm). A steadily increasing force was then exerted on the rake

handle until shearing of the vegetation mat and underlying soil occurred. Calibration of the

shear rake is described in Appendix 1.
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Figure 4.3. Shear rake showing the modified rake head, prior to insertion, and the spring balance,
which connects the lower and upper sections of the handle.

Prior to undertaking the above measurements, a detailed description of the local area and site

conditions was recorded so that variance within the results could be explained. Thirty shear

vane measurements were made generally within a distance of 2 m around the pits dug within

each geo-complex. Five sets of 30 measurements were made using the shear rake within

each geo-complex, each set being in a different area of the geo-complex. Where individual

geo-complexes were of limited extent, however, fewer sets of shear-rake measurements were

completed.

To establish whether variations in the relative abundance of different species affect the shear

strength of the vegetation mat, surface shear strength measurements of plant communities

with different species ratios were undertaken at selected geo-complexes. This approach was

adopted for plant community U10 (Carex bigelowii-Racomitrium lanuginosum) and its
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various sub-communities, Community U8 {Carex bigelowii-Polytrichum alpinum) and for

community H20 {Vaccinium myrtillus-Racomitrium lanuginosum) (see Table 5.4 for details

of plant communities). Tests were conducted on percentage species abundance ratios of

80:20, 60:40, 40:60 and 20:80 for ratios of mechanically "strongest' to mechanically

"weakest' plant species for the U8 and H20 communities and ratios of 95:5, 80:20, 60:40,

40:60, 20:80 and 5:95 for the U10 community. In these tests, the relative abundance of

particular species within the communities was established within a 1 m2 quadrat before 3 x 30

shear-rake measurements were applied to each of the various plant community compositions,

thus establishing the variations in shearing resistance within the selected communities.

Figure 4.4. Shows the head of the rake inserted into the vegetation mat and force being applied to the
vegetation mat causing the spring balance to stretch as the upper part of the handle slides over the
lower section.
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Figure 4.5. Close-up of the spring balance attached to the upper and lower section of the shear rake
handle. It also shows the grey slider bar which remains in place once failure has occurred providing
the measurement of shear strength.

4.2.3 Sample collection

Remoulded (bagged) substrate samples were collected from the sampling pits for subsequent

laboratory analysis to determine the physical properties of the substrate, with a view to

determining relationships between substrate properties and the strength parameters.

Substrate soil samples of approximately 1 kg were collected from all three sampling levels in

all pits. Only fine (< 8 mm) sediment was collected because of the difficulty of obtaining

representative samples containing larger clasts. The samples were bagged and labelled, and
o

then stored at a temperature of 4 C.
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4.3 Seasonal terrain sensitivity

Measuring the seasonal variability of terrain sensitivity was conducted for two reasons: first,

to help determine the influence of contrasting weather (and particularly moisture) conditions

on between-site differences in terrain sensitivity measurements; and second, to establish

whether terrain sensitivity on a single mountain is significantly affected by seasonality. The

latter has potentially important implications for seasonal land-use practices. Glas Maol was

selected for this aspect of the field research due to relative ease of access throughout the year.

Glas Maol was visited at least once per month for a period of twenty-four months. Visits

were timed to coincide with periods when particular climatic conditions were prevalent, such

as prolonged dry periods and periods of rapid snowmelt.

4.3.1 In situ strength measurements

Three geo-complexes were chosen to represent the three most common plant communities on

the Glas Maol plateau, and were subjected to in situ strength measurements on each visit.

Obviously, care was taken to sample previously undisturbed areas on each visit. The first

geo-complex included the U8 community, dominated by Carex bigelowii and Polytrichum

alpinum, located on the south-east part of the plateau in an area of frost-shattered bedrock

and relict patterned ground. The second geo-complex, included a U10 community dominated

by Carex bigelowii, located on the central part of the plateau in an area of relict earth

hummocks. The third geo-complex, included a U10 community dominated by Racomitrium

lanuginosum, located on the north-west part of the plateau in an area of apparently active
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solifluction. Within each geo-complex a single shallow pit (30cm x 30cm x 10cm) was

excavated when conditions allowed. Sampling and strength measurements on a single 10 cm

deep soil horizon were carried out following the procedures outlined above, and the in situ

strength of the nearby vegetation mat was measured at each geo-complex following the

protocol outlined in Section 4.2.2.2 (though only 90 shear-rake measurements were made at

each geo-complex). During the winter months, it was not always possible to make in situ

strength measurements of the vegetation and substrate due to deep snow cover and/or frozen

ground, in such circumstances the terrain was considered robust, and was recorded as such.

4.4 Terrain sensitivity classification and validation

The results from the methods described in section 4.2 were used to generate a classification

of terrain sensitivity, described in detail in Chapter 8. To ensure that the classification is

robust and widely applicable a validation procedure was carried out in the Mamores. This

involved assessing terrain performance under trampling stress along footpaths that crossed

the upper plateau surfaces of the Mamores range. The Mamores were selected for this

purpose as the plateau is underlain by a series of readily-identifiable but strongly contrasting

metamorphic lithologies and thus supports contrasting substrate types and plant communities.

As trampling pressure 'history' is likely to be identical along the main plateau footpath,

variations in terrain sensitivity and response to trampling can be directly compared between

contrasting geo-complexes, and correlated with the sensitivity measurements made on these

geo-complexes.
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Assessment of the potential mechanical sensitivity of the different geo-complexes using the

standard methods described in section 4.2 was conducted first. Then the morphology and

variations in the depth and width of footpaths across different geo-complexes were assessed

to characterise the response to footpath trampling of different geo-complexes. Orthogonal

transects were used to measure the path depth within each geo-complex. A tape was placed

across the path from intact terrain to intact terrain, ensuring it remained level the whole way

across. At 5 cm intervals along the tape a ruler was placed vertically on the ground to

determine footpath depth. This was repeated across the full width of the footpath. The width

of the footpath was measured using a tape. The boundaries of the footpaths were defined as

areas with at least 90% vegetation cover where the dominant community is identical to that

on adjacent undisturbed terrain and where no significant terrain modification is evident.

These measurements were then used to develop a classification of footpath form and

condition that represents the performance of geo-complexes under trampling stress, and to

investigate the relationship between trampling (footpath) response and terrain sensitivity

measurements.

4.5 Past episodes of terrain disturbance

Reconstruction of past episodes of terrain disturbance on high plateaux involves the

investigation and dating of aeolian sand deposits on the lee slopes and within sheltered cols

on selected high plateaux. Such sand deposits generally comprise two units separated by a

distinct contact. Due to the structural and physical differences between the two units it has

been inferred that the upper represents relatively rapid reworking of plateau-surface soils
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and/or aeolian sand deposits due to degradation and breaching of the plateau vegetation mat

(Ballantyne and Whittington, 1987; Ballantyne and Harris, 1994; chapter 3). However,

because of the lack of organic deposits within many lee-slope sand accumulations, and

especially at the boundary between the upper and lower sand units in such accumulations, no

radiocarbon dates have been obtained for the onset of sediment reworking. It was therefore

decided to employ optically stimulated luminescence (OSL) dating to establish the age of the

contact between the two units, and thus date the onset of rapid sediment reworking from

plateau sources.

Lee-slope sand deposits were investigated and sampled for dating on five mountains in the

NW Highlands, namely An Teallach, Ben Mor Coigach, Fionn Bheinn, Red Hills (Skye) and

Cairn nan Gobhar, and on a further site in the Eastern Highlands (West Drumochter). The

chosen sites are dispersed over a large area, thus allowing any regional variations in the

timing of the erosion and redeposition of the sand to be identified. Two or three vertical

sections cut into aeolian sand deposits were selected for sample collection at each field site.

These sections were generally located at different parts of the plateau edge in order to

establish if stripping and redeposition of the sand occurred synchronously across individual

plateau surfaces. The sampling sites were located within the deepest lee-slope sand

accumulations.

A clean vertical face was excavated in the sand deposits at all sampling sites and a detailed

record of profile stratigraphy was logged prior to sample collection. Samples were collected

from immediately below and above the contact between the upper and lower units at all sites.
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At some profiles, where the location of the contact was less clear, several samples were

collected from various levels. Samples were collected in a 4 cm diameter thick black

plumbing tube approximately 25 cm long. The penetrating end of the tube was chamfered to

allow easier insertion. Newspaper was used to fill the chamfered end of the tube so that

when the tube was inserted into the sand the newspaper was pushed back by the sand to

prevent light from reaching the sample. The tube was hammered into the exposure with the

use of an instrument that covered the end of the tube, preventing light penetration. When the

tube was inserted to the required depth, a polystyrene plug was inserted into the exposed end

of the tube. The tube and sample were then carefully extracted from the sand and a plug

inserted in the chamfered end. The samples were then sealed with gaffa tape, labelled and

placed in a thick black polythene bag. The samples were then brought back to the laboratory
o

where they were stored in a darkened room at a constant temperature of 4 C until they could

be prepared for OSL analysis. This and the various methods described in the previous

sections of this chapter were applied to several high plateaux across the Scottish Highlands.

These field sites are described in more detail in the following chapter.
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Chapter 5

Field Sites

5.1 Introduction

The high plateau terrains of the Scottish Highlands are characterised by great diversity.

Consequently, in order to produce a widely-applicable and representative classification of

the sensitivity of these terrains, a wide range of field sites was required. The criteria for

choice of field sites were three-fold: first, and most importantly, sites were chosen to

represent the dominant lithologies and associated substrates underlying high plateaux in

the Scottish Highlands (Chapter 3); second, they were chosen for their ease of access for

fieldwork; and third, they were chosen to cover a wide geographical area of the Scottish

Highlands. Ten sites, paired by lithology and substrate type, were used to investigate

terrain sensitivity. One of these sites was also used for investigating seasonal influences

on the sensitivity of high-plateau terrain, and an additional site was used for validating the

techniques for investigating terrain sensitivity. Past episodes of terrain disturbance were

investigated at six sites (Table 5.1). In all, a total of twelve field sites were used in this

study (Figure 5.1). As these sites cover the most common plateau terrain types, the

results of this study can be used to provisionally provide an assessment of the relative

terrain sensitivity of other areas of high plateau in the Scottish Highlands.
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• Copyngit c 1003 waaom.

Figure 5.1 The twelve field sites investigated in this study, represented by large triangles.
Adapted diagram reproduced with the permission ofGraeme Sandeman.
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Table 5.1 Matrix summarising the nature of the investigations at each site.

Terrain Sensitivity
Seasonal Terrain

Sensitivity
Validation

Windblown
Sediments

An Teallach * *

Ben Mor Coigach V

Ben Wyvis
Cairngorms *

Cannich Hills * ✓

West Drumochter *

East Drumochter

Fionn Bheinn, *

Glas Maol *

The Mamores *

The Red Cuillin </

Trotternish *

5.2 General characteristics

The general characteristics of the field sites are listed in Table 5.2. These include their

latitude and longitude, altitudinal range, dominant underlying lithologies, substrate types

(Ballantyne, 1998a) and whether they remained above the ice surface as nunataks at the

Last Glacial Maximum. Table 5.2 also groups the field sites into their lithological and

substrate pairings: An Teallach (NH 0686, NH 0687, NH 0786, NH 0787) and Ben Mor

Coigach (NC 0904, NC 1004) are underlain by Torridon Sandstone; Ben Wyvis (NH

4566, NH 4567, NH 4667, NH 4668) and Cannich Hills (NH 1834, NH 1934, NH 1935)

are underlain by schist and are located north of the Great Glen; the Cairngorms (NJ 0004,

NJ 0003, NH 9903, NH 9902, NH 9802, NH 9801, NH 9702, NH 9703) and the Red

Cuillin of Skye (NG 6023, NG 5823, NG 5624, NG 5525) are underlain by granite; West

Drumochter (NN 5978, NN 6078, NN 5975, NN 6075, NN 6076) and Glas Maol (NO

1676) are underlain by schist and lie to the south of the Great Glen; and Trotternish (NG
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4469, NG 4470, NG 4370) is underlain by basalt but supports an extensive cover of

blanket peat as does East Drumochter (NN 6580, NN 6680, NN 6579, NN 6679), which

is underlain by schist. Schist also underlies Fionn Bheinn (NH 1462, NH 1461, NH 1562,

NH 1561, NH 1661, NH 1761), whereas alternating outcrops of quartzite, schist and

granite underlie the Mamores (NN 1266, NN 1265-NN 1665).

Table 5.2 Summary of field site locations and physical characteristics. Substrate types are

described in the text. Where there is a dominant substrate type at the field site it is highlighted in
bold text. Last Glacial Maximum (LGM) nunataks sourced from Ballantyne pers. comm. (2003).

Latitude Longitude
Altitudinal

range
Lithologies

LGM
Nunatak

Substrate

Type
Torridon Sandstone

An Teallach 57°50'N 5°14'W
730-860 m

OD
Grits and local

conglomerates
Yes Type 2

Ben Mor

Coigach
57°58'N 5°13'W

650-743 m

OD
Grits and local

conglomerates
Yes Type 2

Granite

Red Cuillin
57°14'N-
57°16'N

5°59'W-
6°05'W

550-732 m Epigranites No Type 1 &
2

Cairngorms
57°04'N-
57°07'N

3°37'W-
3°42'W

1000-1215
m

Monzogranites Possibly Type 1 &
2

Schist (west)

Fionn Bheinn 57°36'N
5°04'W-
5°06'W

650-993 m Siliceous schist Yes Type 2

The Cannichs 57°22'N 5°00'W 850-992 m Siliceous schist No Type 1 &
2

Ben Wyvis
57°40'N-
57°41'N

4°33'W-
4°35'W

900-1046 m
Mica and pelitic

schists
Yes Type 2 &

3
Schist (east)

East
Drumochter

56°52'N-
56°55'N

4°09'W-
4°19'W

850-941 m
Psammite,
semipelites

No Type 2,3
& peat

West
Drumochter

56°50'N-
56°52'N

4°16'W-
4°18'W

840-975 m

Psammite,
quartzite,
semipelites

No Type 2 &
3

Glas Maol 56°52'N 3°22'W
1030-1068

m
Graphitic schist No Type 1,2

& 3

Basalt

Trotternish 57°39'N 6°17'W 480-543 m Olivine basalts Yes Type 2 &
peat

Validation of the technique

The Mamores 56°44'N
4°58'W-
5°03'W

850-1000 m
Quartzite, schist,

granite
No Type 1,

2,3 & peat
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5.3 Soils, geomorphology, vegetation and pressures

5.3. J Soils

Several different types of soil have formed on the high plateaux. Blanket peat has

developed extensively on East Drumochter and Trotternish. Organic or peaty soils have

developed on all plateaux apart from Glas Maol. Aeolisols, usually composed of massive

windblown sands of variable depth, occur on An Teallach, Ben Mor Coigach, the Red

Cuillin, Trotternish, Cannich Hills, Fionn Bheinn, the Cairngorms and the Drumochter

Hills. Podzolization has occurred on most plateau regoliths, and is most common on Glas

Maol, Cannich Hills, Ben Wyvis and the Cairngorms. Rankers and skeletal soils are

widespread and occur locally on all plateaux within this study.

5.3.2 Geomorphology

The geomorphological features of high plateaux predominantly comprise frost-related and

aeolian landforms, with localised features formed by nivation and peat development.

Weathering of underlying bedrock by macro- and microgelivation has resulted in the

build-up of three different types of mountain-top detritus, each strongly related to

underlying lithology (Ballantyne, 1998a; Figure 3.10; Table 5.2). Blockfields (Type 1

regolith) are found on the Red Cuillin, the Cairngorms, the Cannichs, Glas Maol, and the

Mamores. Sand-rich diamicts (Type 2 regolith) are found at all sites but are most

abundant on An Teallach, Ben Mor Coigach. the Red Cuillin, the Cairngorms and the

Mamores. Silt-rich diamicts (Type 3 regolith) are predominantly found on plateaux

underlain by schists, such as the Drumochter Hills, Glas Maol and Ben Wyvis.
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Reworking of this material by frost action has occurred on many plateaux, producing a

number of different landforms (see sections 3.5.3, 3.6.4 and 3.7.3). Glas Maol and Ben

Wyvis support large relict earth hummocks, hummock stripes and nonsorted (relief)

stripes as well as relict and active solifluction sheets and lobes. Solifluction landforms

are also present on the Drumochter Hills, Cannich Hills, the Cairngorms, the Red Cuillin

and An Teallach. On Glas Maol and the Cairngorms, localised areas of substrate have

been reworked by frost action to produce relict and active sorted nets and stripes. Needle-

ice activity is common on all plateaux across the Scottish Highlands.

Aeolian landforms and deposits are present on all plateaux, apart from Ben Wyvis, which

supports a complete vegetation cover in areas unaffected by footpath erosion, and Glas

Maol. Aeolian activity has had the greatest impact on the Torridon Sandstone Mountains

of An Teallach and Ben Mor Coigach. On both these plateaux there are extensive

deflation surfaces, remnant vegetated islands of windblown sand and large aeolian lee-

slope sand deposits (Ballantyne and Whittington, 1987). Deflation surfaces also occur on

the Cairngorms, Cannich Hills, Fionn Bheinn, the Mamores and the Red Cuillin.

Windblown sand deposits are also common on the Cannichs, the Cairngorms, the Red

Cuillin, Fionn Bheinn and on the Drumochter Hills. The aeolian deposits on the

Cairngorms and Drumochter Hills do not always occur on lee slopes but also occupy flat

areas and can be described as crescent-shaped deposits (Morrocco, 2004). Small-scale

aeolian features take the form of wind-patterned ground on many of the plateaux.

Erosion spots or deflation scars occur on the Drumochter Hills, the Cairngorms, Cannich

Hills and Trotternish; wind stripes are common on Fionn Bheinn and the Cairngorms; and

wind crescents have formed on all plateaux where deflation surfaces are common

(Bayfield, 1984; Ballantyne and Harris, 1994). Active turf exfoliation (erosion of
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vegetation-covered soil scarps) has been identified on the Cairngorms, An Teallach and

the Red Cuillin (e.g. King, 1971).

Nivation processes have operated most effectively on plateau slopes or edges, forming

nivation hollows, rills and gullies, stone pavements and sand hummocks. Small nivation

hollows are common on all plateaux investigated in this study, whereas stone pavements,

from which overlying soil has been removed by slopewash, are only present on the slopes

of the Cairngorms and Ben Mor Coigach, while sand hummocks are only present on An

Teallach (Ballantyne, 1986a). Extensive peat growth and subsequent peat degradation are

best represented on the East Drumochter and Trotternish plateaux where gullying and

desiccation of the peat are both active.

5.3.3 Vegetation and pressures

Table 5.3 lists the dominant plant communities found at each of the field sites and the

dominant pressures affecting each of the field sites. The plant communities are labelled

by their National Vegetation Classification codes, details of which can be found in Table

5.4. Some plateaux, such as that of An Teallach, have limited diversity of plant

communities, while others, such as the Drumochter Hills, have a more diverse range of

communities. The individual plant communities of Ben Mor Coigach, the Cairngorms

and the Drumochter Hills are roughly equally represented, whereas the U4e community is

dominant on the Red Cuillin, and the U10 community predominates on Ben Wyvis,

Cannich Hills, Glas Maol, Trotternish and the Mamores. Six main pressures affect the

high plateaux of the Scottish Highlands. Climatic stresses and atmospheric pollution

affect all plateaux, and grazing affects all plateaux apart from the most popular
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Table 5.3 Summary of dominant plant communities and dominant pressures at each field site.

Dominant plant communities Dominant pressures

An Teallach U7 Climate, grazing, pollution and
recreation

Ben Mor Coigach U6, U7, H12& H20 Climate, grazing, pollution and
recreation

Cairngorm U7, U7a, U9, U10, H20 Climate, construction, pollution and
recreation

The Red Cuillin U4e & U7 Climate, grazing and pollution

Ben Wyvis U7& U10 Climate, grazing, pollution and
recreation

Cannich Hills U7, U10&H20 Climate, grazing and pollution

Glas Maol U8& U10 Climate, grazing, pollution and
recreation

West Drumochter U7, U9, U10, H12, H13 & H20 Burning, climate, grazing, pollution and
recreation

East Drumochter U6b, U6c, U7, H12&H20 Burning, climate, grazing, pollution and
recreation

Fionn Bheinn Not recorded Burning, climate, grazing and pollution
Trotternish U5e, U7&U10 Burning, climate, grazing and pollution

The Mamores U7& U10 Climate, grazing, pollution and
recreation

areas of the Cairngorms. The more remote and less visited plateaux of the Red Cuillin,

Cannich Hills, Fionn Bheinn and Trotternish experience less recreational pressure

compared with other more accessible and popular plateaux. Construction pressures are

limited to the effects of skiing developments on the fringes of the Cairn Gorm and Glas

Maol plateaux. Burning is presently limited to the lower parts of the Drumochter

plateaux where heather moorland is present.

Table 5.4 National vegetation classification communities investigated within this study and the

species commonly found within these communities.

NVCplant communities Typical species present in the community
U4 Festuca ovina-Agrostis Festuca ovina Galium saxatile

capillaris-Galium saxatile Agrostis capillaris Potentilla erecta

grassland Anthoxanthum odoratum Rhytidiadelphus squarrosus

U4e Festuca ovina-Agrostis As above + Deshampsia flexuosa
capillaris-Galium saxatile Vaccinium myrtillus Nardus stricta

grassland (Vaccinium myrtillus- Racomitrium lanuginosum
Deschampsia flexuosa sub-
community)
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U5e Nardus stricta-Galium Racomitrium lanuginosum Rhytidiadelphus loreus
saxatile grassland (Racomitrium Nardus striata Rhytidiadelphus squarrosus
lanuginosuin sub-community) Agrostis capillaris Hylocomium slendens

Festuca ovina Trichophorum cespitosum
PotentiUa erecta Calluna
Gallium saxatile Diaphasiastrum alpinum
Vaccinium myrtillus Huperzia selago
Hypnum jutlandicum Carex bigelowii
Pleurozium schreberi Vaccinium vitis idaea

U6b Juncus squarrosus-Festuca Juncus squarrosus Rhytidiudelphus squarrosus
ovina grassland (Carex nigra- Potentilla erecta Rhytidiudelphus loreus
Calypogeia azurea sub- Galium saxatile Carex nigra
community) Pleurozium schreberi Calypoycia azurea

Polytrichum commune Plagiothecium undulatum
Hylocomium splendens Aulcomnium palustre

U6c Juncus squarrosus-Festuca Juncus squarrosus Rhytidiudelphus squarrosus
ovina grassland (Vaccinium Potentilla erecta Juncus squarrosus
myrtillus sub-community) Galium saxatile Deshampsia flexuosa

Pleurozium schreberi Vaccinium myrtillus
Polytrichum commune (pleurocarpous mosses)
Hylocomium splendens

U7 Nardus stricta-Carex Nardus stricta Polytrichum alpinum
bigelowii grass-heath Carex bigelowii Cetraria islandica

Diphasiastrum alpinum

U7a Nardus stricta-Carex Nardus stricta Empetrum nigrum spp.
bigelowii grass-heath Carex bigelowii hemaphroditum
(Empetrum nigrum spp. Diphasiastrum alpinum Trichophorum cespitosum
Hemaphroditum-Cetraria Polytrichum alpinum Juncus squarrosus
islandica sub-community) Cetraria islandica Vaccinium uliginosum

Pleurozia purpurea Anastrophyllum clonnianum

U8 Carex bigelowii-Polytrichum Carex bigelowii Cladonia arbuscula

alpinum sedge-heath Polytrichum alpinum Cetraria islandica
Dicranum fuscescens

U9 Juncus trifidus-Racomitrium Juncus trifidus Racomitrium lanuginosum
lanuginosum moss-heath Carex bigelowii

U10 Carex bigelowii- Racomitrium lanuginosum Festuca vivipara
Racomitrium lanuginosum Carex bigelowii Galium saxatile
moss-heath Vaccinium myrtillus Salix herbacea

Deschampsia flexuosa

H12 Calluna vulgaris- Calluna vulgaris Hylocomium splendeus
Vaccinium myrtillus heath Vaccinium myrtillus Pleurozium schreberi

Empetrum nigrum Rhytidiadelphus loreus
V.vitus-idaea Hypnum jutlandicum
Deschampsia flexuosa

H13 Calluna vulgaris-Cladonia Calluna vulgaris Cladonia partentosa
arbuscula heath Cladonia arbuscula Cladonia uncialis ssp. biuncialis

Carex bigelowii Cladonia rangiferina
Empetrum nigrum spp. Coelocaulon aculeatum

hermaphroditum Alectoria nigricans
Vaccinium uliginosum Cetraria islandica
Diphasiastrum alpinum Hypnum jutlandicum
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H20 Vaccinium myrtillus-
Racomitrium lanuginosum heath

Huperzia selago Racomitrium lanuginosum
Nardus stricta Polytrichum alpinum
Agrostis canina Polytrichum juniperinum

Vaccinium myrtillus Hypum jutlandicum
Empetrum nigrum ssp. Nardis stricta
hermaphroditum DeschampsiaJlexuosa
Racomitrium lanuginosum Carex bigelowii
Rhytidiadelphus loreus Alchemilla alpina
Hylocomium splendens Diphasiastrum alpinum
Pleurozium schreberi Galium saxatile
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Chapter 6

High plateau surface sensitivity - vegetation

6.1 Introduction

High plateau surfaces in the Scottish Highlands are predominantly covered by low-lying

vegetation and to a lesser extent by bedrock, deflation surfaces and blockfields, all of

which support a much sparser vegetation cover, mainly of lichens and bryophytes. The

vegetation cover of the high plateaux has significant national and world conservation

value, and supports several land-uses. In many areas vegetation provides the first line of

resistance to mechanical stress on high-plateau terrain. Loss of vegetation cover could

result in more high plateaux having a barren, desert-like appearance with reduced

biodiversity, loss of grazing land and a general decline in aesthetic value. However, no

attempt has hitherto been made to quantify the resistance of plateau vegetation to physical

stress.

Research concerning vegetation and vegetation-mat strength has, to date, focused on an

area of bioengineering that investigates and determines the influence that vegetation, and

in particular root architecture, plays in stabilising slopes with significantly steeper

gradients than those typical of plateau surfaces (Greenaway, 1987; Coppin and Richards,

1990; Abe and Ziemer, 1991). Any investigation of the shearing resistance of high

plateau terrain is likely to concern failure or degradation of soil and vegetation cover

induced by externally derived mechanical stress, such as strong winds and trampling.
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The aim of this chapter is to present the findings of new approaches which quantify the

shearing resistance or sensitivity of different plant community mats to mechanical stress

on ten high plateaux in the Scottish Highlands. Figure 6.1 demonstrates the many factors

influencing the shearing resistance of high plateaux vegetation. An understanding of the

variability in mechanical sensitivity of high plateau plant communities can help to: (1)

identify communities which are potentially vulnerable to increases in mechanical stress,

that might result from increased storminess, recreational activities or grazing pressures;

(2) identify variables which distinguish robust plant communities from sensitive
i

communities; and (3) inform effective management of potentially sensitive areas.

Following a brief account of the main characteristics and habitats of the plant

communities on each of the plateaux, this chapter comprises four main sections, each of

which presents analysis of the results and provides discussion of the main findings of the

section. The first presents diagrams depicting measurements of vegetation mat shearing

resistance for all plant communities on each plateau, and summaries of these data using

descriptive statistics. The second section uses the bivariate Mann-Whitney U-test to

assess the variability in shearing resistance values within and between communities on the

same plateau. The third section describes and analyses the significance of differences in

species composition in influencing variability in vegetation mat shearing resistances

within communities. The fourth section describes and analyses geographical variability

in vegetation mat shearing resistances between different plateaux. The final section

summarises the main findings of the previous five sections.
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Figure 6.1 Factors influencing vegetation mat shearing resistances on high plateaux in the
Scottish Highlands.

6.2 Plant community characteristics and habitats

The dominant plant communities on the ten plateaux investigated have varying

characteristics, occupy a range of habitats and have different species compositions, details

of which are summarised in Tables 6.1-6.5. Figures 6.2-6.11 show images of each of the

ten plateaux, typical locations of the dominant plant communities on the plateaux and

detailed images of typical species compositions w ithin the communities. The majority of
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measurements were made on intact areas of plant communities, with only a few

measurements on communities exhibiting evidence of degradation. Many of the

photographs in Figures 6.2-6.11 highlight the abrupt nature of the boundaries between the

plant communities; no diffuse boundaries between communities occur on any of the

plateaux investigated. It follows that there are no areas with gradational changes of

shearing resistance between communities.

Table 6.1 General characteristics and habitats of the dominant plant communities found on the
Torridon Sandstone mountains of An Teallach and Ben Mor Coigach. The plant community

types are National Vegetation Classification classes (see Averis et al., 2004) (Also used in Tables

6.2-6.5).

Plateau
Plant

community
Characteristics and Habitat

An Teallach U7(i) Composed of Nardus stricta, Calluna vulgaris, Vaccinium
myrtillus and Racomitrium lanuginosum with Nardus stricta
being the dominant of the four. Predominantly found growing on
lee slope sand deposits, remnant vegetation islands and sand
hummocks.

U7(ii) 100% Nardus stricta. Isolated to low lying areas between lee
slope sand deposits. Possibly associated with recolonisation of
disturbed ground.

U7(iii) Equal proportions of Nardus stricta and Racomitrium
lanuginosum with some Carex bigelowii. Most abundant
composition in a large area sheltered from dominant
southwesterly winds.

Ben Mor Coigach U7 Equal proportions Nardus stricta and Racomitrium lanuginosum.
Located on gentle lower slopes and on the extensive sand sheets.

H12 Dominated by Calluna vulgaris but species rich. Located on
hummocky areas of sand below the summit ridge.

U4 Dominated by Festuca ovina, a pioneer species that colonises
areas of freshly-exposed or recently-deposited sand.

H20 Limited to a small area around the summit. Badly affected by
airborne pollution. The Racomitrium lanuginosum has died back
becoming less dense, exposing underlying substrate. Vaccinium
myrtillus seems unaffected.
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Table 6.2 General characteristics and habitats of the dominant plant communities found on the

granite mountains of the Cairngorms and the Red Cuillin (Skye).

Plateau
Plant

community
Characteristics and Habitat

Cairngorms U7 Dominated by Nardus stricta. Confined to hollows such as the treads
of solifluction lobes and sheets or late-lying snow patches.

U7a Almost entirely composed of Empetrum nigrum. Also occurs in
hollows but further downslope than the U7 community. Also appears
to prefer shallower soils.

U10(i) Dominated by Carex bigelowii with some Racomitrium lanuginosum.
Undisturbed shallow lee slopes.

H20 Dominated by Vaccinium myrtillus and Racomitrium lanuginosum.
Predominantly found on the lee slopes of cols, downslope from the U9
community.

UlO(ii) Carex bigelowii and Racomitrium lanuginosum dominate. Found
exclusively on the crescent-shaped aeolian sand deposits.

U9 Predominantly Juncus trifidus surviving in deflation surfaces or
Juncus trifidus and Racomitrium lanuginosum in more sheltered areas.
Occurs on cols and large flat plateau areas.

Red Cuillin U7 Dominated by Nardus stricta. Isolated in comparison to the U4e
community but can cover large areas of the plateau or grow in small
isolated circles, 1-4 m in diameter. Does not appear to be isolated to a
topographical area.

U4e Composed of many species, such as Festuca ovina, Agrostis
capillaries, Galium saxatile, Vaccinium myrtillus, Deschampsia
flexuosa and Racomitrium lanuginosum with relatively equal
abundance. Grows extensively over all areas of the plateaux.

Table 6.3 General characteristics and habitats of the dominant plant communities found on the
eastern schist mountains ofWest Drumochter and Glas Maol.

Plateau
Plant

community
Characteristics and Habitat

West Drumochter U7 Dominated by Nardus stricta. Occurs as small isolated
populations over the plateau.

H20 Dominated by Vaccinium myrtillus and Racomitrium
lanuginosum. Extensive cover on the south facing slopes of the
plateaux.

H12 Dominated by prostrate Calluna vulgaris with some Vaccinium
myrtillus present. Occurs on the lower plateau of Geal Cairn.
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U9 Juncus trifidus and sparse Racomitrium lanuginosum. Occurs in
an isolated area that shows evidence of past disturbance.

U10(i) Dominated by Carex bigelowii and Racomitrium lanuginosum.
U10 covers a large area of the plateau. This community grows
on the south side of the plateau.

UlO(ii) As U10(i) but growing on the north side of the plateau.

H13 Dominated by Empetrum nigrum and Calluna vulgaris with some
Cladonia umbruscula. Occurs on the lower plateau of Geal
Cairn.

Glas Maol U8(i) Both U8 communities are dominated by Carex bigelowii and
Polytrichum alpinum with some Festuca ovina. Grows on
southeast side of plateau between two boulder fields. U8
community generally occurs on slopes that are underlain by
coarse clastic material where little soil development has
occurred.

U8(ii) As above but found on the southwest flank of the plateau.

U10(i) Carex bigelowii dominant. Covers the flatter areas of the
plateau, especially where there are earth hummocks. Prefers
thick substrate cover.

UlO(ii) Carex bigelowii and Racomitrium lanuginosum equally
dominant. Occurs in same areas as U10(i).

UlO(iii) Sparsely populated U10 community and extensive bare ground.
Occurs in small isolated areas on the northeast-facing slope.

UlO(iv) Racomitrium lanuginosum dominant. Occurs on the south and
west flank of the plateau. Common in areas of active
solifluction.

Table 6.4 General characteristics and habitats of the dominant plant communities found on the
northern schist mountains of Ben Wyvis and Cam nan Gobhar (The Cannich Hills).

Plateau
Plant

community
Characteristics and Habitat

Ben Wyvis U7 Nardus stricta dominates. Limited to small patches on the south
and east facing slopes where late-lying snow accumulates.

U10(i) Dominated by Carex bigelowii and Racomitrium lanuginosum.
Occurs extensively across the flatter areas of the plateau.
Susceptible to frost heave.

UlO(ii) Racomitrium lanuginosum is more dominant. Occurs on the
northwest flank. Evidence of considerable disturbance. The
vegetation has been ripped exposing substrate, the cover is thin
and the Racomitrium lanuginosum is very dark and appears
waterlogged. Poaching, pollution and/or climatic stress could
have caused the damage.
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Cam nan Gobhar U7 Dominated by Nardus stricta. Extensive in plateau hollows and
on steeper slopes.

H20 Dominated by Racomitrium lanuginosum and Vaccinium
myrtillus. Occurs on flat areas of the plateau.

U10 Dominated by Racomitrium lanuginosum. Occurs on flat areas of
the plateau. Similar habitat to the H20 community.

Table 6.5 General characteristics and habitats of the dominant plant communities found on the
basalt range of Trotternish (Skye) and the schist mountains of East Drumochter, both of which

support extensive areas of peat.

Plateau
Plant

community
Characteristics and Habitat

Trotternish U5e Composed of many species of equal abundance. Grows
exclusively on intact peat surfaces.

U7 Dominated by Nardus stricta. Grows in depressions and hollows
on minerogenic substrate.

U10 Dominated by Carex bigelowii and Racomitrium lanuginosum.
Grows on the flatter areas of the plateau on minerogenic substrate.

East Drumochter U7 Dominated by Nardus stricta. Occurs in hollows and steeper
slopes on the upper slopes of the plateau.

H20 Dominated by Vaccinium myrtillus and Racomitrium
lanuginosum. Located on the higher slopes of the plateaux above
the HI2 community.

U6b Dominated by Festuca ovina and Carex bigelowii. Found on the
crests of the plateau.

U6c As above, but Racomitrium lanuginosum and club moss are more
common. These two communities also support a crust of mosses
and bryophytes that suffer desiccation under drought conditions.

H12 Dominated by prostrate Calluna vulgaris and Vaccinium
myrtillus. Located on the lower slopes of the plateau, growing
exclusively on hummocky sand sheets. Dominant community
below 850 m.
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A

Figure 6.2 (A) The three dominant plant communities found on the An Teallaeh plateau and
their typical locations. The three communities are the U7(i) community (B), the U7(ii)
community (C) and the U7(iii) community (D).
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Figure 6.3 (A) The four dominant plant communities found on the Ben Mor Coigach plateau and
their typical locations. The four communities are the U7 community (B), the H12 community
(C), the U4 community (D) and the H20 community (E).

135



Chapter 6

A

Figure 6.4 Locations of the six dominant plant communities on the Cairn Gorm/Ben Macdui
plateau. The H20, U9, U7 and U7a communities are common in Coire Raibert (A), the U7 and
U10(i) communities occur on the west facing slopes of Coire Domhain (B) and stands of the the

UlO(ii) and U9 communities occur on Cairn Lochan (C).
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Figure 6.5 The two dominant plant communities found on the Red Cuillin, their relationship to

one another and their typical habitats. (A) shows the two communities, the U7 community on the
left and the U4e community on the right; (B) shows a typical stand of the U7 community; (C)
shows a typical stand of the U4e community; (D) shows the dominant species (Nardus stricta)
within the U7 community; and (E) shows the diverse composition of species in the U4e

community.
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Figure 6.6 The six dominant plant communities on the West Drumochter plateaux: U7
community (A); U9 community (B); U10 community (C); H12 community (D); H13 community
(E); and H20 community (F).
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A

Figure 6.7 The general character of the Glas Maol plateau (A) and three of the most common

vegetation assemblages: U8 Carex bigelowii-Polytrichum alpinum (B); Racomitrium lanuginosum
dominated U10 heath (C); and Carex bigelowii dominated U10 heath (D).
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A

Figure 6.8 Location of the three dominant plant communities on the Ben Wyvis plateau and
detailed images of all three communities. A) shows the extent of the plateau and the extent of the
U10(i) community, highlighting the isolated areas of the other two communities; B) shows the
nature of the UlO(ii) community with limited Carex bigelowii and damaged Racomitrium

lanuginosum\ C) shows the species present (Carex bigelowii and Racomitrium lanuginosum) in
the U10(i) community; and D) shows the species present (Nardus stricta) in the U7 community.
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A

Figure 6.9 (A) Nature of the Cam nan Gobhar plateau and the typical locations of the three
dominant plant communities. (B) shows the U10 community (Carex bigelowii and the more

abundant Racomitrium lanuginosum). (C) depicts the H20 community (Vaccinium myrtillus and
the more abundant Racomitrium lanuginosum). (D) shows the U7 community (Nardus stricta).
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A

Figure 6.10 The three dominant plant communities found on the Trotternish plateau and their
typical locations (A). The three communities are the U7 community (B), the U5e community (C)
and the U10 community (D).
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Figure 6.11 The five dominant plant communities on the East Drumochter plateau: U6b
community (A); U6c community (B); H20 community (C); HI2 community (D); and U7
community (E). Some of the images are obscured by snow.
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6.3 Vegetation mat shearing resistance

The data representing shearing resistance of different plant communities are summarised

in Figures 6.12 and 6.13. Some communities are represented by only a single sample of

46 measurements (Red Cuillin, West Drumochter, Glas Maol, Cam nan Gobhar and

Trottemish in Figures 6.12 and 6.13), others by five samples of 30 measurements (An

Teallach, Ben Mor Coigach, Cairngorms, Ben Wyvis and East Drumochter) that permit

intra-community variance to be evaluated. For each site the samples are depicted in rank

order from highest shearing resistance to lowest, rather than by consistent ordering of

communities. On the dispersion diagrams (Figure 6.12) some data points 'plateau' at ~

27 kPa. This limit is an artefact of the measurement procedure, representing the

maximum shearing resistance measurable using the shear rake. For communities where

this applies (particularly on An Teallach, the Red Cuillin, Ben Wyvis, Cam nan Gobhar

and East Drumochter), the confidence intervals depicted in Figure 6.13 under-represent

the true confidence interval, and the data distributions for affected communities exhibit an

artificial negative skew. This effect, however, does not influence the ranking or relative

shearing resistance of communities within or between sites, and has no effect for

communities where all measurements are < 27 kPa. The sampling strategy for the Red

Cuillin differed from that carried out on the other plateaux. Measurements were made on

four separate plateau areas within the Red Cuillin, unlike other field sites where only one

plateau was investigated. The hills investigated were Beinn na Caillich (BNC), Beinn

Dearg Mhor (BDM), Beinn na Cro (BNCro) and Glas Bheinn Mhor (GBM).

Several trends emerge from these data. Different communities at all sites exhibit different

patterns of shearing resistance, though at certain sites (e.g. the Red Cuillin and East
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Figure 6.12 Dispersion diagrams of vegetation mat shear strength for the dominant plant
communities on ten high plateaux in the Scottish Highlands. The red dots represent individual
measurements. The black dots represent the mean values and the error bars represent 95%
confidence limits. Plant communities are plotted on the horizontal axis and shear strength (kPa)
on the vertical axis.
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Figure 6.13 Mean (black dots) and 95% confidence interval (black error bars) graphs of the
vegetation mat shearing resistance values for the dominant plant communities on the ten plateaux
investigated.
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Drumochter) some communities show very little difference, whereas at others (e.g. West

Drumochter and Ben Wyvis) there are distinct differences between most or all

communities sampled. Almost all communities yielded a moderate or wide scatter of

individual values. The average sample range is ~ 15 kPa, the maximum 22.7 kPa and the

minimum 3.9 kPa (Table 6.6). In general, communities with moderate or high values of

mean shearing resistance are characterised by large ranges, whereas those with low mean

shearing resistance have lower ranges and more compact distributions. The communities

with the smallest ranges tend to be those with fewest species in the stand (typically one or

two), such as the Racomitrium lanuginosum dominated U10 communities and the U4

community on Ben Mor Coigach.

The large range of measured values for most samples implies that even though mean

shearing resistance may vary significantly between communities, there is in almost all

cases some overlap in the overall range of values measured. At all sites but one, U7

communities dominated by Nardus stricta have the highest mean shearing resistance

values; the exception was at Trotternish, where the U5e community on intact peat

surfaces had a higher mean value. Conversely, communities such as the H20, U9 and

U10 communities dominated by Racomitrium lanuginosum and other bryophytes

typically have the lowest mean shearing resistance. For the 42 communities measured,

5% have mean shearing resistance values > 25 kPa, 12% between 20 kPa and 25 kPa,

38% between 15 kPa and 20 kPa, 26% between 10 kPa and 15 kPa, and 17% between 5

kPa and 10 kPa; only one community (U10(ii) on Ben Wyvis) yielded a mean shearing

resistance < 5 kPa. Therefore, just under two thirds of the plant communities measured

have mean shearing resistance values between 10 kPa and 20 kPa.
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Table 6.6 summarises descriptive statistics for samples by site. For sites with five groups

of measurements the average of the five groups has been taken to represent the sample.

Values for the standard error, standard deviation, coefficient of variation and skew are

recorded only for those sites not affected by the ceiling of ~ 27 kPa imposed by the limits

of shear-rake measurements.

Table 6.6 Descriptive statistics summarising the shear strength data (kPa) for all plant
communities at all sites. SE = standard error; sd = standard deviation; cv = coefficient of

variability.

Plant community n Mean Median SE sd cv Range Minimum Maximum Skew

An Teallach

U7(i) 150 >25.6 >27.3 * * * >15.0 12.4 >27.3 *

U7(ii) 150 >22.4 >23.2 * * * >19.5 9.1 >27.3 *

U7(iii) 150 15.7 15.5 0.06 0.75 4.8 22.1 5.2 27.3 0.09

Ben M6r Coigaeh
U7 150 16.9 16.5 0.09 1.14 6.8 19.5 7.8 27.3 0.31

H12 150 13.1 13.2 0.08 0.97 7.4 15.6 5.9 21.5 0.24

U4 150 13.3 13.2 0.02 0.24 1.8 16.3 6.5 22.8 0.57

H20 150 11.6 11.6 0.05 0.65 5.6 13.0 5.9 18.9 -0.03

Cairngorms
U7 150 18.9 18.7 0.13 1.65 8.7 18.8 8.5 27.3 0.07

U7a 150 17.7 17.5 0.05 0.64 3.6 19.5 7.8 27.3 0.34

U10(i) 150 15.3 15.4 0.15 1.79 11.7 18.2 7.8 26.0 0.21

H20 150 13.9 13.8 0.13 1.54 11.1 22.7 4.6 27.3 0.47

UlO(ii) 150 10.1 9.8 0.08 0.96 9.5 13.1 4.5 17.6 0.26

U9 150 6.3 5.7 0.05 0.56 8.9 12.3 2.6 14.9 1.07

The Red Cuillin

U7 138 >19.9 >19.6 * * * >18.2 9.1 >27.3 ♦

U4e 184 15.0 14.7 0.05 0.63 4.2 15.6 6.5 22.1 -0.02

West Drumochter

U7 46 >21.9 >22.1 * * * >17.5 9.8 >27.3 *

H20 46 >18.7 >17.9 ♦ * * >19.3 7.8 >27.3 *

H12 46 18.0 19.5 0.95 5.18 28.8 18.2 7.8 26.0 -0.45

U9 46 16.7 16.6 0.60 3.30 19.8 14.3 10.4 24.7 0.30

U10(i) 46 11.2 10.7 0.67 3.68 33.0 15.6 4.6 20.2 0.56

UlO(ii) 46 8.0 7.5 0.52 2.84 35.4 10.4 3.3 13.7 0.44

H13 46 6.8 6.5 0.38 2.10 30.9 8.5 2.6 11.1 -0.04

Glas Maol

U10(i) 46 16.8 16.9 0.67 3.68 21.9 11.7 10.4 22.1 0.00

U8(i) 46 15.7 14.0 1.17 6.38 40.6 21.5 5.9 27.3 0.51

U8(ii) 46 15.3 14.6 0.64 3.53 23.1 13.7 8.5 22.1 0.41

UlO(ii) 46 13.4 12.4 0.81 4.44 33.2 18.2 3.9 22.1 0.48

UlO(iii) 46 8.8 7.8 0.60 3.27 37.2 11.7 3.9 15.6 0.57
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Plant community n Mean Median SE sd cv Range Minimum Maximum Skew
U10(iv) 46 5.3 5.2 0.13 0.13 13.7 3.9 3.9 7.8 1.08

Ben Wyvis
U7 all 150 >22.7 >22.7 * * * >16.2 11.1 >27.3 *

U10(i) all 150 11.2 11.2 0.08 1.02 9.1 18.2 3.3 21.5 0.11

U10(ii) all 150 4.7 4.8 0.03 0.31 6.6 9.2 1.9 11.1 0.58

Carn nan Gobhar

U7 46 >27.3 >27.3 * * * >0.0 >27.3 >27.3 ♦

H20 46 9.6 9.1 0.53 3.63 37.7 15.6 2.6 18.2 0.69

U10 46 8.1 7.8 0.48 3.23 40.1 11.7 3.9 15.6 0.86

Trotternish

U5e 46 >22.3 >22.8 * * * >16.9 11.7 >28.6 *

U7 46 18.7 18.9 0.60 4.06 21.7 16.3 11.1 27.3 0.11

U10 46 11.6 11.1 0.39 2.63 22.7 12.4 6.5 18.9 0.70

East Drumochter

U7 all 150 >20.6 >21.0 * * * >18.2 9.1 >27.3 *

H20 all 150 >19.3 >19.2 * * * >19.5 7.8 >27.3 *

U6b all 150 >19.2 >19.4 * * * >20.1 7.2 >27.3 *

U6c all 150 14.9 14.7 0.28 3.40 22.8 23.4 3.9 27.3 0.35

H12 all 150 11.6 11.2 0.11 1.29 11.1 16.9 3.9 20.8 0.44

6.3.1 Discussion

Table 6.7 summarises the mean shearing resistance for vegetation in all communities on

all ten plateaux. The plant communities are ranked (highest to lowest) according to their

mean shearing resistance. The U7 community exhibits the highest mean shearing

resistance across all plateaux on which it occurs with the exception of Trotternish, where

the U5e community is strongest. The high resistance of the U7 community probably

reflects the dense growth of Nardus striata. This species has dense and deeply

penetrating roots, which effectively anchor the vegetation mat to the underlying soil

(Waldron and Dakessian, 1981, 1982). The U5e community on Trotternish has high

shearing resistance for the same reasons; the roots of the Potentila erecta species are even

stronger and grow even deeper than the roots of Nardus stricta. Typically, the

communities with the lowest shearing resistances are bryophyte-dominated (such as U10,
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H20 and U9), and the prostrate Calluna vulgaris communities (such as H12 and HI3).

Both groups are characterised by species with few deeply penetrating roots, or no rooting

system at all. It is interesting to note that, for the plateaux investigated in this study, the

U10(R1) community only occurs on plateaux underlain by schist. This may indicate that

the Racomitrium lanuginosum species thrives on some aspect of the schistose-derived

substrate.

Table 6.7 Matrix of mean shearing resistance values for vegetation across all communities. The

plant communities are ranked highest to lowest based on their shearing resistance value. The

U7(i)-(iii) communities are the three U7 communities from An Teallach and the UlO(Cb), U 10(b)
and U10(R1) represent U10 communities characterised by Carex bigelowii, areas of bare ground
and Racomitrium lanuginosum, respectively.

An

Teallach

Ben

M6r

Coigach
Cairngorms

The
Red

Cuillin

West
Drumochter

Glas
Maol

Ben

Wyvis

Carn
nan Trotternish

Gobhar

East
Drumochter

U7(i) | >25.6

U7(ii) >22.4

U5e >22.3

U7 16.9 18.9 >19.9 >21.9 >22.7 >27.3 18.7 >20.6

U6b >19.2

U7a 17.7

UlO(Cb) 15.3 16.8

U7(iii) 15.7

U8 15.4

L4e 15

L6c 14.9

H20 11.6 13.9 >18.7 9.6 >19.3

H12 13.1 18 11.6

U4 13.3

U9 6.3 16.7

U10 10.1 11.2 13.3 11.2 11.6

L10(B) 8.8

H13 6.8

UIO(RI) 8 5.3 4.7 8.1

Inter-community variance in vegetation shearing resistance demonstrates that plateau

surfaces are characterised by a mosaic of plant communities with different levels of
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sensitivity to physical stress. The mean shearing resistance values depicted in Table 6.7,

however, give no indication of the range of sensitivity within communities (cf. Figure

6.12). There are small areas of high shearing resistance within communities with low

mean shearing resistances and vice-versa. Consequently, the mechanical sensitivity of

particular communities may have to be considered in terms of its overall range rather than

its mean value (Table 6.6), as there are often overlaps in the range of shearing resistances

even between communities with markedly different mean shearing resistances. However,

it is possible that areas of relative weakness within communities are to some extent

protected against physical stress by neighbouring larger areas of higher shearing

resistance. Conversely, if small areas of relatively low resistance within a community

experience disturbance, does this render the whole community more vulnerable?

6.4 Bivariate analysis of community differences

Figures 6.12 and 6.13 highlight differences in shearing resistance both between and

within plant communities on the ten plateaux. In order to test the significance of these

differences the nonparametric two-sample Mann-Whitney U statistic was used, testing

against a null hypothesis of no significant difference between the measured distributions

for paired communities. The test was employed not only to evaluate the significance of

differences between paired communities, but also within communities where five

independent sets of measurements had been carried out. The tests were carried out for p

< 0.05. At this significance level, however, 5 out of every 100 test are likely to provide

false results. For the inter-community tests, data for sampling sites where five

independent sets of measurements had been made were aggregated so that n = 150 for

such sites.
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The inter-community tests (Table 6.8) show that in the great majority of cases, the shear

strength distributions differ significantly between paired distributions. On six plateaux

(An Teallach, the Cairngorms, the Red Cuillin, Ben Wyvis, Cam nan Gobhar and

Trottemish) all communities exhibit shear strength distributions that differ significantly

from those of all other communities represented at p < 0.05. For the remaining four

plateaux, only a few communities exhibit differences in shearing resistance that are not

significant at this level. On Ben Mor Coigach, for example, no significant difference (at p

< 0.05) was detected between the U4 and H12 communities, and on West Drumochter no

significant difference at this test level occurs between the HI2, H20 and U9 communities.

Overall, 70 of the 80 bivariate tests conducted indicate inter-community differences in

shear-strength distribution at the 95% confidence level, and several of the exceptions are

significant at the 90% confidence level. These results provide strong confirmation of the

fundamental role that differences in plant community play in dictating the mechanical

strength of the vegetation mat at all plateau sites investigated, whilst also showing that in

a small minority of cases the response of some communities to shear is statistically

indistinguishable. Of particular interest is the fact that the distributions for U7

communities invariably differ from all others on the plateaux on which these occur,

confirming the conclusion reached above that such communities are exceptionally

resistant to physical stress.

The intra-community analyses, however, revealed some unexpected results. Testing

paired within-community subsamples (n = 30) revealed a surprising degree of

statistically-significant difference: 84 out of 210 paired subsamples tested (40%) proved

significantly different from each other at p < 0.05 (Tables 6.11-6.13). Only the U7(i)

subsamples on An Teallach, the U4 subsamples on Ben Mor Coigach and the U7a
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subsamples on the Cairngorms exhibited no significant differences between all paired

subsamples at p < 0.05. The results for other communities indicated significant

differences between paired subsamples in up to seven out of ten cases at each site (U7 and

U10(i) on the Cairngorms, U6c and H12 on the East Drumochter plateau, and U7 on Ben

Wyvis). In general terms, this analysis reveals that despite the strong inter-community

differences noted above, there are also surprisingly marked intra-community variations in

shearing resistance at most sites. Interestingly, there appears to be little relationship

between the degree of intra-community differences and particular communities: U7

communities, for example, exhibit both homogeneous and heterogeneous results in terms

of within-community differences in shearing resistance. From the limited data available,

the H12 communities (on Ben Mor Coigach and East Drumochter) appear to yield the

most heterogeneous results; in several other cases only a single subsample differs

significantly from some or all others at a particular site (e.g. U10(ii) subsample 1 on the

Cairngorms; H20 subsample 5 on Ben Mor Coigach).

There are several possible reasons for the statistically-significant intra-community

differences identified in Tables 6.9-6.11. One possible factor is the proportional

representation of dominant species within communities, though this is unlikely to account

for significant differences within communities dominated by one species. For example,

the U7(ii) community on An Teallach and the U10(i) community on the Cairngorms are

both essentially dominated by a single species (Nardus stricta and Carex bigelowii

respectively), yet both exhibit marked intra-community differences in shearing resistance,

implying that factors other than proportional representation of dominant species have

caused intra-community differences in shearing resistance. The role of species mix in

other communities is examined below.
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Table 6.8 Bivariate analysis of inter-community differences using the Mann-Whitney U statistic
for p < 0.5. X indicates significant difference at 95% confidence level and NS indicates no

significant difference at this level.

An Teallach U7(i) U7(H) U7(iii)
U7(i>
U7(ii) X

U7(iii) X X

Ben Mor Coiqach U7 H12 U4 H20

U7
H12 X

U4 X NS
H20 X X X

Cairngorms U7 U7a U10(i) H20 U10(ii) U9
U7
U7a X

U10(i) X X

H20 X X X

U10(ii) X X X X
U9 X X X X X

Red Cuillin U7 U4e
U7
U4e X

West Drumochter U7 H20 H12 U9 U10(i) U10(H) H13
U7
H20 X
H12 X NS
U9 X NS NS

U10(i) X X X X

U10(ii) X X X X X
H13 X X X X X NS

Glas Maol U10(i) um U8(ii) U10(ii) U10(iii) U10(iv)
U10(i)
U8(i) NS

um NS NS

U10(ii) X X NS

U10(iii) X X X X

U10(iv) X X X X X

Ben Wyvis U7 U10(i) U10(ii)
U7

U10(i) X

U10(ii) X X

Cam nan Gobhar U7 H20 U10
U7

H20 \
U10 \ X

Trotternish U5e U7 U10
U5e
U7 X
U10 X X

East Drumochter U7 H20 U6b U6c H12

U7
H20 X

U6b X NS

U6c X X X
H12 X X X X
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Table 6.9 Bivariate analysis of intra-community variance for the plant communities on An
Teallach and Ben Mor Coigach. X indicates a significant difference at 95% confidence level and
blank cells indicate no significant difference at this level.

An Teallach

U7(i)-1 U7(i)-2 U7(i)-3 U7(i)-4 U7(i)-5
U7(i)-1
U7(i)-2
U7(i)-3
U7(i)-4
U7(i)-5

U7(ii)-1 U7(ii)-2 U7(ii)-3 U7(ii)-4 U7(ii)-5
U7(ii)-1
U7(ii)-2 X

U7(ii)-3 X

U7(ii)-4 X X X

U7(ii)-5 X

U7(iii)-1 U7(iii)-2 U7(iii)-3 U7(iii)-4 U7(iii)-5
U7(iii)-1
U7(iii)-2
U7(iii)-3
U7(iii)-4 X X

U7(iii)-5 X

Ben Mor Coigach
U7-1 U7-2 U7-3 U7-4 U7-5

U7-1
U7-2
U7-3
U7-4 X
U7-5 X X

H12-1 H12-2 H12-3 H12-4 H12-5
H12-1
H12-2
H12-3 X
H12-4 X X
H12-5 X X

U4-1 U4-2 U4-3 U4-4 U4-5
U4-1
U4-2
U4-3
U4-4
U4-5

H20-1 H20-2 H20-3 H20-4 H20-5
H20-1
H20-2
H20-3
H20-4
H20-5 X X X
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Table 6.10 Bivariate analysis of intra-community variance for the plant communities on the

Cairngorms. X indicates a significant difference at 95% confidence level and blank cells indicate
no significant difference at this level.

Cairngorm
U7-1 U7-2 U7-3 U7-4 U7-5

U7-1
U7-2 X
U7-3 X

U7-4 X X

U7-5 X X X

U7a-1 U7a-2 U7a-3 U7a-4 U7a-5
U7a-1
U7a-2

U7a-3
U7a-4
U7a-5

U10(i)-1 U10(i)-2 U10(i)-3 U10(i)-4 U10(i)-5
U10(i)-1
U10(i)-2
U10(i)-3 X X

U10(i)-4 X

U10(i)-5 X X X X

H20-1 H20-2 H20-3 H20-4 H20-5
H20-1
H20-2 X
H20-3
H20-4
H20-5 X X X

U10(ii)-1 U10(ii)-2 U10(ii)-3 U10(ii)-4 U10(ii)-5
U10(ii)-1
U10(ii)-2 X

U10(ii)-3 X

U10(ii)-4 X

U10(ii)-5 X

U9-1 U9-2 U9-3 U9-4 U9-5
U9-1
U9-2 X

U9-3
U9-4 X
U9-5
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Table 6.11 Bivariate analysis of intra-community variance for the plant communities on Ben

Wyvis and East Drumochter. X indicates a significant difference at 95% confidence level and
blank cells indicate no significant difference at this level.

Ben Wyvis
U7-1 U7-2 U7-3 U7-4 U7-5

U7-1
U7-2 X
U7-3 X

U7-4 X X

U7-5 X X X

U10(i)-1 U10(i)-2 U10(i)-3 U10(i)-4 U10(i)-5
U10(i)-1
U10(i)-2 X

U10(i)-3 X

U10(i)-4 X

U10(i)-5 X

U10(ii)-1 U10(ii)-2 U10(ii)-3 U10(ii)-4 U10(ii)-5
U10(ii)-1
U10(ii)-2
U10(ii)-3
U10(ii)-4 X X

U10(ii)-5
East Drumochter

U7-1 U7-2 U7-3 U7-4 U7-5
U7-1
U7-2
U7-3 X X
U7-4 X
U7-5 X X

H20-1 H20-2 H20-3 H20-4 H20-5
H20-1
H20-2
H20-3 X X

H20-4
H20-5 X

U6b-1 U6b-2 U6b-3 U6b-4 U6b-5
U6b-1
U6b 2 X

U6b-3 X

U6b-4 X

U6b-5 X X

U6C-1 U6c-2 U6C-3 U6c-4 U6C-5
U6c-1
U6C-2
U6c-3
U6c-4 X X X

U6c-5 X X X X

H12-1 H12-2 H12-3 H12-4 H12-5

H12-1
H12-2
H12-3 X X
H12-4 X X

H12-5 X X X
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6.5 The role of intra-community species representation

On average, the minimum and maximum measured shearing resistances measured within

communities differ by about 15 kPa, and as discussed above there are numerous instances

of significant differences in shearing resistance between paired subsamples within

particular communities. To test the extent to which such intra-community differences

reflect the proportional representation of dominant species, three communities were

selected, the U8, U10 and H20 communities, all of which are characterised by two

dominant species that appear to have markedly different shearing resistances. Shear rake

measurements of the U8 and U10 communities with different dominant species

representation were carried out on Glas Maol and similar measurements were made on

the H20 community on the West Drumochter Hills. For the U8 sedge-heath community

{Carex bigelowii and Polytrichum alpinum), four sets of measurements were made, for

Carex.Polytrichum ratios of approximately 80%:20%, 60%:40%, 40%:60% and

20%:80%. For the U10 moss-heath community {Carex bigelowii and Racomitrium

lanuginosum), six different compositional ratios of approximately 95%:5%, 80%:20%,

60%:40%, 40%:60%, 20%:80% and 5%:95% were measured, because Carex bigelowii

and Racomitrium lanuginosum can both dominate the community in particular areas,

almost to the complete exclusion of other species. For the H20 heath community

(Vaccinium myrtillus and Racomitrium lanuginosum) the sampling strategy followed that

for the U8 community.

The data representing intra-community differences in shearing resistance for different

proportional representations of the dominant species are summarised in Figure 6.14 and

6.15. The different ratios of dominant species are represented by three samples of 30
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measurements and are offset for clarity. On the dispersion diagrams (Figure 6.14) some

of the data points plateau at 27.3 kPa, especially for the 80% H20 samples, but this has no

effect on sample ranking.

The difference in mean shearing resistance between the highest abundance (80%) and

lowest abundance (20%) of the stronger species (Carex bigelowii) in the U8 community

is only 5 kPa (Figure 6.15A and Table 6.12). As the percentage of Carex bigelowii

increases by -20%, the mean shearing resistance increases by up to 2 kPa (Table 6.12).

For the U10 community, the difference in mean shearing resistance between the 95%

abundance and 5% abundance of the stronger species (Carex bigelowii) is 10.9 kPa for

the U10 community, but only 5.9 kPa between the 20% to 80% Carex abundance levels

(Figure 6.15B and Table 6.12). Mean shearing resistance increases by up to 2.1 kPa for

each 20% increase in Carex abundance between 20% and 80% representation. The mean

shearing resistance shows a greater level of increase from 5% to 20% (3.4 kPa) and 80%

to 95% (2.6 kPa). For the H20 community on the West Drumochter Hills, the difference

in mean shearing resistance between the highest abundance (80%) and lowest abundance

(20%) of Vaccinium myrtillus is approximately 15 kPa (Figure 6.15C and Table 6.12).

As the percentage representation of Vaccinium myrtillus increases by -20% the mean

shearing resistance of the H20 community increases by up to 5.8 kPa.

For all three plant communities tested, increased representation of the stronger species is

reflected in a positive, approximately linear increase in vegetation mat shearing resistance

(Figure 6.14). The strength of the relationship, however, differs markedly between the

three communities. The U8 community shows the weakest correlation (r2 = 0.285),

followed by the U10 community (r2 = 0.594), while the H20 community shows the

159



Chapter 6

re
Q.
J*

U1
c
a;
k-
<->
i/>
k.

re
a;
x
«/t

35

30

25

20 H

15

10

5

U8 community, Glas Maol, r2 = 0.285, p < 0.001
Polylrichum alpmum.C'arex bigelown

'•« 1
n if

20% 40% 60% 80%

35

30

25

20

15

10-1

5

U10 community. Glas Maol. r2 = 0.594. p < 0.001
Racomnrium lanuginosum.C arex bigelown

» ;
• • • • (<•

iti ill ill ill W
III 1M III
5% 20% 40% 60% 80% 95%

35

30

25

20

15

10-

5

0

H20 community. West Drumochtcr, r2 - 0.732. p < 0.001
Raconnlrtum lanuginosurn.Vacanium myriillus

in

«•

* * •
• • m

w
tu
• % m

20% 40% 60% 80%

Approximate abundance of strongest species

Figure 6.14 Dispersion diagrams of vegetation mat shearing resistance variations reflecting
differences in species abundance for the U8, U10 and H20 plant communities. The three
dispersion diagrams for each percentage representation are offset for clarity. The percentages

represent the abundance of the stronger species: Carey; bigelowii for the U8 and U10
communities, and Vaccinium myrtillus for the H20 community.

160



Chapter 6

(0
a.

c
<1>

10
a;

vn

35

30

25

20-

15

10

5

0

U8 community, Glas Maol
Polylrichum alpinum.Carex bigelowii

* f *
* *

* * 5 i *

20% 40% 60% 80%

35

30

25

20

15 H

10

5

0

U10 community, Glas Maol
Racomitrium lanuginosum:Carex bigelowii

* *
* *

$ t
i.l

Mt

5% 20% 40% 60% 80% 95%

35

30 -I

25

20

15

10

5

0

H20 community. West Drumochter
Racomitrium lanuginosum: Vaccinium myrtillus

* 1 1

1 i i
i i i

20% 40% 60% 80%

Approximate abundance of strongest species

Figure 6.15 Mean and 95% confidence interval graphs showing the differences in vegetation mat

shearing resistances caused by changes in the relative abundances of the dominant species of the
U8, U10 and H20 communities, Graphs, A, B and C, respectively.
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Table 6.12 Descriptive statistics of the shearing resistance data for the different species

representations of the U8, U10 and H20 communities.

n Mean Median SE sd cv Range MinimumMaximum Skew

U8-80 90 11.3 11.1 0.42 3.94 34.8 18.9 4.6 23.4 0.69
U8-60 90 10.0 9.1 0.32 2.98 29.9 15.0 4.6 19.5 1.07
U8-40 90 8.0 7.8 0.28 2.68 33.4 12.4 2.6 15.0 0.07
U8-20 90 6.3 5.9 0.24 2.31 36.9 10.4 2.6 13.0 0.81

U10-95 90 16.8 16.3 0.8 3.59 21.4 16.3 10.4 26.7 1.14

U10-80 90 14.2 14.3 0.32 3.01 21.2 17.6 9.1 26.7 1.20
U10-60 90 12.3 11.7 0.28 2.68 21.8 13.0 7.8 20.8 0.98

U10-40 90 11.4 11.1 0.29 2.71 23.7 12.4 5.9 18.2 0.54
U10-20 90 9.3 9.1 0.22 2.13 22.9 10.4 4.6 15.0 0.47
U10-5 90 5.9 5.9 0.19 1.83 30.9 11.1 2.6 13.7 1.56

H20-80 90 >24.8 >25.4 * * * >10.4 18.2 >27.3 *

H20-60 90 >19.0 >18.9 * * * >18.9 8.5 >27.3 *

H20-40 90 14.5 15.0 0.32 3.03 20.9 13.7 7.2 20.8 -0.43
H20-20 90 10.0 9.1 0.33 3.11 31.1 15.0 3.9 18.9 0.76

strongest correlation (r2 = 0.732). All three correlations are statistically significant at p <

0.001. The r2 values indicate the degree to which overall variance in measured shearing

resistance for each community is explained by variance in the percentage abundance of

the strongest species. Only 28.5% of the overall variance in measured shearing resistance

is explained by variance in the percentage abundance of the strongest species for the U8

community. By contrast, nearly 60% of overall variance in measured shearing resistance

is explained by variance in the percentage abundance of the stronger co-dominant for the

U10 community and for the H20 community. In general, these results suggest that, as the

dominant species within a community, Vaccinium myrtillus is likely to increase a

community's shearing resistance more than the equivalent percentage representation of

Carex bigelowii, possibly reflecting their different growth and root structures.

These analyses confirm that intra-community differences in relative species abundance

represent an important control on intra-community variance in shearing resistance, at least
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for the three communities investigated. They also suggest, however, that the importance

of the control varies considerably from community to community. For the U8

community, proportional representation of the co-dominant species accounts for < 30% of

overall variance; for the H20 community, by contrast, it accounts for > 70% of overall

variance. Possible explanations for the unexplained variance in intra-community shearing

resistances are discussed in the following section.

6.5.1 Discussion

Analysis of the extent to which intra-community differences in vegetation mat shearing

resistances reflect the proportional representation of dominant species has shown that for

two of the most common plant communities (U10 and H20) it is the dominant control.

Further evidence offers support to these findings. First, some plant communities, such as

the HI3 community on West Drumochter (Figure 6.12), produced shearing resistance

measurements that display weak bi-modal distributions. Such bi-modal distributions

probably represent two different groups of shearing resistance values associated with

measurements made in areas of the community with different abundances of the two

dominant species (Vaccinium myrtillus and Calluna vulgaris), which have markedly

different shearing resistances. Second, a few plateaux are occupied by communities with

different species representations, such as the U7 communities on An Teallach (U7(i),

U7(ii) and U7(iii)) and the U10 communities on Glas Maol (U10(i), U10(ii), UlO(iii) and

U10(iv)), that have statistically-significantly different shearing resistances (Table 6.8).

Third, many of the data sets exhibit a marked positive skew (Table 6.6). Positively

skewed data imply that the majority of measurements recorded low shearing resistance

values, with a small number of measurements recording high shearing resistance values.
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This may indicate that within such communities there are large areas occupied by a

greater abundance of co-dominant species with low shearing resistances, interspersed

with small areas occupied by a greater representation of co-dominants with high shearing

resistances. Fourth, there are significant differences between the distribution of shearing

resistance values of subsamples within particular communities. For example, the median

of the fourth U6c subsample from East Drumochter is significantly lower than all the

other subsample medians within this community, because the measurements for this

subsample were made in an area of the community dominated by Racomitrium

lanuginosum, whereas measurements for the other four subsamples were made in areas

with a greater diversity of species (particularly Vaccinium myrtillus and Deschampsia

flexuosa).

6.5.2 Reasons for difference

The factors responsible for intra-community variance in shearing resistance due to

differences in proportional representation of dominant species are likely to be length,

thickness, physiological condition, elasticity, density and architecture of the roots,

rhizomes and tillers of the different species, because much of the vegetation shearing

resistance is provided by the tensile strength of the root mat (Waldron, 1977; Waldron

and Dakessian, 1981, 1982; Wu el al., 1988; Wu and Watson, 1998). The root

architecture of different plant communities and species may therefore provide an

approximate indication of their relative sensitivities to physical disturbance.

As illustrated above, differences in species representation do not explain all the intra- and

inter-community variance in shearing resistance. Several other factors, listed in Figure
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6.1, may offer further explanation. An unknown contribution also results from

measurement (sampling) uncertainty, resulting from the positioning of the shear rake: the

measured shearing resistance may be influenced, for example, by shearing through intact

clumps or tussocks of vegetation, or by the presence of clasts in the near-surface

substrate.

The unexplained 71.5% of variance in intra-community vegetation mat shearing

resistance for the U8 community (Figure 6.14) may reflect factors associated with the

underlying soil rather than with the vegetation mat itself. The soil underlying the U8

community tends to be shallow and clast-supported with minimal organic content. Carex

bigelowii may thus not bind to the underlying soil as effectively as it does to the

predominantly matrix-supported soil underlying the U10 community. Relationships

between vegetation and soil mechanical sensitivities are considered further in Chapter 8.

Three of the communities investigated (U10(i) on the Cairngorms, the U4 on Ben Mor

Coigach and the U7(ii) on An Teallach) are represented by only one species but still show

considerable intra-community variability in vegetation mat shearing resistance. As

proportional species representation has no influence on the variability in shearing

resistance within these communities, other factors must explain this variability. For

example, there is a 10 kPa difference in the mean values of the second and fourth

subsamples of the U7(ii) community on An Teallach, which is entirely composed of

Nardus stricta (Figure 6.12). Variations in shearing resistance within this community

probably represent differences in vegetation density, age of the stand (some areas have

recently been re-colonised following disturbance) and substrate characteristics. Field

observations suggest that recently re-colonised areas are less resistant to mechanical
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stress than densely-colonised, well-established stands. In this case, differences in

vegetation density and possibly depth of root penetration probably account for much of

the variance in shearing resistance.

Differences in the physiological condition of vegetation can also affect the shearing

resistance of a plant community. A damaged U10 community on Ben Wyvis, for

example, has a mean shearing resistance approximately 6 kPa lower than the healthy U10

community. A further example is the H20 community near the summit of Ben Mor

Coigach. This community has a condensed range and low mean shearing resistance

compared to other H20 communities on the same mountain. This is because the

Racomitrium lanuginosum within this community exhibits considerable physiological

stress induced by airborne pollution (Baddeley, et al., 1994). As a result it had died back

in most areas, leaving the sparse stands of Vaccinium myrtillus exposed, and thus more

vulnerable to mechanical stress.

Research on the influence of proportional species representation on intra-community

vegetation mat shearing resistance is important because the species composition of some

communities may change in response to variability in both human and natural pressures.

For example, the relative dominance of Racomitrium lanuginosum and Carex bigelowii

changes within the U10 community as a result of changes in grazing and nitrogen

pressures (Pearce et al., 2003; Welch et al., 2005). A change to a Carex-dominated

heath, following reduction in grazing, is likely to make the community less sensitive to

physical stress while a change to a Racomitrium-dommated heath, caused by overgrazing,

is likely to have the opposite effect. Many of the factors discussed above also promote
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significant variations in intra-community vegetation mat shearing resistance amongst

plateaux, as discussed in the following section.

6.6 Intra-community shearing resistance amongst plateaux

To test the extent to which intra-community shearing resistance varies between plateaux,

four communities were selected for comparative analysis: U7, H20, U10 (approximately

equal proportions Carex bigelowii and Racomitrium lanuginosum) and U10 (Racomitrium

lanuginosum dominant)). Shear strength values were compared for the following stands:

• U7 communities on An Teallach (U7(ii)), Ben Mor Coigach, Ben Wyvis, Cairngorms,

East and West Drumochter, and the Red Cuillin.

• H20 communities on Ben Mor Coigach, Cairngorms, Cam nan Gobhar and East and

West Drumochter.

• U10 communities on the Cairngorms (U10(i)), Ben Wyvis (U10(i)), Glas Maol

(UlO(ii)), Trottemish and West Drumochter (U10(i)).

• U10 (Racomitrium-dominant) communities on Ben Wyvis (UlO(ii)), Cam nan

Gobhar, Glas Maol (UlO(iv)) and West Drumochter (UlO(ii)).

To evaluate the significance of differences in vegetation shear strength between pairs of

the same community between plateaux, the nonparametric 2-sample Mann-Whitney U-

statistic was used, testing against the null hypothesis of no significant difference at p <

0.05. Communities where five independent sets of measurements had been made were

aggregated so that n = 150 for such communities.
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The data are summarised in Figure 6.16. For each community the sites are depicted in

rank order from lowest mean shear strength to highest, rather than by consistent ordering

of field sites. As before, many of the data points in Figure 6.16A and B plateau at -27.3

kPa, reflecting the upper range of measurements possible using the shear rake. In such

cases the means (blue dots in Figure 6.16) and confidence limits (blue lines in Figure

6.16) under-represent the True' values for these sites. This effect, however, is unlikely to

significantly alter the ranking of sites for particular communities, and is of no

consequence for communities where all measurements were <27.3 kPa.
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Figure 6,16 Dispersion diagrams showing the geographical variation in plant community shear
strength across several plateaux. A: U7 community; B: H20 community; C: U10 community; D:
Racomitrium lanuginosum dominated U10 community (U10(/?/))• Field sites are on An Teallach
(AT), Ben Mor Coigach (BMC), the Cairngorms (C), Red Cuillin (RC), West Drumochter (WD),
Glas Maol (GM), Ben Wyvis (BW), Cam nan Gobhar (CG), Trotternish (T) and East Drumochter
(ED).
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Several points emerge from these data. The range of measured shear strength values for

the U7 and U10 communities shows considerable within-site variability but the ranges are

fairly consistent amongst all plateaux (Figure 6.16A and 6.16C). This implies that, for

these communities, high levels of variability in shearing resistance are not confined to

particular sites or substrate types. For the U7 community, despite the visual similarity of

most distributions, there is a statistically-significant difference in the distribution of shear

strength values for 71% (15/21) of paired samples (Table 6.13). Significantly different

distributions show no clear correspondence with differences in lithology (substrate type)

or location (Figure 6.16A), though it is notable that there is no significant difference

between the distributions representing U7 communities on the East and West Drumochter

Hills, or between the two plateaux (Cairngorms and Red Cuillin) underlain by granite

(Table 6.13), suggesting some measure of substrate control. Similarly, though the

distributions for the U10 communities appear fairly similar (Figure 6.16C), 50% (5/10)

proved significantly different at p < 0.05 (Table 6.13). Again, no strong pattern is

evident. Despite these statistical differences, however, both these communities have

relatively uniform shearing resistance patterns amongst plateaux across the Scottish

Highlands: the mean shear strengths differ by only ~ 5 kPa (U7) and ~ 3 kPa (U10) across

all sites.

Shear strength distributions for both the H20 and U10(R[) communities (Figure 6.16B and

Figure 6.16D, respectively) show considerable between-site variability. The H20

community shows the greatest differences in shear strength amongst plateaux with 90%

(9/10) of paired distributions yielding a statistically significant difference for p < 0.05

(Table 6.13). The only H20 distributions showing no significant difference are those for

the West and East Drumochter Hills (Table 6.13). The results tentatively suggest that the
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shearing resistance of the H20 community increases southwestwards across the Scottish

Highlands. The two U10(7?/) communities that occur on plateaux underlain by mica

schist (Ben Wyvis and Glas Maol) have lower mean shearing resistances and smaller

ranges of shearing resistance values than the two underlain by siliceous schist (Cam nan

Gobhar and West Drumochter; Figure 6.16D).

Table 6.13 Mann-Whitney U-statistic tests of the significance of differences in the distributions of
shear strength between plateaux for the U7, H20. U10 and U10(/?/) plant communities. X

indicates a significant difference at p < 0.05 and NS indicates no significant difference at this

level.

U7 BMC c RC ED WD AT BW
BMC
C X
RC X NS
ED X X NS
WD X X X NS
AT X X X X NS
BW X X X X NS NS

H20 CG BMC c WD ED

CG
BMC X
C X X
WD X X X
ED X X X NS

U10 c WD BW T GM
c
WD NS
BW X NS
T X NS NS
GM X X X NS

U10(RI) BW GM WD CG
BW

GM X
WD X X
CG X X NS
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6.6.1 Discussion

The above results suggest that some communities exhibit a fairly similar range of

sensitivities to physical stress irrespective of site characteristics, whereas others exhibit

markedly different sensitivities to physical stress between plateaux, possibly reflecting

increased physiological sensitivity of the plant assemblages to local conditions. The

apparent northwestwards decline in the resistance of the H20 community across the

Scottish Highlands, for example, may represent changes in the species composition or

levels of stress induced by the increasing influence of oceanic conditions, though no

similar geographic variations are apparent for the other three plant communities

investigated. Differences in the pattern of shearing resistance of the four U10(/?/)

communities investigated, however, may reflect lithological/substrate controls. The

comparatively limited differences in shearing resistance characteristics between plateaux

for the U7 and U10 communities probably reflect fairly small differences in local or intra-

plateau conditions. These may include differences in altitude and therefore differences in

climatic stress affecting the physiological state or species representation of the plant

communities; differences in substrate type, which affect the binding of the vegetation mat

to the substrate; slight differences in proportional representation of dominant species

between plateaux; and different types and levels of stress (such as grazing pressure)

affecting the physiological state of the communities on different plateaux. The results,

however, do not allow dominant controls on shearing resistance differences to be

identified.

The timing of measurements could also have influenced the results for some

communities. Of necessity, the field sites were visited at different times of the year and
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under different weather conditions, so that differences amongst plateaux in intra-

community shearing resistance characteristics may to some extent reflect seasonal growth

development or even shorter-term stress, particularly under the exceptionally dry

conditions of the summer of 2003. Tests on seasonal changes in vegetation mat shearing

resistance would be useful to investigate the degree to which shearing resistance is

affected by plant growth.

6.7 Conclusions and future research

The main aim of this chapter has been to present the findings of a new technique that

quantifies the shearing resistance or sensitivity of different plant community mats to

mechanical stress. Results for 19 of the most common vegetation assemblages on the ten

high plateaux investigated have been presented. The validity of these measurements in

terms of terrain response to mechanical stress is assessed in Chapter 8. The shearing

resistance measurements have shown that it is possible to identify marked inter¬

community differences in the aggregate responses of particular communities, but also

highlighted a large degree of intra-community variance, some of which is accounted for

by differences in the proportional representation of dominant species within communities.

Some communities have been shown to exhibit reasonable between-site consistency in

the pattern of aggregate shearing resistance, whereas others yielded more variable

between-site results.

Section 6.1 highlighted three key areas where an understanding of the variability in the

mechanical sensitivity of high plateau plant communities is desirable. The first concerns

identification of communities that are potentially vulnerable to increases in mechanical
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stress. The results have shown that despite marked intra-community variance in shearing

resistance, there is in all cases at least one significant difference in inter-community

shearing resistance amongst the communities on each of the ten plateaux investigated.

They show that certain communities, notably U7 and U5e, have consistently high

aggregate shearing resistances and thus are potentially less sensitive to mechanical stress

than neighbouring communities such as U10 and HI3. On the majority of plateaux,

grass-dominated (particularly A^r^ws-dominated) communities tend to be most robust,

and communities dominated by bryophytes and prostrate Calluna vulgaris are typically

most sensitive to mechanical stress.

The second key area is identification of factors that distinguish robust plant communities

from sensitive communities. It has been suggested that one of the most important factors

responsible for inter-community variability in shearing resistance is the difference in

rooting characteristics and root architecture of particular species. The dominant species

in the communities investigated are attached to the underlying soil in different ways that

appear to determine, to some extent at least, the shearing resistance of the community as a

whole. The strength characteristics of the root architecture of different communities

deserves further investigation.

Large intra-community variability was recorded for all communities on all plateaux. For

two out of three communities tested, differences in the proportional representation of the

dominant species were shown to account for much of the overall variance in intra-

community shearing resistance. This result implies that changes in the shearing

resistance (sensitivity) of plant communities caused by changes in the proportional

representation of dominant species could have important repercussions for the
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management of these communities. For example, the results suggest that a change to a

Carex-dominated heath, due perhaps to reduction in grazing pressure, will make a

Racomitrium-Carex community more physically robust. Conversely, a change to a

Racomitrium-dom'mated heath, caused by an increase in grazing pressure, will make the

community more sensitive to physical stress. Other general factors that may explain

unaccounted inter- and intra-community variability in vegetation mat shearing resistance

include differences in substrate characteristics (Chapter 7), vegetation density,

physiological state of the vegetation and stresses affecting communities.

The third key area is provision of information for land managers so that potentially

sensitive areas can be managed effectively. The research reported above has advanced

understanding of the mechanical sensitivities of high plateau vegetation and communities

and how and why their sensitivity to mechanical stress varies, potentially permitting more

informed management of plateau areas. The most important advances include

quantification of the mechanical sensitivity of the most common and widespread

vegetation, identification of the factors responsible for much of the variability in

sensitivity between and within these communities, and establishment of differences in

intra-community shearing resistance amongst plateaux for selected communities. The

H20 community, for example, exhibits marked differences in mechanical sensitivity

between plateaux, whereas the U7 and U10 communities are characterised by fairly

consistent ranges in mechanical sensitivity across the plateaux investigated. These

results suggest that some communities are more responsive to regional and local

conditions, that are reflected in differences in intra-community species representation or

physiological stress. Such between-plateau differences in the shearing resistance

characteristics of apparently similar communities complicates the development of a
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widely-applicable classification of terrain sensitivity on the basis of community type

alone.

Several important additional questions have emerged from this research:

1. How do rooting characteristics and root architecture affect shearing resistance?

2. To what extent do extrinsic stresses, physiological stress and seasonal growth stage

affect the shearing resistance of particular plant communities?

3. How does the distribution of communities affect sensitivity? For instance, are small

areas of 'weak' vegetation cover within "stronger' areas as vulnerable to disturbance

as larger areas of "weak' vegetation? Conversely, are small areas of "strong'

vegetation within weaker areas as vulnerable to disturbance as larger areas of 'strong'

vegetation?

4. Why do some plant communities show only limited differences in between-plateau

shearing resistance characteristics, whereas others exhibit marked between-plateau

differences?
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Chapter 7

High plateau surface sensitivity - substrate

7.1 Introduction

Once the overlying protective vegetation cover has been removed or a soil scarp has

developed, the underlying substrate (the second component of high-plateau geo-

complexes) becomes exposed to physical stress. Loss of soil cover from plateaux,

especially the upper humic-rich horizons (Grieve, 2000, 2001), is likely to diminish the

nutrient availability for re-colonising vegetation. Because plateau soils are believed to

have developed in situ over many thousands of years, the resultant decline in soil nutrient

status is likely to have detrimental effects on plateau biodiversity for many years to

follow. Wind erosion, overland flow, rainsplash and trampling are the main physical

stresses that affect high plateau substrates (Ballantyne, 1991a; Evans, 1997; Grieve,

2001). The effects of these stresses can be influenced by moisture content, organic

content, desiccation, frost action, gelifluction and the other factors listed in Figure 6.1. It

is likely that different substrate types have different levels of sensitivity to physical stress,

but no attempt has hitherto been made to quantify such differences. However, Haynes

and Grieve (1998) equated the sensitivity of plateau regolith on the Cairngorms to its

grain size content and thus its susceptibility to cryogenic processes, and wind and water

erosion. Furthermore, a wealth of literature (e.g. Duck and McManus, 1990; Stevenson et

al., 1990; Birnie, 1993) identifies peat or organic soils as being most susceptible to

erosion in upland areas.
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Apart from a few notable exceptions (e.g. Watson, 1985; Grieve et al., 1994; Anderson et

al., 1997; Haynes et al., 1998; Grieve, 2000; Haynes and Grieve, 2000), little research has

been conducted on high plateau substrates and no research has hitherto investigated their

mechanical properties. The mechanics of substrate strength are well documented for low

level soils (e.g. Bell, 1994; Richards and Barton, 1999), particularly agricultural soils and

soils underlying building and infrastructure developments. The mechanics of substrates

on steep slopes prone to failure are rather better understood than the substrates on high

plateaux, probably because the loss of substrate from high plateaux has rarely been

regarded as an economic loss or a potential hazard. However, growing awareness of the

importance of environmental conservation has generated a need for understanding the

variability in sensitivity of different plateau substrate types so that the risk of future

degradation is minimised.

This chapter presents the findings of measurements of the sensitivity of different

substrates to physical stress and discusses the factors responsible for variability in the

sensitivities of different substrate types. An understanding of the variability in the

mechanical sensitivity of high plateau substrate types can help to: (1) identify those

plateaux with substrate types that are potentially most vulnerable to degradation if the

protective vegetation cover is lost; (2) identify the intrinsic characteristics that distinguish

more robust substrate types from sensitive substrate types; and (3) inform the effective

management of potentially sensitive areas. The chapter contains two main sections,

prefaced by a brief account of the main characteristics of the substrate types found on the

ten plateaux investigated. The first section presents measurements of shear and

compressional strength of the substrate at three different depths on all ten plateaux, and

summarises these data using descriptive statistics. The second section presents
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measurements of moisture and organic contents of substrate at three different depths on

all ten plateaux and particle-size analysis of the substrate, and then examines possible

relationships between substrate strength and soil physical properties. A final section then

concludes and summarises the main findings.

7.2 Substrate characteristics

The term "substrate' is employed here to refer to any minerogenic and organic material

overlying bedrock, including regolith (in situ material derived from the weathering of

underlying bedrock), aeolisols (aeolian sediment, usually locally derived), organic soils

(predominantly rankers and podzols), humus and peat. The regolith on high plateaux can

be subdivided into three types (Ballantyne, 1998a; Figure 2.10). Type 1 regolith takes the

form of blockfields; type 2 regolith comprises diamictons with a predominantly sandy

matrix; type 3 comprises frost-susceptible diamictons with a significant component of silt.

The three categories are transitional, depending on the relative abundance of clasts and

fine sediment, and the grain-size distribution of the latter. Regolith can be further sub¬

divided into matrix and clast-supported types. Matrix-supported regolith is typically

composed of fine (< 2 mm) sediment with few clasts present, while clast-supported

regolith has an abundance of clasts that provide the structure of the regolith with finer

sediment filling voids between clasts.

Substrate depth varies considerably from only a few centimetres to over a metre and is

often dependent on substrate type. For example, peat can exceed a metre in depth,

whereas regolith may only be a few centimetres deep on weathering-resistant lithologies.

Variability of substrate depth across plateaux tends to be dependent on topography.
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Areas with thin or no substrate cover tend to be those that stand proud of the surrounding

plateau and are exposed to high wind speeds, whereas hollows and sheltered locations

often support a thicker substrate cover. However, variability in the resistance of lithology

to weathering, even across individual plateaux, can have a significant effect on depth and

type of substrate cover.

Seven types of substrate were investigated (Table 7.1): peat, organic substrate (including

organic soils, organic sands and humic material that contain some minerogenic sediment,

but are predominantly composed of organic material), matrix-supported type 2 and type 3

regolith (these can contain a component of organic material but minerogenic material

comprises more than 50% of the sediment composition), clast-supported organic substrate

(organic material that has filled voids between clasts or organic substrate that has been

penetrated by frost-heaved clasts) and clast-supported type 2 and type 3 regolith.

Blockfields (type 1 regolith) are considered to be robust to all contemporary mechanical

stresses and are, therefore, not investigated in this study. Measurements of shear and

compressive strength were not always possible within the clast-supported substrate. In

such cases, the clast-supported substrate was regarded as being robust. Once clast-

supported soil is exposed at the surface, it quickly forms a protective armoured layer.

Table 7.1 provides an indication of the proportions of the different substrate types that

were found within the pits on the ten plateaux investigated. There were between 1 -4 soil

pits excavated within each plant community on each plateau investigated, the number

being dependent on the size of the plant community and plateau. The figures are derived

from both estimates of relative proportions of the different substrate types from field

observations and more detailed measurements from particle size distributions. The two
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Table 7.1 Percentage contribution of seven different substrate types for the ten plateaux for three

depths and their average contributions. C-S = clast-supported. Type 2 and 3 refer to types of

regolith. AT = An Teallach, BMC = Ben Mor Coigach, C = Cairngorm, RC = the Red Cuillin,
WD = West Drumochter, GM = Glas Maol, BW = Ben Wyvis, CG = Cam nan Gobhar, T =

Trotternish and ED = East Drumochter.

Plateau- substrate/depth Peat Organic
substrate Type 2 Type 3

C-S organic
substrate

C-S Type 2 C-S Type 3

AT-0-10 0 5 95 0 0 0 0
AT-10-20 0 2 98 0 0 0 0
AT-20-30 0 0 100 0 0 0 0

AT-OVERALL 0 2 98 0 0 0 0

BMC-0-10 0 18 82 0 0 0 0
BMC-10-20 0 5 85 0 0 10 0
BMC-20-30 0 5 85 0 0 10 0

BMC-OVERALL 0 9 84 0 0 7 0

C-0-10 0 41 42 0 0 16 0
C-10-20 0 14 59 0 0 27 0
C-20-30 0 14 58 0 0 29 0

C-OVERALL 0 23 53 0 0 24 0

RC-0-10 0 13 75 0 0 12 0
RC-10-20 0 15 72 0 0 14 0
RC-20-30 0 16 69 0 0 15 0

RC-OVERALL 0 14 72 0 0 14 0

WD-0-10 0 63 24 5 8 0 0
WD-10-20 0 9 52 2 37 0 0

WD-20-30 0 0 40 0 56 4 0
WD-OVERALL 0 24 39 2 33 1 0

GM-0-10 0 39 14 47 0 0 0

GM-10-20 0 0 34 26 0 23 17

GM-20-30 0 0 28 16 4 28 24

GM-OVERALL 0 13 25 30 1 17 14

BW-0-10 0 70 12 3 0 13 3

BW-10-20 0 19 25 8 2 35 13

BW-20-30 0 4 33 13 4 32 14

BW-OVERALL 0 31 23 8 2 26 10

CG-0-10 0 60 37 3 0 0 0

CG-10-20 0 41 49 11 0 0 0

CG-20-30 0 14 49 10 23 4 0

CG-OVERALL 0 38 45 8 8 1 0

T-0-10 14 86 0 0 0 0 0

T-10-20 29 50 1 0 13 6 1

T-20-30 29 14 5 2 19 27 5

T-OVERALL 24 50 2 1 10 11 2

ED-0-10 25 35 31 9 0 0 0

ED-10-20 25 21 19 4 9 19 3

ED-20-30 19 13 0 0 1 56 11

ED-OVERALL 23 23 17 5 3 25 5
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Figure 7.1 Three representative soil pits from the ten excavated on Ben Mor Coigach showing
organic sands in Pit 1 (A), type 2 regolith in Pit 5 (B) and clast-supported type 2 regolith in Pit 3
(C).
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Figure 7.2 Three representative soil pits excavated on Cairngorm showing aeolian type 2
substrate in Pit 5 (A), a weak podzol above type 2 regolith in Pit 9 (B) and clasts protruding into
the right of Pit 13 (C).
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Figure 7.3 Two representative soil pits on the Red Cuillin showing organic substrate containing
some minerogenic material and clasts in Pit 3 on Beinn na Caillich (A) and type 2 regolith
containing some organic material in Pit 2 on Beinn Dearg Mhor (B).
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Figure 7.4 Two representative soil pits from West Drumochter showing matrix-supported type 2

regolith in Pit 5 on A'Mharconaich (A) and organic substrate and clast-supported organic
substrate in Pit 4 on Geal Cam (B).

sandstone plateaux, An Teallach and Ben Mor Coigach, are dominated by matrix-

supported type 2 regolith (Figure 7.1). On the Cairngorms, just over half the substrate

takes the form of type 2 regolith with over 20% being clast-supported (Figure 7.2). The

remaining substrate is comprised of predominantly organic material. The substrates on

the Red Cuillin and West Drumochter comprise mainly humic material near the surface

and organic-rich sands at lower depths (Figures 7.3 and 7.4). Glas Maol and Ben Wyvis
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Figure 7.5 Two representative soil pits from Glas Maol showing clast-supported organic substrate
with a significant minerogenic component and evidence of podzolisation in Pit 2 (A) and clast-

supported type 3 regolith overlain by a podzol in Pit 5 (B).

support mainly matrix- and clast-supported type 3 regolith, with organic soils and humic

material being most abundant in the upper 10 cm (Figure 7.5 and 7.6). The substrate on

Cam nan Gobhar comprises type 2 regolith, organic sands and humic material (Figure

7.7). Trottemish is covered by peat over large areas of the plateau. The more exposed

higher parts tend to be underlain by type 3 regolith with an organic component, which, in
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Figure 7.6 Two representative soil pits from Ben Wyvis showing matrix-supported type 3

regolith overlain by a podzol and humic material in Pit 6 (A) and clast-supported type 3 regolith
in Pit 9 (B).

some areas, is derived from the accumulation of windblown sands and silts that have blown

onto the plateau from the adjacent cliff faces (Ballantyne, 1998b) and podzols and humic

material in the upper 10 cm. Large areas of peat also blanket East Drumochter (Figure

7.8). Areas unaffected by peat development support podzols and humic material that

typically overlie both matrix and clast-supported type 2 regolith (Figure 7.8).
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Figure 7.7 Three representative soil pits from Cam nan Gobhar showing aeolian type 2 substrate
layered between organic substrate in Pit 2 (A), matrix-supported type 2 regolith overlain by a

weak podzol and humic material in Pit 4 (B) and a thick layer of organic-rich substrate overlying
clast-supported type 2 regolith in Pit 6 (C).
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Figure 7.8 Three representative soil pits from East Drumochter showing matrix-supported type 2
substrate with a significant organic content in Pit 3 (A), matrix-supported type 2 regolith overlain
by a weak podzol and humic material in Pit 8 (B) and peat in Pit 16 (C).
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7.3 Substrate strength

As outlined in Chapter 4, substrate strength was evaluated using a shear vane (which

assesses shear strength) and a penetrometer (which assesses soil resistance to compressive

stress). Both represent proxy measures of the resistance of exposed substrate to a variety

of types of disturbance, including disaggregation by frost heave and desiccation,

entrainment by wind and running water, and the impact of direct stresses such as

trampling by sheep, deer and walkers. Where feasible, measurements were made in the

walls of substrate pits at depths of 0-10 cm, 10-20 cm and 20-30 cm, irrespective of

substrate stratigraphy or horizon development.

The shear strength of a substrate is its resistance to shearing failure. If at a point on any

plane within a substrate mass the shearing force exceeds the shearing resistance of the

substrate, failure will occur at that point. In accordance with Terzaghi's fundamental

concept that shear stress in substrate can be resisted only by the skeleton of solid

particles, shearing resistance (SR) is expressed as a function of effective normal stress:

SR = C' + (o„' tan <D') (7.1)

= C' + (W cos a -u) tan O' (7.2)

where C' is the effective apparent cohesion, an' is the effective normal stress, O' is the

effective angle of shearing resistance, W is the weight of soil overlying the potential point

of shear, a is slope angle and u is porewater pressure (Craig, 1997). Failure will thus

occur at any point where a critical combination of shear stress and effective normal stress

occurs. On slopes, this often occurs because of a decrease in effective normal stress due

to a rise in porewater pressure. On plateaux, an increase in shearing force is more likely

to trigger micro-scale failure.
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The compressive strength of a substrate is dependent on the degree of compaction, which

in turn is related to the packing of particles in the substrate. In general the higher the

degree of compaction, the higher will be the shear strength and compressive strength, and

the lower will be the compressibility of the substrate. The compressive strength of a

substrate therefore indicates how compact and thus how strong the substrate is, and thus

provides a proxy measure of resistance to disturbance. Intuitively, substrate at depth

might be expected to be more compact than near-surface soil because of closer packing of

particles under the weight of overlying soil. Low compressional strength at the surface

may also result from the action of cryoturbation and bioturbation, both ofwhich may tend

to loosen the packing of particles.

7.3.1 Substrate shear strength

The data representing the shear strength of the substrate on the ten plateaux are

summarised in Figure 7.9 and Table 7.2. For the 0-10 and 10-20 cm horizons each

individual data point in Figure 7.9 represents the mean of ten shear vane measurements

for each sample pit, while the data points represented at the 20-30 cm depth represent the

mean of six shear vane measurements. Because it was not always possible to measure the

shear strength at all depths in all pits (mainly because of abundant clasts or bedrock at 20-

30 cm depth) there are often fewer data points at lower depths, particularly for the

Cairngorms and the Red Cuillin.

190



Chapter 7

Shear strength (kPa)

Figure 7.9 Dispersion diagrams of substrate shear strength (red dots) for three depths on the ten

plateaux. The blue dots represent the mean values.
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Table 7.2 Descriptive statistics summarising the shear strength data for the substrate within the
three horizons for all plateaux. Nomenclature follows that described in Table 7.1. SE = standard

error; sd = standard deviation; cv = coefficient of variability.

Shear

strength
n Mean Median SE sd cv Range Minimum Maximum

AT-0-10 11 32.1 28.9 4.68 15.52 48.3 52.7 11.6 64.3
AT-10-20 10 40.2 40.5 2.77 8.76 21.8 25.3 28.4 53.7
AT-20-30 10 46.0 45.4 2.26 7.15 15.5 19.8 36.1 55.9

BMC-0-10 10 37.2 37.7 1.65 5.23 14.1 16.7 26.7 43.4
BMC-10-20 9 49.4 49.5 3.13 9.39 19.0 25.3 36.0 61.3
BMC-20-30 9 58.7 53.6 4.05 12.16 20.9 38.0 45.2 83.2

C-0-10 13 29.3 28.2 2.64 9.52 32.5 27.2 15.7 42.9
C-10-20 3 48.5 40.5 8.42 14.58 30.1 25.7 39.6 65.3
C-20-30 1 54.1 54.1 * * 0.0 54.1 54.1

RC-0-10 10 33.5 35.1 2.60 8.22 24.6 26.7 20.2 46.9
RC-10-20 6 58.5 53.2 6.47 15.86 27.16 42.7 47.5 90.2
RC-20-30 2 53.0 53.0 0.08 0.11 0.26 0.2 52.9 53.1

WD-0-I0 9 35.5 35.1 4.16 12.49 35.2 42.1 21.5 63.6
WD-10-20 9 41.9 41.7 4.08 12.26 29.3 36.5 23.1 59.6
WD-20-30 6 58.8 63.2 7.16 17.54 29.8 41.2 34.9 76.1

GM-0-10 5 35.8 37.6 3.02 6.77 18.9 17.3 24.1 41.4

GM-10-20 4 44.8 43.4 3.94 7.89 17.6 16.8 37.8 54.6

GM-20-30 4 69.2 76.6 7.99 15.99 23.1 33.0 45.2 78.2

BW-0-10 11 32.7 33.1 2.45 8.13 24.9 31.7 17.1 48.8

BW-10-20 9 37.2 37.2 2.92 8.76 23.5 26.5 23.6 50.1
BW-20-30 10 47.5 50.8 3.37 10.65 22.4 34.6 25.8 60.4

CG-0-10 7 34.6 32.4 2.50 6.63 19.2 18.6 27.8 46.4
CG-10-20 7 48.6 49.4 4.36 11.54 23.8 28.7 31.3 60.0

CG-20-30 6 69.0 69.0 2.30 5.65 8.2 16.5 61.6 78.1

T-0-10 7 28.0 29.0 3.88 10.27 36.7 28.2 16.4 44.6

T-10-20 7 46.2 47.9 5.07 13.43 29.1 44.6 25.4 70.0

T-20-30 6 61.1 58.5 8.83 21.63 35.4 56.1 36.2 92.3

ED-0-10 15 29.6 32.3 2.45 9.49 32.1 31.6 11.2 42.8

ED-10-20 10 29.7 27.9 2.49 7.88 26.5 22.9 19.8 42.7

ED-20-30 7 33.7 31.2 2.48 6.57 19.5 19.4 28.1 47.5

Several patterns emerge from these data. As might be expected, mean shear strength

tends to increase with depth at all sites, though at certain sites, such as Ben Wyvis and

East Drumochter, there is only a small increase with depth, whereas at others, such as
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Glas Maol and Cam nan Gobhar, there is a fairly marked increase in mean shear strength

with depth. The increase in mean shear strength with depth probably reflects a number of

factors. First, overburden pressures increase with depth, potentially increasing soil

packing and degree of particle interlocking at lower depths. This effect is examined

further in Section 7.4. Secondly, the effects of frost action, particularly frost heave and

needle-ice activity, may have loosened the near surface soil, reducing inter-particle

contact, frictional resistance, packing and possibly cohesion. Third, the uppermost soil

layers tend to have a higher organic content, which may separate inter-grain contacts,

thereby reducing frictional strength.

Although the data indicate a general increase in shear strength with depth, some

individual pits show no increase in strength with depth or even a decrease in strength with

depth. For example, Pit 7 on Ben Wyvis shows no increase of strength with depth and Pit

1 on West Drumochter shows a decrease of 30 kPa between the 0-10 cm level and the 20-

30 cm level. These are, however, exceptional; even at the level of individual soil pits, an

increase in shearing resistance with depth is the norm.

Shear strength values vary greatly within and between sites. The minimum shear strength

value is 11.2 kPa associated with peat from the upper level on East Drumochter. This is

only 0.4 kPa lower than the minimum value for the upper level on An Teallach, which is

derived from humus beneath an intact area of the U7 community. The maximum shear

strength value is 92.3 kPa and is derived from clast-supported type 2 regolith from the 20-

30 cm level on Trotternish. This represents an 80-kPa difference in the shear strengths of

the weakest and strongest substrate types. Variability in shear strength also occurs within

individual substrate types. The data suggest that the shear strength of peat ranges from 11
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kPa to 30 kPa, humic material (organic-rich soil) ranges from 11 kPa to 50 kPa,

depending on the density of roots, matrix-supported soil ranges from 20 kPa to 80 kPa

and clast-supported regolith ranges from 50 kPa to > 100 kPa. The clast-supported

regolith is difficult to quantify because the measurements were generally made in the fine

fraction (< 2 mm) between clasts. However, clast-supported substrate is likely to be

much stronger than other substrate types. These values represent large variation in shear

strength and sensitivity of particular substrate types but also indicate overlap in strength

and hence sensitivity between the different substrate types. This overlap may hinder a

detailed and widely-applicable classification of substrate/terrain sensitivity.

A particularly interesting feature of the data is that the mean shear strength for the 0-10

cm level is remarkably similar for all sites: the overall mean value is 32.8 kPa, and

individual means range from 29.0 kPa (Trotternish) to 37.2 kPa (Ben Mor Coigach), with

no particularly strong differences between soils developed on different lithologies.

Within-site differences tend to be much greater: the mean within-site range for 0-10 cm

depth at all sites is 29.3 kPa, and individual ranges themselves range from 16.7 kPa for

Ben Mor Coigach to 52.7 kPa for An Teallach. In view of the limited range of mean

values across all sites, such variations in range are reflected in the values calculated for

the coefficient of variability (cv in Table 7.2; cv = (standard deviation (s) / mean) x

100%)). Thus the lowest coefficient of variability (14.1%) is for Ben Mor Coigach, and

the highest (48.3%) for An Teallach. This example suggests that there is little or no

correspondence between variance and lithology, as both Ben Mor Coigach and An

Teallach are underlain by Torridon Sandstone. In sum, the shear strength data for the

near-surface level (0-10 cm depth) suggest that lithology and thus regolith type is not

necessarily a major control on soil shearing resistance, and that local controls are much
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more important in influencing the mean values and variance at particular sites. At lower

levels the mean shear strength values tend to differ more between plateaux: individual

means range from 33.7 kPa (East Drumochter) to 69.2 kPa (Glas Maol) for substrate from

the 20-30 cm level. Plateaux of similar lithology also show variation in mean shear

strength with depth, further supporting the suggestion that lithology and thus regolith type

is not a major control on substrate shearing resistance.

On An Teallach, Cam nan Gobhar and East Drumochter the range of shear strength

values decrease with depth. For example, the coefficient of variability decreases from

48.3% (0-10 cm level) to 15.5% (20-30 cm level) with depth on An Teallach. This

suggests that there are fewer local controls affecting the substrate at depth compared to

the near-surface level at these sites. Ben Mor Coigach, however, shows an increase in the

variability of shear strength values with depth, suggesting that variability in the intrinsic

physical properties affecting substrate at lower depths is diluted in the upper levels.

These results suggest that local controls on substrate shearing resistance may vary greatly

in their effects on different substrate types across the Scottish Highlands.

At most sites, the range of shearing resistance values overlap between at least two of the

levels but on Ben Mor Coigach, Glas Maol and Cam nan Gobhar there is no overlap

between the uppermost and lowermost levels (Table 7.2), which indicates that across

these plateaux the substrate at lower depths is significantly more robust to physical stress

than substrate from the upper levels. However, where there is large overlap between the

range of shearing resistance values of all three levels (An Teallach, West Drumochter,

Ben Wyvis, Trottemish and East Drumochter), it is possible for some areas of the

substrate at lower levels to be as sensitive to physical stress as the soil in the upper levels.
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Therefore, a greater depth of substrate may be lost from these plateaux if exposed to

physical stress.

7.3.2 Substrate compressive strength

The data representing the compressive strength of the substrate on the ten plateaux are

summarised in Figure 7.10 and Table 7.3. The compressive strength data points

represented in Figure 7.10 were derived following the same procedure as described above

for the shear strength data points, but using a penetrometer instead of a shear vane.

At all sites there is a general increase of compressive strength with depth (Figure 7.10),

which is likely to be the result of the factors discussed above. Mean compressive

strength, however, does not increase monotonically with depth at all sites: for the

Cairngorms and East Drumochter, the 10-20 and 20-30 cm levels yield very similar

values, with the means for 10-20 cm levels being slightly higher (Table 7.3). Substrate

compressive strength also exhibits considerable within-level variation: the 20-30 cm level

yields a range of 26.1 kPa on Glas Maol, the Trotternish 0-10 cm level yields a range of

6.6 kPa and the average range for all sites is 15.2 kPa. Certain soils developed on similar

lithologies (sandstone, granite and mica schist) yield different mean compressive strength

values, especially for the 0-10 cm level. For example, An Teallach has a mean value of

12.5 kPa, while Ben Mor Coigach has a mean value of 18.4 kPa. This suggests that for

some lithologies there is little correspondence between lithology and variability in the

compressive strength of substrate, and that local controls are likely to be the dominant

influence on the variability of substrate compressive strength between these plateaux.
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Figure 7.10 Individual value plots of substrate compressive strength. Figure details follow those
described for Figure 7.9.
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Table 7.3 Descriptive statistics summarising the compressive strength for the three horizons on

the ten plateaux. Details of nomenclature are described in Table 7.1. SE = standard error; sd =

standard deviation; cv = coefficient of variability.

Compressive
strength

n Mean Median SE sd cv Range MinimumMaximum

AT-0-10 11 12.5 10.8 1.50 4.98 39.8 15.4 6.4 21.8
AT-10-20 10 19.2 18.6 1.83 5.79 30.2 14.5 12.0 26.5
AT-20-30 10 21.5 22.1 1.80 5.70 26.5 17.2 13.5 30.6

BMC-0-10 10 18.4 18.1 1.89 5.97 32.5 20.8 9.1 29.9
BMC-10-20 10 26.1 26.8 1.13 3.58 13.7 11.0 19.6 30.6
BMC-20-30 9 29.6 29.0 2.18 6.55 22.1 19.2 18.4 37.6

C-0-10 13 17.5 15.9 1.20 4.33 24.7 13.7 11.5 25.2
C-10-20 5 32.1 31.9 4.11 9.19 28.6 21.1 22.1 43.1
C-20-30 2 29.6 29.6 3.47 4.91 16.6 6.9 26.1 33.1

RC-0-10 10 12.2 11.9 0.52 1.64 13.4 4.9 9.8 14.7
RC-10-20 8 26.9 25.0 2.23 6.31 23.5 17.6 20.8 38.5
RC-20-30 2 29.2 29.2 5.92 8.37 28.7 11.8 23.3 35.1

WD-0-10 9 11.6 9.6 1.99 5.96 51.4 18.1 2.9 21.1
WD-10-20 9 16.6 16.2 1.49 4.48 27.0 14.9 12.0 27.0
WD-20-30 6 22.1 19.8 2.50 6.11 27.7 15.9 16.7 32.7

GM-0-10 5 16.5 17.7 2.04 4.55 27.6 11.2 9.4 20.6

GM-10-20 5 19.1 19.4 1.46 3.26 17.1 8.6 15.4 24.0
GM-20-30 5 21.6 24.2 4.45 9.96 46.1 26.1 6.9 33.1

BW-0-10 12 11.7 11.4 1.11 3.85 32.9 15.7 5.9 21.6

BW-10-20 11 21.5 22.8 1.19 3.94 18.3 13.3 13.9 27.2

BW-20-30 10 28.8 27.8 1.29 4.08 14.2 11.4 22.9 34.3

CG-0-10 7 12.5 10.5 2.16 5.72 45.8 12.7 7.4 20.1

CG-10-20 7 26.1 27.9 2.14 5.65 21.7 17.4 14.7 32.1
CG-20-30 6 37.3 39.4 2.04 4.99 13.4 12.7 29.0 41.7

T-0-10 7 6.9 4.9 1.10 2.90 42.0 6.6 4.2 10.8

T-10-20 7 16.8 20.1 3.22 8.51 50.7 22.8 4.9 27.7

T-20-30 6 22.9 21.0 3.49 8.54 37.3 22.1 11.0 33.1

ED-0-10 16 13.0 13.2 1.44 5.77 44.4 15.7 4.9 20.6

ED-10-20 15 16.8 17.2 1.55 5.99 35.7 22.8 7.6 30.4

ED-20-30 10 16.2 16.5 1.77 5.58 34.4 13.9 9.8 23.7

Overlap in the range of compressive strengths occurs between at least two of the

measurement levels at all sites. There is no overlap between the 0-10 cm level and the

lower levels on the Red Cuillin and between the 0-10 cm and 20-30 cm levels on the
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Cairngorms, Ben Wyvis, Cam nan Gobhar and Trottemish. Overlap between all three

levels occurs at all remaining sites, suggesting that lower levels of substrate in some areas

are equally sensitive to physical stress as some upper levels. Where this occurs, all 30 cm

of substrate may be equally vulnerable to erosion.

At all but one site, the 0-10 cm level yielded the lowest compressive strength. The

exception is on Glas Maol where the lowest value is derived from the 20-30 cm level.

This value is associated with very loose fine material filling voids between pebbles. As

all of the measurements from the 20-30 cm level on Glas Maol were made in the C-

horizon, it suggests that variability in the physical properties of the regolith derived from

weathering of the underlying lithology may influence the strength of substrate at lower

depths and thus represent a dominant influence on substrate strength for plateaux

underlain by lithologies of variable composition.

This wide range of both shear and compressive strength values implies that the sensitivity

of the substrate to physical stress within and between plateaux is likely to be diverse, and

a mosaic of substrate sensitivities is likely. Possible causes for these variations in

substrate strength are investigated further in the following sections.

Figure 7.11 displays the relationship between substrate shear and compressive strength. It

shows that there are positive correlations at all sites investigated. The strength of the

relationship as measured by the Spearman's rank correlation coefficient varies between

sites. The relationship is strongest for Cam nan Gobhar (rs = 0.891) and Trottemish (rs =

0.843) and weakest for Glas Maol (rs = 0.435) and East Drumochter (rs = 0.444). Such

variability in correlation strength probably reflects the fact that these different strength
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Figure 7.11 Individual value plots showing the correlation of the shear and compressive strengths
of the substrates and the strength of the relationships represented by the rs value. The blue line
represents the regression line.
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properties are likely to be influenced by different intrinsic and extrinsic variables: for

instance, roots and clasts affected the penetrometer much less than the shear vane.

However, the correlations provide evidence that the techniques provide robust measures

of the strength and sensitivities of plateau substrates.

Figure 7.11 also highlights the considerable within and between-site variation of substrate

strength. A notable between-site difference, for sites underlain by similar lithologies, is

that there are more areas of substrate on An Teallach that have lower strength values than

on Ben Mor Coigach, which has more areas with high strength values. The two granite

plateaux (Cairngorms and the Red Cuillin) yielded no compressive strength values below

~ 10 kPa, whereas all other plateaux have areas of substrate that yield compressive

strength values below ~ 10 kPa. The substrate on East Drumochter yields the lowest

substrate strength values, with no shear and compressive strength values exceeding 50

and 25 kPa, respectively. Substrate derived from schist exhibits the greatest variability in

strength between and within sites, probably reflecting marked lithological variability

within the schists. However, it is possible that substrate properties, derived from the

underlying lithology, are not uniform within and between plateaux, which may explain

some of the variability in substrate strength. Local variables, such as moisture and

organic content, may exert more control. These variables are investigated in the

following section.

7,4 Physical properties of substrate: moisture content, organic content and fine-
fraction granulometry

Three substrate physical properties (moisture content, organic content and granulometry)

were measured from remoulded (i.e. bagged) samples of ~ 1 kg of soil collected from 0-
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10 cm, 10-20 cm and 20-30 cm depths in all pits at all ten sites, to examine the effects of

substrate properties on shear and compressive strengths. The moisture contents presented

here represent one-off measurements that depend on soil moisture conditions at the time

of sampling, and thus represent only a 'snapshot' of soil moisture content that may not be

representative of long-term mean or extreme conditions. The organic content and

particle-size measurements, however, may be considered representative of long-term

values, as both parameters change slowly over time.

All samples were first sieved through an 8 mm sieve to remove larger particles prior to

analysis of moisture and organic content. Grain-size distribution was assessed for

particles < 2 mm only, as larger grain sizes are liable to distort the distribution for

samples of limited (~ 1 kg) size.

7.4.1 Moisture content

The moisture content (/w) of the samples was established following the BS 1377

procedure and represents the ratio (represented as a percentage) of the mass of water (A/w)

to the mass of solids (M) in the substrate at the time of sampling:

m = MW:MS (7.2)

Moisture content was determined by weighing a sample of the substrate and then drying

the sample in an oven at a temperature of 105-110°C and reweighing. Drying continued

until the difference between successive weighings at four-hourly intervals was <0.1% of

the original mass of the sample. Three sub-samples were tested for each sample and the

average of the three calculated.
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Figure 7.12 summarises the results. Note that the scale along the horizontal axis varies, to

allow representation of a wide range of soil moisture contents amongst the 10 sites. The

moisture content of the substrate varies considerably within and between levels and also

between plateaux. The mean moisture content varies from 11.4% on An Teallach to

582.4% on Trotternish (Table 7.4). The minimum moisture content measured was 4.3%

derived from the 20-30 cm level on the Cairngorms, and the maximum was 832.5% from

the 0-10 cm level on Trotternish. Moisture content also varies considerably within levels,

the minimum range being 6.9% at 10-20 cm depth on An Teallach and the maximum

range, 598.7% at 20-30 cm depth on Trotternish (Table 7.4). The high cv values for the

majority of levels at most sites highlights the large variance in moisture contents across

plateaux. The notable exception is Glas Maol, which has much smaller cv values for all

levels (< 40) compared to other sites.

Typically the highest mean moisture content occurs in the upper level on all plateaux and

declines by ~ 50% at the 10-20 cm level, with only a slight decrease or no decrease at all

between the 10-20 and 20-30 cm levels. The one notable exception to this pattern is the

Red Cuillin where mean moisture content increases between the 10-20 and 20-30 cm

levels. Sites supporting extensive areas of peat (Trotternish and East Drumochter) have

high moisture content values, but even these decline with depth. Other sites with high

moisture contents, such as the Red Cuillin, West Drumochter, Ben Wyvis and Cam nan

Gobhar, tend to have high humic contents beneath U7 communities. This relationship

between moisture and organic content is investigated in the following section.
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Moisture content (%)

Figure 7.12 Dispersion diagrams of substrate moisture content. Figure details follow those
described for Figure 7.9; a and b show the distributions of substrate moisture content values
without extreme anomalous values for An Teallach and Cairngorm, respectively.
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Table 7.4 Descriptive statistics summarising the moisture content for the three horizons on the
ten plateaux. Details of nomenclature are described in Table 7.1. SE = standard error; sd =

standard deviation; cv = coefficient of variability.

Moisture
content

n Mean Median SE sd cv Range Minimum Maximum

AT-0-10 11 22.3 12.8 10.14 33.63 151.1 117.0 5.8 122.9
AT-10-20 4 11.5 10.9 1.64 3.29 28.5 6.9 8.6 15.6
AT-20-30 5 11.4 8.6 2.76 6.17 54.1 15.3 6.6 21.9

BMC-0-10 10 14.0 11.8 2.11 6.67 47.5 20.8 8.5 29.3
BMC-10-20 1 23.4 23.4 * * * 0.0 23.4 23.4
BMC-20-30 2 13.0 13.0 5.86 8.29 63.7 11.7 7.2 18.9

C-0-10 14 44.2 15.7 26.73 100.03 226.4 379.9 11.3 391.3
C-10-20 14 23.9 16.5 4.51 16.88 70.7 61.5 9.4 70.9

C-20-30 10 15.7 13.8 2.92 9.23 58.9 31.1 4.3 35.4

RC-0-10 10 115.6 109.9 19.79 62.58 54.2 203.1 14.3 217.4

RC-10-20 10 65.4 59.1 11.00 34.79 53.2 117.4 11.1 128.5

RC-20-30 7 90.4 83.1 14.81 39.18 43.4 104.5 47.6 152.1

WD-0-10 9 118.2 62.6 44.83 134.48 113.7 333.5 16.9 350.4

WD-10-20 9 48.1 24.8 17.44 52.31 108.8 165.9 14.7 180.6

WD-20-30 9 50.9 29.9 13.82 41.47 81.5 112.2 12.6 124.7

GM-0-10 3 62.8 74.1 13.32 23.08 36.8 41.8 36.2 78.0

GM-10-20 4 35.3 37.5 3.03 6.05 17.2 13.1 26.5 39.6

GM-20-30 4 28.9 28.6 5.15 10.30 35.6 20.6 19.0 39.6

BW-0-10 12 220.8 182.6 41.52 143.84 65.1 403.8 18.3 422.0

BW-10-20 12 65.6 34.3 21.59 74.77 114.0 223.7 19.2 242.9
BW-20-30 10 28.7 24.4 3.47 10.96 38.2 35.7 20.9 56.6

CG-0-10 7 131.1 60.7 50.03 132.36 101.0 357.6 14.8 372.4

CG-10-20 7 33.9 18.5 16.10 42.60 125.5 119.6 9.3 128.9

CG-20-30 7 22.7 17.7 4.49 11.87 52.2 28.4 10.2 38.6

T-0-10 7 582.4 522.8 88.97 235.40 40.4 594.5 238.0 832.5

T-10-20 7 347.9 256.6 98.09 259.51 74.6 590.7 129.2 719.9

T-20-30 7 251.9 147.5 97.21 257.19 102.1 598.7 20.5 619.2

ED-0-10 16 186.7 66.6 55.21 220.86 118.3 577.8 19.8 597.6

ED-10-20 13 59.6 40.2 14.49 52.23 87.6 193.8 26.3 220.1

ED-20-30 13 27.0 22.1 4.27 15.41 57.0 54.6 10.1 64.8
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7.4.2 Organic content

The oven-dried samples, used to establish the moisture contents, were then used to

establish the organic content of the substrate by loss on ignition (LOI). At a drying

temperature of 105-110 °C, organic carbon would not have been burnt off when obtaining

the moisture content values. The organic content (o) of the samples represents the ratio

(represented as a percentage) of the mass of organic material (M0) to the mass of dry soil

in the substrate at the time of sampling:

o = M0:Mm (7.3)

Organic content was determined by weighing a sample of soil and then placing it in a

furnace for a period of six hours at 600°C to ignite and burn off the organic material and

then reweighing. Three sub-samples were tested for each sample and the average of three

calculated.

Figure 7.13 summarises the organic content results. The scale along the horizontal axis

also varies for these data, allowing representation of a wide range of soil organic contents

amongst the ten sites. The organic content of the substrate varies considerably within and

between levels and also between plateaux. Within-site variance is represented by large cv

values for most sites (Table 7.5). Substrate organic contents range from as low as 0.5%

on An Teallach to > 93% on East Drumochter (peat). On the Cairngorms, West

Drumochter, Glas Maol, Ben Wyvis, Cam nan Gobhar, Trotternish and East Drumochter,

substrate organic content decreases with depth. If a single anomalously large organic

content value is removed from the 0-10 cm level on the Cairngorms there is little

variability in the mean organic contents with depth (Figure 7.13b). The Cairngorms

organic content values are similar to those published by Grieve (2000) for the same site.
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On An Teallach, Ben Mor Coigach and the Red Cuillin there is no obvious decrease in

organic content with depth. The substrate derived from sandstone (An Teallach and Ben

Mor Coigach) yields very low organic contents for both sites. Therefore, because the

substrates from both these sites yield very different strength properties (see section 7.3),

organic content is not a dominant control on substrate strength at these sites. The peat on

Trottemish and East Drumochter, unsurprisingly, yields the highest organic contents (up

to 98.4%) but this contrasts markedly with the relatively low organic contents associated

with the minerogenic substrate at these sites (< 40%), resulting in these plateaux having

the highest ranges (> 93%). Organic content is unlikely to be the dominant control on

substrate strength on plateaux across the Scottish Highlands because on plateaux where

there is very low variation in substrate organic content (An Teallach, Ben Mor Coigach

and the Cairngorms) there is a large variation in substrate strength. Furthermore, many

areas of substrate, on all sites investigated, have very low organic contents, typically <

10%, with the exception of Trotternish where all samples collected had organic contents >

10%, yet the range of shear strength values on this site is similar to those on other sites,

further highlighting the limited influence organic content has on substrate strength.

The substrate from the 0-10 cm level on Ben Wyvis yields a high organic content because

humic material has accumulated beneath the intact vegetation mats, particularly the U7

vegetation mats. A particularly unusual finding is the high organic content of the 20-30

cm level on the Red Cuillin, which has a mean value of 25.8% and is higher than both the

upper levels. This high organic content is associated with a basal organic-rich layer

overlying weathered bedrock that was found within several pits and is unlikely to

represent downwashed material. The significance of this finding is discussed in Chapter

9.
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Figure 7.13 Dispersion diagrams of substrate organic content. Figure details follow those
described for Figure 7.9. a and b show the distributions of substrate organic content values
without extreme anomalous values for An Teallach and Cairngorm, respectively.
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Table 7.5 Descriptive statistics summarising the organic content for the three horizons on the ten

plateaux. Details of nomenclature are described in Table 7.1. SE = standard error; sd = standard

deviation; cv = coefficient of variability.

Organic
content

n Mean Median SE sd cv Range Minimum Maximum

AT-0-10 11 3.6 2.0 1.82 6.04 165.9 20.9 0.9 21.8

AT-10-20 4 1.7 1.7 0.11 0.22 12.5 0.5 1.5 2.0

AT-20-30 4 1.8 1.2 0.80 1.59 88.0 3.4 0.7 4.1

BMC-0-10 10 2.2 1.7 0.43 1.34 61.7 4.5 1.1 5.6
BMC-10-20 1 4.3 4.3 ♦ * * 0.0 4.3 4.3
BMC-20-30 2 1.8 1.8 1.51 0.73 39.5 1.0 1.3 2.4

C-0-10 14 8.1 3.5 4.15 15.53 191.4 59.0 1.5 60.4

C-10-20 14 3.3 2.1 0.98 3.65 109.2 12.6 0.7 13.3
C-20-30 10 3.0 3.3 0.46 1.45 48.8 4.6 1.0 5.6

RC-0-10 12 17.1 15.5 2.43 8.41 49.2 23.6 5.8 29.3
RC-10-20 9 17.4 16.3 3.60 10.79 62.1 32.2 3.9 36.2

RC-20-30 6 25.8 25.0 4.29 10.52 40.7 30.7 11.0 41.7

WD-0-10 9 28.3 17.7 8.95 26.86 94.8 68.3 6.9 75.1

WD-10-20 9 14.6 9.1 5.37 16.10 110.6 51.6 4.4 56.0

WD-20-30 9 13.5 8.6 3.58 10.73 79.7 29.6 3.7 33.3

GM-0-10 3 16.9 20.4 5.12 8.87 52.5 16.7 6.8 23.5

GM-10-20 4 9.7 9.7 1.26 2.52 25.9 5.7 6.9 12.6

GM-20-30 4 6.8 5.3 2.02 4.04 59.6 8.8 3.9 12.7

BW-0-10 12 49.9 43.7 8.62 29.85 59.8 86.6 3.5 90.1

BW-10-20 12 13.4 7.2 4.82 16.71 124.3 61.1 2.8 63.9

BW-20-30 10 5.6 4.4 1.07 3.40 60.5 11.0 2.9 13.8

CG-0-10 7 26.8 11.2 10.90 28.80 107.2 74.8 1.2 76.1

CG-10-20 7 10.1 4.7 6.28 16.61 165.0 46.5 0.8 47.2

CG-20-30 7 4.7 4.0 1.07 2.82 60.5 7.8 2.2 10.0

T-0-10 7 78.6 76.7 4.95 13.10 16.7 36.7 56.8 93.6

T-10-20 7 66.5 78.0 9.46 25.02 37.6 58.8 35.7 94.5

T-20-30 7 51.2 36.7 14.8 39.1 76.3 85.6 10.6 96.2

ED-0-10 16 37.0 15.2 9.60 38.40 103.7 93.5 4.8 98.4

ED-10-20 13 15.8 10.4 5.17 18.64 118.2 70.8 6.2 76.9

ED-20-30 13 6.8 5.4 1.16 4.20 61.9 12.8 3.0 15.8
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The relationship and strength of the relationship (rs) between substrate moisture and

organic content is summarised in Figure 7.14, showing that much of the variation in

moisture content is dependent on organic content. There are positive correlations

between the two variables on nine out of the ten sites. On Ben Mor Coigach and Glas

Maol there is a strong positive correlation between moisture and organic content, with rs

values of 0.912 and 0.972, respectively. The correlations on An Teallach and the

Cairngorms appear to be strongly positive, but these correlations are greatly influenced by

outliers (Figure 7.14). When the outliers are removed (Figure 7.15), the correlations on

An Teallach (Figure 7.15A) and the Cairngorms (Figure 7.15B) are much weaker. At

these very low organic contents the moisture content exhibits much variability and

appears to be independent of organic content. Generally, however, as organic content

increases, the correlation between the two variables is much stronger.

There appears to be no relationship between substrate organic and moisture content on

West Drumochter, probably reflecting temporal variability in substrate moisture content

caused by samples being collected on two separate visits when conditions were very

different. At most sites, however, there is a positive correlation between substrate

moisture and organic contents and, therefore, moisture content is somewhat dependent on

organic content, which is not unexpected given that water comprises a large proportion by

weight of organic material.
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Figure 7.14 Scatter diagrams showing the relationship between moisture and organic contents of
the substrate and the strength of the relationship represented by the rs value. The blue line

represents a regression line.
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Figure 7.15 Scatter diagrams showing the correlation of moisture and organic contents of the
substrate and the strength of the relationship represented by the rs value for An Teallach (A) and
the Cairngorms (B). The blue line represents a regression line.
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7.4.3 Particle size analysis

Sub-samples of the sediment passing through the loss on ignition process were used to

determine the grain-size component of the substrate in all levels at all sites. Samples

were not dispersed prior to testing because the greater abundance of aggregated particles

is likely to have a greater influence on shear strength than individual particles. However,

some disaggregation is likely to have occurred during the various testing and preparation

stages. Sub-samples of approximately lOg from all sites and levels not dominated by

organic material were passed through a 2 mm sieve, and an LS32 Coulter counter was

used to determine their grain-size distributions. A random selection of samples was re-

tested to assess the representativeness of the grain-size distributions of the original

samples. As no marked differences were detected, the results presented here are

considered representative.

Grain-size distributions for 0-10 cm, 10-20 cm and 20-30 cm levels at all ten sites are

presented in Figure 7.16. Substrate grain-size distributions vary between sites; for

example, the substrate on sites underlain by Torridon sandstone (An Teallach and Ben

Mor Coigach) is predominantly composed of medium to coarse sand, while the substrate

on sites underlain by mica schist (Glas Maol and Ben Wyvis) is predominantly composed

of coarse silt to fine sand. With the exception of the substrate derived from Torridon

sandstone, there are slight differences in substrate grain-size distributions between sites of

similar lithology. This is illustrated by the granitic substrate on the Cairngorms and the

Red Cuillin (Figure 7.16). The substrate on both sites has high proportions of coarse and

very coarse sand, but that on the Red Cuillin has a higher proportion of finer sand and

coarse silt. This probably reflects variability in the composition of the two granitic
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intrusions and the weathering between the two sites. The most noticeable differences in

substrate granulometry occur amongst the sites underlain by schist. The substrate on

Cam nan Gobhar and West and East Drumochter yield a high proportion of fine to coarse

sand, because the schist that underlies these sites is predominantly siliceous schist. The

substrate on Glas Maol and Ben Wyvis has weathered to produce high proportions of

coarse silt to fine sand, because mica schist, which weathers to produce finer material

than siliceous schist, underlies both sites. Such variability in granulometry between sites

may account for some of the variability in substrate strength between sites.

There is very little within-site variability in the granulometry of the substrate for the

majority of sites. This suggests that granulometric variability does not control the large

within-site and within-level variability in the strength of the substrate on most sites.

Figure 7.17 shows that there is limited variation in the granulometry from all samples

collected on An Teallach. However, there is greater variability in the granulometry of the

samples collected from Ben Wyvis, which reflects the variability in the composition of

the schist across this plateau (Figure 7.17). At some sites, therefore, variability in grain-

size distribution may account for some within-level and within-plateau variation in

substrate strength. Such relationships are explored further in the following section.

7.4.4 Discussion: relationships between substrate strength andphysical properties

The previous sub-sections have demonstrated that there is considerable variability in the

substrate physical properties within and between plateaux and have alluded to the

possibility that this variability may account for variation in substrate strength. To test this

possibility, relationships between substrate strength and physical properties were

214



Chapter 7

An Teallach

Cairngorms

Ben Mor Coigach

West Drumochter

ihMWfl
Glas Maol

Cam nan Gobhar

East Drumochter

wNinlb

Particle size

Figure 7.16 Percentage of total volume for grain-size components finer than 2 mm, from clay to

very coarse sand, for the substrate on the ten plateaux. The blue boxes represent the 0-10 cm

depth grain-size distributions; the red boxes represent the 10-20 cm depth grain-size distributions;
the yellow boxes represent the 20-30 cm depth grain-size distributions; and the green boxes
represent the average grain-size distributions.
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Figure 7.17 The range of particle size distributions for all samples collected from An Teallach
and Ben Wyvis.

investigated, and tested using Spearman's rank correlation coefficient. Relationships

between substrate shear and compressive strengths, and the moisture content, organic

content and depth of substrate are summarised in Tables 7.5 and 7.6. Relationships
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between shear strength and the particle size distributions of the substrate are summarised

in Figures 7.18-7.22.

Table 7.5 Spearman's rank correlation coefficients and significance levels for substrate shear

strength against compressive strength, moisture and organic contents and depth for all ten

plateaux.

Plateaux
n

strength '' Moisture content Organic content Sampling depth
r5 p rs p rs p rs p

An Teallach 20 0.747 0.001 0.309 NS -0.151 NS 0.473 0.05

Ben Mor Coigach 13 0.516 0.1 -0.088 NS -0.038 NS 0.574 0.05

Cairngorms 17 0.777 0.01 0.456 0.1 0.632 0.01 0.576 0.02

Red Cuillin 16 0.485 0.1 -0.562 0.05 -0.085 NS 0.833 0.001

West Drumochter 24 0.639 0.01 0.008 NS 0.101 NS 0.509 0.02

Glas Maol 11 -0.091 NS -0.535 NS -0.398 NS 0.743 0.02

Ben Wyvis 30 0.539 0.01 -0.142 NS -0.099 NS 0.567 0.01

Cam nan Gobhar 20 0.868 0.001 -0.296 NS -0.162 NS 0.849 0.001

Trotternish 20 0.833 0.001 -0.794 0.01 -0.698 0.001 0.714 0.001

East Drumochter 26 0.464 0.02 -0.413 0.05 -0.481 0.02 -0.017 NS

The rs values representing the strength of the relationship between substrate shear and

compressive strength in Table 7.5 differ from those presented in Figure 7.10 because they

are based on fewer samples due to moisture and organic contents not being calculated for

each pit or level investigated. Statistically significant positive relationships (p < 0.1)

between the shear and compressive strengths of the substrate occur for all sites

investigated apart from Glas Maol. There is no relationship for the Glas Maol data

because the substrate is predominantly clast-supported and measurements of shear

strength were often adversely affected by clasts, which did not affect measurements of

compressive strength. Four of the nine sites (An Teallach, Cairngorms, Cam nan Gobhar

and Trotternish) yielded strong correlations with rs values > 0.7, and two sites (the Red

Cuillin and East Drumochter) yield the weakest correlations with rs values < 0.5. The
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variability in the strength of the correlations between the two strength components

between sites, and sites of similar lithology, suggests that the strength components

respond differently to local conditions.

Generally, the correlations between substrate shear and compressive strengths and the

three physical properties are fairly similar (Tables 7.5 and 7.6). Substrate shear and

compressive strengths are both strongly positively correlated with depth but show few

significant correlations with moisture and organic content on most sites except the two

supporting extensive areas of peat (Trotternish and East Drumochter). Where there are

significant relationships between shear strength and compressive strength on the one hand

and moisture content or organic content on the other, some are positive and others are

negative, implying no systematic overall relationship between soil strength and moisture

content or organic content.

Depth shows a statistically significant (p < 0.1) positive relationship with shear strength

for all sites except East Drumochter and compressive strength for all sites except Ben

Mor Coigach and Glas Maol. The strongest relationship between substrate strength and

depth occurs on Cam nan Gobhar. The lack of relationship between substrate

compressive strength and depth on Ben Mor Coigach is because no samples were

collected from the 10-20 cm level and few from the 20-30 cm level. Therefore, a

representative correlation with depth was not tested at this site. Figure 7.11 shows,

however, that there is a general increase of strength with depth at this site. In the case of

Glas Maol, the fine fraction of the substrate is uncompacted with depth because of the

abundance of clasts supporting the overlying soil. The facts that the shear and

compressive strengths are positively correlated, and that they are both positively
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correlated with depth indicates that the degree of packing and inter-particle contact

caused by increasing overburden pressures probably influences substrate strength and

sensitivity.

On three of the four sites where moisture content does show significant correlations with

shear and compressive strength, organic content also shows similar significant

correlations (Tables 7.5 and 7.6). However, on the Red Cuillin, moisture content alone is

correlated with substrate shear strength (Table 7.5) as it is with substrate compressive

strength on Cam nan Gobhar (Table 7.6). The positive relationship between organic

content and compressive strength on Ben Mor Coigach (Table 7.6) can be explained by

soil beneath thick vegetation mats having higher organic contents and higher compressive

strengths. The soil is protected from surface processes, such as cryogenic processes, that

may loosen and weaken it, as is likely to happen to exposed regolith or soil beneath thin

vegetation mats underlain by less organic material. Furthermore, the coarse sandy soil on

Ben Mor Coigach is not frost-susceptible, so frost heave is very limited. The significant

negative correlation on Ben Wyvis may be accounted for by the weaker upper layers

being predominantly composed of humic material while the lower stronger layers contain

less organic material. The significant correlation between substrate shear strength and

organic content on the Cairngorms is probably because values for this site are

predominantly derived from the 0-10 cm level, and many of the high shear strength

measurements were made in substrate that underlay thick vegetation mats with a dense

root structure and high organic content. The significant negative correlations between

substrate strengths and organic content on Trottemish and East Drumochter can be

explained by both these sites supporting large areas of peat, which tend to have high

organic contents and low substrate strengths. Generally, however, organic and moisture
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contents appear to have little consistent effect on substrate strength, apart from sites that

are extensively peat-covered. It may be possible, however, for extreme moisture contents

to influence substrate strength through high intergranular porewater pressure, though this

needs further investigation.

Table 7.6 Spearman's rank correlation coefficients and significance levels between substrate

compressive strength and moisture and organic contents and depth for all ten plateaux.

Plateaux
n

Moisture content Organic content Sampling depth
rs P 's P 's P

An Teallach 20 0.087 NS -0.329 NS 0.654 0.01

Ben M6r Coigach 13 0.478 NS 0.588 0.05 0.417 NS

Cairngorms 17 0.226 NS 0.27 NS 0.682 0.01

Red Cuillin 16 -0.397 NS 0.109 NS 0.791 0.001

West Drumochter 24 0.047 NS 0.015 NS 0.619 0.01

Glas Maol 11 0.119 NS 0.119 NS 0.149 NS

Ben Wyvis 30 -0.639 0.001 -0.659 0.001 0.878 0.001

Cam nan Gobhar 20 -0.456 0.05 -0.337 NS 0.891 0.001

Trottemish 20 -0.853 0.001 -0.706 0.001 0.733 0.001

East Drumochter 26 -0.707 0.001 -0.697 0.001 0.395 0.05

To allow investigation of possible relationships between substrate strength and

granulometry, samples from plateaux underlain by similar lithologies were aggregated.

The data from An Teallach and Ben Mor Coigach, Cairngorm and the Red Cuillin, Glas

Maol and Ben Wyvis, and Cam nan Gobhar and East and West Drumochter were

amalgamated and classed as soils derived from Torridon sandstone, granite, mica schist

and siliceous schist, respectively. Basalt-derived soils are represented by samples from

Trottemish. Shear strength was plotted against the percentage total volume of five

mutually-exclusive grain-size classes, namely clay plus silt (< 63 pm), very fine sand (63-

125 pm), fine sand (125-250 pm), medium sand (250-500 pm) and coarse plus very

coarse sand (500-2000 pm). To test the strength of the relationships between substrate
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strength and each size class Spearman's rank correlation coefficient was calculated.

These relationships were investigated for the 0-10 cm level for all lithologies and the 20-

30 cm level for the mica schist, siliceous schist and basalt lithologies. The results are

presented in Figures 7.18-7.22.

These results indicate whether an increase in the percentage total volume of the different

fractions of the granulometric spectrum influences the shear strength of the substrate.

Figure 7.18 shows this relationship for substrate derived from Torridon sandstone. The

results suggest that the shear strength of substrate derived from Torridon sandstone

increases as the percentage of coarse to very coarse sand increases and/or the percentage

of clay to fine sand decreases. There is no relationship between the shear strength and

medium sand. The strength of these correlations is, however, weak (maximum rs value =

0.363; Figure 7.18E). The weak influence of an increasing abundance of coarse to very

coarse sand on the shear strength of the substrate may represent greater friction between

larger inter-locking particles during the shearing process. The shear strength of substrate

derived from granite shows no relationship with the abundance of any of the grain-size

fractions at the 0-10 cm level (Figure 7.19).

For the 0-10 cm level, the shear strength of substrate derived from mica schist increases

as the percentage of clay and silt increases and/or the percentage of fine to very-coarse

sand decreases (Figure 7.20). This is the opposite trend to that of the substrate derived

from sandstone. This may represent the higher abundance of silt and clay, which partly

add cohesion to the soil, thus increasing its shearing resistance. The percentage

abundance of the very-fine sand has no influence on shear strength. These relationships

are stronger than those for the Torridon sandstone, with rs values ranging from ± 0.45 to ±
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% of total volume for particle size components

Figure 7.18 Relationships between Torridon sandstone (An Teallach and Ben Mor Coigach)
substrate shear strength and percentage total volume of five particle size fractions from the 0-10
cm substrate level. The strength of the relationship is represented by the rs value.

0.6. Similar relationships exist at the lowest level (20-30 cm). The values in the 20-30

cm level are more scattered, which is reflected, to some degree, in the lower rs values for

the silt and clay and fine sand fractions. The strength of the relationship between

substrate shear strength and percentage abundance of coarse and very coarse sand is

likely to have been more strongly negative but is greatly influenced by a single outlier

(Figure 7.20E). These results need to be treated with a degree of caution because they
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Figure 7.19 Relationships between granitic (Cairngorm and the Red Cuillin) substrate shear

strength and percentage total volume of five particle size fractions from the 0-10 cm substrate
level. The strength of the relationship is represented by the rs value.

represent the relationships between substrate shear strength and material with grain-sizes

< 2 mm, whereas substrate derived from mica schist is heavily clast-supported, and this

probably has a large influence on its shear strength.

The relationships between the shear strength of substrate derived from siliceous schist and

the percentage representation of grain-size fractions are represented in Figure 7.21 for

both the 0-10 cm level and the 20-30 cm level. For the 0-10 cm level there is a slight
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positive relationship between substrate strength and the very fine to fine-sand fractions (rs

= 0.219 and 0.278, respectively). However, there is no significant overall relationship

between substrate shear strength and grain-size fractions and so variability in substrate

shear strength must be controlled by other factors such as soil packing or root density.

The soil at the surface may be looser so that the effects of inter-particle contact do not

affect the shear strength. However, at the 20-30 cm level there are stronger relationships

between substrate shear strength and percentage abundance of particular grain-size

fractions. Increasing abundance of coarse to very coarse sand is accompanied by a

general increase in shear strength, possibly reflecting an increase in the frictional strength

of coarse-grained soil.

Substrate derived from basalt displays the strongest and most consistent relationships

between shear strength and percentage abundance of grain-size fractions for both the

upper and lower levels (Figure 7.22). With the exception of the fine sand fraction, the

direction of the relationships between shear strength and the five particle size fractions

are the same between the two levels. An increase in the abundance of coarser material

and/or decrease in the proportional representation of finer material results in a general

increase in substrate shear strength, presumably reflecting the greater frictional strength

of coarser-grained soil. This effect appears to be more pronounced at depth where

increasing overburden pressures resist dilatancy associated with shear failure.

In summary, variability in substrate strength between different depth levels appears to be

influenced by increased inter-particle contact and friction caused by increasing

overburden pressures and declining effects of cryoturbation and possibly bioturbation

with depth. This inference is supported by the relationship between shear strength and
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Figure 7.20 Relationships between mica schist (Glas Maol and Ben Wyvis) substrate shear
strength and percentage total volume of five particle size fractions from the 0-10 cm (A-E) and
20-30 cm (F-J) substrate levels. The strength of the relationship is represented by the rs value.
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Figure 7.21 Relationships between siliceous schist (Cam nan Gobhar, East and West

Drumochter) substrate shear strength and percentage total volume of five particle size fractions
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Figure 7.22 Relationships between basalt (Trotternish) substrate shear strength and percentage

total volume of five particle size fractions from the 0-10 cm (A-E) and 20-30 cm (F-J) substrate
levels. The strength of the relationship is represented by the rs value.
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substrate grain size, and probably explains some of the variability in substrate strength

between sites. With the exception of plateaux supporting peat, organic and moisture

contents appear to have limited overall influence on substrate strength but may account

for local within-level variations on different plateaux.

7.5 Conclusions and future research

The main aim of this chapter has been to present the findings of techniques that quantify

the shearing and compressive resistance (sensitivity) of different substrate types to

mechanical stress. The substrate strength measurements have shown that there is large

variability both within and between plateaux as to how substrate responds to mechanical

stress. Much of the between-site variability is obscured by the large within-site

variability. There does not appear to be a single dominant controlling factor that accounts

for this variability. Instead it appears that there are many different controlling factors.

All substrate types, however, exhibit a general increase in both shear and compressive

strength with increasing soil depth.

Section 7.1 highlighted three key areas where an understanding of the variability in the

mechanical sensitivity of high plateau substrate is desirable. The first concerns the

identification of substrate types that are potentially vulnerable to increases in mechanical

stress if the protective vegetation cover is lost. The large within-level variability in

strength obscures possible differences in the response of different substrate types within

and between plateaux to mechanical stress. On all plateaux, the deeper levels of substrate

are generally more robust than the upper levels. Peat is the most sensitive substrate type,

closely followed by organic-rich soil, though organic-rich soil is often made stronger by
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an abundance of roots. Matrix-supported substrate spans a large range of potential

responses to mechanical stress; some areas are sensitive while others are robust. Clast-

supported substrate is the most robust of all substrate types. There are, however, large

overlaps between the responses of these four main substrate types; for example, some

areas of peat display a similar sensitivity to mechanical stress as weaker matrix-supported

substrate. There does not appear to be any consistent differences in the mechanical

sensitivity of regolith derived from different lithologies.

The second key area is identification of factors that distinguish robust substrate types

from sensitive types. This is complicated by the large variance in substrate strength

within and between plateaux. Grain-size variation accounts for some of the within-site

variability for substrate types derived from sandstone, mica schist, siliceous schist and

basalt, and becomes an increasingly dominant factor with depth. It accounts for much of

the variability in substrate strength on Trotternish. Variability in organic and moisture

contents account for very little of the variability in substrate strength on most plateaux but

do explain much of the variability on plateaux supporting extensive areas of peat.

Lithology and thus regolith type is not necessarily a major control on soil shearing

resistance in the upper levels of the substrates studied. The results presented here have

not identified a major control on substrate shear strength for near-surface soil but suggest

that variations in local controls within and between plateaux are more important in

influencing the mean values and variance at particular sites.

The third key area is provision of information for land management so that potentially

sensitive areas can be managed effectively. The research reported above has advanced

our understanding of the mechanical sensitivities of high plateau substrates and identified
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potential reasons why substrate sensitivity to mechanical stress varies. The most

important advances include quantification of the mechanical sensitivity of the different

substrate types, identification of factors responsible for some of the variability in

sensitivity between and within these different substrate types, and establishment of the

characteristics of the different substrate types amongst the different plateaux. The large

variability in shearing resistance characteristics between and within plateaux and within

similar substrate types complicates the development of a widely-applicable classification

of terrain sensitivity.
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Chapter 8

Terrain sensitivity: geo-complex relationships, seasonal variation, field

validation and classification

8.1 Introduction

The previous two chapters have, respectively, investigated the mechanical sensitivities of

high plateau vegetation and substrate. Terrain sensitivity, however, is a function of the

combined sensitivities of both these components (Gordon et al., 2001, 2002). This

chapter therefore considers terrain sensitivity of high plateau geo-complexes as a whole.

It also examines seasonal variability in terrain sensitivity and whether the proxy measures

of mechanical sensitivity employed above represent robust indicators of the mechanical

sensitivity of high plateau terrain. It comprises five main sections. The first investigates

the relationships between the two components and their respective proxy mechanical

sensitivities. This is done by determining if soil strength varies beneath different plant

communities, and by directly comparing the shear strengths of vegetation and soil. The

second section considers the influence of seasonal variation on the sensitivity of high

plateau terrain and in particular the changes in vegetation and soil sensitivity on Glas

Maol over a period of ten months. The third section reports tests of the validity of the

techniques used to quantify terrain sensitivity. The fourth section introduces a

classification of high plateau terrain sensitivity that is widely applicable across the

Scottish Highlands. The final section summarises the main findings and discusses future

research directions.
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8.2 Surface and sub-surface strength relationships

The results from Chapters 6 and 7 have shown that intrinsic properties explain much, but

not all, of the variability in vegetation and substrate shearing resistance. Some of the

remaining variability may be explained by extrinsic variables. Both vegetation and

substrate can be regarded as extrinsic variables when affecting each other. Differences in

ground cover may affect the strength of the underlying soil and, equally, differences in

soil may affect the shearing resistance of the overlying vegetation. This section

investigates relationships between the strength of the upper 10 cm of soil and the

overlying ground cover, and directly compares the shear strength of the upper 10 cm of

the soil with the shearing resistance of the overlying ground cover. Only the upper 10 cm

of soil is investigated because substrate at lower depths is unlikely to influence or be

influenced by ground cover.

8.2.1 Influence ofground cover on soil strength

The data representing the relationships between vegetation cover and soil shear and

compressive strengths for the ten plateaux investigated are summarised in Figures 8.1 and

8.2. The regular increment of soil compressive strength values in Figure 8.2 represents an

artefact of the penetrometer used to measure compressive strength. The scale on the

penetrometer is graduated in 0.25 kg/cm2 increments, so that penetrometer readings

converted to kilo-pascals also increase at regular increments. To evaluate whether

differences in soil strength beneath different ground covers on the same plateau are

statistically significant, the nonparametric 2-sample Mann-Whitney U-statistic was

employed, testing against the null hypothesis of no significant difference between the
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measured distributions of soil strength for paired vegetation covers. The tests were

carried out for p < 0.05. These results are presented in Tables 8.1 and 8.2.

Figure 8.1 and Table 8.1 demonstrate considerable within- and between-site variability in

the apparent influence of ground cover on soil shear strength. On An Teallach, for

example, soil shear strength is highly sensitive to differences in ground cover, with 93%

(14/15) of paired samples yielding a statistically significant difference. However, on

other sites, such as East Drumochter, for example, soil shear strength is fairly insensitive

to differences in ground cover, with 50% (5/10) (excluding peat) of paired samples

yielding no significant difference. On Glas Maol no significant difference in soil shear

strength was detected beneath either of the two different communities found on this

plateau. Peat generally has very low shear strengths, which are also insensitive to

differences in overlying vegetation cover. On East Drumochter, Trotternish, Cam nan

Gobhar, Ben Wyvis, the Cairngorms and Ben Mor Coigach, the data suggest that most

communities have limited effect on soil shear strength, but that the U7 community

corresponds with areas of generally greater soil strength. The shear strength of the soil

beneath the U7 communities on these sites is significantly greater than the soil shear

strength values beneath the other communities, suggesting that the roots of the U7

community add to the shear strength of the soil. Conversely, on the Cairngorms, the

communities represented by a high proportion of bryophyte species (U9, U10 and H20)

overlie soils with low shear strengths, suggesting that their shallow-root penetration adds

little to soil strength. Deflation surfaces on An Teallach and bare areas on the Red

Cuillin, overlie soils with relatively low shear strengths, further highlighting the

contribution of roots to soil strength. There is not always consistency in the influence of

ground cover on soil shear strength between mountains. On the Cairngorms, the shear
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Figure 8.1 Relationships between measured shear strength in the top 10 cm of soil and the ground
cover. In Figure A, R1 = remnant vegetation island, SH = sandy hummocks, U = undisturbed and
UR = undisturbed but with dense roots. Type 4 vegetation in Figure 1 is unknown. "Bare* in
Figure D represents bare ground. Blue dots represent means and blue lines represent the 95%
confidence limits. The number of substrate strength measurements varies from 10-40.
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Table 8.1 Bivariate analysis of soil shear strength differences beneath different ground covers

using the Mann-Whitney U statistic for p < 0.05. X indicates a significant difference at 95%
confidence level and NS indicates no significant difference at this level.

An Teallach Deflation U7RI U7SH U7 U7U
U7RI X
U7SH X X
U7 X NS X
U7U X X X X
U7UR X X X X X

Ben Mor Coigach H20 U7 Deflation H12
U7 X

Deflation X NS
H12 X X NS
U4 X X NS NS

Cairngorms U9 U7a U10 H20
U7a X
U10 X X
H20 X X NS
U7 X NS X X

Red Cuillin U7 U4e
U4e NS
Bare X X

West Drumochter U9 U10 H20 H13 H12

U10 X
H20 X X
H13 X X NS
H12 X X NS X
U7 X NS X X X

Glas Maol U10
U8 NS

Ben Wyvis U10 U10D
U10D NS
U7 X X

Cam nan Gobhar U10 H20
H20 NS
U7 X X

Trotternish U10 U5e U7
U5e X
U7 NS X

Type 4 X NS X

East Drumochter H12 U6c U6b H20 U7

U6c NS
U6b NS NS
H20 NS NS X
U7 X X X X

Peat X X X X X
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strength of the soil beneath the U9 community is weaker than that beneath other

communities, but on West Drumochter, it is markedly stronger.

Many of the soils, for example those underlying the U10 community on Ben Wyvis,

exhibit a large range of shear strength values under a single community, suggesting that

other variables influence substrate strength at these sites, such as moisture and organic

content, particle size and clast abundance. However, in general the results presented in

Figure 8.1 indicate that the nature of overlying ground cover exerts an important

influence on the shear strength of the upper 10 cm of soil.

Figure 8.2 and Table 8.2 demonstrate considerable within- and between-site variability in

the influence of ground cover on compressive strength in the top 10 cm of the soil. The

majority of bivariate tests (63%) indicate significant differences between the compressive

strengths of the 0-10 cm soil layer under different ground covers. However, these

differences are less pronounced than the differences for shear strength. No one particular

ground cover appears to have a dominant influence on soil compressive strength between

plateaux, as for example, the U7 community did for shear strength. However, on some

plateaux, particular ground covers appear to have a greater influence on soil compressive

strength compared to other ground covers; for example, the U7a community on the

Cairngorms, the deflation surface on Ben Mor Coigach and the U10 community on West

Drumochter all appear to have a locally positive influence. On some plateaux, such as the

Red Cuillin, different ground covers appear to have similar or little influence on soil

compressive strength. U7 communities do not appear to increase soil compressive

strength as much as they do for soil shear strength, possibly reflecting the fact that

compressive strength appears to be affected much less by the influence of root

architecture than soil shear strength, presumably because roots will resist shear but not
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Surface type

Figure 8.2 Relationships between measured compressive strength in the top 10 cm of the soil and
the ground cover. In Figure A, R1 = remnant vegetation island, SH = sandy hummocks, U =

undisturbed and UR = undisturbed but with dense roots. Type 4 vegetation in Figure I is
unknown. "Bare' in Figure D represents bare ground. Blue dots represent means and blue lines
represent the 95% confidence limits.
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Table 8.2 Bivariate analysis of soil compressive strength differences beneath different ground
covers using the Mann-Whitney U statistic for p < 0.05. X indicates a significant difference at

95% confidence level and NS indicates no significant difference at this level.

An Teallach Deflation U7RI U7SH U7 U7U
U7RI X
U7SH NS X
U7 NS X NS
U7U X X X X
U7UR NS NS NS NS X

Ben Mor Coiqach H20 U7 Deflation H12
U7 X

Deflation X X
H12 X X X
U4 X X X X

Cairngorms U9 U7a U10 H20
U7a X
U10 NS X
H20 NS X NS
U7 NS X NS NS

Red Cuillin U7 U4e
U4e NS
Bare NS NS

West Drumochter U9 U10 H20 H13 H12
U10 X
H20 X X
H13 X X NS
H12 X X NS NS
U7 X X NS NS NS

Glas Maol U10
U8 NS

Ben Wyvis U10 U10D

U10D X
U7 NS NS

Cam nan Gobhar U10 H20
H20 NS
U7 X NS

Trotternish U10 U5e
U5e X
U7 X X

East Drumochter H12 U6c U6b H20 U7

U6c X
U6b X NS
H20 X X NS
U7 X X X X
Peat X X X X X
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compression (Waldron, 1977; Wu and Watson, 1998; Norris and Greenwood, 2000).

8.2.2 Relationships between surface and sub-surface shear strengths

Relationships between surface shear strength and the shear strength of the upper 10 cm of

soil on five plateaux are summarised in Figure 8.3. Both sets of measurements were

made with the shear vane, so a direct comparison could be established. Soil values

represent the median of ten measurements and surface values represent the median of

thirty measurements. The black line represents a 1:1 relationship: if values plot above or

to the left of the line, the surface shear strength is greater than the soil shear strength, and

vice versa.

Several patterns emerge from these data. Most soils at 0-10 cm depth have a higher shear

strength than at the surface, with the notable exceptions of soils underlying (1) deflation

surfaces on An Teallach, (2) the U9 communities on the Cairngorms and (3) peat on East

Drumochter. Higher strength of deflation surfaces probably reflects armouring by gravel

lag. Higher strength of peat surfaces may reflect vegetation cover, given the low intrinsic

strength of peat. In general, however, the results suggest that in the majority of cases the

ground surface is less robust in its response to mechanical stress than the immediate sub¬

surface. On four out of five plateaux, the surfaces with the highest shear strengths

correspond to soils with the highest shear strength, and the surfaces with the lowest shear

strengths correspond to soils with the weakest shear strengths. The East Drumochter data

indicate little relationship between surface and sub-surface shear strength. Mean values

for the former fall within a very reduced range (22-28 kPa), whereas mean values for the

latter range from ~ 11 kPa to ~ 42 kPa.
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Figure 8.3 Relationships between surface and sub-surface shear strengths for different geo-

complexes on five high plateaux in the Scottish Highlands. The black lines represents a 1:1
relationship. DEFL in (b) stands for deflation surface. U10D on Ben Wyvis represents damaged
U10 heath and the UlO(ii) community.

8.2.3 Discussion

Near-surface soil strength is influenced by different ground covers on several plateaux.

The U7 community, in particular, appears to have a positive affect on soil shear strength

at most sites. This probably reflects the influence of the dense and deeply penetrating
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roots (Waldron and Dakessian, 1981, 1982) ofNardus stricta, and in particular the role of

Nardus roots in binding the soil during frost heave episodes. Figure 8.3 shows that, for

example, strong plant communities often overlie strong substrate types and vice versa.

These results are important for the sensitivity of high plateau terrain because they suggest

that, for the majority of geo-complexes, soil sensitivity is determined, at least in part, by

the mechanical sensitivity of the overlying vegetation cover. Therefore, if areas of

sensitive vegetation cover are degraded, then it is very likely that at least the upper 10 cm

of soil will also suffer degradation. For example, many vegetation-free areas on high

plateaux are characterised by lag deposits of fine gravel, indicating that following

vegetation loss the fine component of near-surface soil has been removed (Ballantyne and

Whittington, 1987), inhibiting vegetation recolonistation. Conversely, expansion of

robust plant communities is likely to increase the strength of the underlying soil.

8.3 Seasonal changes in terrain sensitivity

Seasonal variations in the properties of high plateau terrain are likely to influence

significantly the sensitivity of high plateau geo-complexes. Prolonged dry and warm

periods, periods of exceptional wetness, snow cover, intense cold and snow melt, are all

liable to alter the robustness of vegetation cover and the response to physical stress of the

underlying soil. Variations in precipitation, snowmelt and temperature influence the

moisture content of the soil, potentially affecting its strength, and the physiological

condition of vegetation cover. Ground freezing may significantly affect the sensitivity of

both soil and vegetation cover. Soils with high moisture contents are prone to needle-ice

formation and frost heave under freezing conditions, and during subsequent thaw excess

moisture renders the soil vulnerable to solifluction, surface wash and possibly trampling
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(Ballantyne and Harris, 1994). Conversely, frozen ground has extremely high strength

and is therefore robust to physical stress. Under snow cover the terrain is likely to be

unaffected by physical stress. Seasonal changes in the nature of vegetation, such as

vigour and growth, are likely to affect the shearing resistance of the vegetation cover.

Seasonal variability in land-use type and intensity is also likely to alter terrain

characteristics. For example, particular plant species will be either preferentially grazed

(e.g. Carex bigelowii) or stressed due to intolerance to nitrogen from faeces and urine

(e.g. Racomitrium lanuginosum) during periods of intense grazing (Welch et al., 2005),

potentially resulting in changes to species representation and hence shearing resistance of

their plant communities.

Changes in the sensitivity of high plateau terrain were investigated on three geo-

complexes at ~ 1,000 m altitude on Glas Maol, over a 10-month period (Chapter 4). Site

1 was located within an area of the U8 community (Carex bigelowii and Polytrichum

alpinum); Site 2, within an area of the U10 community where there were equal

proportions of Carex bigelowii and Racomilrium lanuginosum; and Site 3, within an area

of the U10 community where Racomitrium lanuginosum was the dominant species.

8.3.1 Seasonal variations in terrain sensitivity on Glas Maol

The data representing seasonal variability of vegetation mat shearing resistance and shear

and compressional strengths of substrate within the three geo-complexes are summarised

in Table 8.3. The shear and compressional strength data, for each site and month,

represent the average of 10 measurements from the 0-10 cm depth in a single pit at each

site. The monthly vegetation shear resistance data represent the mean of thirty shear rake
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Table 8.3 Seasonal variations in soil shear and compressive strengths and vegetation cover shear

strength for three geo-complexes on Glas Maol. Dark-grey boxes represent periods when the
terrain was frozen and snow-covered and measurements were not possible. The light-grey boxes

represent periods when measurements were attempted but conditions prevented some or all from

being achieved. "Clasts' indicate excavated pits that were dominated by clasts, preventing
measurements from being made. Site 1 was located within an area of U8 (Carex bigelowii and

Polytrichum alpinum) vegetation; Site 2 is associated with equal proportions of Carex bigelowii
and Racomitrium lanuginosum dominated U10 community; and Site 3 is associated with
Racomitrium lanuginosum dominated U10 community.

Site 1 Site 2 Site 3

Month-
year

Shear

strength
(kPa)

Compressive
strength
(kPa)

Vegetation
shear
strength
(kPa)

Shear

strength
(kPa)

Compressive
strength
(kPa)

Vegetation
shear

strength
(kPa)

Shear
strength
(kPa)

Compressive
strength
(kPa)

Vegetation
shear

strength
(kPa)

Jun-02 33.15 16.43 10.96 43.94 18.39 12.85 38.44 22.07 6.38

Jul-02 clasts clasts 13.30 45.05 13.51 13.35 clasts clasts 6.75

Aug-02 56.49 28.69 14.63 43.48 24.03 10.63 clasts 24.27 3.67

Sep-02 59.33 29.67 15.15 54.33 23.05 11.07 clasts 23.29 6.18

Oct-02 52.76 26.23 snow 50.70 21.33 snow 52.86 22.80 snow

Nov-02

Dec-02

Jan-03

Feb-03

Mar-03 frozen frozen frozen frozen frozen frozen frozen frozen frozen

measurements per community. When possible, measurements were made during the

months of June 2002 to March 2003 and the site was also visited in April and May of

2003. After initial analysis of the results at the end of the first field season, it was

concluded that further investigations would not be conducted during the second field

season because the methodology being used had not produced meaningful results. Table

8.3 shows that there is a degree of variability in the results between the different months

for each of the geo-complexes. There is some indication of increasing strength from

June-September, with a slight decrease in October. However, one cannot be confident

that these differences are the result of changes in seasonal conditions or if they represent
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spatial variability in the strength of substrate and vegetation across the plateau (see

Chapters 6 and 7). Spatial variability in the soil strength may be accounted for by the fact

that pits within each of the geo-complexes were excavated in different areas on each visit.

A further problem is that the soil on Glas Maol is clast-supported, which limited the

number of measurements possible. Furthermore, clast-supported substrate is likely to

experience only limited variability in strength throughout the year.

Chapter 6 showed that there are very obvious differences in the shearing resistance of the

U10 community, reflecting changes in the representation of dominant species. Therefore,

it is conceivable that because the shear rake measurements were not made in exactly the

same area on each visit, the results may be representing differences in shearing resistance

caused by changes in the proportional representation of dominant species.

Although the quantitative results obtained failed to show clear seasonal variability in the

sensitivity of high plateau terrain, several qualitative observations emerged from these

investigations. During the months of November, December, January and February, large

areas of the plateau were snow-covered and the areas where the snow had blown free

were covered in a thick layer of ice, implying that extrinsic physical stresses were

unlikely to be effective in causing damage to the terrain. However, freezing of the

ground is probably the most powerful and widespread mechanical stress experienced by

the terrain. Where the vegetation protruded through the ice-cover, the leaves of Carex

bigelowii supported small icicles, which if trodden on, broke off with the leaves. The

small stands of Nardus striata appeared to have the deepest snow cover as the longer

leaves trapped and collected the snow, protecting it from the wind. In general, however,

the terrain can be regarded as being robust to physical stresses (apart from those imposed
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by frost heave) under the protective cover of snow and ice. During March, the moisture

within the soil was frozen, forming ice lenses that penetrated below ~ 10 cm and bound

many of the clasts together. When the ground was hammered with an ice axe, small

shards of substrate were produced. As the ice axe failed to penetrate the substrate, it can

be regarded as acting as a solid mass with low sensitivity to physical stress under these

conditions. The Racomitrium lanuginosum vegetation mat was frozen solid and could be

lifted from the underlying soil in a frozen block. March 2003 was also particularly dry

and there was no rainfall, which would have helped to melt the ice through advective heat

transfer. The effects of needle-ice activity were not evident at this site.

Prior to September 2002 there was a prolonged period of dry weather, which had resulted

in the vegetation mat and the upper layers of the soil becoming very dry. The turf was

much harder to remove when excavating the pits, indicating increased bonding between

the substrate and root mass as a result of the increased dryness, and suggesting that the

vegetation mat became more robust to mechanical stress under dryer conditions. The dry

weather had dehydrated the vegetation mat, making it brittle, so that when trampled the

indentation of a boot remained visible throughout the day. At no point throughout the

twelve-month investigation was the soil saturated to the point that it was deformed

plastically under trampling pressure.

Seasonal growth ofCarex bigelowii was confined to the months of June to August; during

the months of April and May there was no evidence of new growth and the old leaves

were easily broken and blown away by the wind. By September, the Carex plants had

already started to die back, with leaves turning brown and again being easily broken by
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trampling. Whether loss of dead leaves before and after the main growing season affects

the resistance of the plant to mechanical stress remains unknown.

8.4 Field validation of proxy measures of sensitivity

The data obtained regarding vegetation mat shearing resistance and soil strength represent

proxy measures of mechanical sensitivity. However, it is unclear if they provide a

reliable assessment of the mechanical sensitivity of high plateau terrain. To evaluate the

validity of these proxy measures, field evidence was used to investigate how different

plateau geo-complexes, with known proxy sensitivities, respond to natural physical stress.

To achieve this, the response of different geo-complexes to trampling pressure along a

footpath was investigated. Geo-complexes that yielded low strength values would be

expected to show considerable degradation and erosion, whereas geo-complexes that

yielded high strength values would be expected to show much less disturbance.

The western end of the Mamores Range (Figure 8.4) was chosen as a suitable site for

such investigations because (1) this section of the Mamores is underlain by three different

lithologies (granite, schist and quartzite), which have weathered to produce three distinct

substrate types; (2) a small area of peat has developed on the plateau; (3) the two most

dominant plant communities occurring on the range, the U10 and U7 communities, have

markedly different proxy mechanical sensitivities (Chapter 6); and (4) a footpath, which

is likely to have experienced uniform levels of usage along its length, runs along the

entire length of the range, passing through all the main geo-complexes.
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The vegetation mat shearing resistance of the two plant communities was measured in

areas overlying each of the three different substrate types, and the shear and compressive

strengths of the three different substrate types, as well as the peat, were also measured.

The results derived from these measurements replicate many of those reported in

Chapters 6 and 7 and Section 8.2 of this chapter. The results were then compared with

qualitative and quantitative analysis of footpath development across the six different geo-

complexes and the small area of peat.

GLEN NEVI!
Devils Ridge Schist

Slate and limestone

Am BodachQuartrite

Porphyiite Dykes

IMutlach nan Coicean Granite

Main footpath
Lochs and burns

Coire Dearg

.oirean

Figure 8.4 Map of the western Mamores, showing the underlying lithologies, the location of the
footpath (thick black line) and the locations where measurements were made in the granite (A),
schist (B), peat (C) and quartzite (D) geo-complexes. Adapted from Stewart (1994).
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8.4.1 Proxy terrain sensitivity characteristics

The data representing shearing resistance of the two plant communities (U7 and U10)

overlying the three different lithologies are summarised in Figure 8.5. Each of the

individual geo-complex communities is represented by five samples of 30 measurements.

Many of the values for the Quartzite-U7 and Schist-U7 geo-complex communities

'plateau' at 27.3 kPa, so that the mean and confidence intervals for these measurements

(Figure 8.5) slightly under-represent the true values. To evaluate the significance of

inter-geo-complex community differences between paired geo-complex communities, the

nonparametric 2-sample Mann-Whitney U statistic was used, testing against the null

hypothesis of no significant difference between the measured distributions for paired geo-

complex communities. The tests were carried out for p < 0.05. For the inter-geo-

complex community tests, the five independent sets of measurements were aggregated so

that n = 150 for such geo-complex communities.

Although there is overlap in the overall range of values measured between the geo-

complexes, there are statistically significant differences in shearing resistance

distributions between the geo-complexes containing the U10 community and those

containing the U7 community (Table 8.4). The U7 community, irrespective of underlying

lithology, has a higher mean shearing resistance than the U10 community (Figure 8.5).

There is no significant difference in the shearing resistance distributions of the U7

communities overlying quartzite and schist, and the mean shearing resistance of the U7

community is at its maximum on these lithologies. However, the distribution of shear

strength measurements for the U7 community overlying granite is significantly lower

than those for the U7 communities on quartzite and schist. There are statistically
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significant differences between the shearing resistance distributions of the U10

community overlying all three lithologies. The shearing resistance of the U10 community

is lowest on granite, and highest on quartzite. Such significant within-plateau intra-

community differences in vegetation mat shearing resistance reflect the control exerted by

the different lithologies and thus substrate types.

The Mamores vegetation mat shear strengths

351

30-

QuartnteU7 QuartziteUlO Schist U7 Schist U10 Granite U7 Granite U10
Lithology and NVC plant communities

Figure 8.5 Dispersion diagrams of vegetation shear resistance for the six main geo-complexes on

the Mamores. Black dots represent the means and the error bars represent the 95% confidence
intervals about the means.

Table 8.4 Bivariate analysis of differences in shearing resistance of geo-complexes on the
Mamores. X indicates a significant difference at p < 0.05 and NS indicates no significant
difference at this level.

Quartzite U7 Quartzite U10 Schist U7 Schist U10 Granite U7 Granite U10

Quartzite U7
Quartzite U10 X
Schist U7 NS X
Schist U10 X X X
Granite U7 X X X X

Granite U10 X X X X X
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The data representing the shear and compressive strengths for three levels (0-10 cm, 10-

20 cm and 20-30 cm) of two of the main substrate types (granite and schist) and peat on

the Western Mamores Range are summarised in Figures 8.6 and 8.7. Quartzite is not

represented because quartzite regolith is clast-supported and, consequently, measurements

were not possible. The soil derived from schist is also poorly represented because it too

is often clast-supported. However there were sufficient fines for shear vane

measurements to be made in one pit and penetrometer measurements to be made in two

pits. Measurements of peat shear and compressive strengths were confined to a single pit

because the area occupied by peat was not large enough for several pits to be excavated.

Of the substrate types derived from the three main lithologies, the granitic substrate was

the only dominantly matrix-supported type, although clasts and bedrock were

encountered below ~ 20 cm. The shear and compressive strength results derived from the

finer material of clast-supported substrate are probably not representative of the true

strength of this substrate because they do not include the strength derived from

interlocking clasts. The clast-supported substrate is likely to be much stronger and more

resistant to physical disturbance than matrix-supported substrate and, therefore, the shear

and compressional strengths measured in schist-derived soils are probably not directly

comparable to those made in granite-derived soil and peat.

The shear and compressive strengths of the granite-derived soil increase with depth but

show considerable within-level variation (Figures 8.6 and 8.7). Much of the within-level

shear strength variation for the 0-10 cm level may be influenced by vegetation cover.

Figure 8.8 shows that the substrate shear strength in the upper level is significantly

stronger when overlain by the U7 community than when overlain by the U10 community.

Vegetation cover, however, appears to have little or no influence on the compressive
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Figure 8.6 Mean substrate shear strength for three depths on the Mamores. Green dots = soil
derived from schist, blue dots = peat and red dots = soil derived from granite.
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Figure 8.7 Mean substrate compressive strength for three depths on the Mamores. See Figure 8.6
for explanation of dot colours.
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Plant community influence on the upper substrate shear strength
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Figure 8.8 Dispersion diagrams of substrate shear strength for the two granite geo-complexes at

0-10 cm depth. Blue dots represent the means and the blue lines represent the 95% confidence
intervals about the means. The Mann-Whitney U test shows a significant difference between the
two distributions at the p < 0.01 level.
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Figure 8.9 Dispersion diagrams of substrate compressive strength for the two granite geo-

complexes at 0-10 cm depth. Blue dots represent the means and the blue lines represent the 95%
confidence intervals for the means. The Mann-Whitney U test shows no significant difference
between the two distributions.
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strength of the substrate (Figure 8.9). For the granite geo-complexes the stronger plant

community, the U7 community, is associated with substrate with a higher shear strength,

probably representing the influence of the deeply-penetrating roots of Nardus stricta.

Peat, however, shows a slight decrease in shear and compressive strength with depth,

which may represent the effects of penetrating live roots in the upper levels.

The six main geo-complexes and the peat on the western Mamores therefore exhibit

significant variability in their proxy mechanical sensitivities. Table 8.5 shows the

rankings, from least sensitive (1) to most (7), for the individual components (vegetation

and substrate) of the geo-complexes, based on their resistance to mechanical stress, and

qualitative estimates of the ranking of the whole geo-complexes based on the combined

rankings of the individual components. The vegetation resistance of U7-quartzite and

U7-schist geo-complexes are given equal ranking because they showed no significant

difference in the dispersion of their shear strength values (Table 8.4). As shown in

Figures 8.1 and 8.8, the strength of the soil beneath U7 communities on most lithologies

increases in strength. Therefore, the substrate resistance, for soils derived from the same

lithologies, was ranked higher for soil underlying the U7 communities. Because

measurements were not always possible, the distinction in the rankings between the three

main substrate types is based on how easily they could be excavated. Soil derived from

granite was most easily excavated, followed by soil derived from schist, but excavations

were impossible in soil derived from quartzite. The results suggest that the most robust

geo-complex is the U7-quartzite geo-complex and the most sensitive is the UlO-granite

geo-complex. Therefore, it would be expected that these two geo-complexes would show

the greatest difference in their responses to trampling stress and that there should be

considerable variation in the responses of all the other geo-complexes to trampling stress.
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Table 8.5 Vegetation, substrate and geo-complex sensitivity rankings for the main geo-complexes
on the western Mamores based on resistance to mechanical stress.

Geo-complex Vegetation
resistance

Substrate
resistance

Geo-complex
resistance

U7-quartzite =1 1 1

U10-quartzite 4 2 3

U7-schist =1 3 2

U10-schist 5 4 5

U7-granite 3 5 4

U10-granite 6 6 6

peat 7

8.4.2 Footpath development across geo-complexes in the western Mamores

Footpath development across the six geo-complexes and the area underlain by peat was

assessed both qualitatively and quantitatively. The qualitative analysis involved

description of the morphology and nature of the footpath within the different geo-

complexes and the quantitative analysis involved investigation of the relationship

between the proxy sensitivity indicators and path depth and width.

8.4.2.1 Qualitative analysis

The footpath crossing the two geo-complexes on schist is shown in Figure 8.10. The U10

geo-complex is shown in the foreground and the U7 geo-complex appears further along

the path within the light coloured Nardus striata vegetation. A detailed view of the path

morphology crossing the U7-schist geo-complex is shown in Figure 8.11 and a typical

cross-sectional profile of the path is represented in Figure 8.12. The path is narrow,

typically 30-60 cm wide, but relatively deep (~ 10-20 cm). The depth is predominantly

the result of the occurrence of a deep humic layer beneath the Nardus stricta vegetation.

This organic layer (including the vegetation mat) is typically 5-20 cm deep and is more
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easily eroded than the underlying mineral substrate. The remaining depth appears to be

due to compaction of the minerogenic material by trampling (Figure 8.13). Nardus

stricta grows right up to the edge of the path on the upslope side and to within ~ 10 cm on

the downslope side. On the downslope side of the footpath there is a bulge, caused by

unconfined lateral pressure (Figure 8.13). This bulge is occupied by Alchemilla alpina

and resistant grass species. The bed of the path is composed of clasts and compacted

fines. Many of the clasts from the upslope edge of the path appear to have been loosened

and detached by frost heave and possibly needle-ice growth.

Figure 8.10 Footpath crossing the U7-schist (lighter vegetation in the background) and U10-
schist (darker vegetation in the foreground) geo-complexes on the Mamores.
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Figure 8.11 A: detailed view of the footpath passing through the U7-shist geo-complex. B:

steeper upslope edge of the path showing the uncompacted humic soil and small clasts detached
by frost heave.
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The morphology of the path crossing the UlO-schist geo-complex is shown in Figure 8.14

and a typical cross-sectional profile of the path is represented in Figure 8.15. The main

path is 50-80 cm wide but only 2-10 cm deep. Apart from the creation of the central path,

trampling pressure has caused damage to the vegetation mat up to ~ 1 m on either side of

the path. In this zone, Racomitrium lanuginosum has been lost from the vegetation mat

either because it is physiologically intolerant of trampling or it has been torn from the

vegetation mat by trampling. The bed of the path is again composed of compacted clasts

and finer soil and this compaction has resulted in bulging of material on the downslope

side of the path. The path is not as deep as the path crossing the U7-schist geo-complex

because the vegetation mat and humic layer are thinner under the U10 community than

under the U7 community.

Figure 8.14 Detailed view of the footpath passing through the UlO-schist geo-complex.
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The footpath crossing the two geo-complexes underlain by quartzite is shown in Figure

8.16. Detailed images of the morphology of the footpath crossing the U7-quartzite and

U10-quartzite geo-complexes are shown in Figure 8.17 and typical cross-sectional

profiles in Figures 8.18 and 8.19. The footpath crossing the U7-quartzite geo-complex

has a single, well-defined unvegetated pathway composed of quartzite clasts and gravel,

and is 2-8 cm deep and 50-150 cm wide. Areas within 20-60 cm on either side of the path

are composed of sparsely-vegetated organic soil. The thickness of the organic soil

increases with distance from the path. Between it and the zone of complete U7 vegetation

cover there is an intermediate zone of short, sparsely populated grass cover. The depth of

the path represents the loss of the vegetation mat and underlying humic soil. The bed of

Figure 8.16 Footpath passing through the U7-quartzite (bounded within the red line) and the
U10-quartzite geo-complexes on the Mamores range.
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Figure 8.17 A and B: oblique views of the path passing through the U10-quartzite and U7-

quartzite geo-complexes, respectively.

the path coincides with the upper limit of the minerogenic substrate, which is largely

clast-supported and has therefore suffered little or no compaction under trampling.

The damage caused by trampling on the U10-quartzite geo-complex is extensive but

diffuse. There is no well-defined single pathway, but small areas have been eroded down

to the clast-supported minerogenic regolith. The depth of erosion in these areas is 2-4

cm, representing loss of the overlying thin vegetation mat and humic layer. The clast-

supported regolith has suffered minimal compaction or erosion from trampling pressure.

However, the loss of vegetation, typically Racomitrium lanuginosum, occurs across a

zone typically 3.5-8.0 m wide, leaving large areas of sparsely-vegetated minerogenic soil

exposed.
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The footpath crossing the two geo-complexes overlying granite is shown in Figure 8.20.

The footpath crosses the UlO-granite geo-complex (the darker vegetation, one area of

which is bounded by the red line) seven times within Figure 8.20. There is conspicuous

widening of the path bed where the path crosses the U10 stands.

Figure 8.20 Footpath passing through the U7-granite (lighter vegetation) and UlO-granite (darker

vegetation) geo-complexes on the Mamores Range. U10 geo-complexes are numbered.

The morphology of the footpath crossing the U7-granite geo-complex is shown in greater

detail in Figure 8.21 and a typical cross-sectional profile of the footpath is represented in

Figure 8.22. In Figure 8.21, (a) represents the vegetation-free pathway composed of

compacted substrate and clasts. The bed of the path is 40-80 cm wide and 10-16 cm

deep. Unlike the geo-complexes overlying both schist and quartzite, the U7-granite geo-

complex shows evidence of erosion of the regolith underlying the bed of the path. On
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either side of the path there are vegetated lateral bulges (b) and flanking these there are

areas of depressed (compacted) ground (c) that are sparsely-vegetated and eroded down to

the underlying peaty soil. Outside these areas the density of vegetation increases (d) but

the Nardus stricta plants are shorter than the undisturbed Nardus stands (e) that occur

beyond the zone of trampling stress. The overall width of the zone affected by trampling

exceeds 2 m.

Figure 8.21 Detailed view of the footpath passing through the U7-granite geo-complex. The
letters refer to individual parts of the footpath explained in the main text.
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The morphology of the footpath crossing the UlO-granite geo-complex is illustrated in

Figure 8.23 and a typical cross-sectional profile is depicted in Figure 8.24. There are

three main morphological units to this section of the footpath, shown in Figure 8.23 as a,

b and c. The path (a) is unvegetated and has suffered considerable vertical (5-15 cm) and

lateral (2-4 m) erosion. Erosion has stripped the vegetation mat, organic soil layer and

underlying regolith leaving, in places, a lag deposit of clasts. There are often distinct

scarp edges marking the boundary between the eroded pathway and adjacent partly

vegetated surfaces (Figure 8.23B). The areas adjacent to the eroded bed of the path (b)

support Racomilrium lanuginosum-free U10, resulting in sparse vegetation cover with

areas of bare ground. Intact U10 (c) can be up to - 3 m from the edge of the eroded

pathway.

Figure 8.23 A: detailed view of the footpath passing through the UlO-granite geo-complex. B:
scarp development at the edge of the main path. Letters are explained in the text.
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As well as crossing the six main geo-complexes, the path also crosses a small area of peat

(Figure 8.25). The peat is overlain by a stand of the U7 community and underlain by

Figure 8.25 A: footpath passing across the small area of peat. B: incision into the vegetation and
underlying peat by footpath erosion.

270



Chapter 8

quartzite. Figure 8.25A shows that along the length of the path the vegetation cover has

been extensively eroded, exposing the peat, which has suffered considerable erosion and

compaction (Figure 8.25B). It also shows that in hollows where moisture has

accumulated, the vegetation has been eroded and poaching of the underlying peat has

occurred as walkers have left the axis of the pathway to avoid muddy ground. The

vegetation on higher ground between these hollows is intact but is much shorter than the

unaffected vegetation on either side of the trampled zone, suggesting that the former is

showing a physiological response to trampling pressure but is resistant to erosion where

substrate does not accumulate moisture.

In sum, U7 geo-complexes tend to have deep, steep-sided but narrow pathways, where

focussed trampling pressure has broken the vegetation cover and eroded the underlying

soil. There is little lateral erosion and the vegetation cover remains intact right up to the

edge of the pathway because the U7 community appears to resist further damage in areas

of lighter trampling stress as its roots bind the underlying soil preventing erosion. Only

the pathway crossing the U7-granite geo-complex showed evidence of vertical erosion

into the underlying matrix-supported regolith. U10 geo-complexes tend to produce much

wider paths, and where the community is underlain by clast-supported regolith, much

shallower pathways than those crossing the U7 communities. However, when underlain

by matrix-supported regolith, significant vertical and lateral erosion of the pathway

occurs. Significant lateral damage occurs with loss of the U10 vegetation several metres

from the main pathway, suggesting it is sensitive to even light trampling stress. The

following section investigates if these footpath characteristics are related to vegetation

mat shearing resistance.
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8.4.2.2 Quantitative analysis

Qualitative analysis has shown that there are clear differences in the morphology of the

footpath as it crosses different geo-complexes, implying that the different geo-complexes

have different sensitivities to trampling pressure. This section describes quantitative

differences in the morphology (width and depth) of the footpath as it crosses the different

geo-complexes and examines whether these morphological differences can be directly

related to vegetation mat shear strength.

Footpath width represents the lateral dimension of the bare area of the pathway for all

geo-complexes except the U10-quartzite geo-complex, where there is no dominant single

pathway. Therefore, only the data representing the depth of trampling damage is

presented for this geo-complex. Footpath depth in this geo-complex represents a measure

of the loss of the vegetation mat and thin humic layer from the small areas where there

has been complete vegetation loss. The comparatively limited damage to vegetation in

this geo-complex probably reflects protection by numerous protruding clasts, which

absorb much of the trampling pressure. For the other geo-complexes, measurements of

footpath depth were made from the lowest point on the footpath bed to a level

interpolated between flanking areas of intact vegetation cover.

The data representing the width and depth of the path crossing the six main geo-

complexes are summarised in Figures 8.26 and 8.27. For each lithology, the widths of the

sections of the footpath crossing the U10 geo-complexes are significantly greater than

those sections crossing the U7 geo-complexes (Figure 8.26 and Table 8.6). The widths of

the sections of footpath crossing U7 geo-complexes and the UlO-schist geo-complex are
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generally narrow (< 1 m). Path width across the UlO-granite geo-complex is much

greater (2-6 m). Statistical testing reveals significant differences in the distribution of

path width between nearly all geo-complexes (Table 8.6).

600-]

500-

0 J 1 1 1 1 1

U7-quartzite U7-schist UlO-schist U7-granite UlO-granite
Geo-complex

Figure 8.26 Dispersion diagrams of footpath width within the six geo-complexes. Blue dots

represent the medians and the blue lines represent the 95% confidence limits about the medians.
N = 13 for all geo-complexes.

The distributions of footpath depths on U7 geo-complexes are significantly greater than

those measured on U10 geo-complexes on the same lithologies (Figure 8.27 and Table

8.6). There are fewer differences in the distribution of path depth between geo-

complexes compared to path width, with 27% of paired samples showing no significant

difference (Table 8.6). The sections of the footpath crossing the U7 geo-complexes are

deepest because of the loss of the deep vegetation mat and humic layer associated with

the U7 community; the vegetation mats and humic layers associated with the U10

community are generally much thinner. The sections of path crossing the quartzite geo-
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UlO-schist U7-schist UlO-quartzite U7-quartzite UlO-granite U7-granite

Geo-complex

Figure 8.27 Dispersion diagrams of footpath depth within the six different geo-complexes. Blue
dots represent the means and the blue lines represent the 95% confidence limits for the means. N
= 13 for all geo-complexes.

Table 8.6 Bivariate analysis of footpath width and depth differences on the six geo-complexes
using the Mann-Whitney U statistic for p < 0.5. X indicates a significant difference at the 95%
confidence level and NS indicates no significant difference at this level.

Depth
UlO-schist

U7-schist

UlO-schist U7-schist UlO-quartzite U7-quartzite UlO-granite

UlO-quartzite
U7-quartzite
UlO-granite
U7-granite

NS

NS

NS NS
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complexes tend to be shallow because their depth represents only loss of the vegetation

mat and humic material, whereas footpath depth on other geo-complexes also represents

erosion or compaction of underlying soil. Some of the depth of the footpath crossing the

schistose geo-complexes represents compaction. Much of the depth (~ 10 cm) of the

section of the footpath crossing the U7-granite geo-complex is accounted for by loss of

the vegetation mat and organic material, though up to 5 cm of underlying regolith has also

been eroded from these sections of footpath. The deepest erosion of regolith from the bed

of the footpath occurs on the UlO-granite geo-complex, where up to 12 cm of soil has

been eroded as well as the overlying vegetation mat and humic material. These results

confirm the qualitative observation ofmarked differences in path morphology as it passes

through the different geo-complexes. Comparisons of these differences are shown in

Figure 8.28.

The data representing relationships between footpath morphology and vegetation mat

shear strength are summarised in Figures 8.29 to 8.30. The data presented in these figures

represent the median values of footpath width and depth plotted against median

vegetation mat shear strength. Quantitative relationships between footpath morphology

and soil strength could not be established because of the lack of substrate strength data.

However, the clast-supported regolith derived from quartzite and schist is considered

robust, the matrix-supported regolith derived from granite is regarded as being more

sensitive and the humic soil layer, underlying vegetation mats, is believed to be

particularly sensitive to physical disturbance.
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Figure 8.28 Comparison of the cross-sectional profiles of the footpath as it passes through the six
different geo-complexes.
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Figure 8.29 shows that there is no simple relationship between path width and vegetation

mat shear strength. The U7 complexes, with the greatest shear strength are associated

with narrow pathways, as is the UlO-schist geo-complex. The UlO-granite geo-complex,

with the lowest median shear strength, is associated with much wider pathways. These

results suggest that the U7 geo-complexes and the UlO-schist geo-complex are robust to

trampling pressure, but that geo-complexes characterised by matrix-supported regolith

and U10 vegetation cover (both with low proxy sensitivities) produce wide paths in

response to trampling pressure. Apart from the vegetation shearing resistance, there may

be other factors contributing to lateral footpath development, such as substrate strength

and physical properties, local topography, binding of path margins by more robust

communities and tendency of walkers to follow well-defined pathways.

2.

350

300-
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200-

150-

100-

50-

0

U10-^nite

U7-q^rtzite
UlO-schist U7-granite
• • U7-^hist

10 15 20

Vegetation mat shear strength (kPa)
25

Figure 8.29 Relationship between vegetation shear strength and median footpath width for the six
different geo-complexes.
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The relationship between median footpath depth and vegetation shear strength is more

instructive (Figure 8.30). For the U10 geo-complexes, increasing median shear strength

is reflected in decreasing path depth. The U7-granite and U7-schist geo-complexes have

the greatest median path depth, reflecting removal of a thicker vegetation mat and

underlying humic soil. Median path depth on the U7-quartzite geo-complex is much less,

probably due to the clast-supported nature of the underlying soil. Footpath depth,

therefore, appears to be related more to the substrate strength than vegetation strength.

14-

U7-^nite U7-schist
•

12-

10-

8- UlQ-^anite

6-
UlO-schist
•

U7-qwrtzite

4-
U10-curtate

2-

0 5 10 15 20 25
Vegetation mat shear strength (kPa)

Figure 8.30 Relationship between median footpath depth and vegetation shear strength for the six
geo-complexes.

The above analysis suggests that the sensitivity of high plateau terrain to footpath

development cannot be accounted for in terms of only a single measure of sensitivity

(vegetation shear strength) but requires consideration also of the strength of the

underlying soil. The proxy sensitivity measures of substrate and vegetation therefore
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need to be considered together when attempting to establish the mechanical sensitivity of

the terrain to physical stress. The field evidence indicates, for instance, that vegetation

rooted in clast-supported soil appears to be more resistant to physical stress than

vegetation growing on matrix-supported soil.

8.4.3 Discussion

Table 8.7 ranks, from least sensitive (1) to most sensitive (6), the quantitative (median

footpath depth) and subjective qualitative interpretations of footpath development and the

subjective mechanical sensitivity of the six geo-complexes (Table 8.5). Path depth was

chosen as the quantitative interpretation because path width only accounted for the width

of the main pathway and did not represent trampling damage beyond it. There is no

similarity in the rankings between the quantitative interpretation and the other two

measures for any of the geo-complexes. This may be because footpath depth is only one-

dimensional and the response of geo-complexes to physical stress is three-dimensional.

There is a complete correspondence between the qualitative interpretation of geo-complex

sensitivity and the mechanical sensitivity. Although both interpretations of geo-complex

sensitivity are subjective, they are derived from different approaches and, therefore, one

can be reasonably confident that the techniques used to obtain the proxy measures of

sensitivity are valid and provide a reliable representation of the mechanical sensitivity of

the terrain to physical stress. Investigations of the response of the different geo-

complexes to trampling pressure have also shown that for the terrain to exhibit sensitive

behaviour, both geo-complex components must be sensitive to physical stress.
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Table 8.7 Ranking of geo-complex sensitivity to physical stress based on three measures. The

quantitative and qualitative interpretation is based on geo-complex response, in the form of

footpath development, to trampling pressure. The qualitative mechanical sensitivity ranking is
based on an amalgamation of both the vegetation and soil shear strengths (Table 8.5). 1 = least
sensitive and 6 = most sensitive.

Geo-complex sensitivity to physical stress
Footpath development

Geo-complex
Quantitative

interpretation: depth
Qualitative

interpretation
Qualitative mechanical

sensitivity
U7-quartzite = 2 1 1

U10-quartzite 1 3 3

U7-schist = 5 2 2

U10-schist = 2 5 5

U7-granite = 5 4 4

U10-granite 4 6 6

Additional qualitative field evidence, highlighting the response of different geo-

complexes to physical stress, further validates the techniques used to quantify terrain

sensitivity. Figure 8.31 shows degradation of Racomitrium lanuginosum-dominant U10

communities overlying thin aeolian soils on Cam nan Gobhar (Figure 8.31A) and West

Drumochter (Figure 8.3IB). In the areas where vegetation has been removed, the

underlying sand sheets have also been stripped, exposing a coarse lag deposit. Figure

8.32 shows that erosion has also occurred within the U6c plant community on East

Drumochter (Figure 8.32A), the U4e community on the Red Cuillin (Figure 8.32B) and

both the U9 and H20 communities on the Cairngorms (Figure 8.32C). All of these

communities overlie matrix-dominant soils, and generally have low shearing resistance

values or sub-zones of particularly weak vegetation. Much of the disturbance takes the

form of erosion spots (isolated patches of bare ground in otherwise vegetated terrain) and

on the Cairngorms these have coalesced into large areas of bare ground. Figure 8.33

shows that communities containing Calluna vulgaris are prone to disturbance. On Fionn
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Figure 8.31 Evidence of disturbance to geo-complexes containing the Racomitrium lanuginosum-
dominated U10 community on Cam nan Gobhar (A) and West Drumochter (B).
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A

Figure 8.32 Disturbance of weak plant communities on three different plateaux. The U6c

community on East Drumochter (A), U4e community on the Red Cuillin (B) and the U9 and H20
communities on Cairngorm (C). All of these communities yielded low shear strength values
when tested using the shear rake.
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Figure 8.33 Disturbance to prostrate Calluna vulgaris dominated plant communities on Fionn
Bheinn (A), East Drumochter (B) and West Drumochter (C).
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Bheinn, wind stripes have formed within the H13 community (Figure 8.33A), on West

Drumochter large erosion spots have developed within the same community (Figure

8.33B) and large scarps have formed within the H12 community on East Drumochter

(Figure 8.33C). The common feature of all these communities is their low shearing

resistance (Figure 6.12), typically less than 15 kPa.

8.5 Classification of terrain sensitivity

One aim of this thesis is to produce a widely-applicable classification of terrain sensitivity

for high plateaux in the Scottish Highlands. The findings of the previous section indicate

that a classification of terrain sensitivity based on measurement of surface and subsurface

shear strength will produce a robust indication of the mechanical sensitivity of high

plateau terrain. In developing a classification of terrain sensitivity, consideration has to

be given to several questions, as follows.

1. Who is most likely to use the classification and for what purpose?

2. At what scale will the classification be a useful and widely-applicable tool?

3. What components of high-plateau terrain (plant communities, soil characteristics,

topography, geomorphological processes) need to be integrated into the classification?

4. Can elements of previous classifications be incorporated into the classification?

5. At what scale could a digitally-generated classification, in the form of a GIS file,

work, given the availability of present digitised vegetation and soil data?

6. What aspects of the classification can be readily assessed in the field so that terrain

could be classified simply and effectively?

A classification of terrain sensitivity is most likely to be used by landowners and

managers, environmental and conservation bodies, and government agencies such as
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Scottish Natural Heritage for identification of potentially sensitive areas of high plateau

terrain in order for particular land uses to be controlled or more closely monitored to

ensure physical damage is minimised. Identification of sensitive terrain is therefore likely

to be conducted at the individual plateau scale. It follows that a fairly detailed

classification will be most useful to show differences in terrain sensitivity at this scale.

The most appropriate components to be included in the classification are the strength of

the plant communities and different substrate types, with caveats detailing the effects of

seasonal variations in sensitivity, topography, geomorphological processes and altitude.

Elements, particularly the topographical details, of the classifications developed by

Haynes et al. (2001) (Table 2.1) and Thompson et al. (2001) (Table 2.2) could be

incorporated into this new classification. Digitally-stored data exist at the community

level for selected plateaux across the Scottish Highlands and general substrate data are

also available for particular plateaux. For such areas, a classification at the community

level could be developed with a GIS programme. Any classification should be kept as

simple as possible so that its main components can be easily identified in the field, for

example the community scale for vegetation and four substrate elements (peat, humic

material, matrix- and clast-supported soil).

8.5.1 The classification

As outlined in section 8.4, the strength of the geo-complexes, in terms of substrate and

vegetation, appears to provide a reasonably robust indication of the mechanical sensitivity

of high plateau terrain to physical stress. This implies that a classification based on a

matrix of the substrate and vegetation strength components is likely to yield a potentially

robust and widely-applicable classification of high plateau terrain sensitivity. The results
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presented previously indicate that a matrix of the two components will yield several

classes of terrain sensitivity. The choice of scale of the components used in the

classification will determine the final number of terrain sensitivity classes.

Table 7.1 showed that the substrate on high plateaux could be divided into seven different

types. However, the results presented in Chapter 7 also showed that there is little

difference in sensitivity between type 2 and type 3 matrix-supported substrates. There

were, however, distinct differences between the strength of peat, organic/humic soil,

matrix-supported regolith and clast-supported regolith, implying that these four different

types of substrate will demonstrate the greatest variability in strength (sensitivity) across

plateaux. Both shear and compressive strength were measured as proxy indicators of

substrate sensitivity, and as Figure 7.11 shows, the two tend to be strongly positively

correlated. It follows that either can be employed to represent substrate strength without

prejudicing the terrain classification. The more appropriate proxy measure of substrate

sensitivity is probably shear strength, because once substrate is exposed it is its shear

strength that effectively resists erosion by wind and surface runoff, though arguably

compressive strength may be a more accurate measure of resistance to trampling pressure.

The most appropriate level for assessment of vegetation sensitivity is the community

level. A more detailed level (species level) subdivision would produce too many classes

of terrain sensitivity and would be difficult to apply in the field. Conversely, a coarser

level of assessment would result in important detail being lost and communities with

different sensitivities being grouped together. The shearing resistance (shear strength)

characteristics of plant communities therefore provide the most appropriate ecological

component of the proposed classification.
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The classification of terrain sensitivity for high plateaux in the Scottish Highlands is

presented in Figure 8.34. Five classes of terrain sensitivity to physical stress are shown.

These are highly sensitive, sensitive, moderately sensitive, robust and highly robust. The

moderately sensitive class represents a category of vegetation and substrate strength

where the terrain has the potential to be either sensitive or robust to physical stresses.

Thirteen plant communities are represented by their ranges of shearing resistance values.

The range of shearing resistances for each community represents the minimum and

maximum values derived from all 95% confidence limits within and amongst the ten sites

investigated. For example, the U10 community ranges from 2.5-20 kPa, because on

certain plateaux it is dominated by Racomitrium lanuginosum, which exhibits very low

shearing resistance, whereas on others it is dominated by Carex bigelowii, which tends to

have high shearing resistance. Because there are fewer measurements of substrate

strength, the range of strength values for the four-substrate types represents the overall

range of shear strength values for that particular substrate type, derived from all three

measurement depths on all ten plateaux investigated. Although the shearing resistance of

clast-supported regolith could not be measured, it is assumed to be stronger than matrix-

supported substrate and is therefore represented as such in the classification. Shear

strength probably varies with the concentration of clasts within the regolith; a high

concentration of clasts is likely to increase shear strength, whereas a low concentration of

clasts is likely to mean the fine component of the regolith will largely determine its shear

strength - hence the large range of shear strength values for clast-supported regolith

suggested in Figure 8.34.
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Classification of terrain sensitivity on high plateau
in the Scottish Highlands
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Figure 8.34 Proposed classification of terrain sensitivity on high plateaux in the Scottish

Highlands.

The classification represents overall geo-complex sensitivity, based on the combined

sensitivities of the vegetation and substrate, but not the sensitivity of the individual

components of geo-complexes in isolation. For example, Racomitrium lanuginosum-

dominated U10 community is normally highly sensitive, but if it overlies clast-supported

regolith the geo-complex is robust, as demonstrated on Glas Maol and Ben Wyvis. Geo-

complexes with very strong vegetation and moderately weak substrate are regarded as

robust or highly robust because the vegetation is resistant to physical stress and so the

more sensitive substrate is unlikely to be exposed. However, geo-complexes containing

peat and humic soil are regarded as highly sensitive, because even if the overlying

vegetation is only slightly damaged the underlying soil or peat is easily degraded.
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Topographical contrasts in the sensitivity of the terrain are likely to have already been

incorporated into the classification presented in Figure 8.34, because the plant

communities and substrates measured already reflects these variations. For example, the

two U10 communities measured on West Drumochter, one located on the south-facing

slope and the other on the north-facing slope, had different proxy sensitivities to physical

stress. As well as topographical influences, seasonal effects, such as those discussed in

Section 8.3, can change the sensitivity of geo-complexes throughout the year. These

seasonal variations in terrain sensitivity are not reflected in the classification, because

measurements were made during the months of May-October.

The classification of high plateau terrain sensitivity presented in Figure 8.34 is the first to

be based on quantitative measurements of vegetation and substrate properties. It

challenges the common belief that all terrain on high plateaux is fragile and shows that

there are many geo-complexes that are robust to physical stress. The components of the

classification could be easily transferred to a GIS programme to apply the classification to

areas not investigated in this thesis.

8.6 Conclusions

To produce a robust representation of high plateau terrain sensitivity, the sensitivity of

both components of high plateau geo-complexes (vegetation cover and soil

characteristics) must be considered together. When considered in isolation they do not

always provide a reliable indication of the overall sensitivity of the terrain. The

foundations for such a statement are based on several important findings. First, there are
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positive relationships between vegetation cover and the shear strength of the upper 10 cm

of soil on several plateaux investigated, with the U7 community, in particular, overlying

soil that is significantly stronger than that underlying other communities on the same

plateau. The most likely reason for this relationship is that the upper layers of soil are

strengthened by the roots of some species. This relationship, however, does not appear to

be as strong for soil compressive strength. Second, geo-complexes on the Mamores

appear more responsive to trampling pressure where both terrain components are

sensitive. Where only one is sensitive, geo-complexes display relatively robust responses

to trampling pressure, with the exception of that containing peat. Third, field evidence

indicates that the U10 community, with low shearing resistances, survives relatively

undamaged on clast-supported substrate on Ben Wyvis and Glas Maol, but shows

considerable degradation on matrix-supported substrate on Cam nan Gobhar and the

Drumochter Hills.

Seasonal variations in the nature of high plateaux terrain and pressures affecting the

terrain are believed to have a significant affect on its sensitivity. The quantitative results

from investigations of seasonal terrain sensitivity on Glas Maol proved inconclusive, but

qualitative observations revealed quite marked seasonal changes associated with climatic

influences and the growth development of vegetation.

Assessments of the response of different geo-complexes to footpath development on the

western Mamores validate the use of measurements of vegetation and soil strength as

proxy measures of sensitivity to physical stress. For example, the UlO-granite geo-

complex, comprising the weakest vegetation and substrate, displayed the greatest level of

damage from trampling, while the U7-quartzite geo-complex, comprising the strongest
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vegetation and potentially strongest substrate, exhibited very little damage. Observations

of damage to plant communities on other plateaux lend support to the validation by

demonstrating that communities characterised by low shearing resistances show the most

conspicuous evidence of degradation.

The results presented in this and earlier chapters have allowed the development of a

terrain sensitivity classification based on quantitative measurements of vegetation and

substrate properties. The classification identifies five sensitivity classes, ranging from

highly sensitive to highly robust, based on the shear strength of the vegetation and the

shear strength of the substrate. Thirteen of the most common and abundant plant

communities are represented, as well as four common substrate types, potentially forming

a total of 52 geo-complexes. Vegetation and substrate strengths are represented by

ranges, reflecting the significant intra-community and intra-substrate differences in

strength within and between plateaux. Therefore, for example, an area of the U10

community overlying matrix-supported substrate can exhibit four different sensitivity

classes depending on the shearing resistance of the community, which is likely to reflect

differences in the proportional species representation. The classification may help inform

management and land-use strategies, particularly as the range and intensity of pressures

affecting high plateaux change, allowing management to be focused on potentially

sensitive areas.

Chapters 6, 7 and 8 have demonstrated that terrain sensitivity can be quantified and that

the techniques used provide a robust indication of terrain sensitivity on high plateaux.

This in turn has allowed development of a classification of terrain sensitivity. This

classification, however, represents only the intrinsic sensitivity of the terrain and does not
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encompass changes in the stresses that are likely to cause damage to high plateau terrain.

The following chapter investigates the possible causes and timing of past episodes of

terrain disturbance on high plateaux to establish if present or future stresses have the

potential to cause widespread disturbance, and identify areas that may be potentially

vulnerable to such disturbance.
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Chapter 9

Past episodes of terrain disturbance on high plateaux

9.1 Introduction

Two of the most striking landforms present on high plateaux in the Scottish Highlands are

extensive deflation surfaces and lee-slope aeolian deposits derived from the products of

deflation. Such features have been identified on many plateau surfaces in the Scottish

Highlands (Peach et al., 1913; Godard, 1965; Sissons, 1967, 1976; Ball and Goodier,

1974; Goodier and Ball, 1975; Birse, 1980; Pye and Paine, 1983; Ballantyne and

Whittington, 1987; Ballantyne 1998b). However, they are not confined to the Scottish

Highlands. Similar features occur on mountain plateaux in South Africa (Grab, 2002),

Ireland (Wilson, 1989), Iceland (Arnalds, 1987, 2000), Greenland (Jacobson, 1987) and

the Faeroe Islands (Christiansen, 1998; Humlum and Christiansen, 1998). Ballantyne and

Whittington (1987) investigated the characteristics, mode of accumulation and history of

development of deflation surfaces and associated aeolian deposits on An Teallach in the

NW Highlands. They noted that the stratigraphy of aeolian deposits on lee slopes

comprises two units: a lower weathered unit, and a fresh upper unit derived from

stripping of soils and pre-existing aeolian deposits from plateau areas upwind. The two

units are sometimes separated by an unconformity. Radiocarbon dating indicated that the

older unit accumulated progressively throughout much of the Holocene, but the upper

unit contains negligible concentrations of organic sediments and cannot be dated by this

method.
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The aims of the research reported in this chapter are twofold: (1) to determine the age(s)

and cause(s) of the erosion of soil cover from plateau areas implied by the accumulation

of upper-unit aeolian sediments on the crests of the lee slopes, through application of

optically-stimulated luminescence (OSL) dating; and (2) to establish if past episodes of

terrain disturbance implied by such sediment reworking occurred synchronously or

asynchronously across the Scottish Highlands.

There are six main sections in this chapter. The first outlines geomorphological evidence

for past episodes of disturbance on plateau surfaces. The second suggests possible

hypotheses concerning the causes and timing of past disturbance. The third describes the

methodology employed to date the onset of rapid aeolian deposition and thus the timing

of associated plateau-surface erosion, and the methods used to determine the grain-size

distributions of the upper and lower aeolian units. A brief account of field sites is also

given. The fourth section presents the results of these investigations. The fifth section

considers the significance of the results in terms of identifying possible cause(s) or

trigger(s) of widespread plateau surface erosion and implications for the sensitivity of

present high plateaux in terms of disturbance thresholds. The final section summarises

the main findings and suggests possible further research.

9.2 Nature of disturbance

Plateau surfaces that have suffered widespread erosion in the past are believed to have

formerly supported a more extensive vegetation and soil cover (Ballantyne and

Whittington, 1987; Ballantyne, 1998b). Plateaux affected by major disturbance are often

underlain by lithologies that have weathered to form cohesionless, predominantly sandy
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regolith. On An Teallach, accumulation of plateau-top aeolian sands commenced in the

Early Holocene before c. 7900 14C yr BP (Ballantyne and Whittington, 1987), and is

likely to have resulted from one or more processes: (1) in situ weathering of the

underlying sandstone bedrock; (2) aeolian or niveo-aeolian deposition of both

minerogenic and organic sediment (Ballantyne and Whittington, 1987) (Figure 9.1); and

(3) deposition of windblown sediment derived from weathering of adjacent cliffs. In the

last case, particles are dislodged during storms and blown upwards in an accelerating

near-vertical airflow, then settle through lower-velocity flow onto plateau surfaces, where

they are trapped by snow or vegetation cover (Wilson, 1989; Hetu, 1992; Ballantyne,

1998b; Christiansen, 1998). Under all three scenarios, vegetation cover is likely to have

persisted throughout accumulation of the plateau-top mantle of sandy aeolian soil

(Ballantyne and Whittington, 1987), suggesting that the terrain was relatively robust to

the pressures operating prior to the disturbance events.

Disturbance of this formerly more extensive sediment cover has produced a range of

distinctive features. The more exposed areas of plateaux tend to be characterised by an

absence of virtually all vegetation cover, and by the removal of surface and near-surface

sand and silt grains to form extensive deflation surfaces covered by boulders and lag

gravels (Figure 9.2). Such deflation surfaces are likely to have formed by the combined

action ofwind and ground freezing and thawing (frost heave and needle-ice growth). On

some deflation surfaces, "remnant" islands of vegetated soil or sand cover representing the

remnants of much more extensive vegetated sand sheet cover still survive (Figure 9.3).

These remnants are slowly shrinking as erosion of sand scarp faces continues,

undermining the protective vegetation cover. The products of deflation have accumulated

in sheltered cols and on the lee slopes of plateaux. The upslope margins of such lee-slope
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Figure 9.1 Niveo-aeolian sedimentation on An Teallach. (A) Sand particles are blown onto the

snowpack and (B) preserved under later snowfalls. As the snow pack melts (C) the sand particles
are lowered onto the underlying vegetation, which traps the sand allowing a stable deposit to
accumulate.

accumulations are undergoing continued erosion, forming sand scarps up to 4 m high

(Figure 9.4). Most lee-slope deposits comprise two units. The lower unit is characterised

by predominantly sandy sediment, often with high organic content, with occasional

organic-rich layers and evidence of iron and manganese staining. This unit was

interpreted by Ballantyne and Whittington (1987) as representing slow accumulation of

aeolian sediment throughout the Holocene. The upper sand unit is typically massive,

poorly sorted, with very limited organic content, and shows no evidence of weathering

(Figure 9.5). On some plateaux such reworked sand has been redeposited on flatter areas,

forming crescent-shaped aeolian sand deposits (Figure 9.6).
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Figure 9.2 Extensive deflation surfaces on An Teallach (A) and a more detailed image of the
coarse lag material with patchy vegetation forming the surface of the deflation surfaces (B).

Figure 9.3 Remnant vegetation island on An Teallach that provides evidence of the extent of the
former vegetated sand sheet that covered most of the plateau prior to disturbance.
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Figure 9.4 Thick lee slope sand deposits on An Teallach showing their lateral (A) and vertical (B)
extents. The white box in (A) represents the area detailed in (B).
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Figure 9.5 Typical stratigraphy of the lee slope sand deposits on An Teallach, showing the

relatively unweathered upper sand unit and the lower, weathered, organic-rich sand unit. The

upper sand unit was interpreted by Ballantyne and Whittington as representing rapid, recent

deposition caused by widespread erosion of aeolian soils from upwind plateau sources. This
photograph represents Pit 3 on An Teallach, showing the location of samples 3AT1/2 (above the
white line) and 3AT2/2 (below).
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Figure 9.6 Thin crescentic aeolian sand deposits on the Cairngorms, supporting a stand of the
U10 plant community. The surrounding area is occupied by the U9 community. This photograph

highlights the typical morphology of the sand crescents, which occur across the flatter areas of the

plateau. They are typically 30 cm deep and less than 10 m wide and long.

9,3 Possible causes of plateau-surface erosion

The geomorphological evidence suggests that on deflation surfaces, the main process

responsible for entraining, transporting and redepositing previously stable aeolian soils

was wind erosion. What remains unknown is the cause of the breakage in protective

vegetation cover that destabilised the plateau soils, lowering the threshold of erosion and

exposing the underlying soil to entrainment by strong winds. There are several possible

hypotheses to explain why the long-established vegetation cover was broken and the sand

sheets were eroded from more exposed areas of plateau (Figure 9.7).
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Figure 9.7 Schematic representation of factors that may have contributed to promoting
disturbance of vegetated sand sheets and how the disturbance may have occurred.

The first hypothesis attributes plateau surface erosion and associated lee-slope deposition

to climatic influences. Climatic deterioration, such as occurred during the 'Little Ice

Age' of the 17th and 18,h centuries AD, has been suggested as a possible cause by several

authors (Ball and Goodier, 1974; Goodier and Ball, 1975; Ballantyne and Whittington,

1987). The Little Ice Age was characterised by increased snowfall, lower temperatures

and increased storminess (Grove, 1988). Anecdotal evidence (Mitchell, 1999) suggests

that there may have been several years of perennial snow cover on some plateaux during

the period of the Little Ice Age. This may have induced physiological stress in the

vegetation cover, allowing blow-outs to form when plateaux were re-exposed to the

stormy climate, and thus triggering widespread progressive erosion of unprotected aeolian

soils. Conversely, prolonged dry periods may have stressed the plateau vegetation,

allowing blow-outs to develop during periods of strong winds. If the dates obtained for

the timing of deposition of lee-slope aeolian deposits do not correspond to any known

period of climatic deterioration, then two conclusions may be drawn: either (1) past
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climatic extremes have not been a significant factor in plateau-surface erosion and,

therefore, some other cause is responsible; or b) an earlier unknown period of climatic

deterioration, may have triggered the plateau-surface erosion.

Intensification in grazing pressure and consequential overgrazing, particularly by sheep,

provides a second hypothesis for plateau surface erosion. In particular, a dramatic

increase in sheep numbers in the 18th and 19th centuries AD has been suggested as a

possible explanation (Ballantyne and Whittington, 1987). Alternatively, plateau-surface

erosion in the NW Highlands may be attributable to overgrazing by sheep introduced by

Norse settlers around 900-1000 AD. Overgrazing by sheep and deer tends to open up

small areas of unvegetated ground ('erosion spots'), exposing the underlying substrate to

the effects of cryoturbation and wind erosion, which prevent re-colonisation. These small

'erosion spots' may then expand and coalesce due to continued grazing of fringe

vegetation, death of plants at the fringes, degradation of fringe vegetation and the

continuing effects of cryoturbation and erosion by wind, runoff and trampling animals. If

the timing of deposition of reworked aeolian deposits predates any known introduction or

intensification of sheep grazing, then this hypothesis is unlikely to be valid.

A third hypothesis is that thickening of sand sheets through progressive accumulation

throughout the Holocene may have distanced the stable vegetation mat from the water

table, resulting in the vegetation becoming physiologically stressed due to water

deficiency at times of prolonged summer drought. The original vegetation may have

either died completely or been out-competed by species that are capable of absorbing

moisture from the atmosphere. Such changes in species compositions may have

weakened the vegetation mat making it more susceptible to physical stress (Figure 9.8).
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For this hypothesis to be accepted as the main cause of disturbance on all plateaux, one

would expect disturbance to be limited to areas of thick aeolian sand accumulation, and to

be minimal on plateaux with only a shallow soil cover, where the vegetation mat is likely

to have remained close to the water table throughout the Holocene.

Early Holocene Early Holocene Mid Holocene

Present day Late Holocene Late Holocene

Figure 9.8 Disturbance of plateau surfaces caused by the gradual raising of the vegetation mat

above the mean water table (schematic). Throughout the Early and Middle Holocene the

vegetated sand sheets continue to thicken due to aeolian or niveo-aeolian deposition. Eventually
they reach a critical thickness during the Late Holocene when the roots of the vegetation mat are
unable to penetrate to the underlying water table during periods of summer drought. The
vegetation then suffers physiological stress caused by dehydration, resulting in exposure of the
underlying soil. This is readily removed by strong winds, leaving extensive deflation surfaces.

There are several other possible hypotheses that may have led to the extensive

disturbance of plateau surfaces but they are not easily tested. For example, changes in the

chemical composition of the atmosphere or pest and fungal infestations may have

physiologically stressed the vegetation cover, increasing its susceptibility to physical

stress and opening gaps in the vegetation cover. There is also the possibility that several
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of the factors discussed above worked together to make the terrain more sensitive to the

stresses that led to the disturbance of the plateau surfaces.

9.4 Field sites and methodology

Optically-stimulated luminescence (OSL) dating was employed to provide estimates of

the age of deposition of samples taken from immediately above and below the contact

between the upper (fresh) and lower (weathered) sand units within lee slope sand deposits

to provide an age bracket for the onset of sand or soil reworking and thus the timing of

associated plateau-surface erosion. OSL dating was selected because there is negligible

organic material in the upper sand unit, ruling out the use of radiocarbon dating. All

samples contained abundant quartz, which is one of the main minerals used for OSL

dating. OSL dating is also appropriate as it can be used to date very young samples with

a high degree of accuracy.

Sediment samples were collected for OSL dating from six plateaux (Chapter 5). These

plateaux comprised one underlain by granite (Red Cuillin), two underlain by sandstone

(An Teallach and Ben Mor Coigach) and three underlain by schist (Cam nan Gobhar,

Fionn Bheinn and West Drumochter). The six plateaux are located over a wide area of

the Scottish Highlands (see Figure 5.1).

9.4.1 Sampling sites

Grid references for all sampling sites are given in Table 9.1. Samples 2RC1/2 (upper

sand unit) and 2RC2/2 (lower sand unit) were collected from an exposed sand scarp on
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the east-facing slope of Coire Laogh on the northern spur of Beinn Dearg Mhor (Figure

9.9; Table 9.1) in the Red Cuillin on Skye. These deposits are thin and localised in

comparison to those on other plateaux, probably reflecting the relatively small source area

of the plateau compared to the others sampled. The deposits occur at 600 m OD on

sheltered east-facing slopes. The west-facing slopes and flatter areas of the plateau

comprise a mosaic of intact vegetation, sand sheets, and deflation surfaces. The deposits

are unaffected by surface runoff erosion, but where vegetation-free scarps have developed

they are used by sheep as shelter and scratching surfaces.

Figure 9.9 Exposure of the sand deposits on Beinn Dearg Mhor in the Red Cuillin from
where samples 2RC1/2 and 2RC2/2 were obtained.

Samples were collected and dated from three locations on An Teallach to establish if

there are any between-site differences in the timing of the onset of reworked sand
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deposition at different locations on the margins of the plateau. Samples 1 AT1/4, 1AT4/4,

2AT 1/2 and 2AT2/2 were collected from a vegetation-free eroded sand scarp on the

slopes flanking the east-facing valley of Coire a Mhuilinn on the northern part of the An

Teallach massif at 720-730 m OD (Figure 9.10; Table 9.1). Samples 3AT1/2 and 3AT2/2

were collected from an exposed sand scarp on the NE-facing slopes to the south ofGarbh

Choire Mor on the northern part of the An Teallach massif at 720 m OD (Figure 9.5;

Table 9.1). Samples 1 BMC 1/2, 1BMC2/2, 2BMC1/2, 2BMC2/2, 3BMC1/3 and

3BMC2/3 were collected from three different exposed vegetation-free scarp faces in

dissected sand sheets on the north-facing slope of Ben Mor Coigach, east of the main

summit at 700 m OD (Figure 9.11; Table 9.1).

Samples 2CG1/3 and 2CG2/3 were collected from a vegetation-free sand scarp on the

south-facing slope below the summit of Creag Dubh to the east of Cam nan Gobhar in the

Cannich Hills (Figure 9.12; Table 9.1). These deposits occur east of extensive deflation

surfaces that have developed to the SW of the Creag Dubh summit at ~ 900 m OD.

Samples 1FB1/3 and 1FB2/3 were collected from an exposed sand scarp on the northern

slopes of Sail an Tuim Bhain, the eastern spur of Fionn Bheinn, at an altitude of 700 m

OD (Figure 9.13A; Table 9.1). An area of Calluna wind stripes and deflation occurs west

of the sand deposits. Sample 3FB1/3 was collected from a small exposed sand scarp on

the col to the east of the summit of Fionn Bheinn at an altitude of 850 m OD (Figure

9.13B; Table 9.1). Samples 2WD1/3 and 2WD2/3 were collected from a large sand scarp

on the south-facing slope south of the County boundary on A'Mharconaich in the West

Drumochter Hills at 970 m OD (Figure 9.14; Table 9.1).
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B

1AT1/4

1AT4/4—

Figure 9.10 Exposures of Pits 1 (B) and 2 (C) from An Teallach showing the location of samples
and the typical nature of the sand deposits (A) from which samples were collected. Pit 3 is shown
in Figure 9.5.
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A

Figure 9.11 A: Location of the three pits on Ben Mor Coigach from which samples were taken
for OSL dating. B-D: Pit exposures for Pits 1-3 and locations from which samples were taken.
The brightness of images B and C has been altered to show some of the stratigraphical detail of
the sand deposits.
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A

Figure 9.12 A: sand deposits on Cam nan Gobhar. B: stratigraphy of pit 1. C: stratigraphy of pit
2.

Figure 9.13 Exposures of sand deposits on Fionn Bheinn. A: Pit 1. B: pit 3.
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Figure 9.14 A: extensive sand scarp development on the edge of sand deposits on A'Mharconaich
in the West Drumochter Hills. B: exposure from Pit 2. Location of samples are shown.

Table 9.1 Location of the 21 samples.

Sample Field site OS Grid Reference Altitude (m OD)
1AT1/4 An Teallach NH 072862 720-730

1AT4/4 An Teallach NH 072862 720-730

2AT 1/2 An Teallach NH 072862 720-730

2AT2/2 An Teallach NH 072862 720-730

3AT1/2 An Teallach NH 067866 720

3AT2/2 An Teallach NH 067866 720

1 BMC 1/2 Ben Mor Coigach NC 098044 700

1BMC2/2 Ben Mor Coigach NC 098044 700

2BMC1/2 Ben M6r Coigach NC 097044 700

2BMC2/2 Ben Mor Coigach NC 097044 700

3BMC 1/3 Ben Mor Coigach NC 096044 700

3BMC2/3 Ben Mor Coigach NC 096044 700

1FB1/3 Fionn Bheinn NH 168619 700

1FB2/3 Fionn Bheinn NH 168619 700

3FB1/3 Fionn Bheinn NH 156621 850

2RC1/2 Red Cuillin NG 587235 600

2RC2/2 Red Cuillin NG 587235 600

2CG1/3 Cam nan Gobhar NH 197350 900

2CG2/3 Cam nan Gobhar NH 197350 900

2WD1/3 West Drumochter NN 603758 970

2WD2/3 West Drumochter NN 603758 970
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9.4.2 OSL sample preparation

The sediment from the 21 tube-samples, collected in the field following the methods

outlined in Chapter 4, was carefully removed under red laboratory safelights. About 2-3

cm of sediment, which might possibly have been exposed to daylight during sampling,

was removed from the ends of the tubes before the sediment used for dating was

extracted. Estimates of in situ water content (mass of moisture/dry mass; Aitken, 1998)

were calculated by recording the mass of sediment before and after dry weight

stabilization in an oven at 50°C; these measurements were also made on the sub-samples

removed from the end of each tube as a cross-check of the water content measurements of

the dating samples. The samples for dating were then dry sieved to obtain the 125-180

pm particle size fraction. Carbonates and organic matter were removed from the 125-180

pm fraction using 30% HC1 and 30% H2O2, respectively. The 125-180 pm fraction was

then washed several times in distilled water and acetone and briefly dried in an oven at

50°C. The quartz and feldspar-rich fractions were isolated from heavy minerals by

density separation using sodium heteropolytungstate (2.70 g cm"3). The separated quartz

and feldspar-rich fraction was then treated with 40% HF for 40 minutes to dissolve

feldspars and minimise the luminescence from a particles. After HF treatment the quartz-

rich fractions were given a 30% HC1 wash to dissolve any precipitated fluorides, and

finally washed in water and acetone before being dried in an oven at 50°C. All

preparation techniques were carried out under low intensity red laboratory safelights to

avoid bleaching of the natural luminescence. The quartz grains were dispensed onto

stainless steel discs (aliquots-10 mm in diameter) coated with a layer of silicone spray.

The grains covered the entire disc with the exception of a small (< 1 mm) gap around the

edges of the discs.
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9.4.3 Determination ofenvironmental dose-rate

The environmental dose-rate of the sediment was established in the field, at the site of

sample collection, using an ORTEC MicroNOMAD gamma spectrometer to determine

the concentrations ofU, Th, and K (Figure 9.15). Using appropriate dose-rate conversion

factors (Adamiec and Aitken, 1998) the elemental concentrations were converted into

external beta and gamma components, which were in turn attenuated for moisture content.

These were summed together with a cosmic ray component (estimated using Prescott and

Hutton, 1994; Table 2) to give estimates of the local dose-rate for each sample.

Figure 9.15 Dosimetry measurements being made on An Teallach using the Gamma
spectrometer.
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9.4.4 OSL measurements

Luminescence measurements were undertaken using an automated Riso TL/OSL-DA-15

system. Equivalent dose (De) estimates were determined using the single-aliquot

regenerative-dose (SAR) protocol developed by Murray and Wintle (2000). In the SAR

method, each natural or regenerated dose is corrected for changes in sensitivity using the

luminescence response to a subsequent test dose. The sequence of measurement steps

involved in the SAR method are summarised in Table 9.2. The SAR cycle is repeated at

least seven times. The natural dose (N) is measured in the first cycle, and thereafter six

regenerative doses (/?i-/?6) are administered and measured. The first four are used to

bracket the natural luminescence level (R\<N~R2<Ri), the fifth (R$) is set at zero to

monitor thermal transfer (i.e. R5/N) and the sixth dose is made equal to the first to monitor

reproducibility of sensitivity corrections (i.e. R(,/R\). The specifications of the SAR

measurement cycles for all samples are given in Table 9.3. Multiple Dc estimates were

carried out on each sample. The growth curve data were fitted with a straight-line

function and De estimates evaluated by interpolation with the natural luminescence level.

Three rejection criteria were utilized in addition to a pre-heat plateau test: (1) if thermal

transfer was > 5% of the natural level; (2) if the recycling ratio between repeat

regenerative doses was <0.9 or >1.1, with allowance for uncertainty in recycling; and (3)

if samples failed to recover a known given dose (outside measured/given ratios of 0.9-

1.1) within uncertainty limits (Murray and Wintle, 2003). The pre-heat plateau test

assesses whether the De is sensitive to variation in pre-heat. The distribution of De

estimates was assessed using histogram and radial plots (Galbraith et al., 1999).
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Table 9.2 Sequence of measurement steps (white) involved in a typical SAR cycle. Steps 3, 7
and 9 (blue) represent slight alterations to the normal SAR cycle that are often used to improve

samples exhibiting unsatisfactory behaviour.

Step Sequence
1 Regenerative dose (0 Grays (Gy) for natural)
2 Pre-heat, 200 °C, 10 seconds
3 Infra Red, 125 °C, 100 seconds Post IR

4 OSL shine, 125 °C, 100 seconds
5 Constant test dose (x Gy)
6 Cut-heat, 160 °C
7 Infra Red, 125 °C, 100 seconds Post IR

8 OSL shine, 125 °C, 100 seconds
9 OSL shine, 280 °C, 100 seconds Hot bleach

Table 9.3 OSL runs applied to the samples, showing the five regenerative doses, test dose values
and whether Post IR or Hot Bleach treatments were also applied.

Sample Testing
Number
of disks

Test
Dose

(Cy) Regenerative doses (Gy)
Post
IR

Hot
Bleach

1AT1/4 SAR 24 100 4 8 12 16 0 4 Y

1AT4/4 SAR 3 100 10 20 30 40 0 10 Y

2AT1/2 SAR 12 20 4 8 12 16 0 4

2AT2/2 SAR 24 10 8 16 24 32 0 8
T-dose increase 3 100 8 16 24 32 0 8

T-dose increase 24 100 8 16 24 32 0 8

Post IR + hot bleach 2 20 4 8 12 0 4 12 Y Y

3AT1/2 SAR 24 20 4 8 12 16 0 4

Post IR + hot bleach 2 20 4 8 12 0 4 12 Y Y

3AT2/2 SAR 22 20 6 12 18 24 0 6

Post IR + hot bleach 2 20 6 12 18 24 0 6 Y Y

T-dose increase 2 40 6 12 18 24 0 6

1BMC1/2 SAR 23 100 10 20 30 40 0 10

IBMC2/2 SAR 3 100 10 20 30 40 0 10

2BMC1/2 SAR 24 20 10 20 30 40 0 10

2BMC2/2 SAR 9 20 10 20 30 40 0 10

3BMC1/3 SAR 10 20 10 20 30 40 0 10

3BMC2/3 SAR 24 20 10 20 30 40 0 10

1FB1/3 SAR 19 100 6 12 18 24 0 6 Y Y

1FB2/3 SAR 4 100 10 20 30 40 0 10 Y V

3FB1/3 SAR 3 50 30 60 90 120 0 30

Post IR + hot bleach 2 50 40 80 120 0 40 120 Y Y

Post IR + hot bleach 11 50 6 12 18 24 0 6 Y Y

2RC1/2 SAR 21 100 6 12 18 24 0 6

2RC2/2 SAR 4 100 10 20 30 40 0 10

2CG1/3 SAR 0 100 6 12 18 24 0 6

2CG2/3 SAR 0 100 10 20 30 40 0 10 Y

2WD 1/3 SAR 23 100 6 12 18 24 0 6

2WD2/3 SAR 4 100 10 20 30 40 0 10
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9.4.5 Sand unit particle size distribution

Remoulded (bagged) samples were collected from both the upper and lower units from

sand scarps at An Teallach, Ben Mor Coigach, Fionn Bheinn and the Red Cuillin, and

analysed to evaluate differences in the particle size distributions of the two sand units.

The particle size distributions of these samples were established following the procedures

outlined in Chapter 7.

9.5 Results

9.5.1 SAR results and OSL ages

Examples of SAR growth curves are shown in Figure 9.17. Both of these satisfy the SAR

protocol outlined above. However, with the exception of samples from Ben Mor

Coigach, samples from other sites were affected by a number of individual SAR

measurements displaying poor recycling and recuperation. For samples 2AT1/2, 2AT2/2,

3AT1/2, 3AT2/2, 1FB1/3, 2WD1/3 and 2WD2/3, thermal transfer was a significant factor

and accounted for more than 5% of the natural luminescence level for all measurements.

For sample 2RC1/2, for example, 12 out of 24 measurements had recycling ratios less

than 0.9 or greater than 1.1, though, all these samples nevertheless reproduced strikingly

similar Dc values. Comparisons of De values produced from 'satisfactory' measurements

and "unsatisfactory' measurements displaying poor recycling and recuperation for sample

2AT2/2 (Figure 9.18) shows that both sets of measurements exhibit similar scatter about

the mean, despite the variability in recycling and recuperation amongst samples.

Comparisons of the palaeodose values produced from different SAR cycles (Table 9.3)
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Regenerative dose (Gy)
Figure 9.17 Examples of SAR growth curves from 125-180 pm quartz grains. A straight-line
function was used to fit the lines (blue line) through the regenerative dose points. The De values
were estimated by interpolation (dashed line). A: 2AT2/2. B:2BMCl/2.
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Figure 9.18 Comparison of internal trends between 'satisfactory' and 'unsatisfactory' De
measurements for sample 2AT2/2. In A, all but 8 of the De values lie within the 95% confidence
limits of the mean (shaded area). B: this applies to both 'satisfactory' (circles) and

'unsatisfactory' (triangles) measurements. Both produce a similar scatter of De values, even

though the 'unsatisfactory' measurements exhibit poor recycling and recuperation.
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Figure 9.19 External comparisons of De values for sample 2AT2/2 showing that the De values for
this sample remain similar despite changes to the SAR runs applied to the sample. Dots in A refer
to De values derived from a normal SAR cycle, and triangles refer to De values derived from a

SAR cycle with higher test-dose values. Triangles in B refer to De values derived from a SAR

cycle including post-lR and hot bleach treatments.
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for sample 2AT2/2 show that the palaeodose remains consistent despite changes

introduced into the SAR cycle (Figure 9.19). Other samples displaying poor recycling

and recuperation exhibited similar characteristics, and the median De values from these

samples are therefore regarded as reasonably representative of the true burial dose values.

The two samples from Cam nan Gobhar (2CG1/3 and 2CG2/3) failed to recover

reasonable De values from a normal SAR cycle.

Six of the twenty-one samples were tested to determine if they could recover a given dose

of known value. Dose-recovery samples were bleached by applying an OSL shine to

remove the natural luminescence signal then given a known dose (matching the De values

for the sample) and subjected to a normal SAR cycle, exactly the same as that used when

establishing the De values, to establish if the sample could return the given dose. All six

samples recovered the known dose (Figure 9.20). To establish if pre-heat temperature

was influencing the luminescence of the samples, the De measurements of samples

subjected to SAR cycles with six different pre-heat values were recorded for sample

1ATI/4. Figure 9.21 shows that the De value is stable at temperatures < 220°C, implying

that the pre-heat temperature of 200°C used in all SAR cycles has little or no influence on

the resultant De values. In sum, the above tests confirm that the De values obtained here

are reasonably representative of the "true' values of the natural luminescence signal for all

samples in this study.

The distributions of De measurements for all samples are presented in Figure 9.22A and

for all samples excluding the Ben Mor Coigach (BMC) samples in Figure 9.22B. The De

values of all the An Teallach samples are low and tightly distributed, while the Ben Mor

Coigach samples have De values that are widely distributed (Figure 9.23) and exhibit poor
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Figure 9.21 De values derived from six SAR measurements with different pre-heat values for
sample 1AT1/4. The red dots represents the pre-heat temperatures used in all SAR cycles and
vertical lines are 95% confidence limits.
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the range of De values for samples excluding those from Ben Mor Coigach. Note the difference in
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grouping about particular values. This contrast suggests that the Ben Mor Coigach

samples represent sediments that might be either partially bleached or deposited at

different times, whereas the An Teallach samples represent sediments that were probably

deposited at the same time. The samples taken from the upper sand units on An Teallach,

Fionn Bheinn, the Red Cuillin and West Drumochter all exhibit lower De values than
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Figure 9.23 Radial plot diagrams for samples 2AT1/2 and 1 BMC 1/2 showing the disparity in the
distribution ofDe values between the two samples.

those taken from the corresponding lower sand units. This is especially true of the Red

Cuillin and West Drumochter samples. Because several distributions exhibit marked

skew, the median De value was adopted to represent all samples. The median De values

for nineteen samples and their effective dose rate and OSL ages are shown in Table 9.4.
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Table 9.4 Summary of OSL dating results. U = upper unit sand deposit and L = lower unit sand

deposit.

Sample
Depth of
sample
(cm)

Dose-rate

(mGya'1) Median Dc, (Gy)
OSL age (years
before AD2000)

Date (BC/AD) based on
95% confidence interval

for the median
1AT1/4
1AT4/4

175 (U)
191 (L)

0.19±0.02

0.18±0.02

0.45+0.02/-0.01

0.9+0.16/-0.13
230+9/-6
449+82/-67

AD 1761-1776
AD 1468-1618

2AT 1/2

2AT2/2

62 (U)
70 (L)

0.22±0.02
0.22±0.02

0.43+0.04/-0.03

0.89+0.09/-0.04
208+20/-13

414+44/-18

AD 1771-1804
AD 1542-1604

3AT 1/2

3AT2/2

111 (U)
118 (L)

0.21 ±0.02

0.20±0.02

0.76+0.05/-0.05
1.01+0.11/-0.04

273+18/-16

418+44/-15

AD 1708-1743

AD 1537-1597

1 BMC 1/2
1BMC2/2

40 (U)
48 (L)

0.23±0.02

0.23±0.02
6.68+2.53/-0.68

1.69+0.23/-0.06

2764+I046/-282

696+93/-24
1810-482 BC
AD 1211-1328

2BMC1/2

2BMC2/2

64 (U)
69 (L)

0.22±0.02
0.22±0.02

2.37+0.59/-0.09

4.75+3.60/-0.54
934+231/-36

1863+1415/-212
AD 835-1102

1277 BC-AD 349

3BMC1/3

3BMC2/3

68 (U)
73 (L)

0.22±0.02

0.22±0.02

7.46+4.82/-2.89

3.51 + 1.04/-1.00

3107+2007/-1202

1396+412/-397

3114 BC-AD 95

AD 191-1001

1FB1/3
1FB2/3

28 (U)
34 (L)

0.23±0.02
0.23±0.02

0.65+0.04/-0.04

1.09+0.13/-0.03
356+25/-20
624+73/-17

AD 1619-1664
AD 1304-1393

3FB1/3 24 (U) 0.24±0.02 2.07+2.08/-0.62 1132+1140/-342 272 BC-AD1210

2RC1/2

2RC2/2

30 (U)
36 (L)

0.23±0.02

0.22±0.02

0.89+0.17/-0.21

6.09+0.17/-0.73

305+58/-73

2022+57/-241

AD 1637-1768

78 BC-AD 220

2WD1/3

2WD2/3

40 (U)
49 (L)

0.24x0.02

0.24±0.02

0.21+0.02/-0.03

5.07+1.02/-1.33

81+9/-13

1697+341/-446

AD 1910-1931

37 BC-AD 750

9.5.2 Sand unit particle size distribution: results

The size of the material in samples from both the lower and upper sand deposits at all

sites is dominated by fine to coarse sand (63-2000 pm), with the exception of those from

Pit 3 on Fionn Bheinn where the sediment is dominated by particles in the coarse silt to

medium sand (32-1000 pm) range in both the lower and upper sand units (Figure 9.24).

323



Chapter 9

0>

E
J3
O
>

~0>
4—'

£

Particle size

Figure 9.24 Particle size distributions (percentage by volume) of windblown sediment from four

plateaux. Both the upper (triangles) and the lower (squares) sand units were sampled in all cases.

Samples were taken from three pits on An Teallach (Pit 1 = red, Pit 2 = green and Pit 3 = blue)
and Ben Mor Coigach (Pit 1 = red. Pit 2 = green and Pit 3 = blue), two on Fionn Bheinn (Pit 1 =
red and Pit 3 = green) and one on the Red Cuillin.
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These results are consistent with those previously reported (Ballantyne and Whittington,

1987; Ballantyne, 1998b). The grain size distribution of the upper sand unit in all cases

closely resembles that of the lower sand unit at all sites, consistent with reworking of

lower-unit sand sources on plateau surfaces (cf. Ballantyne and Whittington, 1987).

Sand-size particles, as the majority of the material is in these deposits, are mainly

transported by saltation and traction, and, therefore, represent a local source.

9.6 Discussion

The OSL ages from the sand units on four out of five sites investigated (An Teallach, the

Red Cuillin, Fionn Bheinn and West Drumochter) indicate that significant degradation

and reworking of vegetated sand sheets on all these plateau surfaces occurred within the

last 2000 years (Figure 9.25). The OSL ages (Table 9.4) show that the samples taken

from the upper sand units at these sites are younger than the equivalent samples taken

from the lower sand units consistent with their higher stratigraphic position. The timing

of the onset of wind erosion on these plateaux is bracketed by paired dates above and

below the contact between the upper and lower sand units.

Figure 9.25 shows that the timing of plateau surface disturbance on An Teallach is closely

constrained compared to the other three sites. The dates of the deposits for the three pits

indicate that disturbance occurred sometime between AD 1450 and AD 1800. The upper

deposits on An Teallach all date to between AD 1700 and AD 1800. Previous

exploratory OSL analyses of samples from An Teallach carried out by E. Rhodes (pers.

comm., 2002) are consistent with the dates obtained for the upper deposits presented in

Figure 9.25. There is a 100-150 year gap between the ages obtained for the upper level of
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represent the age range of the lower sand units.
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the lower sand units and the lower level of the upper sand units at this site. This is to be

expected in view of the necessity of taking samples several centimetres above and below

the contact between the two units (Figure 9.10). There is, however, some asynchronicity

in the ages of the samples from the upper units between the three pits. Sample 1AT1/4

and 2AT1/2 show some overlap in their range of ages, but neither overlap with sample

3AT 1/2, which is at least twenty years older than the other two samples (Table 9.4). Such

differences probably reflect differences in sedimentation rate, rather than difference in the

timing of the onset of upper unit accumulation.

Disturbance and consequent reworking of vegetated sand sheets on the Red Cuillin

appears to have occurred sometime between -100 BC and ~ AD 1750 (Figure 9.25)

representing a 1500-1600 year gap between the ages of the upper level of the lower unit

and the lower level of the upper unit. The timing of deposition of the upper sand unit

(2RC1/2) occurred sometime between AD 1637-1768, which overlaps the dates obtained

on samples from just above the contact between the upper and lower sand units on An

Teallach and suggests that aeolian reworking of sand at both sites may represent a

response to the same cause or trigger or could be a coincidence of local factors. The age

range obtained from the base of the upper sand unit of pit 1 on Fionn Bheinn (1FB1/3;

AD 1616-1664) also overlaps the age range for the base of the upper sand unit on the Red

Cuillin (Table 9.3), but roughly a century or more earlier than the age range for the base

of the upper unit on An Teallach. However, significant sand reworking in the area of pit

1 on Fionn Bheinn (1FB1/3 and 1FB2/3) is localised within a much narrower period of

time, AD 1300-1665 (Figure 9.25). The age estimate obtained for the upper sand unit

from pit 3 on Fionn Bheinn (3FB1/3) implies that this is much older than the base of the

equivalent unit from pit 1 (Table 9.4). Its deposition dates to between 272 BC and AD
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1210. This large age range may represent the limited number of De values obtained (11).

It is difficult to reconcile this age range with those obtained for samples from pit 1 on

Fionn Bheinn, except possibly by invoking an earlier period of aeolian reworking of soil

or sand.

The dates indicate that the beginning of reworking of plateau sand sheets on West

Drumochter occurred sometime between 40 BC and AD 1930 (Figure 9.25), representing

a 1300-1900 year gap between the deposition of the upper level of the lower sand unit and

the lower level of the upper sand unit at this site. The minimal age for the onset of

deposition of the upper sand unit on this site dates to between AD 1910-1930. This is the

most recent dated reworking of plateau sand sheets on any of the plateaux investigated

and shows no overlap with the ages of samples from the other sites. However, this may

represent a much slower erosion and sedimentation rate for the upper sand unit at this site

compared to those at An Teallach, the Red Cuillin and Fionn Bheinn. Therefore, it is

possible that these could represent synchronous reworking of sand at these sites.

The broad scatter of De values, the number of age estimates with wide confidence limits

and age inversion between the lower and upper sand units for the Ben Mor Coigach

samples (Table 9.4 and Figure 9.26), compared to the relatively tight and stratigraphically

consistent ages of samples from both units at the other sites, suggests that the upper unit

sand deposits at this site may not represent an upper unit derived from rapid accumulation

of windblown sands stripped from adjacent surfaces and re-deposited on a lower intact

unit. The deposits nevertheless exhibit stratigraphic profiles similar to those of

windblown sands on other plateaux, and there is no obvious explanation for the discrepant

ages (and probably the age reversals) at this site.
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Figure 9.26 Range of ages of sand unit deposits from the three pits on Ben Mor Coigach. Red
boxes represent the age range (95% confidence limits) of the upper sand units and grey boxes

represent the age range of the lower sand units.

The OSL ages from the upper sand units on An Teallach, the Red Cuillin, Fionn Bheinn

and West Drumochter are likely to be more representative of the timing of extensive

plateau-surface degradation and associated deposition of reworked sand on lee slopes

than the dates obtained from near the tops of the lower sand units for several reasons.

First, the OSL ages obtained for the lower units are likely to represent a median value

based on a wider range of depositional ages, because the lower units probably

accumulated more slowly than the upper units (cf. Ballantyne and Whittington, 1987).

Sediment collected from the lower units in the 4 cm wide sampling tubes is likely to

represent sediment deposited over a much longer time period than sediment collected

from the upper units and, therefore, the errors associated with these ages are much wider

than those from the upper units. Second, the OSL ages of the lower sand units represent

samples taken a few centimetres below the contact between the two sand units and the
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sedimentation rates in the lower sand units were much slower and, therefore, the distance

from the sample to the contact implies a greater time interval than is the case for the

upper sand units. Third, the upper layers of the lower sand units may have been partially

stripped prior to deposition of the upper sand units so that the two are separated by an

unconformity. The timing of deposition of the upper sand units provides an indication of

the timing of extensive reworking of sand sheets but not the precise date of the upper sand

accumulation. Also, the vegetation overlying sand sheets and aeolian soils on plateau

source areas may have experienced physiological stress for some time prior to the onset

of widespread deflation of plateau-surface soils or sands. A likely scenario is that the

vegetation may have become physiologically or mechanically stressed, resulting first in

the formation of localised erosion spots that formed the loci of widening blow-outs that

became progressively linked, triggering much more widespread disturbance and

reworking of plateau-surface soils and sand sheets.

The timing of the deposition of the upper sand units on An Teallach, Fionn Bheinn (pit 1),

the Red Cuillin (c. AD 1600-1800) and possibly West Drumochter suggests that

disturbance on these plateaux was the result of either climatic deterioration during the

'Little Ice Age', or increased grazing pressure at the time of the clearances, or the

combined influence of the two. Unfortunately, the results presented in Table 9.4 and

Figure 9.25 provide no indication of which is the most probable cause. There is,

however, anecdotal evidence (Lamb, 1977; Mitchell, 1998) that suggests that many high

plateaux and summits in the Scottish Highlands remained perennially snow-covered for

several years during the Little Ice Age. Prolonged snow-cover is likely to have prevented

grazing in these areas and killed or severely stressed the underlying vegetation. The

weakened or dead vegetation may not have been sufficiently robust to resist erosion by
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high winds once re-exposed, resulting in exposure of the underlying aeolian soil or sand

deposits and subsequent degradation of the exposed plateau surfaces. Pearson (1978)

showed that snowfall in Scotland increased dramatically during the period AD 1770-

1800, which coincides with the approximate onset of disturbance on An Teallach and the

Red Cuillin. Moreover, there is abundant evidence for a marked increase in both the

frequency and severity of storm events during the Little Ice Age (Lamb, 1977, 1979,

1984; Whittington, 1985), enhancing the likelihood that wholescale stripping of plateau

surface soils and vegetation reflects climate change, but not excluding the possibility of

grazing stress as an ancillary factor. Disturbance is unlikely to have been caused by

removal of the vegetation from the water table through continued accumulation of sand

because the dates for disturbance are fairly consistent and it would be expected that

disturbance would have occurred much earlier on deeper deposits.

The apparent differences in ages of upper sand units between plateaux can be explained in

two possible ways. First, there is a slight difference of up to 400 years between plateaux

in the onset of upper sand accumulation. Second, there was little difference in the onset

of upper sand accumulation, and the differences in age represent different sedimentation

rates - low sedimentation rates will give a younger upper sand unit age than rapid rates -

because samples may not have been collected from directly below or above the contact

between the two units. All upper unit dates are minima for the onset of upper sand unit

accumulation, but some post-date this even less than others. The thickness of the upper

unit on An Teallach implies rapid sedimentation rates, and therefore the dates from these

upper units are probably closest to the onset of reworking.
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The timing of deposition of the upper sand unit from pit 3 on Fionn Bheinn dates to

between 272 BC and AD 1210, which encompasses a period of almost 1500 years. It

seems that the upper sand unit started to accumulate much earlier here than at any of the

other sites investigated. Unfortunately, an exact time and thus cause cannot be identified

without more OSL work being carried out on this sample to establish a tighter grouping

of the De values. The deposit could represent an event or sequence of events that had

little effect on any of the other plateaux investigated or even on other areas of the Fionn

Bheinn plateau. It is possible that the wide range of De values from the upper sand unit at

this location represents increased but slow aeolian deposition ofmaterial derived from the

adjacent corrie cliffs of Tol Mor after a rockfall (cf. Ballantyne, 1998b).

The OSL age of the upper sand unit on West Drumochter (AD 1910-1930) represents a

minimum age for the onset of sand sheet reworking on this plateau. The recency of this

age estimate may imply that the terrain was robust to the stresses that caused the earlier

periods of disturbance on An Teallach, Fionn Bheinn and the Red Cuillin. However,

earlier periods of disturbance on this plateau cannot be ruled out, and it is possible that

this age estimate is affected by comparatively low rates of sand accumulation. The cause

for this period of reworking remains unknown, but may represent overgrazing, climatic

deterioration or pollution, but is unlikely to represent water-table effects for the reason

given above.

There is also evidence of aeolian redistribution of sand-sized sediment on the

Cairngorms. What appear to be very young aeolian sand deposits occur on the Cairn

Gorm/Ben Macdui Plateau, where vegetated crescent-shaped aeolian sand deposits about

30 cm deep (Figure 9.6) overlie an intact R. lanuginosum vegetation mat that shows very
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little evidence of decay or degradation, implying that it has been buried for a relatively

short period. If these shallow deposits on the Cairngorms are a recent phenomenon, then

they may coincide with the evidence for recent aeolian reworking of soils on West

Drumochter.

The combined effects of Little Ice Age climatic deterioration and increased grazing

intensities are likely to have been felt across the whole of the Scottish Highlands, but not

all plateaux show evidence of widespread disturbance within the past few centuries.

These findings have significant implications for the future management and conservation

of high plateau terrain. They demonstrate that, potentially, even one type of terrain may

respond differently in different areas and at different times to applied stress as a

consequence of spatial and temporal variation in stress level and relative sensitivity of the

terrain. So, for example, reducing the level of grazing pressure, to minimise the risk of

degradation, may reduce the risk of terrain degradation in one area but might not work in

another that is also physiologically stressed by air-borne pollutants.

The evidence presented above indicates that widespread stripping of plateau soils and

vegetation is a fairly recent phenomenon, and that previously high plateau terrain appears

to have been relatively stable throughout much of the Holocene (Ballantyne and

Whittington, 1987). However, excavation of aeolian soils and sand sheets on several

plateaux (the Red Cuillin, West Drumochter and Ben Wyvis, for example) revealed a

stratigraphic profile that suggests there was a much earlier change in process regime from

a period of vegetation growth and development (peaty soils) to a period of increased but

stable aeolisol development (Birse, 1980; Figure 9.27), which will require future

investigation. The stable aeolisol development on these sites does however, demonstrate
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that the recent reworking on An Teallach, the Red Cuillin, Fionn Bheinn and West

Drumochter is aberrant and has not previously occurred during the Holocene. If there had

been previous episodes of disturbance then these repeated changes would be indicated by

discontinuities and unconformities, neither of which are present in these profiles, thus

indicating prolonged stability.

Organics

Aeolisols

Organic sands
Peaty soil and weathered clasts

Bedrock

Figure 9.27 A common stratigraphical profile of substrate on several plateaux across the Scottish

Highlands.

9.7 Conclusions and future research

Extensive reworking of vegetated sand sheets on some high plateaux in the Scottish

Highlands is shown to have occurred sometime within the last 400 years or so. The OSL

ages of the upper sand units on An Teallach, Fionn Bheinn and the Red Cuillin place the

onset of widespread erosion and associated redeposition of aeolian sediment sometime

between AD 1600-1800, and disturbance on West Drumochter sometime before AD

1910-1930.
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The OSL ages of these deposits rule out the possibility of widespread disturbance being

due to introduction of grazing sheep by Norse settlers. It is highly unlikely that

desiccation due to increasing water table depth triggered disturbance, as this would be

expected to affect different plateaux at different times during the Holocene, and the

period AD 1600-1800 was, if anything, wetter than now (Grove, 1988). The most likely

cause of widespread sediment reworking by wind on An Teallach, Fionn Bheinn and the

Red Cuillin appears to be stress associated with climatic deterioration during the Little Ice

Age, possibly exacerbated by grazing pressures. The OSL evidence for more recent

disturbance on West Drumochter is less easy to explain. Such disturbance may also have

been triggered by a combination of climatic-induced stress and/or grazing pressure, but

could also reflect localised weakening of vegetation cover by, for example, air-borne

pollutants or disease.

The OSL dates imply that extensive disturbance in the form of aeolian sediment

reworking is a relatively recent phenomenon. Most aeolian soils appear to have

developed under relatively stable conditions throughout the Holocene, implying that

widespread disruption is unusual, and has no parallel throughout the postglacial period.

OSL dating has on the whole proved successful for determining the timing of deposition

of windblown sand deposits on high plateaux. It is particularly notable that the dates

presented here for the sand units on An Teallach are consistent with those obtained earlier

for different samples by a different researcher (E. Rhodes, personal communication). The

techniques therefore appear to offer considerable potential for further study of the
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environmental history of aeolian-sand-sheet deposits and aeolisols on Scottish mountains

and elsewhere.

Further investigation of the evidence for past disturbance events is required to pinpoint

causes of terrain disturbance and the state of the terrain prior to disturbance, for example

by OSL dating of residual deposits on wind-eroded surfaces, and pollen and macrofossil

analysis. Such research will help us to understand under what conditions widespread

terrain disturbance through stripping of vegetation cover and underlying soils may recur

in the future.
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Chapter 10

Conclusions

10.1 Introduction

This study set out to achieve three general aims that address some current gaps in our

understanding of terrain sensitivity on high plateaux in the Scottish Highlands. The first

was to develop new quantitative methods to test ideas and hypotheses regarding terrain

sensitivity, terrain properties and plateau-surface sensitivity. The second aim was to

produce a widely-applicable classification of terrain sensitivity that could be used to

inform conservation and management strategies. The third aim was to reconstruct past

episodes of terrain disturbance to identify the timing and possible causes of such events.

10.2 Principal conclusions

10.2.1 High plateau surface sensitivity - vegetation

The research reported in Chapter 6 has advanced our understanding of the mechanical

sensitivities of high plateau plant communities, and how and why their sensitivity to

mechanical stress varies. The most important advances include quantification of the

mechanical sensitivity of the most common and widespread communities using the

newly-developed shear rake, identification of the factors responsible for much of the

variability in sensitivity between and within these communities, and establishment of the

causes of differences in intra-community shearing resistance for selected communities.

The shearing resistance measurements have shown that it is possible to identify marked
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inter-community differences in the aggregate responses of particular communities, but

also highlighted a large degree of intra-community variance, some of which is accounted

for by differences in the proportional representation of dominant species within

communities (Table 10.1). Some communities have been shown to exhibit reasonable

between-site consistency in the pattern of aggregate shearing resistance, whereas others

yielded more variable between-site results (Table 10.1). On the majority of plateaux,

grass-dominated (particularly Afarc/ws-dominated) communities tend to be most robust,

and communities dominated by bryophytes and prostrate Calluna vulgaris are typically

most sensitive to mechanical stress.

10.2.2 High plateau surface sensitivity - substrate

The research reported in Chapter 7 has advanced our understanding of the mechanical

sensitivities of high plateau substrate and identified potential reasons for the variability in

response of different substrate types to mechanical stress. The most important advances

include quantification of the mechanical sensitivity of the different substrate types using a

shear vane and penetrometer, identification of factors responsible for some of the

variability in sensitivity between and within substrate types, and establishment of

differences and similarities in the characteristics of substrate types amongst plateaux

underlain by different lithologies. The substrate strength measurements have shown that

there is large variability within and between plateaux in the response of substrate to

mechanical stress (Table 10.1). On all plateaux, soils at greater depths are generally

more robust in their responses to mechanical stress than near-surface soils. Peat is the

most sensitive substrate type, closely followed by organic-rich soil, though the latter is

often strengthened by an abundance of roots. Matrix-supported substrate spans a large
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range of potential responses to mechanical stress. Clast-supported substrate is the most

robust of all substrate types. There does not appear to be one dominant controlling factor

accounting for variability in mechanical strength; local controls are often dominant (Table

10.1). Grain-size variation accounts for some of the within-site variability in strength for

soils and regolith derived from sandstone, mica schist, siliceous schist and basalt.

Variability in organic and moisture contents account for very little of the variability in

substrate strength on most plateaux, with the exception of plateaux supporting extensive

areas of peat. Furthermore, variability in soil properties between sites derived from the

weathering of the different underlying lithologies does not explain the overall between-

site variability in soil sensitivity but may explain local variations at some sites.

10.2.3 Geo-complex relationships, seasonal sensitivity, field validation and

classification

A robust representation of high plateau terrain sensitivity requires consideration of the

sensitivity of both components of high plateau geo-complexes (vegetation cover and soil

characteristics). When considered in isolation they do not always provide a reliable

indication of the overall sensitivity of the terrain (Table 10.1). Furthermore, seasonal

variations in the nature of high plateau terrain and pressures affecting the terrain are

believed to have a significant affect on its sensitivity. However, the quantitative results

from investigations of seasonal terrain sensitivity on Glas Maol proved inconclusive,

though qualitative observations revealed quite marked seasonal changes associated with

climatic influences particularly ground freezing and the growth development of

vegetation (Table 10.1).
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Assessment of the responses of different geo-complexes to footpath development on the

western Mamores helped to validate the use of measurements of vegetation and soil

strength as proxy measures of sensitivity to physical stress. Observations of damage to

plant communities on other plateaux lend support to the validation by demonstrating that

communities characterised by low shearing resistances show the most conspicuous

evidence of degradation. These validations have allowed the development of a terrain

sensitivity classification, which identifies five sensitivity classes, ranging from highly

sensitive to highly robust, based on the shear strength of the vegetation cover and the

shear strength of the substrate.

10.2.4 Past episodes ofterrain disturbance on high plateaux

Terrain disturbance in the form of extensive reworking of vegetated sand sheets and

aeolisols on some high plateaux in the Scottish Highlands has been shown (Chapter 9) to

have occurred within the last 400 years or so. The OSL ages of the upper sand units on

An Teallach, Fionn Bheinn and the Red Cuillin place the onset of widespread erosion and

associated redeposition of aeolian sediment sometime between AD 1600-1800, and

disturbance on West Drumochter sometime before AD 1910-1930 (Table 10.1). The

most likely cause of widespread sediment reworking by wind on An Teallach, Fionn

Bheinn and the Red Cuillin appears to be vegetation stress associated with climatic

deterioration during the Little Ice Age, possibly exacerbated by grazing pressures. The

OSL evidence for more recent disturbance on West Drumochter is less easy to explain.

Such disturbance may also have been triggered by a combination of climatic-induced

stress and/or grazing pressure, but could also reflect localised weakening of vegetation

cover by, for example, air-borne pollutants or disease (Table 10.1).
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Table 10.1 Assessment of the eight key hypotheses outlined at the outset (see Chapter 3).

Hypotheses
Accepted/Rejected/Not

proved
1. The mechanical sensitivity of high plateau terrain varies
spatially within and between plateaux and geo-complexes
because of spatial variations in the intrinsic resistance of geo-
complexes and the extrinsic pressures affecting them.

Accepted

2. The mechanical sensitivity of high plateau terrain will vary
seasonally because of seasonal variations in the intrinsic
resistance of geo-complexes and extrinsic pressures affecting
geo-complexes throughout the year.

Not proved

3. Physiological stress decreases the mechanical sensitivity of
high plateau terrain to physical disturbance. Not proved

4. Different plant communities have different mechanical
sensitivities to stress, primarily caused by differences in their
species compositions. Accepted

5. The same plant communities will have different mechanical
sensitivities between sites because of substrate and locational
differences.

Accepted for some
communities

6. Different substrate types have different mechanical
sensitivities to physical disturbance. Accepted

7. Variations in substrate mechanical sensitivity are the result
of variability in internal properties such as moisture content,
organic content, minerogenic content, particle size
distribution, depth and physical properties.

Accepted

8. Past episodes of terrain disturbance occurred synchronously
across the Scottish Highlands. Rejected

10.2.5 Environmental conservation and management of high plateaux: current

protection, recommendations andfuture issues

Terrain sensitivity analysis and classification, as developed in this study, offers a potential

approach to developing more sustainable management of mountain plateaux; it should

help to inform more targeted management on the most sensitive areas of high plateau

terrain both within SSSIs and in the wider countryside. I suggest that future

environmental management should consider: (1) the links between geodiversity and
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biodiversity, thus creating a more integrated approach to management; and (2) the value

of an ecosystem approach to conservation, rather than concentrating on protecting

individual components of these areas (Gordon et al., 2001, 2002). The work contained in

this thesis provides much needed technical data to underpin such management.

10.3 Wider implications of the research

• The shear rake has the potential to be a useful bio-engineering tool for assessing the

strength of different vegetation types. Its use may potentially be extended, for

example, to studies of slope and embankment stability. It could also potentially be

used to assess the robustness of different types of turf used for sporting activities,

such as turf on golf courses and sporting pitches.

• This research provides a new approach to the quantitative assessment of terrain

sensitivity that can be used in similar environments elsewhere. It also has potential to

be applied to different environments to assess the mechanical sensitivity of terrain

dominated by bare ground, grassland or other low vegetation cover.

• This research has shown that assessment of ecological, pedological and

geomorphological components are required to produce a holistic assessment of terrain

sensitivity. Such a holistic approach may be beneficial when interpreting process

regimes or landscape sensitivities in other environments.

• Dating windblown sediments in mountainous environments has been shown to be

possible using OSL techniques. The technique could be extended to determine the

timing of extensive terrain disturbance in other areas, such as the Faeroe Islands,

Iceland and Greenland, where analogous sediment accumulations exist.
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10.4 Recommendations for future research

Several recommendations for possible future research have already been suggested in

previous chapters, but five are worth highlighting as priorities. First, it would be useful to

determine how the influence of physiological stress affects the mechanical sensitivity of

the most widespread plateau plant communities, for example by carrying out comparative

shearing resistance measurements on healthy and unhealthy vegetation stands on a single

plateau site. Second, further research is required to establish how the mechanical

resistance of particular geo-complexes is affected by seasonal changes, for example

following seasonal thaw, summer drought or prolonged rainfall. Third, the classification

of terrain sensitivity developed in Chapter 8 could be employed as the foundation of a

GIS-based classification of plateau surfaces across the Scottish Highlands: this would

form the basis of a readily-accessible database to inform conservation measures and land

management. Fourth, predictive modelling is required to investigate the potential effects

of climate change on the sensitivity of plateau terrain. Finally, further research into the

causes of past episodes of widespread plateau-surface degradation is desirable to assess

the risk of similar extensive erosion in the future.
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Appendix I

Calibration of shear rake

The shear rake works on the principle that a conventional spring balance records the

tensile stress applied to the surface vegetation mat at the moment of failure, and thus

measures the tensile strength of the vegetation mat and the underlying substrate.

The spring balance is calibrated in units of mass (kg), but implicitly assumes that such

mass is operated on by gravitational acceleration (g = 9.8 m s~2). The tines of the rake

define a depth of shear of 7 cm, across a section 21.5 cm in length. The cross-section

area of sheared vegetation mat and underlying substrate is therefore (7 x 21.5) cm2 =

150.5 cm2 = 0.01505 m2.

Tensile strength is expressed in Pascals (Pa), where 1 Pa = 1 N m'2 = 1 (Kg m s"2) m 2.

In this case, each kilogram unit on the spring balance records a force of 9.8 kg m s2 or 9.8

N exerted against an area of 0.01505 m2. Tensile strength in Pascals is therefore related

to the kilogram scale on the spring balance by the equation:

1 kg = (9.8/0.01505) Nnf2
= 651 Nm"2

= 651 Pa

= 0.651 kPa
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Conversely,

1.536 kg.

scale as 1 kPa
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